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SCIENTIFIC AND TECHNICAL REPORTS 
RAPPORTS SCIENTIFIQUES ET TECHNIQUES 

UPPER TRIASSIC STRATIGRAPHY, DEASE LAKE AND 
TULSEQUAH MAP AREAS, NORTHWESTERN BRITISH COLUMBIA 

Project 750015 

J.W.H. Monger 
Cordilleran Geology Division, Vancouver 

Monger, J. W.H., Upper Triassic stratigraphy, Dease Lake and Tulsequah map areas, northwestern 
British Columbia; @ Current Research, Part B, Geological Survey of Canada, Paper 80- lB ,  
p. 1-9, 1980. 

Abstract 

Upper Triassic volcanogenic strata in northwestern British Columbia comprise a lower sequence 
of basic extrusives, volcaniclastics and sedimentary rocks, probably of Late Karnian age, and an 
upper sequence of intermediate and locally acidic volcaniclastics that is in part of Late Norian age. 
In Tulsequah map area, proximal facies, extrusive and coarse grained volcaniclastics, lie to the 
southwest, whereas distal facies, commonly finer grained and interbedded with shales, lie to the 
northeast. This facies trend mirrors that of overlying Lower Jurassic clastic strata of the Whitehorse 
Trough. 

Introduction 

This report describes the stratigraphy of mainly Upper 
Triassic rocks in parts of Dease Lake (104 J) and Tulsequah 
(104 K) map areas, and is the continuation of earlier work to 
the east and southeast (Monger and Thorstad, 1978). The 
work was carried out concurrently with Operation Dease 
(Gabrielse, 1980) and Jurassic biostratigraphic studies by 
H.W. Tipper. 

Most earlier work in this region is of a reconnaissance 
nature. Taku River area in Tulsequah map area was mapped 
on a scale of 1 inch to 2 miles by Kerr (1948). Later Souther 
(1971) mapped the whole of the Tulsequah map sheet on a 
scale of 1:250 000, and recognized such major structural 
discontinuities as the King Salmon Fault. Parts of Dease 
Lake map area were studied by Kerr (1926), Hanson and 
McNaughton (1936), and Watson and Mathews (1944). This 
area was mapped a t  a scale of 1:250 000 by Gabrielse e t  al. 
(1962) and the Cache Creek Group within it by Monger (1969). 

The Triassic strata described below lie in three 
different tectonostratigraphic terranes, separated by major 
faults (Fig. 1.1). ( I )  To the southwest, the Stikine block 
(or Stikinia) has dimensions of a t  least 1000 krn along the 
trend of the Cordillera and 300 km across it (see Fig. 1 of 
Monger and Price, 1979). Triassic rocks described herein 
from the Tulsequah area lie mainly on the northeastern 
margin of Stikinia. They overlie upper Paleozoic to Middle 
Triassic strata of the "Stikine assemblage" (Monger, 19771, 
that were deformed, locally metamorphosed and probably 
intruded by granitic rocks in the Tahltanian orogeny (Souther, 
1971; Anderson, 1978). Disconformably (?) above the Triassic 
strata are Lower Jurassic (Upper Pliensbachian to Middle 
Bajocian) conglomerate, greywacke, and shale of the 
Takwahoni facies of the Laberge Group, that form the 
proximal part of the southeastern extension of the 
Whitehorse Trough (Souther, 1971; Tipper, 1978). 
(2) Northeast, across the King Salmon Fault, is the Hinterland 
Belt, which is characterized by high strain and by structures 
directed dominantly southwestward in this region (Wheeler 
and Gabrielse, 1972; Monger e t  al., 1978). It consists of two 
elements, locally separated by the Nahlin Fault. A southerly 
one, the distal part of the southeastern extension of the 
Whitehorse Trough (Souther, 1971), contains Lower Jurassic 
shale and siltstone, the Inklin facies of the Laberge Group, 

uppermost Triassic carbonate of the Sinwa Formation, 
probable Upper Triassic volcaniclastics, and local, fault- 
bounded slices of the Cache Creek Group. The northern 
element comprises highly deformed Mississippian to probable 
Middle Triassic strata of the Cache Creek Group, forming the 
Atlin Terrane. (3) Northeasternmost is the Omineca 
Crystalline Belt, a t  these latitudes composed of variably 
metamorphosed lower Paleozoic and Proterozoic 
miogeoclinal strata, upper Paleozoic and lower Mesozoic 
volcanic and sedimentary rocks, and Cretaceous granitic 
rock. Upper Triassic volcanogenic strata of the Nazcha and 
Shonektaw formations, discussed herein, together with 
Laberge-like greywacke, form a narrow belt separated from 
the Hinterland Belt to the south by a major fault, and have 
unknown relationships to older strata to the north (Gabrielse, 
1978; and personal communication). 

Tulsequah Map Area 

Triassic strata were examined in an area on both sides 
of the Taku River (Fig. 1.1, 1-21, between Sutlahine River and 
Tunjony Lake (Fig. 1.1, T), and west of Sheslay River 
(Fig. 1.1, S), 

Most strata examined in the Taku River area lie south 
of the King Salmon Fault. Southerly exposures, south of 
Mount Jeanne, near Stuhini Creek and south of Shustahini 
Mountain are sparsely fossiliferous massive volcaniclastics 
and flows whose internal stratigraphy is poorly understood. 
Northern exposures, well developed along the faulted 
anticline between Honakta Mountain and Mount Lester Jones 
(Fig. 1.2), are well stratified, have contrasting lithologies 
and diagnostic fossils, and thus readily provide reference 
sections. 

The lowest sequence in the core of the anticline north 
of Mount Lester Jones (Fig. 1.2, Section 2) typically consists 
of thin bedded graded argillite, siltstone and bedded lithic 
tuff about 1000 m thick (Fig. 1.3a, b). In its lower part are 
lenses of dark grey-green pillow basalt (Fig. 1.3g), locally 
with small feldspar phenocrysts, lapilli tuff, and massive 
breccia beds containing clasts up to 30 cm across of mainly 
basic feldspar porphyry and rare fragments of coralline 
limestone. The base of the sequence is not exposed. At the 
top of the section is black, calcareous shale and local thin 
bedded argillaceous limestone containing halobiid clams, 
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belemnites and ammonites,  whose ag,e, according t o  
E.T. Tozer (personal communication),  1s L a t e  Karnian 
(Welleri zone). The unit comprises most of t he  King Salmon 
Group of Kerr (1948), which Souther (1971) redefined a s  a 
formation within the  Stuhini Group. The wri ter  concurs with 
this change. 

Above the  predominantly fine grained rocks is a 
sequence transit ional t o  t h e  uppermost coa r se  grained 
volcaniclastic sequence and included by Kerr (1948) in the  
upper p a r t  of his King Salmon Group. It consists of at leas t  
f ive  massive breccia  and conglomerate  units interbedded with 
shale and s i l t s tone beds containing small  halobiid c l ams  and 

belemnites (Fig. 1.3c, dl. The to t a l  thickness is  abou t  700 m, 
with individual coarse  c l a s t i c  uni ts  ranging f rom 30 t o  100 m. 
The massive beds have l i t t l e  apparent  internal s t ructure ,  
variable proportions of sandy matr ix  t o  cobbles and boulders, 
and any internal layering is generally appa ren t  only f rom a 
distance.  The bases of some  massive units locally contain 
contor ted  argil l i te and s i l t s tone f ragments  apparently derived 
from underlying beds, and one unit  appears  t o  c u t  down 
marltedly in to  the  underlying shale  (Fig. 1 . 3 ~ ) .  The coarse  
grained units a r e  in terpre ted a s  debris flows in to  the  shale 
basin represented by t h e  in tercala ted  beds. 

units 

Lower 
Jurassic 
(upper Pliensb] 

Upper 

Triassic 

*thickness, from Souther, 1971 

w 
Upper Paleozoic 

Norion 

1 

Figure 1.2. Geological sketch map of  the Taku River area, northwestern Tulsequah map area, with 
a local correlation chart of  Triassic strata, showing increased sedimentary component in sections 
towards the northeast. 
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Each coarse grained unit has i t s  own distinctive 
compositiori which i t  maintains over the  a r e a  north of Mount 
Lester Jones. (1) Lowermost,  and lying sharply but  
conformably on calcareous shale, is white, buff and pale  
green feldspathic sandstone or crys ta l  tuff,  interbedded with 
shale, t h a t  grades up into massive breccia with a similar 
matrix and cobbles mainly of light coloured andesi te  
containing small  feldspars, and. r a r e  limestone. (2) The 
overlying massive unit is distinctive brown, friable, sandstone 
(or tuff )  and breccia containing pyroxene crys ta ls  both a s  
f r ee  grains and a s  pheoncrysts in c las ts  of porphyrit ic basalt. 
(3) Above this i s  a massive breccia  unit  containing purple, 
pink and green c las ts  of f ine  grained andesit ic feldspar 
porphyry t h a t  closely resembles the  youngest Triassic 
volcanogenic sequence. (4) Uppermost, nor theas t  of t h e  
summit of Mount Lester  Jones, i s  a very coarse  debris flow 
with blocks and boulders of pyroxene porphyry, f ine grained 
basalt  and l imestone (Fig. 1.3d). 

The uppermost Triassic volcanogenic unit  fo rms  t h e  
ridge containing t h e  summit  of Mount Lester  Jones  and is a t  
leas t  1000 m of massive, pale green, white and red andesi te  
breccia and conglomerate with no interbedded shale, but  
local red or buff weathering tuffaceous horizons. The colour 
variation i s  perhaps due t o  secondary alteration. Where t h e  
rocks a r e  f reshes t  they a r e  commonly red o r  pink, but in most 
places they a r e  buff and friable with laumontit ic a l tera t ion 
and, near granitic intrusions, bleached white and hard. Clas ts  
a r e  predominantly light coloured, f ine  grained feldspar 
porphyry, with o r  without crys ta ls  of hornblende generally 
a l tered t o  magnet i te ,  and r a r e  hypabyssal (?) granitoids. 
Near the  top of the  succession a r e  interbedded lenses of grey 
and pink limestone, generally a few t ens  of me t re s  thick, t h a t  
a r e  locally tuffaceous and contain an  abundant but  poorly 
preserved, silicified fauna of corals,  bryozoans (?), 
belemnites,  r a re  wood f ragments  and possible ammonites,  and 
conodonts of Norian age  (M. Orchard, personal 
communication). 

This unit is overlain, apparently disconformably, on t h e  
southeastern ridge of Mount Lester  Jones and on t h e  
mountain t o  the  eas t ,  by calcareous  sandstone and polymictic 
conglomerate  of Early Jurassic (La te  Pliensbachian) a g e  of 
t h e  Takwahoni fac ies  of t h e  Laberge  Group. 

The succession near  Shustahini and Honakta mountains, 
along trend to  t h e  northwest,  i s  divisible into two  major 
volcanosedimentary units (Fig. 1.2, Section 3). Lowermost i s  
well bedded shale and tuff ,  and locally, more  massive beds of 
lapilli tuff .  These rocks contain L a t e  Karnian (Dilleri zone) 
fossils (E.T. Tozer, personal communication).  The overlying 
unit  is  massively bedded, white, buff, pink and locally red ,  
andesit ic conglomerate,  breccia  and tuff ,  with local lenses of 
l imestone containing silicified fossils (Fig. 1.3f, e), 
equivalent t o  the  uppermost Triassic unit t o  the  southeas t  
and possibly t o  some  of t h e  massive debris flows. Above t h e  
upper unit is f ine grained, locally laminated l imestone t h a t  
ranges in thickness from 10 t o  100 rn, and whose base  locally 
is  red. This l imestone has been corre la ted  by Souther (1971) 
with the  lithologically identical  but  thicker,  Upper Norian 
Sinwa Formation t h a t  lies north of t h e  King Salmon Fault ,  
and contains Triassic conodonts (M. Orchard, personal 
communication). 

Rocks on Shustahini Mountain and Mount Jeanne  
(Fig. 1.2, Section I )  a r e  lithologically identical  with t h e  
upper volcanic unit  t o  t h e  north and consist  of white, pale 
green to  reddish andesite breccia and local conglomerate  and 
tuff horizons and, on Shustahini, carbonate  pods containing 
silicified fossils. They form t h e  upper pa r t  of an  apparently 
entirely volcanic sequence, whose thickness is  es t imated by 
Souther (1971) t o  be  about 4000 rn, t ha t  appears  t o  b e  
equivalent t o  t h e  ent i re  Triassic section t o  the  north. Lower 
members in this succession, near  Stuhini Creek, include dark  

basalt ic flows, lithologically similar t o  those  a t  t h e  base  of 
t he  sect ion north of Mount Les t e r  Jones  and local porphyrit ic 
basal t  with pyroxene phenocrysts. The base  of this 
succession lies unconformably on metamorphic  rocks of 
possible l a t e  Paleozoic age  (Kerr,  1948). 

Other  sections,  south of t h e  King Salmon Faul t ,  a r e  
corre la t ive  with t h e  lower p a r t  of t h e  Mount Les t e r  Jones  
section, in t h a t  extrusive rocks and volcaniclastic de t r i t u s  
a r e  predominantly basic, and known diagnostic fossils a r e  of 
L a t e  Karnian age. North of King Salmon Lake and south  of 
t h e  King Salmon Faul t  (Fig. 1.2, Section 4) t h e  section 
comprises dark green to  dark brown, well bedded lapilli tuff 
and l i thic tuff and argil l i te containing Upper Karnian 
(Dilleri zone) fossils. Fa r the r  east, between Sutlahine River 
and Tunjony Lake (Fig. 1.1, T), Triassic s t r a t a  l ie  nor th  and 
south of a faulted syncline containing Lower Jurass ic  
elastics. North of t he  syncline, t h e  sect ion consists of 
predominantly well bedded, brown, l i thic crys ta l  and lapilli 
tuf f ,  with minor shale  and near  t h e  top, more  massive dark 
red and green breccia,  and pillow breccia  of 'bladed' feldspar 
porphyry, with coarse  (up t o  2 c m  long) plagioclase l a ths  in a 
dark green matrix. Upper Karnian (Welleri zone) fossils a r e  
in t h e  upper pa r t  of th is  sect ion (E.T. Tozer,  personal 
communication). South of t h e  syncline t h e  sect ion is 
dominated by extrusive rocks, mainly pillow basal t  t h a t  is 
e i ther  aphanitic or  has small  feldspar phenocrysts (similar t o  
basal t  in t h e  lower p a r t  of t h e  Lester  Jones  section) and 
lesser amounts  of basal t  with pyroxene phenocrysts. The 
l a t e ra l  f ac i e s  variation f rom proximal in the  south t o  distal  
in t h e  north seen from Stuhini Creek t o  Mount Lester  Jones,  
i s  repeated here. 

Rocks wes t  of Sheslay River (Fig. 1.1) a r e  typical  of t h e  
lower p a r t  of t h e  Triassic sequence f a r the r  e a s t  in Dease  and 
Cry Lake map a reas  (e.g. Monger and Thorstad, 1978). They 
comprise porphyrit ic pillow basalt ,  with phenocrysts of 
pyroxene and feldspar, pillow breccia  and crys ta l  l i th ic  tuff 
with abundant pyroxene and plagioclase crystals.  

North of t he  King Salmon Fault ,  Triassic rocks a r e  
mainly the  continuous, massive bu t  locally laminated and 
bituminous, ca rbona te  of t h e  Sinwa Formation. This in places 
a t t a ins  a thickness of 800 m and contains early L a t e  Norian 
(Cordilleranus zone) a g e  fossils (E.T. Tozer, personal 
communication).  North of King Salmon Lake (Fig. 1.2, 
Section 4) t h e  Sinwa grades  down into  red tuff and volcanic 
breccia  with c l a s t s  of porphyrit ic andesi te  containing small  
feldspar phenocrysts, t h a t  is  lithologically similar t o  t h e  
uppermost volcaniclastic unit south of t he  King Salmon Fault .  
Lower Jurassic argil l i te and s i l t s tone of t h e  Inklin f ac i e s  of 
t h e  Laberge  Group l ie  disconformably on t h e  Sinwa. 

Dease  Lake Area  

The Hinterland Belt a t  Dease Lake is  only 35 km across,  
compared with 115 km fa r the r  west,  and has  a concomitant  
increase  in the  amount  of deformation and development of 
foliation. 

South of t h e  King Salmon Fault ,  Triassic rocks a r e  
mainly massive, unfossiliferous, commonly green and rarely 
red volcanic breccia  and crys ta l  tuf f ,  with c las ts  of 
porphyritic basal t  containing pyroxene phenocrysts. Although 
n o  fossils were  found in this area ,  these  rocks a r e  typical of 
Upper Karnian-Lower Norian sequences elsewhere in t h e  
In termontane Belt and of those in t h e  lower par t  of t h e  
succession around the  Hotailuh Batholith, 25  km t o  t h e  
southeas t  (Monger and Thorstad, 19781, and in t h e  Sheslay 
River sect ion t o  the  west. The Triassic succession is in 
s t ruc tu ra l ( ? )  con tac t  with highly deformed Permian 
carbonate  exposed on the  south side of Tanzilla River valley 
and in t h e  Stikine River canyon t h a t  is  p a r t  of t h e  Stikine 
assemblage of Monger (1977). The Triassic rocks a r e  overlain 



El c c c  

Figure 1.4. Sketch  map  of t he  geology n e a r  Dease  Lake, with a cross-section.  Note  t h a t  t h e  
cleavage i s  over turned predominantly t o  t h e  southwest .  

disconformably (?) by probable Lower Jurass ic  greywacke and 
conglomerate,  corre la ted  wi th  t h e  Takwahoni facies.  The 
l a t t e r  rocks have no  c leavage and a r e  c u t  and hornfelsed by 
numerous smal l  grani t ic  and in t e rmed ia t e  intrusions, t h a t  a r e  
absent  f rom contiguous phyllites of t h e  Inklin fac ies  north of 
t h e  King Salmon Fault  in this a r ea ,  indicating post-intrusive 
movement  of t h e  fault .  

The only known Triassic rock in t h e  Hinterland Belt  
near  Dease  Lake i s  ca rbona te  corre la ted  with t h e  Sinwa 
Formation,  exposed a t  t h e  south end of Dease Lake, f rom 
which Kerr (1926, p. 85A) repor ted  Upper Triassic fossils. 
Possible Triassic rocks a r e  local, minor quar tz  bearing tu f f s  
and quartz-feldspar porphyry breccias  interbedded with 
phylli te of t h e  Inklin f ac i e s  near  i t s  nor thern  c o n t a c t  with 
t h e  C a c h e  Creek Group (Fig. 1.4). These q u a r t z  bearing 
rocks a r e  lithologically s imi lar  t o  t h e  possible Upper Triassic 
"Kutcho formation" f a r the r  e a s t  in Cry Lake map a r e a  t h a t  
t he re  grades  up in to  t h e  Sinwa Formation (Monger and 
Thorstad, 1978). It may be  t h a t  some  rocks in t h e  Cache  
Creek  Group in Dease  Lake  a r e a  a r e  a s  young a s  L a t e  

Triassic, a s  possible Middle Triassic radiolarians a r e  known in 
t h e  C a c h e  Creek  Group nor th  of Taku River (D.L. Jones ,  
personal communication,  Monger, 1977, p. 1844). 

In this a r e a  t h e r e  i s  no  evidence  t h a t  t h e  c o n t a c t  
be tween t h e  Cache  Creek Group and t h e  Inklin f ac i e s  of t h e  
Laberge  is  t h e  major dislocation, t h e  Nahlin Faul t ,  s o  
prominent  e a s t  and wes t  along trend. Here,  foliat ion in 
C a c h e  Creek  me tabasa l t  i s  parallel  with c leavage of adjacent  
Inklin phylli te with no  obvious s t ruc tu ra l  break be tween  t h e  
two. C a c h e  Creek  metabasal t ,  cher t ,  l imestone  and 
serpent in i te  a r e  exposed along t h e  King Salmon Fau l t  t o  t h e  
south,  isolated f rom t h e  main mass of Cache  Creek by Inklin 
phyllites, a s  they a r e  locally t o  t h e  e a s t  in Cry  Lake map 
area .  I t  is  n o t  known whether  t h e  Cache  Creek underlies t h e  
Inklin, a s  shown on t h e  sec t ion  (Fig. 1.41, o r  i s  a n  infolded 
klippe. The suggestion t h a t  t h e  C a c h e  Creek  Group underlies 
distal  p a r t s  of t h e  Whitehorse trough e lsewhere  has  been 
made by Souther  (1971, p. 50) and, recent ly  by Bultman (1979, 
p. 229). Speculatively,  t h e  high s t ra in  fea tures ,  so  
cha rac t e r i s t i c  of t h e  Hinterland Belt, could b e  due  t o  a thin, 



incompetent  basement  of Cache  Creek rocks below t h e  
Mesozoic s t r a t a ,  in cont ras t  with t h e  more  rigid basements  of 
te r ranes  on e i ther  side. 

Triassic rocks, named Nazcha and Shonektaw 
format ions  by Watson and Mathews (1944), a r e  exposed nor th  
of t he  Thibert  Creek Fault ,  nor theas t  of t h e  C a c h e  Creek  
Group, on  t h e  southeas tern  margin of t h e  Omineca  
Crystall ine Belt. They a r e  massive, green t o  locally red, f ine  
grained feldspar porphyry and pyroxene feldspar porphyry 
flows and breccias  (Shonektaw) with coeval  (?) volcanic sand- 
stone,  a rg i l l i te  and minor conglomerate  (Nazcha). Ribbed 
pelecypods, possibly Monotis, we re  col lec ted  by H.W. Tipper 
f rom argil laceous rocks in this sequence,  and Norian 
conodonts found in l imestone c las ts  in in t raformat ional  con- 
g lomerate  (M. Orchard,  personal communication),  where  
ear l ie r  an  ichthyosaur ver tebra  was col lec ted  (Watson and 
Mathews, 1944, p. 19). These indications of age ,  plus t h e  
lithological similari ty of t h e  volcanic rocks t o  those  in t h e  
upper pa r t  of t h e  section near  Taku River, suggest  a Norian 
a g e  for  this succession. I ts  relationship t o  contiguous 
probable lower Paleozoic s t r a t a  is  n o t  known. 

Conclusions 

1. The composit ion of t h e  Triassic volcanics ranges f rom a 
basic lower pa r t  t o  a n  in termedia te ,  locally acid,  upper 
par t .  The lower pa r t  shows some  la tera l  variation a s  well. 
Volcaniclastics whose dominant c las ts  a r e  porphyrit ic 
basa l t  containing prominent pyroxene phenocrysts (augi te  
porphyry), together  with local  augi te  porphyry flows, fo rm 
t h e  lower sequence around t h e  Hotailuh Batholi th and 
much of t h e  succession fo r  150 km t o  t h e  wes t  a s  f a r  a s  
Sheslay River, and outcrop on t h e  o the r  s ide  of t h e  
Hinterland Belt, along t h e  southwestern  margin of t h e  
Omineca  Crystall ine Belt. However, such rocks fo rm a 
minor component  of t h e  lower pa r t s  of t h e  sec t ions  
between Sutlahine River and Tunjony Lake and near  
Stuhini Creek, and a r e  found only a s  c las ts  in two debr is  
f lows on Mount Les ter  Jones.  In these  places t h e  
dominant extrusive rocks in t h e  lower pa r t  of t h e  sec t ions  
a r e  e i ther  aphanitic o r  f ine grained feldspar porphyry 
basalt .  The upper sequence,  where  present,  f ea tu re s  
i n t e rmed ia t e  and, rarely,  acidic volcaniclastics 
character ized  by f ine  grained feldspar porphyry. Such 
rocks form t h e  upper pa r t  of t h e  successions around t h e  
Hotailuh Batholith, nea r  Taku River,  and nor thwest  of 
Dease  Lake, north of t h e  Hinterland Belt. Triassic 
volcanogenic rocks, @ t h e  Hinterland Belt , ,presumably of 
L a t e  Triassic a g e  because  they grade  Into l imestone  
corre la ted  with t h e  Sinwa Formation in Cry Lake map  
a rea ,  contain an acidic (dacit ic)  component  with 
prominent qua r t z  phenocrysts, a s  well a s  basic,  
chlorit ized pyroxene porphyry (Monger and Thorstad,  
1978). Such rocks, extensively exposed near  Kutcho 
Creek, extend a t  leas t  a s  f a r  west  a s  t h e  Dease  Lake  
area ,  although the re  they a r e  relatively minor. 

2. The a g e  of these  rocks ranges f rom L a t e  Karnian t o  L a t e  
Norian. The  lower basic sequence  near  Taku River  is  L a t e  
Karnian. The upper, i n t e rmed ia t e  succession is  Norian, 
and i t  is overlain locally gradationally by t h e  L a t e  Norian 
Sinwa Formation.  

3 .  Facies  changes in Triassic sec t ions  in Tulsequah map a rea ,  
south of t h e  King Salmon Fault ,  vary from a southwestern  
proximal facies,  with flows and massive volcaniclastics t o  
a distal ,  part ly fine grained sedimentary  fac ies  t o  t h e  
northeast .  These changes mirror those in Lower Jurass ic  
rocks, although t h e  l a t t e r  a r e  juxtaposed by t h e  King 
Salmon Fault. Speculatively, they r e f l ec t  a change  f rom 
deposition on t h e  Stikine block t o  t h e  southwest,  which 
was  deformed, intruded by grani t ic  rocks and possibly high 
standing by L a t e  Karnian t ime ,  t o  a basin underlain by 
Cache  Creek rocks t o  t h e  northeast .  

4. The Triassic rocks described in this repor t  appear  t o  l ie on 
th ree  lithologically and faunally d i f ferent  Paleozoic  
basements  (see  Monger, 1977), y e t  Triassic rocks  in all  
t h r ee  show many similari t ies.  Sinwa ca rbona te  occurs  in 
t h e  Stikine block and t h e  Hinterland belt ,  and ident ica l  
volcanics a r e  in t h e  Stikine and on t h e  southwestern  edge  
of t h e  Omineca  Crys ta l l ine  Belt. Does th is  mean  t h a t  al l  
t h r e e  Paleozoic basements  were  juxtaposed by L a t e  
I<arnian t ime,  o r  were  t h e  Triassic rocks  once  pa r t  of a 
single a r c ,  now duplicated by l a t e r  str ike-slip movements,  
or ,  a s  speculatively suggested ear l ie r  (Monger, 1977, 
p. 1854) is t h e  Cache  Creek Group in t h e  Atlin Te r r ane  an  
enormous,  rootless nappe lying on a single Triassic 
volcanogenic t e r r ane?  The fac ies  changes repor ted  herein 
would seem t o  preclude t h e  l a t t e r  suggestion, if t h e  distal  
pa r t  of t h e  Laberge  Group, now forming t h e  southwestern  
e l e m e n t  of t h e  Hinterland Belt ,  stratigraphically overlay 
t h e  C a c h e  Creek  Group (as  indicated in cross-section, 
Fig. l.4), f o r  t h e r e  is no  doubt t h e  southwestern  
Hinterland Belt  c a n  b e  t ied  t o  Stikinia by L a t e  Triassic 
t ime. 
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Abst ract  

Archean plutonic rocks  of t h e  Hopedale block in Nain Province were  reworked and  intruded by 
grani tes  during Aphebian t ime  in Makkovik subprovince. The Nain-Makkovik boundary is  marked by a 
zone of ca taclas t ic  rocks  along Kanairiktok Valley. 

Introduction Florence Lake volcanic rocks iust west of t h e  a r e a  of 

This report  presents results of 1979 field work in t h e  
boundary region between Makkovik subprovince and Hopedale 
block in Nain Structural  Province. Taylor (1971) separa ted 
Makkovik subprovince from Nain Structura l  Province on t h e  
basis of discordance between, respectively,  regional north- 
eas t  t o  e a s t  and north t o  northwest s t ructura l  trends.  The 
boundary between the  two (Taylor, 1971, Fig. 5) lies along the  
prominent l ineament of Kanairiktok Valley, and is 
character ized by a 2 t o  3 km wide ca t ac l a s t i c  zone in which 
t h e  rocks range f rom protomylonite t o  blastomylonite 
(Higgins, 197 1 ). Ermanovics (1 979) and Ermanovics and 
Raudsepp (1979) have described t h e  regional geological 
s e t t i ng  and suggested a t en ta t ive  subdivision of t h e  Archean 
rocks in t h e  Hopedale block northwest of this boundary. In 
this report ,  these  Archean rocks, including the  Hopedale 
Gneiss (Taylor, 1977), a r e  referred t o  a s  t h e  Kanairiktok 
complex. The rocks in Makkovik subprovince include 
deformed Kanairiktok complex gneiss and Proterozoic  g ran i t e  
intrusions, and a re  collectively termed the  Bay of Islands 
complex. All rocks of both complexes were  a f f ec t ed  by 
cataclas is  in the  boundary zone. 

Kanairiktok Complex 

Layered amphibolites and grey granoblastic layered 
feldspathic orthogneiss (Weekes amphibolite and Maggo 
gneiss) represent  t he  oldest rocks in Kanairiktok complex 
(Hopedale Gneiss). They display amphibolite fac ies  me ta -  
morphism and northwesterly-striking s t ructura l  t rends  
developed during Dp  deformation (e.g. northwest portion of 
Fig. 2.1 ). Designation of deformation a s  Dp in these  rocks is 
based on refolded isoclinal folds whose axial  planes a r e  
parallel t o  regional gneissic layering. Although t h e  history of 
these  rocks may be more  complex, i t  is  assumed t h a t  t h e  
northwest s t ructura l  trend is t he  result  of a t  least  two  phases 
of deformation. These gneisses were  intruded by granitoids 
of t he  Kanairiktok intrusive suite,  including mainly leuco- 
c r a t i c  tonal i te  and granodiorite. Intrusion of this sui te  was 
syn-Ds, which produced a rotation of D2 layering into 
northeast-southwest directions. Migmatite,  developed a t  t h e  
t i m e  of this intrusion, was transposed to  form poorly layered 
migmat i te  gneiss (Kanairiktok gneiss) and is in tercala ted  with 
mappable remnants  of well layered older gneiss (Fig. 2.2). 

Granodiorite and tonal i te  make up t h e  bulk of t h e  
plutonic suite.  In plan individual plutons a r e  e longate  t o  t h e  
northeast .  They become progressively smaller and less 
crowded together  towards t h e  northeast  (Fig. 2.1). In t h e  
southwest they a r e  homogeneous and f r e e  of gneiss 
inclusions. Heterogeneity of composition and abundance of 
xenolithic mater ia l  increases t o  t h e  northeast .  These 
f ea tu res  suggest t h a t  a lower level of emplacement  is 
exposed in t h e  southwest.  Granodiorite-tonalite intrudes 

Figure 2.1 and the re  i t  was  dete imined t h a t  D3 foliation in 
tonal i te  and supracrustal  rocks was  accompanied by green- 
schist  f ac i e s  metamorphism (Ermanovics and Raudsepp, 
1979). Greenschist  f ac i e s  metamorphism is observed a s  
diaphthoresis in older amphibolite f ac i e s  gneiss. 

In a number of places in Kanairiktok complex, 
northerly-and northwesterly-striking s t ructura l  trends 
indicate incomplete transposit ion t o  southwest-northeast  
striking t rends  during Dg deformation. These a r e  pseudo-D2 
s t ructures  (layering in gneisses and schlieric gneissosity in 
granitoids) presumed t o  have been a f f ec t ed  by some 
component of D3 rotation. In t h e  centra l  a r e a  of Kanairiktok 
Bay th is  northwesterly t rend is s t i l l  evident in Bay of Islands 
of Makkovik subprovince (Fig. 2. I). There i t  is expressed a s  a 
weak, locally penetra t ive  foliation in Aphebian Bay of Islands 
granodiorite and a s  a much f la t tened and folded banding in 
reworked Kanairiktok 'gneisses. Incomplete, penetra t ive  D3 
deformation may be observed along t h e  southwestern end of 
Cross Island and elsewhere,  where  layered, migmatit ic,  
northwest-striking gneisses a r e  sporadically refolded about 
northeast  trending axes  (Fig. 2.2). 

In a number of places along shorelines of nor theas t  
trending bays formed by glacial  scouring of less resistant 
rocks, ca tac las t ic  foliation parallel  t o  northeast  trending Dg 
layering was observed. Whether such localized br i t t le  
deformation represents l a t e  Dg or Dg deformation is 
not  known. 

Gabbro and diabase dykes (Kikkertavak dykes) trending 
025" t o  045O, form a dense  swarm west  of Kanairiktok Bay. 
Grea te r  dyke width and swarm density appear  t o  coincide 
with high intensity D3 deformation. Gabbroic dykes a r e  
commonly a l t e red  t o  subgreenschist  and locally t o  lower 
greenschist  facies.  Kikkertavak dykes do  not intrude Bay of 
Islands grani te ,  but may b e  equivalent t o  amphibolite dykes in 
reworked Kanairiktok gneisses in t h e  Bay of Islands complex. 

Bay of Islands Complex 

Bay of Islands Grani te  

Porphyroblastic granodiorite and minor coa r se  grained 
grani te  dominate  t h e  Bay of Islands complex within t h e  map 
area .  The granitoids form an  oval-shaped southwest- 
nor theas t  trending batholith whose dimensions in plan a r e  
20 by 100 km (Fig. 2.1). The rocks a r e  massive t o  weakly 
foliated,  excep t  near  t h e  margins where  screens  of layered 
gneisses a r e  accompanied by pronounced gneissosity in grano- 
diorite. Lit-par-lit migmat i t e  is  extensively developed 
around t h e  southern portion on t h e  pluton where  i t  is 
dominantly granodioritic. In t h e  nor theas t  t h e  pluton 
becomes grani t ic  (Fi . 2.3) and intrusive con tac t s  with gneiss 
a r e  generally sharp  7 Fig. 2.6) and discordant with extensive 



development of grani t ic  pegmatite.  This change in plutonic The granodiorite is a medium grained, grey biot i te  t 
composition and t h e  nature  of intrusive relationships suggests epidote  (8 per  cent),  zoned oligoclase-andesine bearing rock 
tha t  t he  southwestern portion of t h e  pluton is a synkinematic commonly containing porphyroblastic microcline. Microcline 
(Dt,) deeper  level intrusion compared t o  the  grani t ic  phase of is  poikilitic, enclosing epidotized plagioclase, chlorit ized 
the  pluton in t h e  northeast .  Although grani te  and grano- bioti te,  and quar tz ,  and hence appears  t o  b e  a l a t e  crys ta l  
diorite appear to  be  cogenetic,  t he  grani te  phase may have phase in these  rocks. Grani t ic  phases (Fig. 2.3) a r e  richer in 
crystall ized la ter  than granodiorite. allanite,  zircon, f luor i te  and sphene than granodiorit ic 

members.  

Figure 2.1. Structural trends in Kanairiktok complex (Nain Structural Province) and Bay of Islands complex 
(Makkovik subprovince). The complexes are separated by a zone o f  cataclastic rocks that may be traced from the 
outer islands southwestward along the east shore of Kanairiktok Bay and along Kanairiktok River mainly east of the 
volcanic rock remnants. 



Layered Gneiss 

Layered gneiss, derived from Kanairiktok gneiss, 
surrounds the  Bay of Islands pluton. Zones of migmat i te  
gneiss and schlieric remnants of gneiss occur within the  
pluton. The gneisses may be  followed southwest f rom t h e  
present map a rea  to  where they and Aphebian Moran Group 
were  deformed during 'Hudsonian' Orogeny (Ryan, 1979). It is 
assumed tha t  in the  present a rea  D4 deformation is 
'Hudsonian' also. 

The gneisses a r e  well layered ( I  t o  10 c m  wide), 
variegated grey to  white,  and include granoblastic granitoid 
orthogneiss, garnetiferous bioti te feldspathic gneiss, and 
garnetiferous banded amphibolite. Oblique schistosity in 
most layered gneiss may b e  a manifestation of l a t e  Ds or Ds 
deformation. Amphibolite dykes, thought t o  be  derived f rom 
Kikkertavak dykes, c u t  the  gneiss but a re  folded with them. 
Agmat i te  of this gneiss occurs in northeastern portions of t h e  
Bay of Islands grani te  and suggests t h a t  D4 dzformation in 
pa r t  preceded grani te  intrusion. Grade of metamorphism is 
in arnphibolite fac ies  (hornblende, garnet ,  bioti te) but  i t  is 
not known whether regional or con tac t  metamorphism 
prevailed. 

Supracrustal  Rocks 

Supracrustal  rocks underlie t he  three  a reas  within the  
ca taclas t ic  boundary zone (Fig. 2.1). South of Kanairiktok 
River these  comprise deformed, banded and schistose pillow 
lavas, sandstone, si l tstone, graphi t ic  schists and felsic schists 
of unknown derivation. This succession lies unconformably on 
Kanairiktok granodiorites (exposed on t h e  western con tac t )  
and is assigned to  Moran Lake Group of Aphebian age  (Ryan, 
in press). Kanairiktok granodiorite a t  or near t h e  uncon- 
formity (west con tac t )  exhibits a weak D4 foliation parallel 
t o  regional D3 foliation, but  is primarily character ized by 
brit t le,  poorly indurated rock with white,  soft  feldspars c u t  
by ca l c i t e  and quar tz  veins. On the  eas t  side the  
unconformity is not recognized; instead, Moran Group is in 
tec tonic  con tac t  with banded gneisses (D4 deformation) over- 
printed by cataclas t ic  foliation (Ds)  typical of t h e  boundary 
zone. 

The a g e  of t h e  sliver of supracrustal  rock exposed 
immediate l fnor th  of Kanairiktok ~ i v e r  is  problematical,  but  
may be corre la t ive  with Florence Lake group (Archean). The 
succession consists of calcareous,  laminated, maf ic  t o  inter- 
mediate volcanics, calcareous 'quartz-eye' felsic schists and 
ca t ac l a s t i c  felsic schists. The rocks a r e  in shear con tac t  
with ca taclas t ic  pink leucogranitoids and a r e  locally intruded 
by rocks thought t o  belong t o  Kanairiktok complex. 

The age of the  northernmost occurrence  of supracrustal  
rocks in Kanairiktok Bay is also problematical,  but  an  
Archean a g e  is favoured. I t  consists of contorted,  laminated, 
fine- t o  medium-grained mafic  rocks, banded tuffs,  felsic 
schist and gneiss, and granitic lenses. This succession is in 
gradational con tac t  with reworked Kanairiktok gneisses and 
pink leucocrat ic  granite.  

Granitic intrusions a r e  not observed in type  Moran 
Group, but a r e  common in Archean Florence Lake group. 
Hence assignment of the  l a t t e r  two  supracrustal  remnants  t o  
t h e  Archean is based primarily on t h e  presence of intrusive 
granitoids. These, however, may der ive  f rom Bay of Islands 
intrusions ra ther  than Kanairiktok intrusions, and hence may 
be Aphebian in age. 

Mesocratic Diorit ic Dykes and Sheets  

Reddish, medium grained, mesocrat ic  dykes and shee t s  
in various orientations intrude the  Bay of Islands g ran i t e  and 
gneisses. With r a re  exception, they a r e  confined t o  t h e  Bay 

of Islands complex e a s t  of Kanairiktok Bay. They generally 
dip less than 40 degrees;  on Striped Island, t hey  form 
horizontal  sheets  in homogeneous g ran i t e  (Fig. 2.4). 
Mineralogy comprises 30 t o  40 per c e n t  chlorit ized euhedral 
pale-brown amphibole, 4 t o  8 per cen t  quar tz ,  and 
saussurit ized euhedral zoned sodic plagioclase. Chilled 
margins a r e  well  developed and some  rocks conta in  abundant 
sphene and 5 t o  15 per cen t  ca lc i te .  The age  of these  dykes 
is post-D4 deformation, and possibly post-Ds . 
Nain-Makkovik Boundary Zone 

The zone is character ized by protomylonite,  mylonite 
gneiss and blastomylonite derived f rom rocks of Kanairiktok 
and Bay of Islands complexes (Fig. 2.5, 2.6, 2.7). Mylonite 
and ultramylonite a r e  rare ,  and recrystall ization generally 
appears t o  have outlasted cataclasis.  Recrystall ization 
includes green amphibole, quar tz ,  muscovite,  epidote,  b io t i te  
and feldspars. Cataclas t ic  foliations s t r ike  nor theas t  and a r e  
generally s t eepe r  than 6 5  degrees  t o  e i the r  s ide  of vertical .  
This ca t ac l a s t i c  deformation (D5) ro t a t ed  DJ gneissosity of 
t h e  Kanairiktok complex and D4 layering of t h e  Bay of 
Islands complex in to  north and nor theas t  trending directions.  

In Kanairiktok Bay most ca t ac l a s t i c  rocks of t he  
boundary zone a r e  under water.  However, t h e  zone may be  
t raced f rom t h e  nor theas tern  islands (White Mark and Mussel 
islands, la t i tude  55'24', longitude 95'45') southwestward 
along promontories of t he  eas tern  shore of Kanairiktok Bay 
t o  t h e  mouth of Kanairiktok River a t  la t i tude  550001. There 
t h e  zone splays and par t  of i t  cu t s  and follows t h e  margin of 
t h e  Bay of Islands g ran i t e  with a southerly trend. The main 
zone continues southwestward along t h e  river and in tersects  
supracrustal  rocks. I t  then appears  t o  be offse t  by lef t  
la tera l  f au l t  displacements and continues southwestward 
within and along t h e  eas t e rn  con tac t  of Moran Group. 

As the  boundary zone is approached f rom t h e  Bay of 
Islands complex, foliation curves  toward t h e  nor theas t  
(Fig. 2.1). This could be in terpre ted a s  suggesting a 
component of right l a t e ra l  f au l t  displacement between 
Kanairiktok and Bay of Islands complexes. However, t h e  
same  argument  based on ca t ac l a s t i c  foliation t rends  with l e f t  
hand curvatures  in gneisses south of Kanairiktok River 
suggests a component of l e f t  l a t e ra l  faul t  displacement.  
Compression resulting f rom opposite sense  faul t  displacement 
between these  t w o  segmen t s  in southern Bay of Islands 
complex may explain t h e  o f f se t  and splay (widening) of t h e  
boundary zone observed in t h e  Kanairiktok River a r e a  
(Fig. 2.1). The gneisses in the  south,  however, may originally 
have had more  westerly t rends  t h a t  were  thus ro ta ted  t o  
southwesterly t rends  in response t o  dominantly northwest- 
southeast  compressive stresses.  

Whether the  boundary zone represents dominant shear 
displacement o r  compression requires s t ructura l  analysis. 
Tha t  t h e  en t i r e  Bay of Islands complex (30 t o  40 km wide) 
may have been an  a r e a  of compression is suggested by t h e  
Kikkertavak dykes which were  emplaced in a contiguous a r e a  
of tension QO km wide in Kanairiktok complex immediately 
west of t h e  boundary zone. This in terpre ta t ion implies t h a t  
amphibolite dykes in Bay of Islands gneisses a r e  older than 
Kikkertavak dykes. 

Deformation in Makkovik subprovince may be re la ted  t o  
closing of a "trough" o r  "sea" in Makkovik a r e a  (Kaipokok 
Bay, 25 km e a s t  of Bay of Islands of Fig. 2.1). In this model 
(Clark, 1979) Moran Group is corre la ted  with Ketilidian 
supracrustals in Greenland and closing of the  "Makkovik 
trough" resulted from simple-shear, with right hand la tera l  
displacement,  between Nain and Makkovilc cratons.  If this 
was so, t hen  t h e  boundary zone in Kanairiktok Bay may 
represent  t h e  final s t a g e  of th is  tectonisrn. 





Summary 

Highly deformed, northwesterly trending granoblastic, 
layered gneisses of t h e  Hopedale block were  refolded about 
nor theas t  trending axes  in l a t e  Archean t ime.  Synkinematic 
intrusions of granodiorite-tonalite were  intruded parallel t o  
t h e  nor theas t  trending s t ruc tu ra l  grain and produced poorly 
layered migmat i te  gneiss in tercala ted  with older granoblastic 
layered gneiss. 

Rocks of the  Kanairiktok complex a r e  recognized e a s t  
of Kanairiktok Bay where  they were  f la t tened and recrystal-  
lized in amphibolite fac ies ,  probably during ear ly  Aphebian 
t ime. Synkinematic granodiorite and l a t e  synkinematic 
grani te  a r e  par t  of a regionally concordant batholith t h a t  was 
intruded parallel  t o  a nor theas t  trending t ec ton ic  grain in 
Makkovik subprovince. Granodiorite and grani te  a r e  probably 
cogenetic,  but  grani te  appears  t o  be  a l a t e  phase compared 
with t h e  more  deformed and metamorphically a l tered 
granodiorite. 

The last  major deformation occurred in a zone between 
the  complexes and produced ca t ac l a s t i c  rocks in both 
comp!exes in which recrystall ization outlasted cataclas is  in 
upper greenschist  facies.  This boundary zone sepa ra t e s  
'Kenoran' f rom 'Hudsonian' t ec ton i t e s  and hence serves  a s  an  
appropr ia te  division between t h e  t w o  s t ructura l  domains 
proposed by Taylor (1971). However, sharp  discordance of 
s t ructura l  trends between Nain and Makkovik blocks is not  
evident in the  boundary region. 

The tec tonic  significance and kinematics of t h e  
boundary zone is not known and requires s t ructura l  analysis. 
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Abstract 

The uranium potential o f  the Ra f t  Batholith area of central British Columbia has been 
assessed using a genetic model developed from research on the formation of basal type uranium 
deposits in the Okanagan Highlands. A comparison of these two areas has been made using model 
parameters considered t o  have the most important influence on the formation o f  ore, 
namely - geological setting, age relationships, tectonic history, composition of source rocks, 
labile uranium in source rocks, composition of host rocks, and preservation of  basalt-fluvial 
sediment assemblages. 

Both the Raf t  Batholith and the Okanagan Highlands Complex have similar geologic 
settings and would appear to  have the same age relationship with an overlying Plateau basalt- 
fluvial sediment assemblage. There is good evidence t o  suggest that the same schedule of  
tectonic events occurred in both areas. 

The petrology, major element composition, and total uranium content of these two 
complexes are very similar. On an experimental basis just as much uranium can be leached from 
the Raf t  Batholith as the Okanagan complex and under natural conditions the uranium content of 
surface waters draining the Raft Batholith is greater than for waters draining the Okanagan 
Highlands Complex. However, the uranium concentration o f  groundwaters draining the Ra f t  
Batholith is noticeably less than for groundwaters in the Okanagan complex; this may have a 
direct bearing on uranium potential. 

Six main areas underlain by basalts have been identified in the Ra f t  Batholith area. Based 
on the various model parameters mentioned above, the Upper Mann Creek valley basalt and the 
Coldscaur Lake basalt appear to  o f fer  the best potential for basal type uranium mineralization. 

Certain factors which may have a direct bearing on mineral potential are still unanswered 
and these may only be resolved by subsurface exploration. 

The method of assessment used is applicable t o  many areas of  the North American 
Cordillera and South American Andes where Tertiary volcano-sedimentary assemblages overlie 
granitic batholith complexes. 

Introduction 

A logical extension o f  any study o f  the genesis o f  
sedimentary hosted uranium deposits is the development o f  an 
exploration model based mainly on geological and 
geochemical characteristics o f  both source and host rocks 
which can be applied t o  areas o f  unknown potential. 
Research by the author on the genesis o f  basal type uranium 
deposits associated with a granitic basement complex in the 
Okanagan uranium province o f  south central British Columbia 
has led to  a number o f  conclusions which can be incorporated 
in such a model (Boyle, 1979). The model, described below, 
has been used to assess the potential o f  the Ra f t  Batholith 
area o f  central British Columbia (Fig. 3.1) for associated 
sedimentary-hosted uranium deposits. The Ra f t  Batholith 
was initially chosen as an example for such studies because o f  
its high gamma radioactivity and the spatial relationship 
shown by Miocene-Pliocene Plateau Basalt formations which 
act as cap rocks for potential uranium-bearing fluvial 
sediments. Data from the Okanagan region are used in this 
assessment for comparative purposes. 

Characteristics and Model o f  Formation o f  Basal Type 
Uranium Deposits 

(Challis Formation; Choate, R., 19621, California (Juniper 
Mine; Rapp, 1978) and Japan (Katayama et  al., 1974 and 
Doi e t  al., 1975). The term 'basal-type' was first proposed by 
Katayama (1960) t o  represent uranium deposits in Tertiary 
fluvial sediments resting on or immediately adjacent t o  
granitic basement rocks. Essentially these deposits comprise 
uranium mineralization in the form o f  ningyoite, ningyoite- 
coffinite-uraninite (autunite), ningyoite-autunite-salgeite, 
uraninite-coffinite (uranophane, phosphuranylite) and 
adsorbed uranium on carbonaceous matter, clays and zeolites. 
The mineralization occurs as grain coatings and void fillings 
in continental fluvial conglomerate-sandstone-mudstone 
sequences overlying granitic rocks. Pyrite, marcasite and 
limonite are generally the predominant gangue minerals; 
occasionally gypsum may be present. The deposits are 
situated at  or near the basement contact and are invariably 
associated with ancient paleochannels developed along 
probable Mesozoic-Tertiary fault traces within the granite 
basement. In many cases where drilling has been extended 
into the basement a highly fractured and altered fault zone 
has been encountered. Impermeable mudstones or volcanic 
lavas act as cap rocks to  preserve mineralization. In all cases 
the granitic rocks associated with these deposits are o f  
Cretaceous age. 

Basal type uranium deposits have been recognized in An example o f  the geological setting for this type o f  
southern British Columbia (Smee and Ballantyne, 1976; mineralization is given in Figures 3.2 and 3.3 for the Blizzard 
Christopher and Kalnins, 1977; Boyle 1979), Washington State deposit and associated occurrences. The paleotopographies o f  
(Sherwood Deposit; Becraft and Weis, 1963), Idaho State the Blizzard deposit (Fig. 3.3) and Cup Lake occurrence 



(Fig. 3.2) a s  well  a s  a par t ia l  reconst ruct ion  of t h e  Miocene 
paleovalleys t h a t  may have existed during t i m e  of format ion 
a r e  a lso  presented  in t hese  figures.  All of t h e  smal ler  
basa l t  out l ie rs  throughout t h e  Okanagan region display a 
d is t inc t  l inearity which co r r e l a t e s  well  wi th  t h e  nor thwest -  
southeas t  and northeast-southwest s t ruc tu ra l  fabr ic  of this 
region (see  Fig. 3.2). These basa l t s  have  been da t ed  a s  
ear ly  Pliocene (4.4 ? 0.6 Ma, 5.9 It. 0.6 Ma, author ' s  da t a ;  
5.0 ? 0.5 Ma, 4.7 ? 0.17 Ma, Christopher,  1978; a l l  K-Ar 
whole rock). The occurrence  of basa l t ic  plugs and d i a t r emes  
along these  s t ruc tu ra l  trends,  such a s  occurs  under t h e  
nor thern  par t  of t h e  Blizzard basalt  capping (Fig. 3.2, 3.3) and 
just t o  t h e  southwest  of t h e  Blizzard deposit  (Fig. 3.2), 
indica tes  t h e  presence  of open s t ruc tu re s  in t h e  basemen t  
complex along which valley basalts  have  been ext ruded.  Prior 
t o  t h e  format ion of t h e  Pliocene basalts ,  t h e  ear l ies t  volcanic 
ac t iv i ty  in t h e  a r e a  is  recorded in t h e  Eocene wi th  t h e  
extrusion of alkali  and fe ls ic  volcanics (Church, 1977). The 
Oligocene-Miocene se r i e s  represents  a period of compres-  
sional and tensional tec tonism and subsequent erosion leading 
in pa r t  t o  t h e  format ion of f luvial  paleochannels along 
Mesozoic-Tertiary faul t  zones and small  graben s t ructures .  
The paleochannels were  l a t e r  capped by Pliocene basalts  and 
in some  cases  uranium was  introduced in to  t h e  sediments  a s  a 
resul t  of groundwater  infi l trat ion.  Mineralization has only 
been found in basal  Miocene sediments  overlying grani t ic  
rocks of t h e  Okanagan Highlands Intrusive complex - a 
complex of which monzoni te  and g ran i t e  make  up approxi- 
mate ly  7 5  per c e n t  by volume (Valhalla in t rus ives  of Lit t le,  
1957, 19611, t h e  res t  being m a d e  up of more  maf i c  
~ r a n o d i o r i t e s  and dior i tes  (Nelson intrusives of Lit t le.  1957. 
u 

Figure 3.1. Location of Batholith area and Tyee and 1961) and Ter t iary  syeni t ic  rocks  (Coryell  intrusivesj.  he 
Blizzard basal t ype  uranium deposits (Okanagan Region). Tyee deposit  which is  s i tua ted  30 k m  t o  t h e  nor thwest  of t h e  

Blizzard deposit  r e s t s  on a window of Valhalla monzoni te  

Type of Water and Range (ppb) Average (ppb)* 
Number of Samples 

R a f t  Batholith: 

S t r eams  (165) 0.10- 3.60 0 .49 (0.31) '  
Springs (26) 0.10- 48.00 4.90 
Drillhole (1) 6.80 6 .80  

Okanagan Highlands Complex: 

S t r eams  (243)t  0 .02-  1.70 0 .38 (0 .27 ) "  

Fault  Controlled Waters 

S t r eams  (49) 1.10- 54.0 8 . 9 0  
Springs (12) 4.00-125.0 25.50 
Well Waters (5) 2.80- 75.0 37.00 

* Geomet r i c  means  a r e  given in b racke t s  for regional d a t a  
t From Federal-Provincial Uranium Reconnaissance Survey 

(GSC Open File 409) 
Note: lower l imit  of range  represents  half t h e  detec t ion  

l imit  of 0.05 ppb. 

within t h e  shuswap metamorphic  complex. Numerous barren  
paleochannels have  been discovered by drilling programs 
through basalts  overlying Ter t iary  volcanics, Paleozoic 
greenstones,  and the  Shuswap metamorphic  complex. 

Table 3.1 The localization of this t ype  of mineralization on o r  
immedia te ly  adjacent  t o  grani t ic  rocks has  a lso  been 

Uranium in wa te r s  draining grani t ic  rocks of t h e  Ra f t  demonst ra ted  for  t h e  Japanese  deposits  (Ka tayama  et al., 
and Okanagan Highlands Complexes 1974; Doi e t  al., 1975). 

Whereas t h e  source  fo r  many o the r  types  of sedimen- 
t a ry  hosted uranium deposits  is s t i l l  very controvers ia l  
(International Atomic  Energy Agency, 1977) t h e r e  c a n  be  
l i t t l e  doubt t h a t  for  basal-type deposits ,  most  of t h e  uranium 
has  been der ived f rom t h e  leaching of grani t ic  basement  
rocks. For t h e  Okanagan region s t r e a m s  draining grani t ic  
rocks of t h e  Highland Intrusive Complex have a higher than 
ave rage  natura l  background of 0.27 ppb (Table 3.1) compared 
t o  a geomet r i c  regional mean fo r  t h e  Cordil lera of 0.19 ppb 
(da t a  f rom Geological  Survey of Canada Open Files 409, 410, 
514, 515, 516, 517; 11 908 wa te r  samples).  Waters  draining 
Holocene f au l t  zones  in t h e  Okanagan basement  rocks  have  
a lso  been found t o  be  highly uraniferous (Boyle and 
Ballantyne,  1980). These r ecen t  f au l t  zones  t oge the r  with 
the i r  uraniferous wa te r s  would appea r  t o  be  present  day 
analogues of t h e  Mesozoic-Tertiary s t ruc tu ra l  sys t ems  in 
which basal-type mineralization fo rmed  (Boyle, 1979). In 
Japan high concentra t ions  of uranium have  a lso  been found in 
s t ruc tura l ly  controlled groundwaters  draining t h e  grani tes  
associa ted  wi th  mineralization (Doi et al., 1975). Recen t  
investigations by t h e  author on t h e  labile uranium con ten t  of 
grani t ic  rocks in t h e  Cordil lera indica te  t h a t  monzonites and 
grani tes  of t h e  Okanagan Highlands Complex a r e  a reasonably 
good source  of mobile uranium. 

Bearing in mind t h e  t ec ton ic  history of mineralized 
areas ,  t h e  s t ruc tu ra l  and geological  s e t t i ng  of t hese  deposits  
and t h e  leachabil i ty of basement  rocks, t h e  model out l ined in 
Figure 3.4 is  proposed for  t h e  format ion of basal-type 
deposits. The model depic ts  movement  of local, 
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Figure 3.2. Geologica l  s e t t i n g  of t h e  B l i z z a r d  basa l  t y p e  uran ium d e p o s i t  a n d  a s s o c i a t e d  uran ium 
o c c u r r e n c e s ,  s o u t h  c e n t r a l  Br i t i sh  Columbia  (geology a f t e r  Okuno,  1972; C h r i s t o p h e r ,  1978). 

i n t e r m e d i a t e ,  a n d  reg iona l  g r o u n d w a t e r s  th rough a f r a c t u r e d  
c r y s t a l l i n e  b a s e m e n t  t o w a r d s  major  Mesozoic-Tert iary 
l i n e a m e n t s  w i t h  e v e n t u a l  in f i l t ra t ion  i n t o  s e d i m e n t s  over ly ing  
t h e s e  s t ruc tures .  T h e  t e r m s  local ,  i n t e r m e d i a t e ,  and  reg iona l  
g roundwater  s y s t e m s  a r e  o f t e n  used by hydro logis t s  t o  
d e s c r i b e  o v e r a l l  condi t ions  of g r o u n d w a t e r  m o v e m e n t .  T h e  
leve ls  of U a t t r i b u t e d  t o  w a t e r s  a s s o c i a t e d  w i t h  e a c h  of t h e s e  
s y s t e m s  in F igure  3.4 have  been a r b i t r a r i l y  chosen  based  on 
d a t a  f o r  s t r e a m  w a t e r s  and g r o u n d w a t e r s  in t h e  Okanagan  
region and o t h e r  g r a n i t i c  t e r r a n e s  in t h e  Cordil lera.  

c o m p o n e n t  of t h e  uran ium in t h e s e  depos i t s  m u s t  b e  der ived  
f r o m  i n f i l t r a t i o n  of i n t e r m e d i a t e  and reg iona l  g r o u n d w a t e r s ;  
s o m e  of which  probably had a long r e s i d e n c e  t i m e  in t h e  
b a s e m e n t  complex .  It fo l lows  t h e r e f o r e  t h a t  a n  open  
b a s e m e n t  s t r u c t u r e  is requi red  f o r  d e e p  s e a t e d  groundwater  
m o v e m e n t .  In t h e  Okanagan  th i s  h a s  b e e n  eas i ly  f a c i l i t a t e d  
by a per iod  of e p e i r o g e n i c  uplif t  in Ol igocene-Miocene  t i m e s  
giving r i se  t o  e x t e n s i v e  block f a u l t i n g  ( tens iona l )  which  is 
m o s t  e v i d e n t  in t h e  T e r t i a r y  vo lcan ic  basins (Church ,  1977) 
and  t h e  g r a n i t i c  b a s e m e n t  complex .  

It is unlikely t h a t  only loca l  g roundwater  f low would All of t h e  minera l ized  z o n e s  a s  well  a s  m a n y  of t h e  
g i v e  r i se  t o  t h e  g r a d e s  of minera l iza t ion  observed  in t h e  b a r r e n  c h a n n e l s  c o n t a i n  abundant  c a r b o n a c e o u s  t r a s h  to 
Okanagan  for  t h e  s i m p l e  reason  t h a t  m a n y  of t h e  o t h e r  c r e a t e  r e d u c i n g  condit ions.  In c a s e s ,  s u c h  a s  t h e  T y e e  
l i thologies in th i s  region,  o v e r  which only b a r r e n  depos i t ,  m a r c a s i t e  m a y  be t h e  main  reduc ing  agent .  
pa leochannels  h a v e  been  d iscovered  (e.g. E o c e n e  volcano-  
s e d i m e n t a r y  rocks,  P a l e o z o i c  g r e e n s t o n e s ;  Corye l l  s y e n i t e s  G r o u n d w a t e r s  moving u p  f a v o u r a b l e  f a u l t  z o n e s  o r  

and Shuswap metamorphic rocks) have associated stream g r a b e n  s t r u c t u r e s  will i s sue  as a cont inuous  set of spr ings  

w a t e r s  which display s imi la r  a n d  in s o m e  c a s e s  g r e a t e r  a long  t h e  b a s e m e n t  f luv ia l  s e d i m e n t  c o n t a c t  a n d  wil l  co l lec-  

a v e r a g e  U c o n t e n t s  t h a n  t h o s e  dra in ing  t h e  m o n z o n i t e s  and  t ive ly  m o v e  d o w n  t h e  hydro logica l  g r a d i e n t  (usually 1-2%) 

g r a n i t e s  o f  t h e  Highlands In t rus ive  Complex  (Boyle a n d  unt i l  f a v o u r a b l e  condi t ions  f o r  p r e c i p i t a t i o n  a r e  m e t .  I t  

Ballantyne,  in press). It is a p p a r e n t  t h e r e f o r e  t h a t  a l a r g e  should n o t  b e  e x p e c t e d  t h e r e f o r e  t h a t  t h e  s o u r c e  of t h e s e  
d e p o s i t s  l i e s  d i r e c t l y  u n d e r n e a t h  minera l iza t ion .  



ZONES OF URANIUM MINERALIZATION 

Zone A - uran~um In mudslone- 
sandstone (untt 3)  

Zone B - uranfum adlacent to sandstone- 
conglomerate contact 

Zone C - uranlum at basall-sandstone contact 

Zone D - uranlum In conglomerate ( u n ~ t  2) 

Urantum In volcan~c breccfa 

Uranfum In basement complex 

ZoneA-B 

Dr,ll holes 

Basalt outlrne 
---- Outlrne 01 Channel 

-7310- Basement COntour1,ne (metres abovesea level) 
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Figure 3.3. D e t a i l  of Bl izzard  uran ium depos i t  showing  
m i n e r a l i z e d  pa leochannel  a n d  l o c a t i o n  of l a t e r  b a s a l t i c  
d i a t r e m e  u n d e r  main  body  of b a s a l t  ( a f t e r  Norcen  Energy  
R e s o u r c e s  Ltd., 1979). 

The R a f t  Batholith Area 

Based on  p r e s e n t  knowledge ,  t h e  uran ium p o t e n t i a l  of 
t h e  R a f t  Ba thol i th  in  t h e  C l e a r w a t e r  a r e a  (Fig. 3.1) h a s  b e e n  
assessed  w i t h  t h e  fo l lowing  model  f a c t o r s  in mind:  

a .  Geologica l  s e t t i n g  and a g e  re la t ionsh ips  

b. T e c t o n i c  history 

c. Compos i t ion  of s o u r c e  rocks  

d. Labile uran ium in s o u r c e  r o c k s  

e. Compos i t ion  of hos t  rocks  

f. P r e s e r v a t i o n  of basa l t - f luv ia l  s e d i m e n t  a s s e m b l a g e  

It should b e  e m p h a s i z e d  t h a t  t h e  R a f t  Ba thol i th  a r e a ,  
which is  here in  used a s  a n  e x a m p l e ,  i s  only o n e  of m a n y  
g r a n i t i c  t e r r a n e s  in t h e  Nor th  A m e r i c a n  Cord i l le ra  and South  
A m e r i c a n  Andes  holding r e a s o n a b l e  p r o m i s e  for  minera l -  
i za t ion  of th i s  n a t u r e .  T h e  i n t r u s i v e  provinces  of Washington 
(Sherwood depos i t  in t h e  G e r o m e  Format ion) ,  Idaho  
( o c c u r r e n c e s  in t h e  Chal l i s  Format ion) ,  Ca l i forn ia  ( Juniper  
Mine in T e r t i a r y  s e d i m e n t s  on  S i e r r a  Nevada  Batholi th)  a n d  
m a n y  o t h e r  a r e a s  of t h e  Andes  - C o r d i l l e r a  c h a i n  o f f e r  
e x c e l l e n t  p o t e n t i a l  f o r  t h i s  t y p e  of depos i t .  F u r t h e r  
inves t iga t ions  in  m a n y  a r e a s ,  bo th  m i n e r a l i z e d  and unminera l -  
ized,  will n a t u r a l l y  d e t e r m i n e  w h a t  a l t e r a t i o n s  should b e  
m a d e  t o  t h e  p r e s e n t  model  a n d  explora t ion  guide l ines  
f o r m u l a t e d  a s  a r e s u l t  of i t .  

Geologica l  S e t t i n g  and Age  Rela t ionsh ips  

T h e  geology of t h e  C l e a r w a t e r  a r e a  is  ou t l ined  in 
F igure  3.5 ( a f t e r  C a m p b e l l  a n d  Tipper ,  1971). T h e  R a f t  
Bathol i th  is in t ruded  i n t o  r o c k s  ranging  in a g e  f r o m  
P r o t e r o z o i c  t o  Jurass ic .  A d e s c r i p t i o n  of t h e  c o u n t r y  r o c k s  
and  t h e i r  p o t e n t i a l  fo r  u ran ium m i n e r a l i z a t i o n  is discussed in 
a l a t e r  s e c t i o n  of t h i s  paper.  

Two K-Ar a g e  d a t e s  h a v e  b e e n  d e t e r m i n e d  on b i o t i t e s  
f r o m  t h e  R a f t  Ba thol i th  (Wanless e t  al., 1967, p. 25-26), o n e  
g iv ing  a n  a g e  of 105  ? 9 Ma a n d  t h e  o t h e r  a n  aTe  of 
140 + 9 Ma. T h e  l a t t e r  d a t e  m a y  b e  anomalous  (Campbel l ,  in 
Wanless e t  al., 1967) a n d  no e x p l a n a t i o n  c a n  b e  o f f e r e d  f o r  i t .  
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Figure 3.4. Model of formation for basal type uranium deposits in south central British Columbia. 

The youngest rocks cut by the Raft Batholith are of Middle 
Jurassic age. The date of 105 + 9 Ma agrees well with two 
dates of 96 + 5 Ma and 80 + 5 Ma obtained for the Baldy 
Batholith (Wanless e t  al., 1966, p. 16-17) located 25 km to the 
southeast of the Raft. Both these batholiths have similar 
mineralogy, texture, and geological settings. Granitic rocks 
of the Okanagan Highlands Intrusive Complex have not been 
adequately dated due mainly to the influence of a well- 
recorded Tertiary thermal event of approximately 50 Ma 
which manifests itself by the presence of Coryell syenites and 
related felsic volcanic rocks. Dating of biotites and 
muscovites from quartz monzonite and pegmatite in the 
vicinity of the Blizzard deposit gave values of 56.7 + 2.4 Ma, 
52.9 + 2.3 Ma and 52.0 + 2.3 Ma; (author's data; K-Ar 
method). The influence of the above thermal event (clock 
resetting) is evident since these rocks are intruded by Eocene 
Coryell syenites and must therefore be older than the dates 
indicated. Although Rb-Sr dating presently in progress may 
help to alleviate this problem it would appear from strati- 
graphic evidence and the dates mentioned above that the 
monzonite-granite-pegmatite phase (Valhalla intrusives) of 
the Highland Complex is no younger than Paleocene and no 
older than early-middle Cretaceous. The granodiorite-diorite 
phase (Nelson intrusives) is probably early Cretaceous in age. 
Both the Raft Batholith and the more felsic phases of the 
Okanagan Highlands Complex appear to be representative of 
a major plutonic event at  around 100 Ma which has been well 
documented for other parts of the Cordillera. 

Flat lying, vesicular and massive olivine basalts both 
overlie and occur adjacent to the Raft Batholith. These rocks 
which may be included in the Miocene-Pliocene Plateau 
Basalt formation of the Central Cordillera have a mineralogy 
and setting which is very similar to the Plateau Basalts 
capping mineralization in the Okanagan. No age dating has 
been performed on the basalts in the study area but a good 
approximate age can be obtained from work in adjacent 
areas. For a large mass of Plateau Basalts just to the west of 
the Clearwater area Mathews (1964) obtained ages of 
13 + 2 Ma, 12 f 2 Ma and 10 ? 2 Ma for ash layers inter- 
calated with the basalts. Ages of 8.3 f 3 Ma, 7.8 + 3 Ma and 
6.0 + 3 Ma were determined by Farquharson and Sipp (1969) 

for basaltic plugs within this mass. These plugs probably 
represent feeder vents for later basaltic extrusions. Bedded 
basaltic scoria and breccias, together with. extinct cinder 
cones of late Pliocene to Pleistocene age occur just to the 
north of the study area. The basalts associated with the Raft 
Batholith have undergone glaciation and must therefore be 
older than Pleistocene. Based on age dates obtained in other 
areas, the Raft basalts must be of late Miocene to early 
Pliocene age and are most probably early Pliocene. 
The basalts overlying mineralization in the Okanagan have 
been dated as early Pliocene (4.4 * 0.6 Ma, 5.9 + 0.6 Ma, 
author's data; 5.0 + 0.50 Ma, 4.7 f 0.17 Ma, Christopher 
1978; all K-Ar whole rock). It is apparent therefore that the 
same age relationships between intrusive source and basaltic 
capping exist for both the Clearwater and Okanagan regions. 

Recently basalt formations spatially associated with 
felsic intrusions have been the main loci of exploration for 
basal type uranium deposits in the Cordillera and it is 
convenient therefore to divide the various basaltic bodies in 
the Clearwater area into six entities based on their relation- 
ship to the Raft Batholith. Together with a discussion of 
their geology and setting the six areas underlain by basalt 
may be outlined as follows: 

a. Upper Mann Creek valley basalt. This is a massive unit of 
olivine basalt which according to Campbell and Tipper 
(1971) occupies the valley from Moira Lake to Coldscaur 
Lake (see Fig. 3.5). Detailed investigations by the author 
verified the presence of basalt outcrops in the stream bed 
a t  both the south and north end of upper Mann Creek 
(area A, Fig. 3.51, otherwise the presence of a continuous 
basaltic body is indicated only by numerous large basalt 
boulders and debris deposited by glaciation - it is 
presumed that this material was deposited as the result of 
glacial scouring of the flanks of the valley basalt. This 
body seems to offer the best potential for the formation 
of basal type deposits because of its close proximity to 
source rocks (i.e. Raft Batholith). 

b. Coldscaur Lake basalt. Considerable amounts of basalt 
float north and west of Coldscaur Lake suggests the 
presence of a large body of flat lying basaltic rocks. 





Campbell  and Tipper (1971) have  indicated a connection Uranium mineralization in t h e  Okanagan has  been 
with t h e  Upper Mann Creek flow a s  well a s  a possible deposited in paleochannels underlying valley basalts  be tween 
c o n t a c t  relationship with t h e  R a f t  Batholith. This c o n t a c t  p:riods d and e. 
could not b e  verifikd due  t o  lack  of outcrop. Most of th is  
basalt  flow would appear  t o  be  underlain by Jurass ic  
volcano-sedimentary rocks. A c o n t a c t  relationship with 
t h e  intrusion,  t o  permi t  influx of igneous derived ground- 
wa te r s  in to  sediments  underlying basalt ,  would have t o  be  
established in order for  t h e  Coldscaur basa l t  t o  have much 
potent ia l  for mineralization.  

c. Lower Mann Creek basalt. Heavily d issec ted  basalts  
occupy t h e  lower Mann Creek valley and a small  t r ibutary  
in to  it. These flows have been completely downcut by 
Mann Creek and they overlie Jurass ic  volcano- 
sedimentary  units having a low uranium content .  I t  is 
unlikely, therefore ,  t h a t  any underlying sediments,  even if 
st i l l  preserved, would host mineralization.  

d. Canim River basalt .  A crescent  shaped flow occupies t h e  
valleys of Canim River and Canimred Creek in t h e  
western  part  of t h e  area.  A possible con tac t  be tween t h e  
western  ex t r emi ty  of t h e  R a f t  Batholi th and t h e  Canimred 
portion of this flow is indicated (Campbell  and Tipper, 
1971). However,  no outcrop could be  found t o  verify t h e  
presence of basalt  on t h e  eas t  side of t h e  Canimred River. 
The maf i c  na tu re  (diorite-granodiorite) of t h e  intrusion in 
t h e  a r e a  and t h e  lack  of a defined c o n t a c t  relationship 
would tend t o  weaken t h e  potent ia l  of this a r e a  for  
mineralization.  

e. C lea rwa te r  River valley basalt. Severe  dissection and 
erosion of an  extensive basalt ic flow in t h e  Clearwater  
valley has  l e f t  a number of 'shoulder remnants '  along t h e  
ea s t e rn  edge  of t h e  R a f t  intrusion. These bodies, which 
a r e .  o f t en  downcut by eas ter ly  flowing s t r eams ,  do  not 
appear  t o  be  re la ted  t o  underlying paleochannel s t ruc tu re s  
and a r e  t he re fo re  of questionable potential .  

Tectonic  History 

In t h e  Okanagan six main t ec ton ic  even t s  a r e  thought  t o  
have a d i r ec t  bearing on t h e  format ion and cessa t ion  of 
mineralizing processes. These events  may be  summarized a s  
follows: 

a.  The  emplacemen t  of Jurassic and  Cretaceous  grani t ic  
rocks  t o  form pa r t  of t h e  Cen t r a l  Okanagan Highlands 
Complex followed shortly a f t e rwards  by t h e  development 
of a north-south compressive s t r e s s  sys tem marked by 
major north-south l ineaments (Okanagan Valley, West 
Ke t t l e  River and Granby River l ineaments) and conjugate 
northwest-southeast  and northeast-southwest faul t  and 
graben s t ructures .  

b. Extrusion of Eocene alkali and fe ls ic  volcanics (White 
Lake,  Marama,  and Marron formations) and emplacemen t  
of coeval  hypabyssal syenites (Coryell). 

c. Gradual  uplif t  in l a t e  Eocene-Miocene t imes  with react i -  
va t ion  of t h e  fault-scheme described in (a), unroofing of 
t h e  basement  complex and deposition of fluvial sediments  
in Ter t iary  Valleys. 

d. Development of extensional s t resses  in l a t e  
Miocene - ear ly  Pliocene followed by fissure extrusion of 
basa l t  along valleys (northwest-southeast  and nor theas t -  
southwest  Mesozoic-Tertiary f au l t  zones) and many upland 
areas .  

e. L a t e  Pliocene uplift of en t i r e  a r e a  wi th  concomitant  block 
fault ing,  followed by rapid erosion and eventually 
glaciation.  The valley roots a r e  t h e  only remnants  of t h e  
P l a t eau  Basalts  which have survived this period and they 
now form linear topographic highs ( s ee  Fig. 3.2). 

In t h e  C lea rwa te r  a r e a  t h e r e  is  suff ic ient  evidence  t o  
suggest  t h a t  all of t h e  above mentioned t ec ton ic  even t s  have  
been opera t ive  t o  some  degree.  Age dat ing  of t h e  R a f t  
Batholi th indica tes  t h a t  i t  was emplaced in Cre t aceous  t imes  
and extens ive  block fault ing of Paleozoic and Mesozoic 
format ions  surrounding i t  has  been noted by Campbel l  and 
Tipper (1971, see also  Fig. 3.5). The  s t r e s s  s cheme  in th is  
a r e a  is  similar t o  t h a t  in t h e  Okanagan. Major f au l t s  follow 
northwest-southeast  and northeast-southwest d i rec t ions  and 
although not indicated by Campbell  and Tipper (1971) i t  would 
appear  t h a t  t h e  valleys occupied by Upper Mann Creek,  
Coldscaur Lake and Lower Mann Creek form a conjugate  
f au l t  sys tem possibly located  at t h e  terminus  of t h e  major 
northwesterly t rending Louis Creek  f au l t  zone  which begins 
a t  t h e  nor th  end of Okanagan Lake (Holland, 1976) and 
follows Louis Creek ,  North Thompson River and eventually 
in to  Mann Creek. The Upper Mann Creek valley which 
appears  t o  have  t h e  g rea t e s t  potent ia l  for uranium mineral-  
ization occupies  a possible northeast-southwest f au l t  zone  
t h a t  b isec ts  t h e  R a f t  Batholith. React iva t ion  of t ec ton ic  
processes followed by erosion must have  occurred  in Mid- 
Ter t iary  t i m e s  for  t h e  batholi th t o  be  exposed be fo re  t h e  
Miocene epoch. Extensive a r eas  just t o  t he  southwest of t h e  
Clearwater  a r e a  a r e  covered by Eocene fe ls ic  volcanics (Skull 
Hill Formation) similar t o  t h e  non-alkaline units in t h e  
Okanagan but  th is  t ec ton ic  even t  is not  present  in t h e  
immed ia t e  a r e a  (Campbell  and Tipper 1971). The l a t e  
Miocene-ear ly Pliocene epoch was  cha rac t e r i zed  by t h e  
fissure extrusion of plateau basalts  in t h e  Mann Creek,  
Coldscaur Lake,  C lea rwa te r  River,  and Canim River areas.  
L a t e  Pliocene movement  is evident  f rom extens ive  faul t ing  
and dissection along C lea rwa te r  River, Lower Mann Creek,  
and Canim River but  t h e  amount  of uplif t  appears  t o  b e  less 
than t h a t  observed in t h e  Okanagan. As a result ,  basa l t ic  
bodies such a s  t h e  Upper Mann Creek and Coldscaur Lake 
flows, which st i l l  appear  t o  be  in t ac t ,  a r e  st i l l  in the i r  
original valley sett ings.  This is not considered de t r imen ta l  t o  
uranium potent ia l  s ince  this s t a g e  of tec tonism is one  which 
has  caused t h e  cessa t ion  of mineralizing processes. In o ther  
words, t h e  Okanagan deposits  and associa ted  basalt  cappings 
now form topographic highs and a r e  presently wasting, 
whereas  sediments  underlying basa l t s  on or immedia te ly  
adjacent  t o  t h e  R a f t  intrusion would s t i l l  be  receiving 
groundwaters  draining an  igneous source.  

Composit ion of Source Rocks 

Both t h e  R a f t  Batholith and t h e  Okanagan Highlands 
Complex conta in  a full  r ange  of igneous phases  f rom dior i te  
through t o  granite.  Q u a r t z  monzoni te  and grani te  accounts  
for  t h e  larges t  volume of both  complexes  and a r e  typically 
coa r se  grained rocks comprising plagioclase (30-35%), smoky 
qua r t z  (25-30%), potash feldspar (25-35%) bio t i te  and/or 
muscovi te  (5-lo%), hornblende (less than 1%) and accessories 
(sphene, ruti le,  a l lani te ,  apat i te ) .  The western  par t  of t h e  
R a f t  Batholi th consists mainly of granodior i te  and dior i te  
whereas  much of t h e  a r e a  both e a s t  and west  of upper Mann 
Creek  and s t r e t ch ing  a s  f a r  a s  t h e  C lea rwa te r  River is 
underlain by qua r t z  monzonite and grani te .  Pegmat i t e  and 
ap l i t e  dykes have  been observed in all major a r eas  of outcrop. 

Tabulation of t h e  major e l emen t  chemis t ry  of qua r t z  
monzoni te  f r o m  t h e  Clearwater  and Okanagan a r e a s  shows 
t h a t  rocks of t h e  R a f t  Batholi th a r e  slightly more  maf i c  than 
the i r  counterpar ts  in t h e  Okanagan Highlands coAp1ex but 
t h e  K 2 0  and N a 2 0  con ten t s  of rocks  for  both a r e a s  a r e  
similar (Table 3.2). High U concentra t ions  in grani t ic  rocks 
a r e  generally accompanied by increased potash content  (Heir 



Table 3.2 

Composition of qua r t z  monzonite f rom the  Raf t  
Batholith and Okanagan Highlands Complex 

Okanagan Highlands Complex R a f t  Batholith 
n=13 n=8 

Range Average Range Average 

S i 0 2  64.40-75.70 71.10 58.8 - 71 .3  66.50 
A1203 13.70-16.80 15.00 14.0  - 16.8 15.10 
Ti02 0 .04-  0 .36 0 .25 0 .25-  0 .73  0.42 
K 2 0  2.73- 6 .01 4.42 2.38- 4.10 3.64 
N a 2 0  3.20- 4.20 3.64 2.30- 4.30 3 .56 
CaO 0.45- 2.87 1.40 1.84- 5.81 3 .36  
MgO 0.06- 0 . 8 3  0 .40  0 .71-  2 .40 1 . 4 3  
Fe 0 0.10-  1 .20 0 .66 0 .90 -  2 .50 1 .79 
F e 2 0 3  0 .40-  2.00 1.02 0 .60 -  2.80 1.35 
MnO 0.01- 0.09 0 .03 0.05- 0 .14 0 .08  
p205  0.02- 0.16 0 .08 0 .10-  0 .42 0 .02 
co2 0.10-  0 .10 0.10 0.10- 2.20 0.75 
H 2 0 T  0 . 3 0 - 1 . 0 0  0 .51  0 .60-  2 .10 1 .20  

Total  98.00-99.70 98.70 98.70-100.50 99.50 

Table 3.3 

Uranium in the  Raf t  Batholith and Okanagan 
Highlands Complex 

Rock Type No. of U(ppm)* 
Samples Range Average 

Raf t  Batholith: 

Dior i t e  4 0.1- 0 .3  0 . 2  
Granodiorite 4 1 .7-  5.4 3 . 6  
Monzonite 5 2.7- 5.7 4 . 3  
Quar t z  Monzonite 2 5  2 . 5 -  7 .2  4 . 6  
Grani te-Pegmat i te  8 3.8- 8 . 8  5 . 8  
Aplite 2 15.4-24.0 20.0 

Okanagan Highlands Complex: 

Granodior ite-Diorite 43 0.8- 4 .3  2 . 3  
Monzonite 30 1.1-17.7 4 . 5  
Quar tz  Monzonite 2 7 0 .9-23.7  4 . 4  
Grani te  20 1.9-18.0 5 .4  
Pegmat i t e  3 3.2- 6 .9  5 .2  
Syenite (Coryel l )  76 2.0-36.6 6 . 2  

* Uranium analysis by delayed neutron activation. 

and Rogers, 1963; Lyons, 1964 and others), and on an init ial  
basis, grani t ic  rocks rich in potash feldspar,  b io t i te  and 
muscovite can be designated a s  fer t i le  for  t he  format ion of 
basal type  deposits. Granitic rock in both the  Raf t  and 
Okanagan Highlands Complexes have high K20 con ten t s  
(Table 3.2). Those of t h e  Raf t  Batholith contain considerably 
more  P 2 0 s  than those in t h e  Okanagan and i t  may be 
presumed therefore  t h a t  sufficient phosphate would be 
present in t h e  groundwaters of t h e  Raf t  a r e a  for  t h e  
precipitation of ningyoite saldeite or autuni te  - t h e  th ree  
principal minerals in basal-type deposits of t he  Okanagan. 

A comparison of t h e  range and average to t a l  U con ten t s  
of t h e  various phases in t h e  R a f t  and Okanagan Highlands 
Complexes is presented in Table 3.3. Phases of t he  R a f t  
Batholith display very similar U contents  t o  comparable units 

in t h e  Okanagan Complex. On the  basis of t o t a l  U con ten t  i t  
is obvious t h a t  t he  Raf t  Batholith has good potent ia l  a s  a 
source  area .  It is interesting t o  note  t h a t  t he  U concentra-  
t ions of t he  various rock types  in the  R a f t  Batholith increase  
in the  order diorite, granodiorite,  monzonite, qua r t z  
monzonite,  grani te ,  .pegmatite,  apli te.  This also appears  t o  
be  t h e  general order of increasing potassium con ten t  and 
older t o  younger age  of intrusion. 

Labile Uranium in Source Rocks 

The amount  of labile uranium in source  rocks can be  
determined on a re la t ive  basis by a number of methods. Two 
methods  used in this study comprise t h e  leaching of rock 
powders with bicarbonate waters  and the  determinat ion of 
average uranium contents  for surface  wa te r s  and ground- 
wa te r s  draining grani t ic  rocks of t h e  R a f t  Batholith and of 
Okanagan Highlands Complex. 

Rock powders of qua r t z  monzonite and grani te  phases 
of t he  two above mentioned intrusive complexes were  leached 
for 20 hours using a solution co-mposed of 300, 220, 30, 
20,- 400, 45 and 20 ppm of HC03,  Na, Ca, Mg, F, C1 and 
SO; respectively with a pH of 7.0 and a conductivity of 580. 
The U con ten t  of t h e  leaching solution w a s  less than 0.05 ppb. 
With t h e  exception of a high Na con ten t  and a low U 
concentra t ion t h e  composition of t h e  leaching solution 
approximates  t h a t  found for many groundwaters draining 
grani t ic  rocks in t h e  Okanagan (Boyle and Ballantyne, in 
press). The leaching solution and sample  (20 mL t o  I gm) 
were  continually ae ra t ed  by allowing a i r  t o  pass through the  
funnel holding t h e  sample and solution. All samples were  
leached in one run and repl ica te  leaching gave a precision of 
be t t e r  than ? 20 per cent .  The results for this experiment 
a r e  shown in Table 3.4. The samples  from both of these  
intrusive complexes a r e  l isted in decreas ing order according 
t o  thei r  t o t a l  uranium content.  The f inal  character is t ics  of 
t h e  leachate  (pH, conductivity,  U) together  with a determina-  
t ion of the  percentage of leachable uranium a r e  also given. 
There  is l i t t le  correlation between t h e  percentage of U 
leached and e i ther  the  to t a l  U content  of t he  rocks or their  
texture .  Variations in the  parti t ioning of uranium between 
accessory minera ls  and localization along grain boundaries 
may be  the  cause  of such a poor correlation. Both t h e  range 
and average percent  of U leached f r o m  t h e  Raf t  Batholith 
(0.3-3.0 and 1.4% respectively) and t h e  Okanagan Highlands 
Complex (0.3-4.0 and 1.8% respectively) a r e  very similar and 
i t  may be concluded therefore  t h a t  on an  exper imenta l  basis 
t h e  Raf t  Batholith is a s  good a source  a r e a  a s  the  grani t ic  
rocks associated wi th  mineralization in t h e  Okanagan. 

A comparison of t h e  U con ten t s  of various types  of 
wa te r s  draining these  intrusive complexes is perhaps a more  
representa t ive  method of determining thei r  potential  a s  
source areas.  This is easily justified s ince  for both t h e  a reas  
t h e  paleoclimates during t h e  t ime  of possible o r e  format ion 
(Miocene-Pliocene; Bell, W.A. in Rice  1960; Piel, 1969; 
Claque, 1974) and t h e  present day c l ima tes  a r e  similar. 
Table 3.1 gives a breakdown of t h e  U content  of surface  
wa te r s  and groundwaters draining t h e  two  igneous complexes. 
The average U concentra t ions  of surface  wa te r s  a r e  very 
similar for both  complexes with the  R a f t  Batholith exhibiting 
a slightly higher average. However, s t ructura l ly  controlled 
groundwaters associated with t h e  Okanagan Complex a r e  
more  uraniferous than those  draining t h e  Raf t  Batholith 
(Tab le? . l ) ,  al though t h e  average U content  of springs 
draining t h e  l a t t e r  still exceeds  the  surface  wa te r  ave rage  by 
a fac tor  of ten. The di f ferences  for groundwaters may be  
re la ted  more  t o  t h e  f a c t  t ha t  results for t h e  R a f t  Batholith 
were  obtained for small  f issure controlled springs 
represent ing mostly local or in termedia te  groundwater flow 
whereas those for  t he  Okanagan represent local, in termedia te  
and regional groundwater flow in much larger faul t  zones. In 



Labile uranium in igneous rocks of t h e  Raf t  Batholith (C lea rwa te r  Area)  and t h e  
Okanagan Highlands Complex 

Rock Type Texture  U ( p p m ) "  Leachate  W of Total  
in Rock Uranium 

pH Conductivity IJ (ppb)  Leached 
(umhos/cm) 

Raf t  Batholith: 

Qtz-Bi-MNZN f ine  6 .2  7.9 1360 9 . 0  1 .5  
Bi-GRNT medium 5.4  8 .1  1065 12.6  2.3 

Qtz-Bi-MNZN coarse  5 . 3  8.0 1083 7 . 5  1 .4  
Bi-GRNT coarse  5 . 2  7 . 8  691 3 . O  0 . 6  

Qtz-Bi-MNZN medium 5.0 7.7 792 10.0 2.0 
Bi-GRNT coa r se  4 .8  8 .1  1177 4 .O 0 .8  

Q,tz-Bi- MNZN coarse  4 .0  7 . 9  962 6 .8  1 .7  (Av .=1 .4 )  
Bi-GRNT coarse  3 . 6  8.0 882 3 . 2  0 .9  
Ho-MNZN medium 3 .6  7.9 997 I . O  0 . 3  

Qtz-Bi-MNZN coa r se  3 .5  8 .1  1340 2 .6  0 .8  
Bi-GRNT coa r se  3 . 3  7 .8  1310 3.4 1 .O 
Bi-GRNT coa r se  2 . 5  7 . 8  1350 7 . 5  3 .0  
Bi-MNZN fine 1 . 7  9 .0  1087 3 . 6  2 .1  

Okanagan Highlands Complex: 

Qtz-Bi-MNZN medium 23.6  7 .8  7 56 95 . O  4 .0  
Bi-GRNT medium 15.0 8 .2  627 5 .2  0 .3  

Qtz-Bi-MNZN medium 13.1 8 .1  6 59 33.8  2.6 
Qtz-Mu-MNZN coa r se  12.6 7.9 673 36.5  2 .9  
Qtz-Bi-MNZN medium 6 .8  8 . 0  852 16.7  2 .5  
Qtz-Bi-MNZN coarse  6 . 5  7 .9  684 4 . O  0 . 6  
Qtz-Bi-MNZN coa r se  4 .8  7.1 727 4 . 2  0 .9  ( A v . = 1 . 8 )  
Qtz-Ho-MNZN coa r se  4 .0  7.8 6 8  1 1 .3  0 . 3  
Q.tz-Bi-MNZN medium 3 .8  7.4 699 4 .2  1.1 
Qtz-Bi-MNZN coa r se  3 . 6  8 .0  723 13.5  3.8 
Q-tz-Bi-MNZN coarse  2 .8  7 . 7  635 2 .7  1 . O  
Qtz-Bi-MNZN medium 2 . 3  7.9 644 3 .7  1 . 6  
Qtz-Bi-MNZN medium 1 . 8  8.1 659 2 .0  1.1 

* Uranium analysis by delayed neutron act ivat ion.  

t e r m s  of s ize  the  Raf t  Batholith is much smaller than the  
Okanagan complex and of the  two noticeable s t ructura l  zones 
within i t ,  one  (Upper Mann Creek)  is  heavily overlain by 
basalts and glacial dr i f t  and the  other (Clearwater  River) is  a 
complete ly  open sys tem flushed by a major river. Spring 
wa te r s  issuing from small  fault  zones along t h e  western  cliff 
f a c e  of t he  Clearwater  River, however, do have anomalously 
high U contents  (see  Fig. 3.5). Campbell  and Tipper 
(1971, p. 79) have noted t h a t  "the Cre taceous  Raf t  Batholith 
does not exhibit t h e  closely spaced f r ac tu res  cha rac te r i s t i c  of 
t he  Thuya and Takomkane batholiths" located to  the  west of 
t h e  study area .  It is possible the re fo re  t h a t  t h e  Raf t  
Batholith lacks t h e  open s t ruc tu re  required for  deep sea ted  
groundwater movement although this is by no means a proven 
f ac t .  [n this context  i t  should also be noted tha t  t h e  levels of 
U observed for structurally controlled wa te r s  in the  Okanagan 
may be well above minimum levels required fo r  o re  
formation. 

Composition of Host Rocks 

In the  Miocene fluvial sediments of t h e  Okanagan t h e  
reducing environment required for  precipitation of uranium is 
produced by abundant amounts of organic trash consisting of 
both carbonized and uncarbonized t r e e  f ragments ,  leaves and 
decomposed material .  In addition one of t h e  deposits 
(Tyee deposit) conta ins  high concentra t ions  of marcas i t e  
(up t o  40%). 

A number of palynological and faunal s tudies  of 
Miocene-Pliocene sediments throughout southern British 
Columbia indicate  tha t  a lush vegetation existed during this 
epoch in a t e m p e r a t e  c l ima te  similar t o  t h a t  of today 
(Bell, W.A. in Rice  1960; Piel 1969; Clague 1974; Mathews 
and Rouse, 1963). 

No exposures of Miocene sediments could be found in 
t h e  study a r e a  but t he re  can be  l i t t l e  doubt tha t  basal t  flows 
in the  R a f t  a r ea ,  provided they a r e  st i l l  in tac t ,  a r e  underlain 
by fluvial sediments.  Based the re fo re  on t h e  s tudies  
mentioned above i t  should be presumed, until proven 
otherwise,  t h a t  sediments in this a r e a  contain sufficient 
organic or sulphide concentra t ions  t o  precipi ta te  uranium 
f rom groundwaters.  

Preservation of Basalt-Fluvial Sediment Assemblage 

Generally i t  has  been found t h a t  basal-type deposits a r e  
preserved f rom la ter  destruction by one or a combination of 
two  processes. Either the  basalt  cappings remain in t ac t  a f t e r  
uplift  and faul t ing because they represent more  competent  
"valley roots" of t he  Pla teau Basalt system (e.g. Blizzard 
deposit)  or t h e  paleochannels when exposed during glaciation 
have in turn  been covered by impervious glaciolacustrine 
sediments (e.g. Tyee deposit and south end of Blizzard 
deposit). Preservation such a s  this is essential  since t h e  
Holocene hydrological regime a f t e r  uplift  is generally one 
which promotes  leaching of these  deposits ra ther  than 
formation. 



In t h e  Raf t  a r e a  t h e  lower Mann Creek basalt  is 
completely downcut t o  basement and i t  is unlikely t h a t  
mineralization if i t  did form would be preserved. Upper Mann 
Creek does  not downcut t h e  presumed basalt  flow in this 
valley and has been found t o  actually flow over basalt  outcrop 
in the  north and south end of the  valley (area  A, Fig. 3.5); 
west of Coldscaur Lake i t  flows over a basalt  escarpment  and 
into lower Mann Creek valley. Similarly much of the  
Coldscaur Lake and Canimred Creek basalt bodies may s t i l l  
be preserved. The 'shoulder remnants '  of t h e  Clearwater  
River basal t  a r e  downcut by small  s t r eams  and any sediments 
underlying them would probably be easily leached by 
groundwaters moving downslope. 

Potential  For Other Types of Uranium Deposits 

Although the  main thrust  of this assessment has been 
di rected towards possible basal-type deposits something 
should also be  said of t he  potential  for o ther  types  of uranium 
deposits. 

No evidence could be  found t h a t  would suggest t he  
presence of vein type  mineralization within t h e  Batholith. 
Small Mo occurrences a r e  present bu t  these  a re  not strongly 
radioactive.  

Coarse pegmat i te  phases of t he  batholith a r e  present in 
outcrop and extensively in float.  The greates t  concentration 
of pegmat i tes  occurs in t h e  portion of t h e  batholith eas t  of 
Upper Mann Creek. As expected t h e  pegmat i tes  exhibit t h e  
highest radioactivity but no recognizable primary or 
secondary uranium mineralization could be de tec t ed  in them. 
The strong anomalies observed in wa te r s  southeast  and south 
of Moira Lake may be  related t o  mineralized pegmat i tes  
(see  Fig. 3.5). Elsewhere in t h e  eas tern  half of t he  batholith 
more  isolated anomalies may also ref lec t  concentrations of 
pegmatites.  

Table 3 .5  

Uranium, sulphur,  organic carbon and phosphate contents  of 
tr iassic shale ,  greywacke and phyllite near t h e  southern 

con tac t  of t he  Raf t  Batholith (samples  in order of 
decreasing uranium con ten t )  

Both t h e  a g e  and se t t ing of t h e  Raf t  Batholith a r e  
similar t o  t h a t  of t h e  1-oon Lake batholith in northern 
Washington with which the  Uidnite and Spokane Mountain 
uranium deposits a r e  associated. These deposits a r e  
composed of uraninite,  sulphides and secondary uranium 
minerals in a roof pendant of Precambrian phyllites a t  the  
con tac t  with t h e  Loon Lake intrusion (Nash and Lehrman, 
1975; Robbins, 1978). In t h e  Clearwater  a r e a  Triassic 
phyllites (Campbell and Tipper, 1971) outcrop near t h e  
southern con tac t  of t he  Raf t  Batholith ( see  Fig. 3.5). There  
is no indication t h a t  these  rocks a r e  in d i r ec t  con tac t  with 
t h e  intrusion. The uranium, sulphur, organic carbon and 
phosphate contents  of these phyllites a r e  given in Table 3.5. 
The average U content  is typical of Phanerozoic shales 
(average = 0.37, Turekian and Wedepohl, 1961) and no U 
enrichment in these  rocks during emplacement  of t h e  
batholith is  apparent.  The sulphur and organic carbon 
con ten t s  a r e  cer ta in ly  sufficient t o  c r e a t e  t h e  necessary 
reducing conditions for precipitst ion of U f rom hydrothermal 
fluids. However, these  rocks show very l i t t le  evidence of 
e i ther  syn- or post-intrusive hydrothermal ac t iv i ty .  Two 
small intrusions similar in composition t o  the  Raf t  a r e  
intruded directly into Triassic phyllites north of Mahood Lake 
and these may const i tu te  a be t t e r  environment for this type 
of mineralization. 

A metamorphosed basal conglomerate  consisting of 
sheared pebbles of feldspar and qua r t z  and lenses of pyr i te  in 
a medium grained matr ix  is s i tuated just t o  the  northwest of 
Moira Lake near t h e  intrusive - Proterozoic  con tac t  ( a rea  B, 
Fig. 3.5). This unit  possesses t h e  highest radioactivity of 
any formation within the  study area .  Uranium analyses of 
lour  representa t ive  samples however gave values of only 7.6, 
10.1, 20.7 and 3.0 ppm U v/hicIi is much lower than would be 
expected f rom radioactive counting if a l l  of t h e  gamma 
radiation $,\)as coming f rom uranium. Also :vatem draining 
this unit contain very low levels of U (less than 0.10 ppb, s e e  

Rock Description U (ppm)  S(%) C(?6)  P205 (%) 

black shale 6 .9  1 .13 2.01 0.11 
calc i t ic  black shale  6 . 2  0.36 2.51 1 .06 
greywacke 4 .5  0 .06 0.01 0.88 
black shale 4.4 0 .33 0 .70 0 .20 
silicified phyllite 3.9 0.05 0 .30 0.22 
grey phyllite 3 . 8  0.18 0 .31 0 .  10 
greywacke 3 . 3  0.00 0 .38 0 . 1 5  
black shale 3 . 3  0.12 0.53 0.09 
black shale 3.0 0.21 0.56 0.06 
grey s l a t e  2.9 0 .03 0.37 0 .21 
silicified greywacke 2 .9  0.02 0 .26 0 .15 
silicified greywacke 2 . 9  0.01 0.20 0 .14 
black phyllite 2 .6  0 .05 0 .34 0 .13  
greywacke 2 . 5  0.02 0.24 0 .14 
greywacke 2 .4  0.08 0.28 0 . 1 5  
silicified greywacl<e 2 . 4  0 .34 0.05 0 .08 
silicified greywacke 2 . 1  0 .03  0 .17 0.20 
black phyllite 2.0 0.08 0.44 0 .07 
ca l c i t e  phyllite 1 .8  0.09 0.01 0.07 
arkosic shale 1.6 0.11 0.44 0 .27 
graphitic shale 1 .5  0.00 0.65 0 .02 

Range 1 .5-6 .9  0 .0 -1 .13  0 .01-2.51 0.02-1.06 
Average 3 . 2  0.16 0.33* 0.21 

* high values not included in average 

Fig. 3.5). These rocks a r e  similar t o  thorium- 
rich basal conglomerates  in o ther  par ts  of t h e  
British Columbia-Yukon Proterozoic  belt  and the  
high Th values accompanied by slightly 
anomalous U levels can be a t t r ibuted t o  the  
concentration of res is ta te  minerals such a s  
monazite,  allanite,  sphene and zircon. 

Conclusions 

The uranium potent ia l  of t h e  Raf t  
Batholith a r e a  has  been assessed using a '  genet ic  
model developed f rom research on the format ion 
of basal-type uranium deposits in the  Oltanagan 
Highlands. A comparison of these two a reas  has  
been made using model parameters  considered t o  
have t h e  most important  influence on t h e  
format ion of ore ;  namely geological se t t ing,  a g e  
relationships, t ec ton ic  history, composition of 
source  rocks, labile uranium in source  rocks, 
composition of host rocks and preservation of 
basalt-fluvial sediment assemblages. 

Both the  Raf t  Batholith and the  Okanagan 
Highlands Complex have similar geologic se t t ings  
and \vould appear t o  have t h e  same  a g e  
relationship with an  overlying Pla teau basalt-  
f luvial  sediment  assemblage. There  is good 
evidence t o  suggest t h a t  t h e  same  schedule of 
t ec ton ic  events  occurred in both a r e a s  although 
l a t e  Pliocene uplift seems t o  have been much 
less severe  in the  Raf t  t3atholith area:  this of 
course is a post o re  forming event  and would 
have a more  di rec t  bearing on the  cessation of 
the  ore-forming process and the  preservation of 
deposits. 



The pe t ro logy ,  major  e l e m e n t  compos i t ion  and  t o t a l  
u ran ium c o n t e n t  of t h e s e  t w o  c o m p l e x e s  a r e  very s imi la r .  On 
a n  e x p e r i m e n t a l  basis  just a s  much uran ium c a n  b e  leached  
f r o m  t h e  R a f t  Ba thol i th  a s  t h e  Okanagan  complex  and  under 
n a t u r a l  condi t ions  t h e  uran ium c o n t e n t  of s u r f a c e  w a t e r s  
dra in ing  t h e  R a f t  Ba thol i th  is g r e a t e r  t h a n  for  w a t e r s  
dra in ing  t h e  Okanagan  Highlands Complex .  However  t h e  
uran ium c o n c e n t r a t i o n  of g r o u n d w a t e r s  dra in ing  t h e  R a f t  
Ba thol i th  is  no t iceably  less t h a n  for  g r o u n d w a t e r s  in t h e  
Okanagan  complex .  This m a y  not  b e  a f a i r  compar i son  s i n c e  
t h e  l a t t e r  a r e  assoc ia ted  w i t h  major  s t r u c t u r a l  z o n e s  probably 
tapping  i n t e r m e d i a t e  or  regional  g r o u n d w a t e r s  w h e r e a s  t h e  
f o r m e r  only r e p r e s e n t  s m a l l  local  s p r i n g s - t h e  major 
s t r u c t u r a l  z o n e s  in t h e  R a f t  Ba thol i th  a r e  e i t h e r  occupied  by 
re la t ive ly  imperv ious  b a s a l t s  (e.g. upper Mann Creel< valley) 
or  a r e  c o m p l e t e l y  open  s y s t e m s  f lushed by major  r ivers  
(e.g. C l e a r w a t e r  River  valley). 

Six main  a r e a s  under la in  by basa l t s  h a v e  been ident i f ied  
in t h e  R a f t  Batholi th a r e a .  Based o n  such  f a c t o r s  a s  
proximi ty  t o  s o u r c e  rock ,  p reserva t ion  of b a s a l t  cover  and t h e  
var ious  model  p a r a m e t e r s  ment ioned  a b o v e  t h e  Upper Mann 
C r e e k  valley basa l t  and t h e  Coldscaur  L a k e  basa l t  appear  t o  
o f f e r  t h e  best  p o t e n t i a l  fo r  b a s a l t  t y p e  uran ium depos i t s .  

D e s p i t e  t h e  many s i m i l a r i t i e s  b e t w e e n  t h e s e  t w o  a r e a s  
a number  of f a c t o r s  which m a y  h a v e  a d i r e c t  bear ing  on  
minera l  po ten t ia l  a r e  s t i l l  unanswered .  It is no t  known a t  t h i s  
t i m e  w h e t h e r  or no t  

a. t h e  Upper Mann C r e e k  and  Coldscaur  L a k e  basa l t s  a r e  
cont inuous  bodies;  

b. t h e  Coldscaur  L a k e  and C a n i m r e d  River  b a s a l t s  h a v e  a 
c o n t a c t  re la t ionsh ip  w i t h  t h e  R a f t  Ba thol i th  in  order  for  
igneous der ived  g r o u n d w a t e r s  t o  e n t e r  basa l  s e d i m e n t s ;  

c. t h e  f luvial  s e d i m e n t s  underlying t h e  b a s a l t s  h a v e  t h e  
proper compos i t ion  t o  p r o m o t e  prec ip i ta t ion  of u ran ium;  

d. a possible n o r t h e a s t - s o u t h w e s t  f a u l t  z o n e  along Upper 
Mann C r e e k  w a s  o r  s t i l l  is open  t o  i n t e r m e d i a t e  and  
reg iona l  g roundwater  f low; 

e. t h e  leve ls  of u ran ium observed  f o r  s t r u c t u r a l l y  cont ro l led  
w a t e r s  in t h e  O k a n a g a n  r e p r e s e n t  a min imum r e q u i r e m e n t  
for  o re - forming  groundwaters .  If s o  t h e  g r o u n d w a t e r s  
assoc ia ted  w i t h  t h e  R a f t  Ba thol i th  would a p p e a r  t o  fal l  
s o m e w h a t  s h o r t  of th i s  r e q u i r e m e n t .  

Many of t h e s e  unanswered  q u e s t i o n s  c a n  only be  
reso lved  by s u b s u r f a c e  explora t ion .  A g e n e t i c  model  used in 
explora t ion  should no t  b e  e x p e c t e d  t o  ou t l ine  minera l iza i ton  
b u t  ins tead  i n d i c a t e  minera l  p o t e n t i a l ,  t h e  m a g n i t u d e  of 
which  will depend  upon ava i lab le  geologica l  a n d  g e o c h e m i c a l  
in format ion .  A t  t h e  t i m e  of c o m p l e t i n g  t h i s  work t h e  Bri t ish 
Columbia  G o v e r n m e n t  imposed a s e v e n  year  m o r a t o r i u m  on  
explora t ion  for  u ran ium in Bri t ish Columbia .  Although th i s  
d i r e c t l y  a f f e c t s  any  f u r t h e r  work in t h e  C l e a r w a t e r  a r e a  in  
t h e  n e a r  f u t u r e ,  t h e  R a f t  Ba thol i th  i s  used  h e r e  only a s  a n  
e x a m p l e  of t h e  appl ica t ion  of a n  explora t ion  model  which is  
appl icab le  t o  any  a r e a  w h e r e  t h e r e  is  a n  i n t i m a t e  re la t ionsh ip  
b e t w e e n  a g r a n i t i c  b a s e m e n t  complex  and over ly ing  
sed iments .  
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Addendum 

Subsequent  t o  t h e  c o m p l e t i o n  of t h i s  p a p e r ,  r e s u l t s  of a 
uran ium explora t ion  program in  t h e  R a f t  Ba thol i th  a r e a  by 
Union Oil C o m p a n y  of C a n a d a  Ltd.  h a v e  b e e n  m a d e  ava i lab le  
t o  t h e  au thor .  This c o m p a n y  dri l led s e v e n  widely s p a c e d  
reconnaissance  dri l lholes in Upper Mann C r e e k  valley dur ing  
1979. Resul t s  f r o m  th i s  p r o g r a m  c o n f i r m  t h e  p r e s e n c e  of a 
cont inuous  body of va l ley  b a s a l t s  which  a r e  under la in  by 
unconsol ida ted  f luv ia l  s e d i m e n t s  cons is t ing  of c o a r s e  sand ,  
l a c u s t r i n e  si l t ,  c o n g l o m e r a t e  and muds l ide  b r e c c i a  and having 
a th ickness  f r o m  2 t o  40  m. G a m m a  ray  logs ou t l ined  
s e c t i o n s  of minor anomalous  r a d i o a c t i v i t y  bu t  assay  r e s u l t s  
for  t h e  s e d i m e n t s  r a n g e  only f r o m  2 t o  1 0  ppm U. T h e s e  
dri l lholes w e r e  s i ted  in order  t o  ver i fy  t h e  p r e s e n c e  of f luv ia l  
s e d i m e n t s  under ly ing  t h e  b a s a l t  and w e r e  t o  be  fo l lowed up by 
m o r e  d e t a i l e d  dri l l ing.  Based on  t h i s  in i t i a l  dri l l ing,  t h e  
a b s e n c e  of c a r b o n a c e o u s  m a t t e r  and t h e  p r e s e n c e  of high U 
(1.2-3.0 ppb) a n d  PO, (avg. 100 ppb) l e v e l s  in dri l lhole w a t e r s  
a r e  c h a r a c t e r i s t i c  of t h e  n o r t h e r n  p a r t  of t h e  s e d i m e n t a r y  
a q u i f e r  underlying t h e  Upper Mann C r e e k  basa l t s .  T h e s e  a r e  
condi t ions  which  a r e  m o r e  t y p i c a l  of a n  a q u i f e r  s y s t e m  
i n c a p a b l e  of p r e c i p i t a t i n g  uranium. However ,  explora t ion  
a c t i v i t y  h a s  b e e n  conf ined  t o  t h e  n o r t h e r n  half of t h i s  va l ley  
and  f luv ia l  s e d i m e n t s  under ly ing  b a s a l t  in t h e  south  m a y  h a v e  
a g r e a t e r  c a p a c i t y  for  p r e c i p i t a t i n g  uran ium d u e  t o  a n  
increased  c o n c e n t r a t i o n  of o r g a n i c  m a t t e r  and/or  deple t ion  of 
dissolved oxygen  in g r o u n d w a t e r s  moving  down t h e  a q u i f e r  
g r a d i e n t .  C l e a r l y  m o r e  explora t ion  is requi red  in t h i s  a r e a  
b- fore  a n  a d e q u a t e  a s s e s s m e n t  of u ran ium p o t e n t i a l  c a n  b e  
made .  

Union Oil  C o m p a n y  Ltd.  h a v e  a l so  c a r r i e d  o u t  a dri l l ing 
program on  b a s a l t s  over ly ing  t h e  n o r t h e a s t  p a r t  of t h e  R a f t  
Ba thol i th  a long  t h e  C l e a r w a t e r  River  ( see  Fig. 3.2 for  t h e  
loca t ion  of basal ts) .  This program proved  t h e  e x i s t e n c e  of 
f luvial  s e d i m e n t s  under  t h e  basa l t s  bu t  no  anomalous  uran ium 
c o n c e n t r a t i o n s  w e r e  e n c o u n t e r e d .  

The  a u t h o r  would l ike  t o  thank  3. Schindler  of Union Oil  
Company of C a n a d a  Ltd.  f o r  a l l o v ~ i n g  him t o  use  d a t a  f r o m  
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Abstract 

A previously unrecorded microfauna from near the top of the Douro Formation, Devon Island, 
District of Franklin, contains a unique ostracode genus of the subfamily Beyrichiinae. The 
morphology of this genus indicates i ts  position intermediate between the genera Beyrichia, 
Neobeyrichia and Calcaribeyrichia within a Ludlovian beyrichiine lineage previously described from 
the Balto-Scandinavian region. 

Introduction morphological sequence has not been previously demonstrated 
from North America because of the relative absence of these 

A made by R' f r o m  beyrichiine elements in the better known eastern endemic 
s t rata  of the  Douro Formation, Devon Island, District of Silurian ostracode faunas and the lack of detailed 
Franklin contains well preserved, phosphatized specimens of micropaleontological studies of Silurian faunas in the less 
four genera Of ostracodes' Three Of these, Tubulibairdia, northern part of the continent. Consequently, our 
Neoa~archites and an unidentified Ostracode genus, are long lack of ,<nowledge of the possible occurrence of these Mid- 
ranging and of limited use in correlation. The presence of and early Late Si lur ian  beyrichiine ostracodes in North 
the new beyrichiine genus, Innuitbeyrichia, and its morpho- America has restricted our ability to use this 
logical similarity t o  established Scandinavian taxa, however, stratigraphically important succession of pre-Devonian Baltic 
is of significant stratigraphic importance to  our under- ostracode faunas in intercontinental correlation and 
standing of the la te  Silurian ostracode zonation of the central 
Canadian Arctic. 

paleogeographic reconstruction. 

Recently, however, a few Siluro-early Devonian 
Studies from the area (Martinsson, 19621 1967; ostracode faunas have become documented from northern and 

1964) have shown that during the Wen'ockian and North America (Martinsson, 1960; McGill, 1963; 
Ludlovian the morphology of one lineage of beyrichiines Berdan and Copeland, 1973; Copeland, 1976, 1977, 1978a, b) developed rapidly in a direction that,  by the Pridolian, led t o  that  give some ins ight  into the stratigraphic successions of 
the complete dissection of the lobal elements of the beyrichiine taxa in those areas. This sequence of 
domicilium, in particular the syllobium (i.e. the  Beyrichia- beyrichiacean faunas with dissected and undissected lobation 
Neobeyrichia-Calcaribeyrichia-Nodibeyrichia lineage; see 
Siveter, 1978, table 2). This type of beyrichiacean is far from complete, but a beginning may be made t o  fashion 

NORTH AMERICA NORTIIERN EUROPE 

CENTRAL MARITIME PROVINCES- BALTO-SCANDINAVIAN 

Zygobeyrichia Nodibeyrichia 5 
Xloedeniopsis Asperibeyrichia Sleia ; .?I 

Welleria Gannibeyrichia (Unknown) Hemsiella rl 

"Kloedenia" Clintiella Macrypsilon .2 0 
m 

Lophokloedenia Garniella Kloedenia L: $4 .rl 

Frostiella .; PI 

Londinia bi 

Calcaribeyrichia 
Cornikloedenia Innuitbeyrichia Gannibeyrichia 

Navibbyrichia 
Neobeyrichia Berdanopsis (Unknown, 

not 

Cornikloedenia 

Beyrichia 
Apatobolbina 

Figure 4.1. Distribution of selected ikfiddle and Late Silurian beyrichiacean Ostracoda in 
northern North America and northern Europe. Heavy black lines enclose endemic faunas. . 



a North American framework into which morphological 'The oldest ,  Wenlockian, beyrichiines recorded f rom both 
progressions of non-endemic benthonic beyrichiine ostracodes Scandinavia and northern Canada a r e  species  of Beyrichia 
of Balto-Scandinavian t v ~ e  may be placed. t h a t  demonstra te  l i t t l e  lobular division or syllobial dissection. 

Figure 4.1 shows our present knowledge of t h e  age  and 
s t ra t igraphic  occurrence of selected Middle and ear ly  Upper 
Silurian beyrichiacean genera  from northern North America 
and t h e  Baltic region. If t h e  endemic  Appalachian faunal 
province and Beyrichienkalk fauna a r e  excluded, t h e  e lements  
of a northern intercontinental  biostratigraphic succession of 
beyrichiacean ostracodes becomes more  apparent .  Within 
this northern province, beyrichiine e lements  appear to  be 
ascendant in Ludlovian and younger beyrichiacean faunas. 
The Llandoverian-Wenlockian craspedobolbine beyrichiacean 
preponderance noted f rom Gotland and less extensively f rom 
Anticosti  Island (Copeland, 1974) has  not ye t  been 
demonstra ted  f rom northern Canada where  s t r a t a  of this 
age  tend to  be sparingly fossiliferous and few ostracodes 
(none of them beyrichiaceans) have been reported. 

The succeeding Ludlovian beyrichiines of t h e  Baltic a r e a  
show rapid lobular differentiation and dissection through a 
morphological ser ies  represented by gene ra  from 
Neobeyrichia t o  Calcaribeyrichia and culminate  in t h e  Pridoli 
(Beyrichienkalk) with complete  lobal dissection of 
Nodibeyrichia type. Such a complete  ser ies  cannot  ye t  be 
shown for northern North America but t h e  introduction of 
lnnuitbeyrichia in to  t h e  Canadian Arc t i c  Ludlovian faunas  
helps t o  bridge p a r t  of t h e  gap  between t h e  widespread 
Wenlockian (and younger) genus Beyrichia and t h e  presently 
res t r ic ted  Pridolian Calcaribeyrichia of Yukon Territory.  For 
some  presently unknown reason the  Pridolian occurrence  of 
t h e  a c m e  of t h e  beyrichiine morphological sequence in 
northern North America appears  to  lag behind t h a t  of t he  
Ludlovian a c m e  of this fauna in t h e  Baltic region. 

Order  Palaeocopida Henningsmoen, 1953 

Family Beyrichiidae Matthew, 1886 

Subfamily Beyrichiinae Matthew, 1886 

Genus Innuitbeyrichia gen. nov. 

Type species: lnnuitbeyrichia thorsteinssoni n. sp. 

Diagnosis: Beyrichiinae with spinose syllobial cusp; with acroidal,  uncular, calcarine(?) and dorsal 
spines; without velar s t ruc tu re  crossing t h e  crumina but  with superimposed tuberculation indefinitely 
aligned on t h e  ventral  pa r t  of t h e  crumina. L I  (anterior lobe) undivided, nearly isolated by a shallow 
connection of S I  (prenodal sulcus) with t h e  anteroventra l  depression. L3 (syllobium) undivided. All 
lobal par ts  and crumina with randomly distributed granulation and superimposed tuberculation. Velar 
ridge broad, strongly spinose, with sub\ielar spinules. 

Remarks: In several respects,  such a s  ca rapace  shape, wide velar ridge and anteroventra l  depression, 
Innuitbeyrichia is  re la ted  t o  Neobeyrichia and Calcaribeyrichia.  It d i f fers  f rom Neobeyrichia in 
lacking marginoventral  s t r ia t ions  on t h e  crumina and a reported wing-like process on t h e  velum 
behind t h e  crumina of ce r t a in  species,  and in having calcarine(?) and uncular processes. 
Calcaribeyrichia,  a closely re la ted  genus, has  ca lcar ine  and uncular processes but usually shows 
considerable lobular differentiation and bears marginoventral  s t r ia t ions  or  a velar remnant  on 
the  crumina. 

One species referred to  Neobeyrichia (N. ctenophora  Martinsson) displays an  undivided, nearly 
isolated LI ,  primitive, undissected L3 and long spines on t h e  velar ridge similar t o  I. thorsteinssoni. 
Difficulty exists in determining t h e  presence of specialized spines (uncular, calcarine,  acroidal)  on 
specimens t h a t  bear  prominent spines along t h e  velar edge  and conical o r  spinose tubercles,  however 
low, superimposed on t h e  granulation of t h e  lobes. This is well demonstra ted  by N. c tenophora  in 
which syllobial tuberculation is prominent and could obscure identification of a ca lcar ine  process; 
also, t h e  'caudal' spines of N. ctenophora a r e  in the  position of the  acroidal processes. No species  of 
Neobeyrichia bears an  uncular lobule or uncular spine similar t o  t h a t  of species of Calcaribeyrichia,  
however, an uncular process without an uncular lobe is present on I. thorsteinssoni. This process is  
broken on all known specimens of I. thorsteinssoni and, because of i t s  supravelar position, is  indicated 
by a large  hole in t h e  syllobium wall or  a robust spine base. An additional tuberc le  (ventra l  an te r io r  
lobe spine) superimposed on t h e  granulation of I. thorsteinssoni is  s i t ua t ed  in t h e  ventra l  pa r t  of L I  
slightly anter ior  of t h e  anteroventra l  depression. 

PLATE 4.1 (GSC 203201-H) 

Figures 1 - 10. Innuitbeyrichia thorsteinssoni n. sp. 
Tecnomorphic valves, GSC loc. C-79435. 

1-3. Le f t  la tera l ,  x 40, ventral ,  x 50  and mid ventra l  view of velar spines and 
advelar and admarginal spinules, x 220, holotype, GSC 62460. 

4. Le f t  la tera l  view, x 40, paratype, GSC 62461. 

5,6. Right la tera l ,  x 50, and mid ventral  view of velar spines and advelar and 
admarginal spinules, x 200, paratype, CSC 62462. 

7,8. Le f t  anter ior  view (45'1, x 50 and marginal view, x 300, paratype, GSC 62463. 

9,10. Anteroventral  marginal view, x 140 and l e f t  la tera l  view, x 50, 
paratype, GSC 62464. 





Lilte N. ctenophora and I. thorsteinssoni, Calcaribeyrichia simplicior Martinsson, a primitive 
species of Calcaribeyrichia,  almost lacks lobular differentiation, is  heavily tubercula te  and bea r s  
prominent velar spines. However, unlike N. ctenophora,  C. simplicior bears ca lcar ine  and uncular 
processes and has no velar ridge ventral  of t h e  crumina similar t o  I. thorsteinssoni. C. simplicior 
appears t o  d i f fer  f rom I. thorsteinssoni mainly in having a callus dividing t h e  syllobium, a prominent 
calcarine spine and, less importantly,  lobal cusps r a the r  than lobal spines. 

An interesting morphological f ea tu re  t h a t  may prove of taxonomic value is t h e  consistent 
presence on I. thorsteinssoni of a spine dorsal of L2. This s t ruc tu re  does not occur  in Neobeyrichia or 
Calcaribeyrichia species but has been reported for species of Beyrichia (Beyrichia), some  species  of 
which bear 2 spines in th is  position between t h e  lobal cusps, but  only occurs  on relatively heavily 
tubercula te  species. Whether t h e  dorsal spine is of morphological value or only an  expression of t h e  
tuberculation is presently unknown. 

N. ctenophora and C. simplicior appear in t h e  upper Hemse beds of Gotland (Martinsson, 1962) 
and N. ctenophora occurs in t h e  Pagegiai beds of Latvia (Gaili te,  1964; Gaili te e t  al., 1967). The 
upper Hemse and Pagegiai beds represent t he  Saetograptus  leintwardinensis and S.  f r i t schi  l inearis 
graptoli te zones tha t  typify t h e  medial (Leintwardine) and ear ly  l a t e  (Whitcliff) Ludlovian. The 
morphological similarit ies among I. thorsteinssoni, N. ctenophora and C. simplicior, especially t h e  
relative lack of syllobial dissection, indicate a generally similar s t age  of development for these  
genera. Conodonts associated with I. thorsteinssoni in the  same  collection (GSC loc. C-79435) have 
been identified by T.T. Uyeno as  follows: "Oulodus sp., Ozarkodina excava ta  excava ta  (Branson and 
Mehl), 0. confluens (Branson and Mehl) alpha morphotype of Klapper and Murphy (19751, Panderodus 
sp., Polygnathoides siluricus Branson and Mehl. Age: Polygnathoides siluricus Zone, above t h e  lowest 
part  of t h e  zone, l a t e  Ludlovian age." (Report  No. I-TTU-1980). This serves  t o  more  accura t e ly  
equate  t h e  hnui tbeyr ichia  fauna with t h e  Hoburgiella t ene r r ima  assemblage r a the r  than t h e  
Neobeyrichia scissa-Neobeyrichia lauensis assemblage of Gotland (Martinsson, 1967) and thus t o  an  
early Whitcliffian ra ther  than a l a t e  Leintwardinian position within t h e  Ludlovian. 

lnnuitbeyrichia thorsteinssoni n. sp. 

P l a t e  4.1, f igures 1-9; p l a t e  4.2, f igures 1-10; 

p la te  4.3, f igures 1-4 

Description: Valve preplete;  hinge long, five-sixths g rea te s t  length; cardinal  angles obtuse; f r e e  
margin evenly rounded, more broadly curved in posterior half. Bisulcate,  S l  shallow, joining 
anteroventra l  depression and isolating or nearly isolating L1 (anterior lobe); 52  deeper ,  curving 
anteriorly beneath  L2 (adductorial node) t o  join S I ;  zygal arch; if present,  very low, indistinct. LI  
and L3 (syllobium) undivided; both lobes broad, L I  low, only slightly more  e levated than S l ,  L3 more  

- highly elevated. L2 ovate,  elongate,  slightly inclined anterodorsally. All lobal par ts  and crumina 
with evenly distributed granulation and sparse superimposed tuberculation. Velar ridge broad, 
extending along ent i re  f r ee  margin of tecnomorphic valve but not passing ventra l  of t h e  crumina on 
heteromorphic valve. 

Valves with g rea t  spinosity. Dorsal margin marked by anter ior  and posterior acroidal spines, a 
spine a t  t h e  dorsal apex of L1 and on t h e  syllobial cusp and a smaller spine on t h e  dorsal margin 
directly above L2. Velar ridge marked by a row of robust spines, most prominent along t h e  
anteroventra l  edge; velar s t ructure  and velar spines not present on or beneath  crumina. No uncular 
lobe, but uncular spine in supravelar position near mid height of posterior margin. On all specimens  
observed, t h e  position of t h e  uncular spine is marked by a proximal remnant  of t h e  spine or  a l a rge  
hole on the  syllobium wall. Position of ca lcar ine  spine occupied by a tuberc le  superimposed on t h e  
granulation of t h e  syllobium. Two rows of subvelar spinules; t h e  less prominent proximal, advelar  row 
s i tuated below and slightly between t h e  much larger velar spines in meandering fashion, apparent ly  
not present beneath t h e  crumina but  may be  incorporated with and indistinguishable on t h e  densely 

PLATE 4.2 (GSC 20320 1 -F) 

Figures 1-9. Innuitbeyrjchia thorsteinssoni n. sp. 
Heteromorphic valves, GSC loc. C-79435. 

1,3. Lef t  la tera l  view, x 60 and mid ventra l  view of velar spines and advelar and 
admarginal spinules, x 300, paratype, GSC 62468. 

2. Right l a t e ra l  view, x 50, paratype, GSC 62469. 

4-6. Ventral (70') and right la tera l  views, x 50, and mid ventra l  view (82') of velar 
spines and advelar and admarginal spinules, x 180, para type,  GSC 62470. 

7,9. Anterior view of right valve, x 80, and anteroventra l  view of crumina, x 190, 
paratype, GSC 62472. 

8. Interior view of right valve, x 50, paratype, GSC 62471. 



PLATE 4.2 



tubercula te  ventral  part  of t he  crumina; t he  distal ,  admarginal ?ow of spines more prominent and 
regularly aligned parallel t o  the  f r ee  edge and continuous along t h e  f r e e  margins of valves of both 
dimorphs. Faint marginal ridge present on both valves. 

Heteromorphic crumina ovate ,  broadly overhanging anteroventra l  par t  of valve, sharply s e t  off 
from domiciliurn. Ornamentation consisting of evenly distributed granules with superimposed 
tubercles t h a t  increase in density ventrally. 

Approximate measurements (mm) of several valves, exclusive of spines: 

Type GSC No. Dimorph Length Height 

Holot ype 
Para type 

I1 

Tecnomorph 
I t  

I, 

I, 

I, 

,I 

,I 

,I 

Heteromorph 
I, 

11 

( 1  

I, 

I I 

Number of specimens studied, 28. 

Types: Holotype, CSC 62460; paratypes,  GSC 62461-62473. 

Occurrence: Devon Island, District  of Franklin, GSC Locality C-79435, UTM Zone 15X, 548 175E, 
8 337 600N, collected by R. Thorsteinsson (TC-615A), 15.25 m below the  top of t h e  Douro Formation. 

PLATE 4.3 (GSC 203201-G) 
(All specimens f rom GSC loc. C-79435) 

Figures 1-4. Innuitbeyrichia thorsteinssoni n. sp. 

I. Le f t  tecnomorphic valve (45O), x 40, holotype, CSC 62460. 

2. Right ventra l  view of incomplete heteromorphic  valve, x 60, 
paratype, CSC 62472. 

a s  - acroidal spine 
vs - velar spine 
avs  - advelar spinule 
ss  - syllobial spine 
ds - dorsal spine 
a ls  - anter ior  lobe spine 
us - uncular spine 
a m s  - admarginal spinule 
ad - anteroventra l  depression 
c s  - tuberc le  in position 

of ca lcar ine  spine 

sl  - sulcus 1 
s2 - sulcus 2 
I1 - anter ior  lobe 
12 - adductorial  node 
13 - syllobium 
g - granulation 

s t  - superimposed tuberculation 
vr - velar ridge 
c - crumina 

vals - ventra l  anter ior  
lobe spine 

3,4. Lef t  tecnomorphic valves, x 50, paratypes,  GSC 62465, 62466. 

Figures 5-8. Ostracode indet. 

5,6. Dorsal and l e f t  la tera l  views, x 80, figured specimen, GSC 62474. 

7,8. Le f t  la tera l  view, x 50 and adductor and adjustor muscle scars,  x 200, figured 
specimen, CSC 62475. 

Figures 9,10. Neoaparchites franklini  n. sp. 
Adductor and adjustor muscle scars ,  x 200 and right la tera l  view, x 60, 
holotype, GSC 62476. 

Figure 11. Tubulibairdia sp. cf. T. ordinara  Mikhailova, 1978. 
Right la tera l  view, x 100, hypotype, GSC 62477. 

(Scanning electron microscopy by David A. Walker, Geological Survey of Canada)  





Family Aparchitidae Jones,  1901 

Genus Neoaparchites Boucek, 1936 

Type species: Prirnitia obsoleta Jones  and Holl, 1865 

Neoaparchites franklini n. sp. 

Pla te  4.3, figures 9, 10 

Description: Valves subelliptical; hinge short  about two-thirds valve length; cardinal angles rounded 
smoothly in to  f r e e  margin. F r e e  margin of larger,  r ight valve with low velar bend and smooth, 
subcircular rim t h a t  abuts  against  a similar velar bend of t h e  l e f t  valve. Surface  of valves faintly 
reticulate.  Adductor muscle impression large, circular,  in dorsal half of valve slightly anter ior  of mid 
length, with low, near dorsal adjustor ridge. Adductorial scars  indistinct. Measurements of holotype, 
length 0.80 mm; height 0.60 mm. Number of specimens studied, 2. 

Type: Holotype, GSC 62476. 

Remarks: This species  shows very  l i t t l e  angulation of t h e  cardinal a r e a s  and is more  similar in th is  
respect t o  N. bohemicus Boucek, 1936 than t o  N. obsoleta (Jones and Moll, 1865). The drawings of 
N. bohemicus, however, do  not show the  "slightly raised smooth rim" repor ted  by Jones and Holl 
(1865, p. 423) for t he  type species. A low marginal bend and rim also occurs on N. franklini. 

Occurrence: Same locality a s  I. thorsteinssoni n. sp. 

Ost racode indet. 

P l a t e  4.3, f igures 5-8 

Description: Valves somewhat postplete,  right overlapping l e f t  ventrally,  cardinal angles obtuse.  
Free  margin of each valve with low velar(?) ridge somet imes  finely tubercula te  on l e f t  valve and 
lacking mid ventrally on right valve. Surface smooth, one specimen with large,  circular adductorial  
spot comprised of about 20 discre te  muscle scars. Faint depression dorsal of adductor ia l  spot,  a ridge 
apparently indicating a t t achmen t  of adjustor muscle and an  anterodorsal depression. Measurement of 
figured specimen 62475, length 0.95 mm, height 0.75 mm. Number of specimens studied, 4. 

Types: Figured specimens GSC 62474, 62475. 

Remarks: This generalized os t racode bears a leperditicopid adductorial  muscle impression, 
aparchitacean type 6f velar(?) ridge and very  possibly a subdued beyrichiacean "lobationl' of 
Saccarchi tes  type. The small  s i ze  of t h e  specimens may indicate  t h a t  they a r e  immature.  

Occurrence: Same  locality a s  I. thorsteinssoni n. sp. 

Order Podocopida Muller, 1894 

Family Pachydomellidae Berdan and Sohn, 1961 

Genus ~ubu l iba i rd i a  Swartz,  1936 

Type species: Tubulibairdia tubulifera Swartz,  1936 

Tubulibairdia sp. cf.  T. ordinara Mikhailova, 1978 

P la t e  4.3, f igure 11 

Tubulibairdia ordinara Mikhailova, 1978, p. 45, pl. 11, figs. l a ,  b 

Remarks: This specimen apparently has  lef t f r ight  valve overlap excep t  posteroventrally;  well  
rounded 'shoulders', and is semiovate  in l a t e ra l  view. There  a r e  numerous tubules normal t o  t h e  shell 
surface.  The height is  about three-fifths t h a t  of t h e  length (figure I1  is photographed a t  a slightly 
oblique angle). The specimen is essentially round in cross-section. Both specimens in this collection 
a re  much smaller than those studied by Mikhailova (1978). They may be immatu re  moults. (After  
photography the  figured specimen began t o  disintegrate a s  i t  was  being removed f rom t h e  stub.) 
Measurements of hypotype, length 0.9 mm; height 0.5 rnm. Number of specimens  studied, 2. Type: 
Hypotype, GSC 62477. 

Occurrence: Same locality a s  I. thorsteinssoni n. sp. 
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Abstract 

The east half of the Kamilukuak Lake map area is underlain by a polydeformed and 
polymetamorphosed Archean (and Aphebian?) migmatite and granitoid gneiss complex, intruded by 
diorite, quartz monzonite and syenite, and overlain by volcaniclastic sedimentary and volcanic rocks 
of the l a te  Aphebian or Paleohelikian Dubawnt Group. The basal unit of the Dubawnt Group, rarely 
present, is a poorly sorted and sheared polymictic conglomerate, which is disconformably overlain by 
a sequence of interbedded volcaniclastic sediments, pyroclastics, and mafic and felsic trachyte flows 
of the Christopher Island Formation, which comprises the bulk of the Dubawnt Croup rocks in the 
area. A poorly bedded volcaniclastic conglomerate unconformably overlies the Christopher Island 
Formation. Intrustions of mafic syenite, biotite lamprophyre, and high level fluorite-granite cut  the 
Christopher Island Formation. Northwest trending diabase and gabbro dykes (Mackenzie Swarm) cut  
b3th the basement complex and the Dubawnt Group rocks. 

The basement complex and the cover rocks a re  transected by three major sets  of faul ts  and 
shear zones. A northeast trending shear zone, in the southeastern part of the map area, is a zone of 
ductile deformation that  shows a variety of mylonitic textures. Numerous east- and northwest- 
trending faults,  some of which are  characterized by narrow cataclastic zones, displace all units with 
dip-slip components. Uranium mineralization is spatially related t o  the Christopher lsland 
Formation - basement complex contact for  the most part and to a lesser extent to the high level 
fluorite-granite intrusions. Sulphides of minor economic importance occur along narrow shear zones. 

Introduction 

Kamilukuak Lake map area (65 K), is underlain by two 
main groups of rocks - an Archean (and Aphebian?) basement 
complex predominantly composed of migmatite, granitoid 
gneisses, and associated plutonites, and a la te  Aphebian or 
Paleohelikian seqeunce of unmetamorphosed continental sedi- 
mentary, volcaniclastic, and volcanic rocks of the Dubawnt 
Group and late  granite-quartz mononite plutons. Mapping in 
the east-half of the map area a t  a scale of 1:250 000 was 
completed during the 1979 field season; the west-half is 
scheduled for completion in 1980. The distribution of major 
rock units in the east-half is shown in Figure 5.1, and 
schematic structural cross-sections in Figure 5.2. Mapping in 
the area t o  the east  was completed by Eade and Blake (1977) 
and is in progress in the  sheet t o  the northeast 
(LeCheminant e t  al. 1979a, b; 1980). Previous work in the 
region by Wright (1955, 1967), a t  a scale of one inch to eight 
miles, was limited t o  reconnaissance helicopter traverses. 

Archean and Aphebian Basement Complex 

The basement complex (units 1 t o  4, Figure 5.1) is 
widely exposed in the southern half of the map area, and to a 
lesser extent in isolated areas between Dubawnt Lake and 
Carruthers Lake. Unit 1 is a medium- t o  coarse-grained 
migmatite to layered, banded or nebulitic gneiss, and is in 
part interlayered with thin units of granodiorite gneiss, 
amphibolite and paragneiss. Sheets and veins of foliated 
quartz monzonite (unit 3) cu t  unit I a t  several localities. The 
migmatitic rocks consist of quartz-plagioclase-biotite- 
amphibole assemblages with a well developed polygonal 
granoblastic texture. Apatite, sphene and opaques a r e  
present as accessories. Unit 2 is a mixed unit consisting of 
hornblende-biotite granodiorite gneiss, tonalite gneiss, 
orthogneiss, potash feldspar augen gneiss, and layered gneiss. 
Minor layered inclusions of garnetiferous paragneiss and 
amphibolite are locally present and the unit is cut  by massive 
bodies of quartz rnonzonite and pegmatite of uncertain age. 

At two localities along the south shore of Angikuni Lake, 
inclusions of mafic volcanics and crystal tuff a r e  present in 
both units 1 and 2. East trending, weakly metamorphosed 
basic dykes of probable Aphebian age a re  present in these 
units. 

Orthogneiss (unit 3), pink to grey, medium grained, 
biotite and/or hornblende bearing, ranges in composition from 
granodiorite t o  quartz monzonite. Distinct mineral foliation 
is typical of these rocks. Inclusions or schlieren of 
paragneiss, amphibolite, or banded gneiss a r e  locally present. 

Unit 4 is a porphyroblastic potash feldspar augen gneiss 
of granodiorite t o  quartz monzonite composition that  
contains numerous inclusions of older rocks (units 1 and 2), 
and is in turn cu t  by granite and pegmatite. Abundant coarse, 
white t o  pink feldspar augen, up t o  3 cm long, a r e  displayed 
on the weathered surfaces, making rocks of this unit readily 
recognizable. The unit commonly exhibits localized shear 
zones. 

A suggested sequence of events listed in Table 5.1 is 
based on field observations, and is subject t o  revision 
following completion of detailed petrographic and 
geochronological studies. Field relations and structural 
data  indicate that  the migmatite and granitoid gneiss 
complex (units 1 t o  4) has undergone a t  least three phases 
of deformation and possibly two events of (Archean) 
regional metamorphism. Northeast trending regional 
foliation is the most common penetrative planar fabric 
element (S1) in units 1 t o  4, and represents a syntectonic 
metamorphic fabric developed during the first phase of 
deformation (Dl).  The fabric is defined by the alignment of 
mafic minerals, biotite and hornblende. Variation in attitudes 
a r e  not uncommon. First generation folds (F1) have not been 
identified a t  the present scale of mapping. However, a 
mineral (hornblende) lineation ( L I )  recognized in unit 2, a t  a 
few localities, is oriented a t  an oblique angle (with 
shallow plunges) t o  the second generation fold (F2) axes, 
and may represent relict F l  fold trends. Mesoscopic to  
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Figure 5.1. Geological sketch map ( ?f  Kamilukuak Lake map area (65 K; east-half). 



macroscopic, upright, open to moderately t ight folds 
m (Fig. 5.1, 5.2) with northeast trending axial planes 

represent the second generation, F2, folds developed during 
Dz. Minor folds associated with major F 2  fdds  commonly 
show an axial planar crenulation cleavage S p ;  i.e., a 
syntectonic (D2) metamorphic fabric. Because of the 
approximate parallelism in  strike between S1 and S2, the 
distinction between the two fabric elements in  the field is 
noticeable only at the minor F2 fold closures, and less obvious 
i n  other areas. However, the two fabrics can be distinguished 
optically. Open, upright folds of local extent with 
northwest trending axial planes mark the third phase 
structures. I t  is probable that the second and third phases 

2 .- are relatively close in age. The regional metamorphic 
U 
u grade during Dp appears to  be within the amphibolite facies 
0 
0 

conditions. Post D 2  metamorphic effects have been limited 
w 

L 
to retrogressive alteration of earlier assemblages to  epidote, 

0 
u, chlorite, and carbonate. In the above descriptions, the 
Y structural and metamorphic history of the units is somewhat 
V )  simplified. The three phases of deformation noted in  units I 
6 to 4 obviously postdate the porphyroblastic augen gneiss 
iz (unit 41, and it is possible that units 1 and 2 may have had a 
a, 
a, complex tectonic and metamorphic history prior to the 
4 
b emplacement of unit 4. A detailed structural analysis on a 
V) U - much smaller scale is a prerequisite for unravelling such a 
8 complex polymetamorphic and tectonic history i n  the 
u, basement rocks. 

Intrusive Rocks 

Two stocks of medium- t o  coarse-grained diorite to  
quartz diorite (unit 5 )  are exposed - one south of Nowleye 
Lake, and the other southeast of Carruthers Lake. Both 
bodies contain inclusions of older rocks, and are cut by pink 
granite and pegmatite. Although the contact relationships 

4- U 

@ Z  with the surrounding units have not been established, the 

s massive character of unit 5, together with the presence of 
- - inclusions of older rocks, suggest that this unit post dates 

In-2 2 units I t o  4. Fine- to medium-grained, hornblende-biotite 
bearing, massive quartz monzonite to  granodiorite (unit 6) 

..d 
id occurs northeast and southwest of Carruthers Lake. Some 
0 
a, rocks included in  this unit may postdate the Dubawnt Group. x A relatively fresh, medium- to coarse-grained, massive 
2 hornblende syenite (unit 7) is exposed to the east of Nowleye 
L 

0 - 0 Lake, and to  the south of Carruthers Lake. The unit locally - contains sheets of massive quartz monzonite similar i n  

g composition to that of unit 6. Locally, the quartz content is 
+a 
0 higher and the rock is a quartz monzonite. The contact of 
2 
u the syenite wi th the Christopher Island volcanics to the east 
4 of Nowleye Lake is not exposed, and the assigned pre- 
0 

3- 

C) 
Dubawnt Group age for the syenite is uncertain. 

u : 
s: Paleohelikian or Late Aphebian 
G Dubawnt Group 

Dubawnt Group rocks are exposed in  the central and 
2 northern parts of the map area and consist of a basal 

ii polymictic conglomerate, sandstone, shale succession (unit 8) 
which is overlain by a sequence of interbedded volcaniclastic 

iZ sediments, mafic and felsic trachyte flows, and pyroclastics 
of the Christopher Island Formation (unit 9). Northwest of 
Carruthers Lake, a poorly bedded, volcaniclastic con- 
glomerate, arkosic wacke, minor shale unit (unit 10) overlies 
the Christopher Island Formation. The attitude of a l l  units is 
commonly east-west wi th northerly dips ranging from 25" to  
70". Northwest trends with northeasterly dips of local extent 
are also noted in  unit 10, where it is deposited i n  a northwest 
fault basin. The Dubawnt Group unconformably overlies or is 
i n  fault contact with the basement granitoid gneisses. Mafic 
syenite, bostonite dykes, and fluorite-bearing, high level 

a granite intrude the Dubawnt Croup in  several places. 



T
ab

le
 5

.1
 

S
ug

ge
st

ed
 s

eq
u

en
ce

 o
f 

ev
en

ts
 in

.t
h

e 
ea

st
-h

al
f 

of
 

K
am

il
uk

ua
k 

L
ak

e 
m

ap
 a

re
a 

(N
T

S
 

65
 K

/E
 1

12
) 

S
T
R
A
T
I
G
R
A
P
H
Y
 

I 
I
N
T
R
U
S
I
O
N
 

I I 
1
m
 Dia

b
a
s
e
 
a
n
d
 

g
a
b
b
r
o
 
d
y
k
e
s
 

D
U
B
A
W
N
T
 G
R
O
U
P
 

V
o
l
c
a
n
i
c
l
a
s
t
i
c
 c
o
n
g
l
o
m
e
r
 

U
n
c
o
n
f
o
r
m
i
t
y
 

C
h
r
i
s
t
o
p
h
e
r
 
I
s
l
a
n
d
 F
m
.
 

D
i
s
c
o
n
f
o
r
m
i
t
y
 

P
o
l
p
i
c
t
i
c
 c
o
n
g
l
o
m
e
r
a
t
e
 

U
n
c
o
n
f
o
r
m
i
t
y
 

1
2
 

G
r
a
n
i
t
e
 

1
1
 a
 Gr

a
n
i
t
e
 

t --
- 

- 
- -

 
S
y
e
n
i
t
e
 &

 

'
t
 l
a
m
p
r
o
p
h
y
r
e
 

d
y
k
e
s
 

&
 

s
i
l
l
s
 

S
y
e
n
i
t
e
 

f
j
 

Q
u
a
r
t
z
 

m
o
n
z
o
n
i
t
 

rn
 m

 r
 
C
i
o
r
i
t
e
 

5
E

3
 

M
i
n
o
r
 
e
a
s
t
w
e
s
t
 

g
a
b
b
r
o
 
d
y
k
e
s
 

A
u
g
e
n
 
g
n
e
i
s
s
 

G
r
a
n
o
d
i
o
r
i
t
e
 g
n
e
i
s
s
,
 

t
o
n
o
l
i
t
e
 g
n
e
i
s
s
 

\
\
 
M
i
g
m
a
t
i
t
e
,
l
a
y
e
r
e
d
 g
n
e
i
s
s
,
 

G
r
a
n
o
d
i
o
r
i
t
e
 g
n
e
i
s
s
,
 e
t
c
.
 

N
o
n
e
 

M
E
T
A
M
O
R
P
H
I
S
M
 

C
o
n
t
a
c
t
 

D
E
F
O
R
M
A
T
I
O
N
 

I 
R
E
M
A
R
K
S
 

R
e
g
i
o
n
a
l
 
:
 N
o
n
e
 

C
o
n
t
a
c
t
 
:
 
?
 

2
 - 

C
o
n
t
a
c
t
 

?
 

R
e
a
c
t
i
v
a
t
e
d
 

f
a
u
l
t
i
n
g
 

T
i
l
t
i
n
g
,
 e
a
s
t
 

a
n
d
 
n
o
r
t
h
w
e
s
t
 

f
a
u
l
t
i
n
g
 

T I
R
e
a
c
t
 i
v
a
t
e
d
 

1 f
a
u
l
t
i
n
g
 

o
r
t
h
e
a
s
t
 
s
h
e
a
r
s
;
 

L"
 S

u
p
e
r
p
o
s
e
d
 

R
e
g
i
o
n
a
l
 

(
A
m
p
h
i
b
o
l
i
t
e
 g
r
a
d
e
)
 --&

- 
f
o
l
d
i
n
g
 

U
r
a
n
i
u
m
 
m
i
n
e
r
a
l
i
z
a
t
i
o
n
:
 

F
r
a
c
t
u
r
e
 c
o
n
t
r
o
l
l
e
d
,
 

c
o
n
t
a
c
t
 
a
u
r
e
o
l
e
 

t 
L
o
c
a
l
 
c
o
n
t
a
c
t
 ?

 

L 
R
e
g
i
o
n
a
l
 

(
~
r
n
p
h
i
b
o
l
i
t
e
 g
r
a
d
e
)
 

?
?

 

C
a
l
c
-
a
l
k
a
l
i
n
e
 
i
g
n
e
o
u
s
 

a
c
t
i
v
i
t
y
 

--
 a
-
 

I I 
S
u
p
e
r
p
o
s
e
d
 

f
o
l
d
i
n
g
 

?
 

I 

--
L

- 



LEGEND 

HELIKIAN 

D i a b a s e  d y k e  (h t ackenz ie i  

HELIKIAN OR LATE APHEBIAN 

H o r n b l e n d e  s y e n i t e ;  m a s s i v e  

DUBAWNT GROUP 

V o l c a n i c l a s t i c  c o n g l o m e r a t e ,  a r k o s e ,  
a r k o s i c  wacke;  m i n o r  s h a l e .  

C h r i s t o p h e r  I s l a n d  F o r m a t i o n  

V o l c a n i c l a s t i c  s e d i m e n t a r y  r o c k s ,  p y r o -  
0. -: c l a s t i c  r o c k s ,  l i t h i c  a n d  c r y s t a l  t u f f ,  

t u f f  b r e c c i a ,  t u f f a c e o u s  wacke;  
i n t e r b e d d e d .  

Maf i c  t r a c h y t e  l a v a ;  b r e c c i a t e d  f l o w  t o p s  
p h l o g o p i t e ,  p y r o x e n e ,  f e l d s p a r - p h y r i c  
p h l o g o p i t e ,  f e l d s p a r - p h y r i c  

p o l y m i c t i c  c o n g l o m e r a t e  ( w i t h  v o l c a n i c  
c l a s t s )  ; s a n d s t o n e ,  s h a l e  

p o l y m i c t i c  c o n g l o m e r a t e ;  m i n o r  s a n d s t o n e ,  
s h a l e ,  rnudstone ( S o u t h  Channel  F o r m a t i o n i  

A P H E B I A N  A N D  A R C H E A N  

Augen g n e i s s ,  g r a n o d i o r i t e  t o  q u a r t z  
m o n z o n i t e  c o m p o s i t i o n ;  c u t  by q u a r t z  
m o n z o n i t e  t o  q r a n i t e .  

Figure 5.3. Distribution of Dubawnt Group Rocks in an  
a rea  north of Carruthers  Lake (see Figure 5.1 f o r  location). 

Basal polymictic conglomerate  North of  Carruthers  
Lake, t w o  isolated exposures of t h e  unit  (Fig. 5.3) 
contain locally derived and poorly sor ted ,  angular t o  
subrounded c las ts  of basement  granitoid gneiss, feldspar 
crys ta ls  and vein quar tz .  Volcanic c las ts  a r e  absent  in 
t h e  unit. The conglomerate  has  a sheared matr ix  
consisting chiefly of chlorite,  carbonate ,  and sericite.  
Thin (<  4 cm)  arkosic sandstone and shale  in terbeds  a r e  
common, and t h e  unit is  c u t  by narrow qua r t z  veins. 
Northwest and north trending faul ts  systematically o f f se t  t he  
unit with apparent  right-lateral  displacements.  The 
conglomerate  unit is corre la ted  with t h e  South Channel 
Formation (Donaldson, 1965) on t h e  basis of lithological 
similarit ies and s t ra t igraphic  position. 

Christopher Island Formation Interbedded volcani- 
c las t ic  sedimentary rocks, pyroclastic rocks, l i thic and 
crys ta l  t u f f ,  tuff breccia,  and tuffaceous wacke (unit  9, 
Fig. 5.1) form over 70 per cen t  of t he  format ion in the  map 
area .  Interbeds of phlogopite, clinopyroxene, feldspar-phyric 
and phlogopite, feldspar-phyric maf ic  t r achy tes  (Fig. 5.31, and 
felsic t r achy te  flows (with locally developed flow top 
breccias) form approximately 25 per cen t  of t h e  formation. 
Both successions overlie t h e  basement rocks unconformably 
or a r e  in faul t  con tac t  with them. Discontinuous wedges of 
immatu re  and poorly sor ted ,  maroon coloured polymictic 
conglomerate  (approximately 100 m thick) occurs  con- 
formably below maf ic  t r achy te  and volcaniclastic sediments  
(Fig. 5.3). The conglomerate  conta ins  subangular t o  sub- 
rounded c las ts  of gneissic qua r t z  monzonite,  foliated 
granitoid gneiss (some with mylonitic textures),  vein quar tz ,  
and maf i c  t r achy te  embedded in a f ine  grained hematit ic,  
sedimentary  and volcanic matrix. Note  t h a t  this 
conglomerate  contains volcanic c las ts  and the  matr ix  is  qui te  
d i f ferent  f rom t h a t  of t h e  previously described basal 
polymictic conglomerate.  The presence of volcanic c las ts  
and the  absence of shearing and qua r t z  veining may indicate  
t h a t  is is younger than t h e  basal polymictic conglomerate  
(South Channel Formation equivalent). As t h e  con tac t s  
between t h e  two units a r e  not exposed, i t  is difficult  t o  
establish this relationship with cer ta in ty .  

The lithological cha rac te r  and s t ra t igraphic  relations of 
t h e  Christopher Island Formation a r e  similar t o  those 
described in adjacent  a reas  by Blake (in press), Eade (19761, 
Eade and Blake (19771, and LeCheminant e t  al. (1979a, b; 
1980), where  t h e  lavas and tuffs  were  in terpre ted t o  have 
been deposited in a subaerial  environment and consist of 
cycles of maf ic  and felsic alkaline volcanics associated with 
explosive erupt ive  centres .  No erupt ive  cen t r e s  have been 
found in the  present map area .  

The volcanic and the  sedimentary rocks of t he  
Christopher Island Formation show extensive  propylitic 
a l tera t ion.  Porphyrit ic t r achy t i c  t ex tu re  is st i l l  preserved in 
most flows and t h e  groundmass is a l tered t o  a mixture  of 
chlorite,  carbonate ,  epidote,  sericite.  Con tac t  metamorphic  
e f f e c t s  a r e  present in some  mafic  lavas near post-Dubawnt 
Group intrusions, where  a radiating, colourless t o  pale  blue- 
green amphibole overprints t h e  original volcanic flow texture.  
The Christopher Island Formation is c u t  by discontinuous 
northwest and east-west trending biotite-lamprophyre, and 
biotite-hornblende syeni te  dykes and sills which a r e  probably 
cogenet ic  with t h e  alkaline lavas. Northwest trending, 
cherry-red brown bostonite dykes (4-6 c m  wide) which show 
anomalous radiometr ic  readings c u t  t h e  Christopher Island 
rocks in a few places. 

Volcaniclastic conglomerate,  arkose,  arkosic wacke, and 
.shale The unit consists ~ r e d o m i n a n t l v  of red volcaniclastic 
conglomerate  with minor 'arkose and shale in terbeds  (unit  10). 



I t  overlies t he  Christopher Island Formation in two a reas  
(Fig. 5.1) and is in f au l t  con tac t  with t h e  basement  rocks t o  
t h e  ea s t .  The c las t  supported conglomerate  is composed 
mainly of subangular t o  subrounded, red feldspar t r achy te  and 
r a re  vein quar tz  c las ts  which a r e  embedded in a f ine  grained, 
reddish green micaceous matrix.  The poorly bedded 
cha rac t e r  of t h e  unit suggests rapid deposition of sediment  in 
a f au l t  controlled basin. The conglomerate  is lithologically 
similar t o  t he  Kunwak Formation (LeCheminant e t  al., 
1979b), and s t ra t igraphic  position suggests t h a t  t h e  two a r e  
corre la t ive .  A slight discordance in a t t i t udes  between units 9 
and 10 suggests a t h a t  unit 10 unconformably overlies unit 9 in 
t h e  present  map area .  

Intrusions i n to  t h e  Dubawnt Group 

Medium grained, massive and equigranular,  pink g ran i t e  
t o  qua r t z  monzonite (unit 11) is  exposed in t h e  nor thern  pa r t  
of t h e  map  area ,  e a s t  of Dubawnt Lake. In thin sec t ion ,  t h e  
g ran i t e  shows a well developed granophyric and myrmeki t ic  
t ex tu re  with s c a t t e r e d  phenocrysts of potash feldspar 
(str ing perthite) .  Mafic minerals (mostly bioti te)  m a k e  up 
less than 3 per c e n t  of t h e  rock, and fluorite,  apa t i t e ,  opaques  
and zircon a r e  present  a s  accessories.  A porphyritic, coa r se  
grained rapakivi textured ,  f luorite-bearing g ran i t e  (unit  12) 
occupies t h e  nor theas tern  co rne r  of t h e  map  area .  The  
grani te  intrudes t h e  Christopher Island Formation,  and is  
character ized  by sca t t e r ed  occurrences  of ovoid crys ta ls  of 
potash feldspar in a coarse-  t o  medium-grained, greyish 
white,  quartz-feldspar groundmass. Mafic minerals (both 
b io t i te  and hornblende) represent  less than 5 per  c e n t  of t h e  
to ta l  mineral  consti tuents.  Accessory minerals include 
fluorite,  sphene,  apa t i t e ,  zircon and opaques. Granophyric 
and myrmekitic textures  a r e  also common. Unit  11, which is  
f r e e  of ovoid crystals,  is strikingly similar in composit ion,  but 
d i f fers  in grain s ize  f rom unit 12 and probably represents  a 
border phase of unit  12. 

Helikian 

Northwest trending diabase and gabbro dykes (up t o  
50 m wide; Mackenzie Swarm) with in ters t i t ia l  granophyric 
phases have been observed throughout t h e  map area .  The 
dykes c u t  both the  basement  rocks and t h e  overlying 
Christopher lsland Formation.  Some of t h e  dykes appear  t o  
have been injected along t h e  northwest trending faul ts .  

Faul ts  

Major nor theas t  trending shear  zones, a s  well a s  ea s t ,  
northwest,  and minor north trending faul ts ,  t r ansec t  t h e  area .  
Numerous subsidiary ca t ac l a s t i c  zones parallel  t he  major 
s t ruc tures .  Shallow t o  modera te ly  plunging sl ickensides on 
some  of t h e  nor theas t  and nor thwest  trending f au l t  su r f aces  
indica te  t h a t  t h e  l a s t  movements  on these  f au l t s  were  of 
oblique sl ip character .  Most f au l t s  probably have a history of 
multiple movements. 

The c o n t a c t  be tween unit  I and units 2 and 4 (Fig.5.1) is  
marked in most places by 1-2 km wide, nor theas t  trending, 
discontinuous shear  zone. Granitoid gneisses within t h e  zone 
exhibit  a var ie ty  of mylonit ic t ex tu re s  which may be  
classified a s  protomylonites,  mylonite gneisses, and 
blastomylonites following t h e  classification s c h e m e  of 
Higgins (1971). A t  one  locali ty north of Angikuni Lake, a 
small  layered inclusion of garnetiferous,  cl inopyroxene 
granul i te  occurs  within t h e  mylonit ized migmat i t e  and 
orthogneiss (unit I). The  inclusion, with i t s  granul i te  f ac i e s  
mineral  assemblages,  may represent  a portion of deepe r  c rus t  
part ly assimilated during development of t h e  orthogneiss- 
migmat i te  complex o r  raised along a mylonite zone.  

Granitoid gneisses t o  t h e  wes t  of t h e  zone commonly  show 
deep  red-brown b io t i t e  in the i r  minera l  assemblages,  whereas  
brown biot i te  is present  in t h e  rocks t o  t h e  ea s t ;  perhaps 
indicating a higher t empera tu re  gradient  t o  t h e  wes t  of t h e  
zone (or re la t ive  uplift of t h e  block wes t  of t h e  zone). 
Although t h e  mylonite zone may r e f l ec t  many movements,  
t h e  l a t e s t  mylonit ization predates  t h e  emplacemen t  of unit  6,  
because  t h e  rocks in this unit do  not  show mylonitic textures.  
Br i t t le  deformat ion may have occurred in t h e  mylonite zone  
subsequent t o  intrusion of unit 6. 

Eas t  trending f au l t s  probably pos tdate  t h e  nor theas t  
faul ts  but  predate  t h e  Dubawnt Croup rocks. Subsequent 
movements  on them displace t h e  Dubawnt rocks. The 
nor thwest  trending f au l t s  and t h e  minor north faul ts ,  which 
displace t h e  Dubawnt Croup rocks, a r e  considered younger 
than e a s t  faults .  The nor thwest  trending f au l t s  a r e  more  
abundant on the  nor thwest  side of t h e  major  nor theas t  
t rending f au l t  zones. Faul t  zones  on the  wes t  half of t h e  map 
a r e a  a r e  commonly filled with barren q u a r t z  veins containing 
s c a t t e r e d  f r agmen t s  of country  rocks. 

Mineralization 

Mineralization was  noted in s eve ra l  places 
within t h e  Christopher Island Formation.  Two uranium 
occu r rences  - o n e  north-northeast  of Nowleye Lake is 
associa ted  wi th  t h e  basal  units  of t h e  Christopher Island 
Format ion and a f r ac tu red  window of basemen t  gneiss, uni t  1 
(mineralization near  unconformity), and t h e  o ther ,  located  
nor theas t  of Nowleye Lake is  c lose  t o  t h e  f au l t  bounded 
basement  rocks  and considered t o  b e  epigenet ic- f rac ture  
controlled mineralization.  The  fo rmer  occu r rence  is 
cha rac t e r i zed  by secondary uranium minerals - a light yellow 
sklowdowskite, Mg (U02)2Si207.6H20, and a dark  yellow 
solid solution series,  compreignaci te ,  K 2 U 6 0 1  9.11 H 2 0 ,  and 
becquere l i te ,  CaU6019.11H20 (A.R. Miller, personal com- 
munication; mineral  ident i f ica t ions  by A.L. Lit t lejohn and 
A.C. Rober ts ,  Cen t r a l  Labora tor ies  and Technica l  Services 
Division. A third occu r rence  located  nor th  of Ca r ru the r s  
Lake,  appears  t o  be  genet ica l ly  re la ted  t o  t h e  fluorite-  
bearing grani t ic  intrusion (unit  12). Two occurrences  of 
sulphides, pyrite with minor chalcopyr i te  and malachi te  o r  
chalcopyr i te ,  a r e  associated with smal l  shea r  zones  within t h e  
Christopher Island Formation.  Severa l  disseminated 
pyrit iferous zones of minor impor tance  a r e  present  along 
various shear  zones both in t h e  basement  and in t he  
cover  rocks. 
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Abstract 

The Akaitcho Group consists of 8 to 10 km of metavolcanic and metasedimentary rocks located 
west of Hepburn Batholith and east  of Wentzel Batholith in the central metamorphic core of Wopmay 
Orogen (Bear Province). Mapping of the Akaitcho Group a t  1:50 000 scale in the Hepburn Lake map 
area revealed the following generalized stratigraphic sequence: (1) a lower basaltic unit of unknown 
thickness, (2) 3-4 km of arkosic turbidites with 200-300 m of pelite a t  the base, intruded by sills of 
rhyolite porphyry, (3) basalt and rhyolite volcanic complexes, and (4) 1-3 km of pelite and tuffaceous 
sedimentary rocks, locally with abundant basaltic extrusive and intrusive rocks. The upper pelite is 
conformably overlain by a distinctly different pelite that contains thin quartzi te  beds diagnostic of 
the Odjick Formation (Epworth Group) east of Hepburn Batholith. The Akaitcho Group is therefore 
interpreted t o  be older than and conformably beneath the western Epworth Group. 

The Akaitcho Group metabasalts a r e  LREE enriched tholeiites with geochemical similarities to  
marginal basin basalts, Group I1 oceanic basalts and continental flood basalts. The Akaitcho Group 
rhyolites may originate by crustal melting. The bimodal nature of the volcanism and i t s  association 
with coarse continent-derived sediments suggest that the Akaitcho Group was deposited in a r i f t .  Its 
stratigraphic position beneath the lower Epworth Group, a passive continental margin succession, is 
consistent with the hypothesis that the Akaitcho Group preserves products of inital rifting in Wopmay 
Orogen. 

Introduction to above muscovite breakdown (upper amphibolite t o  

The Akaitcho Group consists of early Proterozoic 
(Aphebian) metavolcanic and metasedimentary rocks of t h e  
Wopmay Orogen located west of the Hepburn Batholith and 
east  of the Wentzel Batholith (Hoffman e t  al., 1978). The 
presence of bimodal volcanics in the Akaitcho Group led 
Hoffman e t  al. (1978) to  suspect that  the Akaitcho Group 
represented products of initial rifting of the Woprnay Orogen. 
Testing of this hypothesis requires mapping and establishment 
of the internal stratigraphy, depositional environment and 
regional stratigraphic position of the Akaitcho Group. 

Mapping of the Akaitcho Group in the Hepburn Lake 
map area (86 3) was begun by the author in 1978 in 
conjunction with 1:100 000 scale mapping of this area by 
P.F. Hoffman and M.R. St-Onge (Geological Survey of 
Canada Project 770019). The current research agreement 
allowed the author to  complete 1:50 000 scale mapping of the  
Akaitcho Group in the Hepburn Lake map area and to collect 
samples for geochemistry and geochronology. Studies of 
these samples will constitute part of a doctoral dissertation 
a t  Memorial University. 

Regional Geology 

Early Proterozoic (Aphebian) rocks of the  Bear 
Province compose the  Wopmay Orogen (Hoffman, 1973; 
1979; in press). The Wopmay Orogen can be divided into 
four major tectonic zones. From east  to  west they are: 
a foreland platform, a foreland fold and thrust belt, a 
metamorphic and batholithic core zone, and a volcano- 
plutonic belt (Hoffman, 1973; in press). The Akaitcho Croup 
is found in the metamorphic core zone and consists of 8 t o  
10 krn of metasedimentary and rnetavolcanic rocks. The 
Akaitcho Group is intruded on the east  by the  Hepburn 
Batholith and on the west by the Wentzel Batholith 
(Fig. 34.1, Hoffman e t  al., 1980). Regional metamorphism of 
the  Akaitcho Group ranges from chlorite (lower greenschist) 

granulite) and is spatially related ' to the two batholiths 
(St-Onge and Carrnichael, 1979; Hoffman, 1980). The 
dominant structural features in the Akaitcho Croup a re  two 
broad, north-south trending synclinorium-anticlinorium pairs 
separated by the Okrark Thrust. Rocks of the  Wentzel 
Batholith and migrnatized rocks of the  Akaitcho Group a r e  
truncated by the Wopmay Fault which juxtaposes these older 
units against sedimentary and volcanic rocks of the Great 
Bear Volcano-Plutonic belt. Following uplift and erosion in 
the  orogen, major northeast- and northwest-trending 
transcurrent faults cu t  the  a rea  (Hoffman, 1980a). Dip-slip 
reactivation of the transcurrent faults was in part 
contemporaneous with deposition of the Hornby Bay Group 
(Hoffman, 1980a). North trending normal faults associated 
with the  intrusion of the  Muskox Intrusion and the  Mackenzie 
Set  111 diabase dyke swarm were the  last major geological 
events occurring in the  map area during the  Precambrian. 

Stratigraphy 

A geological map of the  Akaitcho Group in the 
Hepburn Lake map a rea  (86 J) is presented in Figure 6.1. A 
generalized stratigraphic column for the Akaitcho Croup is 
presented in Figure 6.2. Briefly, the Akaitcho Group consists 
of a lower basaltic sequence overlain by 200 to 300 m of 
pelite which is in turn overlain by 3 t o  4 km of arkosic 
turbidites. Basalt and rhyolite volcanic complexes overlie 
the arkosic turbidites. The volcanic complexes a r e  overlain 
by I t o  3 km of pelite and volcaniclastic sedimentary rocks. 
In some areas, an upper sequence of basaltic volcanic and 
intrusive rocks is present above the pelites. The upper 
volcanics a r e  overlain by pelites of the  Akaitcho Group. 
Pelites containing thin quartzi te  beds characteristic of the  
Odjick Formation (Epworth Group) conformably overlie the  
Akaitcho Group. The conformable relation between the 
Akaitcho Group and the overlying Odjick Formation was the 
most significant discovery of the  summer because it  
establishes the relative age  and stratigraphic position of the  
Akaitcho Group. 

' ~ e p a r t m e n t  of Geology, Memorial University, St. John's, Newfoundland, AIB 3 x 5  



L E G E N D  

MUSKOX INTRUSION 

HORNBY BAY GROUP sondslona 

volcanic, ssdnmenlory and plutonic rocks of t  h e  
GREAT BEAR VOLCANO-PLUTONIC b a l l  

yaunper mafnc i n t r u l ~ o n s  of the HEPBURN B A T H O L I T H  

HEPBURN B A T H O L I T H  W E N T Z E L  B A T H O L I T H  

E P W O R T H  GROUP 

undnvided @ Odlick Fm., p s l i l a  w i th  l h ln  puortz l te be, 

A K A I T C H O  GROUP 

m ~ t 0 b 0 s o I t  f l ows  gobbro  r i l l s  s i l i ~ e o u s  m e l o r i l l s t o n s  

oitve m e t o p e l i t o r  and v o l c a n i c l o r t i c  sediments 

VOLCANIC COMPLEX L I T H O L O G I E S  

ms taconp lomer~ le  sil iceous metot i l t r ton.  (31 mmorble.quorlzlte 

hlqh Zr,moinly p l o p ~ o ~ l a s e  porphyr i l ic  orfhocIa8e porphyr l l ic  
porphyrit ic rhyol i te  rhyo l i ' e  s i l l s  

qabbro s i l l s  ;:mb'a,olond p l l l owed  bas011 me to tu f f  

low Zr. molnly aphanitte r h y o l i t e  

GEOLOGY BY R M. EASTON. P F HOFFMAN,and M.R ST-ONGE.1977. 1978, 1979 

$ $/ fold oxis. of baddtnq, of folnotlon 4 1  Akoiteho Lohe 

BL Bellsau Loks 

/ Okrork Thruol FauH,teeth on upper HL Hepburn Loks 

plate 
KA Kopvik Lake 

;;/ bnotite iragrad,rnark on hiph T t i de  
KL Klnqaroh Lok t  

m ~ g m a l i t s  1 > 3 0 %  qronil lc moter!al I 
OL Okrarh Lake 

I N D E X  MAP 

SL Sinlster Lake 

TL Tuartok Lake 

ZL Zaphyr Loke 

Figure 6.1. Simplified geological map of the Akaitcho 
Group, Hepburn Lake map area (86 J west half).  Okrark 
Thrust Slice lies west o f  Okrark Thrust. Marceau Thrust 
Slice lies east o f  Ohark  'l'hrust. 



sand t o  gr i t s tone is present.  Sedimentary s t ruc tu res  a r e  
rarely preserved in t h e  turbidi te  sequence, b u t  comple te  and 
partial  Bouma sequences were  observed in two  outcrops north 
of Akaitcho Lake. Rounded grains of tourmaline,  epidote  and 
zircon of probable de t r i t a l  origin, a r e  common in t h e  coarser  
turbidites. 

Basalt  and rhyolite volcanic complexes  over l ie  t h e  
arkosic turbidites.  Two idealized volcanic complexes a r e  
represented in Figure 6.2. The left-hand complex shows t h e  
typical s t ra t igraphy found in t h e  volcanic complexes,  namely, 
a basal basal t  pile capped by rhyolite. The right-hand 
complex shows a var iant  of t h e  typical volcanic complex 
stratigraphy. Five volcanic complexes have been delineated 
in t h e  map a r e a  - t h e  Sinister, Tuertok, Kapvik, Belleau and 
Zephyr Volcanic Complexes (Fig. 6.3).  The Sinister, Tuertok 
and Kapvik Volcanic Complexes interfinger with each  other ,  
a s  shown in deta i l  in Figure 6.4, and they can  b e  di rec t ly  
corre la ted .  The Zephyr and Belleau Volcanic Complexes a r e  
isolated from, and cannot  b e  directly corre la ted  with t h e  
o the r  complexes. 

? 

RME 
Figure 6.2. Generalized stratigraphic column for the 
Akaitcho Group in the Hepburn Lake map area (86 J west  
half). Units are as in Figure 6.1.  

The following descriptions a r e  meant  t o  amplify the  
legend for  Figure 6.1 and t h e  generalized s t ra t igraphic  
column for t h e  Akaitcho Group presented in Figure 6.2 and 
outlined above. 

Akaitcho Group 

The Akaifcho Group is inferred t o  have been deposited 
on cont inenta l  crust ,  a s  will b e  discussed later,  although 
basement  t o  t h e  Group has  not  been observed. 

The oldest  exposed rocks of t h e  Akaitcho Group a r e  
amphibolites and migmatized amphibolites (Unit  1) found in 
the  Wentzel lake a rea .  The thickness of these  rocks is  
unknown, bu t  is  probably g rea te r  than 500 m. Three  types  of 
amphibolite have been recognized, namely: f ine  grained, 
compositionally banded amphibolites; medium grained, 
foliated amphibolite and coa r se  grained foliated amphibolite 
which may represent tuffs,  flows and gabbros respectively.  
Areas  of extensive  outcrop of amphibolite may represent  
volcanic centres .  The amphibolites a r e  overlain by 200 t o  
300 m of finely banded, dark green or  grey, now migmatized, 
pelite. 

'The metapel i tes  a r e  overlain by 3 t o  4 km of subarkosic 
t o  arkosic turbidi tes  (Unit  2). The turbidi te  beds a r e  10 t o  
100 c m  thick with 1 t o  I0  c m  thick grey t o  green weathering 
argil laceous tops. The basal portions of t h e  turbidi te  beds 
a r e  typically composed of medium sand, but  locally, coa r se  

Figure 6.3. Distribution o f  Akaitcho Group volcanic rocks 
and location o f  volcanic complexes in the Hepburn Lake map 
area (86 J west half). 
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Figure 6.4. Stratigraphic relations between the Sinister, Tuertok and Kapvik Volcanic Complexes 
in the Marceau Thrust Slice. Figure represents a simplified cross-section along a north-south line 
at about 11503S1W. 

The volcanic complexes typically have a 2 km plus 
thick base of green t o  dark green weathering, plagioclase 
porphyritic and nonporphyritic pillowed and massive 
metabasal ts  (Unit  3c) and basal t  me ta tu f f s  (Unit  3d). The 
proportion of flows t o  tu f f s  between t h e  complexes i s  
variable (e.g. compare  t h e  Tuertok and Kapvik Volcanic 
Complexes in Figure 6.4). The basal metabasal ts  a r e  capped 
by I to  1.5 km of pink and grey weathering, plagioclase, 
quar tz  and orthoclase porphyritic metarhyolites (Uni t  3e). In 
cross-section, t h e  metarhyolites form domical shaped 
accumulations,  with massive co res  and breccia ted  margins. 
The geometry  and thickness of t hese  porphyritic metarhyol i te  
accumulations is consistent with their  being volcanic domes. 
Wedges of metasandstone and siliceous metas i l t s tone 
(Unit  3i) a r e  typically present  on t h e  north sides of t h e  
porphyritic metarhyolite domes. Intraformational 
metaconglomerates  (Unit  3j) containing volcanic, qua r t z i t e  
and granitoid clasts,  and volcanic breccias consisting of 
angular blocks of rhyolite in a muddy matrix,  possibly lahars, 
a r e  present on the  south side of t h e  porphyrit ic metarhyol i te  
domes. In addition, beds of rhyolite meta tuff  can  b e  t r aced  
for  many kilometres south of t h e  porphyrit ic metarhyol i te  
domes (e.g., t h e  rhyolite cen t r e s  overlying t h e  Tuertok 
Complex in Figure 6.4). Quar tz i tes ,  marbles, and marble  
containing 25 t o  50 per c e n t  qua r t z  gr i t  a r e  commonly found 
between the  metarhyolite domes. 

The only apparent  exception t o  t h e  general  volcanic 
stratigraphy is t he  Kapvik Volcanic Complex. In th is  
complex, t h e  overlying porphyrit ic metarhyol i tes  (Uni t  3e) 
a r e  sparse, and, a I km thick sequence of aphanat ic  meta-  
rhyolite flows and bedded tu f f s  (Unit  3a) underlies t h e  basal 
basal t  pile (Uni ts  3c  and 3d) (Fig. 6.4). The aphanat ic  meta-  
rhyolites and underlying arkosic turbidites a r e  c u t  by a 
gabbro sill swarm (Unit  3b) chemically indistinguishable f rom 
t h e  basal  basalts. I t  is  possible t h a t  aphanat ic  metarhyol i tes  
and gabbro sill swarms underlie t h e  o the r  volcanic complexes,  
because t h e  bases of t h e e  complexes, excep t  for t he  southern 
half of t h e  Tuertok Complex, a r e  not  exposed. 

Volcanism was mainly subaqueous, although some  
porphyrit ic metarhyol i tes  (Unit  3e) may b e  ash-flow tu f f s  and 
hence subaerial. They a r e  massive, 20 t o  30 m thick, 
homogeneous units and contain abundant l i thic f ragments  and 
broken phenocrysts throughout. These probable ash-flow 
tuffs  a r e  res t r ic ted  t o  t h e  upper pa r t s  of t h e  volcanic 
complexes, and probably capped fo rmer  volcanic islands. The 
presence of carbonates  (Unit  3 3  and t h e  g r e a t e r  abundance of 
tu f f s  in t h e  upper pa r t s  of t h e  volcanic complexes is also 
consistent with this interpretation. 

The metabasal ts  exhibit  a regional f ac i e s  change f rom 
north t o  south. In t h e  north, large  piles of pillowed me ta -  
basal t  and massive porphyrit ic metarhyol i tes  a r e  present. 



Basaltic and felsic me ta tu f f s  a r e  uncommon in t h e  north, but  
increase in abundance southward (Fig. 6.4). Water depth is an  
important  f ac to r  in controlling explosive basalt ic eruptions 
(McBirney, 1963), and the  north t o  south facies change in t h e  
metabasal ts  could be interpreted t o  indicate  increasing water  
depths t o  t h e  north. Alternatively,  t h e  fac ies  changes could 
r e f l ec t  differences in volatile content  of t h e  original magmas 
erupted t o  form t h e  volcanic complexes. 

The Belleau Volcanic Complex is  a fault-bounded block 
of wes t  facing, chlor i te  g rade  metavolcanic rocks isolated 
f rom t h e  other  volcanic complexes by the  Belleau Fault  
System (Fig. 6.3). The lower section of t h e  Belleau Volcanic 
Complex consists of I t o  1.5 krn of massive rnetabasalt ,  c u t  
by gabbro sills, with a few pillowed flows and interbedded 
metapelites,  che r t s  and basalt ic rnetatuffs.  The base  of t h e  
section is t runcated by a fault. A 300 t o  500 rn thick, 
cornpositionally zoned, in termedia te  composition l i thic lapilli 
tuff with a rhyolitic base, possibly an  ash-flow, overlies t h e  
metabasalts.  Ten me t re s  of c h e r t  and volcaniclastic meta-  
sedimentary rocks sepa ra t e  the  lapilli tuff f rom an upper 
basal t  section. The base  of t h e  upper basalt  sec t ion is c u t  by 
several 50 t o  100 rn thick gabbro sills. The upper basal t  
sec t ion contains I t o  1.5 km of hard, pale green, pillowed 
metabasal t  and a f ew plagioclase porphyrit ic metabasal t  
flows. The metabasal ts  a r e  overlain by rnetapelites and 
volcaniclastic metasedimentary rocks and a thick unit  of 
orthoclase,  quar tz  and plagioclase porphyritic metarhyolite,  
possibly t h e  remains of a volcanic dome. Similar geo- 
chemistry of t h e  metabasal ts  ( see  l a t e r  section) and the  
presence of porphyritic metarhyol i te  capping t h e  volcanic 
pile suggests t h a t  t he  Belleau Volcanic Complex is  
corre la t ive  with one o r  a l l  of t he  Sinister, Tuertok and 
Kapvik volcanic complexes. 

Metavolcanic rocks of t h e  Zephyr Volcanic Complex a r e  
only exposed a t  sillirnanite o r  higher metamorphic  grade. 
Although t h e  Akaitcho Group lithologies a r e  recognizable a t  
these  grades,  correlation is difficult, a s  t h e  Zephyr Volcanic 
Complex is isolated by t h e  Zephyr Fault  and Quaternary  
cover  of t h e  Coppermine River valley f rom t h e  o the r  
volcanic complexes (Fig. 6.1, 6.3). The Zephyr Volcanic 
Complex contains migmatized amphibolite (flows?) and 
banded amphibolite (tuffs). Distinct mineral assemblages 
within t h e  banded amphibolite (tuffs). Distinct mineral 
assemblages within t h e  banded amphibolite, e.g. ga rne t  o r  
anthophylli te bearing bands, suggests t h a t  t h e  bands had 
primary compositional differences,  and hence probably were  
tuffs.  The presence of rnetarhyolite, marble and qua r t z i t e  in 
t h e  Zephyr Volcanic Complex sugggest t h a t  t h e  Zephyr 
Complex is corre la t ive  with one or a l l  of t h e  Sinister, 
Tuertok and Kapvik volcanic complexes. Lithologically, t h e  
Zephyr Volcanic Complex most closely resembles t h e  upper 
p a r t  of t h e  Tuertok Volcanic Complex. The Zephyr Volcanic 
Complex is noteworthy because  i t  contains fuchsi te  bearing 
quartzites.  The fuchsi te  bearing quar tz i tes  were  only 
observed outcropping in one  a r e a  15 km east of t h e  Wopmay 
Fault ,  but  do  not appear t o  be  re la ted  t o  t h a t  s t ructure .  

Two lithologically distinct,  bu t  chemically identical ,  
types  of rhyolite porphyry sills intrude arkosic turbidites 
(Unit  2) in t h e  Okrark Thrust Slice (Fig. 6.5). Most of t h e  
sills a r e  orthoclase,  plagioclase and quar tz  porphyritic, red 
weathering rocks (Unit  3g). Less abundant areally a r e  grey t o  
pink-grey, strongly l ineated plagioclase porphyry sills 
containing less than 10 per  c e n t  qua r t z  and or thoclase  
(Uni t  3 0 .  The two  types  of sills a r e  geochemically indis- 
tinguishable f rom the  porphyrit ic rnetarhyolites (Uni t  3e) 
which cap  t h e  volcanic complexes in t h e  Marceau Thrust 
Slice (Table 6.1). Thus, Units 3e, 3f and 3g a r e  though t o  be  
comagmat ic  and roughly contemporaneous,  and no di f ference  
in re la t ive  age  is inferred. 

All of t h e  volcanic complexes (Uni t  3) a r e  overlain by 
and interfinger with 1 t o  3 km of olive metapel i tes  (Unit  4). 
Unit 4 also includes many fine grained, thinly bedded rocks 
which may b e  tuffs  o r  volcaniclastic sediments.  In thin 
section, many of these  problematic rocks conta in  more  
qua r t z  and muscovite -than known tuffs,  and hence they a r e  
probably sedimentary in origin. Rounded epidote  grains,  
probably de t r i t a l  in origin a r e  found in coarser  beds within 
t h e  sequence. The volcaniclastic sediments  and t h e  de t r i t a l  
epidote indicate  tha t  many of t h e  pel i tes  were  probably 
derived f rom weathering of t h e  adjacent  volcanic complexes. 

fi K E Y  0 10 2 0  k m  

M T  M A R C E A U  T H R U S T  
OT O K R A R K  T H R U S T  I 
MG M O U S E  V A L L E Y  G R A B E N  

BF B E L L E A U  F A U L T  S Y S T E M  

Z F  Z E P H Y R  F A U L T  

WF W O P M A Y  F A U L T  

Figure 6.5. Major tectonic elements within the Hepburn 
Lake map area (86 J).. A more detailed map showing the 
distribution of faults in the area is presented in 
Hoffman (1980~) .  
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A la t e r  period of volcanism and intrusion occurred 
during and a f t e r  deposition of the  metapelites.  The meta-  
peli tes overlying t h e  Sinister Volcanic Complex a r e  overlain 
by a second pile of basalt, now preserved a s  amphibolite and 
migmatized amphibolite (Unit  5a). The top of the  second 
volcanic pile is t runcated by t h e  Hepburn Batholith. Gabbro 
sills (Unit 5b) intrude the  upper p a r t  of the  Kapvik Volcanic 
Complex and t h e  metapel i tes  overlying t h e  Complex. Again, 
t he  gabbro sill swarm and peli te a r e  t runcated by t h e  
Hepburn Batholith. It i s  no t  c lear  whether these  l a t e r  basal ts  
represent a 'last gasp' of volcanism or a major period of 
magmatism. 

Akaitcho/Epworth Group Relations 

Eight kilometres northwest of Hepburn Lake meta-  
volcanics of t h e  Tuertok Volcanic Complex a r e  overlain by 
I km of b iot i te  grade, eas tward facing metapel i tes  of t he  
Akaitcho Group (Unit  4). These metapel i tes  grade upward 
in to  a 250 t o  400 m thick unit  of purple tinged, massive, 
blocky weathering siliceous metas i l t s tone (Unit  5c). The 
metas i l t s tone changes upsection over 100 m into  a greenish 
metapel i te  containing t h e  distinctive 2 t o  5 c m  thick 
qua r t z i t e  beds diagnostic of t h e  Odjick Formation of the  
Epworth Group e a s t  of Hepburn Batholith (Hoffman et al., 
1978). The presence of contor ted  fine bedding, abundant 
frost-heaved 'tombstone-shaped' blocks, well  developed 
metamorphic minerals and the  distinctive cleavagelbedding 
pat tern  of t h e  greenish metapel i te  a l l  suggest t h a t  t h i s  uni t  
(Unit  6a) is  t he  Odjick Formaiton. This identification was 
confirmed in t h e  field by M.R. St-Onge and P.F. Hoffman. 
The Odjick Formation is eas t  facing, a s  is t he  underlying 
Akaitcho Group, and although t h e  s taurol i te  and andalus i te  
isograds t ransect  t he  con tac t  a t  a small  angle, t he  two  groups 
appear t o  b e  structurally conformable. A c ryp t i c  
disconformity cannot be  ruled ou t  however. 

Similar relationships were  also found 20 km south- 
southwest of Hepburn Lake. East  facing metapel i tes  (Unit  4) 
intruded by gabbro sills (Unit 5b) a r e  apparently overlain by 
e a s t  facing metapel i tes  of t h e  Odjick Formation. Outcrop is  
poor in this area ,  with t h e  closest  outcrops of t h e  Akaitcho 
and Epworth groups being 300 m apar t .  The overal l  
stratigraphy is  similar t o  the  sequence preserved nor thwest  
of Hepburn Lake. 

The conformable con tac t  between t h e  Akaitcho and the  
Epworth groups indicates: 

a. t h a t  t h e  Akaitcho Group is older than t h e  Epworth 
Group; and 

b. t h a t  t h e  Vaillant Formation metabasal ts  and t h e  
Stanbridge Formation dolomite of t h e  Epworth Group a r e  
probably corre la t ive  with t h e  uppermost p a r t  of t h e  
Akaitcho Group. Marbles (Uni t  3 j  in t h e  upper p a r t  of 
t h e  Tuertok Volcanic Complex a r e  lithologically similar t o  
t h e  Stanbridge Formation dolomite.  The Vaillant 
Formation basal ts  a r e  chemically similar t o  t h e  Belleau 
Formation basal ts  (Fig. 6.8, Table  6.1). 

S t ruc tu re  

The Akaitcho Group in t h e  map  a r e a  is preserved in two  
s t ructura l  sl ices - t he  Okrark Thrust Slice and t h e  Marceau 
Thrust Slice - separa ted by t h e  westward dipping Okrark 
Thrust Faul t  (Fig. 6.5, 6.6). The Okrark Thrust Slice contains 
a n  anticlinorium t runcated by t h e  Wopmay Faul t  and a 
synclinorium with a hinge roughly parallel  t o  t h e  Okrark 
Thrust (Fig. 6.5, 6.6). The anticlinorium was  t h e  locus fo r  
intrusion of t h e  Wentzel Batholith (Hoffman e t  al., 1980). 
The lower volcanics, t h e  arkosic turbidites,  and pa r t s  of some  
of the  volcanic complexes a r e  preserved in t h e  Okrark Thrust 
Slice. The  Marceau Thrust Slice a lso  contains a 
synclinorium-anticlinorium pair,  bu t  in this slice, t h e  
anticlinorium is t runcated agains t  t he  Okrark Thrust Fault, 

W E S T  

O K R A R K  THRUST . \ 

I W e n t z e l  B a t h o l i t h  - 

E A S T  

Hepburn  Batholith 
/ 
I, 

M A R C E A U  T H R U S T  
S L I C E  

M E T A M O R P H I C  I S O G R A D  
(mark on high T  side)  

* orthoclase 

-lu, sil l lmanite 
_, andalus i te  

'?- biot i te  

W F  Wopmoy F a u l t  

O T  O k r a r k  T h r u s t  
M T  M a r c e a u  T h r u s t  

Figure 6.6. Generalized cross-section across the Hepburn Lake map area at 6602SfN, showing 
synclinoriaanticlinoria pairs and thrusts within the Akaitcho and Epworth Groups. Stratigraphic 
units as in Figure 6 .1 .  (modified from Figure 27.4, Hoffman e t  al., 1980). 
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Figure 6.7. S i02  versus frequency fo r  flow rocks  of t h e  
Akaitcho Croup showing a distinct bimodal distribution. 

and t h e  synclinorium served a s  t h e  locus for  intrusion of t h e  
Hepburn Batholith (Fig. 6.6) (Hoffman et a]., 1980). The  
volcanic complexes, the  pelites, t h e  l a t e r  volcanics, and 
slivers of arkosic turbidites a r e  preserved in t h e  Marceau 
Thrust Slice. As t h e  two  s t ructura l  sl ices contain differing 
stratigraphy, t h e  evidence t h a t  t h e  Okrark Faul t  i s  a th rus t  
faul t  is important  in establishing t h e  validity of t h e  
s t ra t igraphic  sequence outlined herein (Fig. 6.2). 

The re la t ive  a g e  relationships across  t h e  Okrark f au l t  
have been determined by two  means, and both indicate t h a t  
older rocks preserved in t h e  Okrark Thrust Slice have been 
thrust  eas tward over rocks preserved in t h e  Marceau Thrust 
Slice. This is  consistent with t h e  vergence of thrusting east 
of Hepburn Batholith. 

In the  Marceau Thrust Slice, subarkosic and arkosic 
turbidites lithologically similar t o  t h e  Unit 2 rocks a r e  
present  below the  basal metarhyol i te  of t h e  Kapvik Volcanic 
Complex. East  of Okrark Lake, arkosic turbidites a r e  a lso  
present below the  basal basalts of t h e  Tuertok Volcanic 
Complex (Fig. 6.1, 6.4). Thus, Unit 2 arkoses probably 
underlie t h e  main volcanic complexes present  in Unit 3. 

In t h e  Okrark Thrust Slice, rhyolite porphyry sills 
(Unit  3f and 3g) intrusive into the  arkosic turbidites (Uni t  2) 
a r e  chemically indistinguishable f rom t h e  high Zr porphyrit ic 
rhyolites (Unit  3e) present  in t h e  upper pa r t s  of t h e  Sinister 
and Tuertok Volcanic Complexes. The restriction of high Zr 
porphyrit ic rhyolites t o  the  upper pa r t s  of Unit 3 volcanic 
complexes, plus the  chemical  homogeneity of t h e  sills and 
rhyolites argues  in favour of Units 3e, 3f, and 3g being 
comagmat ic .  Thus, Unit 2 arkoses a r e  older than t h e  
volcanic complexes of Unit 3. 

The s t ructura l  history of t h e  Akaitcho Group can  be  
summarized a s  follows. The Okrark Thrust Slice was  
transported over the  Marceau Thrust Slice and both were  
broadly folded about  northerly trending axes  t o  form t h e  
major anticlinorium-synclinorium pairs. I t  i s  uncertain 
whether thrusting preceded o r  accompanied folding, b u t  
thrusting was  complete  before  the  peak of metamorphism 
because metamorphic isograds cross the  Marceau Thrust 
(Hoffman e t  al., 1980) and possibly t h e  Okrark Thrust 
(Fig.6.1). The isograds a r e  re la ted  t o  t h e  ear ly  
strongly-foliated plutons of Hepburn and Wentzel Batholiths 
(St-Onge and Hoffman, 1980; Hoffman e t  a]., 1980). The 
isograds and the  early plutons a r e  involved in a t  l ea s t  
some  of the  broad folding but  t h e  l a t e  plutons of Hepburn 
Batholith a r e  posttectonic.  One  such pluton, t h e  Rib 
Granite,  has been dated by t h e  Rb-Sr whole rock method a s  
1750 2 52 Ma (20 error ,  decay constant  1.42 x lo-" a-') 
(Easton, unpublished data). This pluton t runca te s  
metamorphic isograds in t h e  Akaitcho Group (Hoffman e t  al., 
1980) and the re fo re  the  a g e  obtained is a minimum for  
t h e  peak of metamorphism. The Akaitcho Group was  

metamorphosed a t  about  10 km depth  (St-Onge and 
Carmichael,  1979) bu t  may have been rapidly unroofed a s  t h e  
Wentzel Batholith is  onlapped unconformably by sedimentary  
rocks of t h e  Grea t  Bear Volcano-Plutonic bel t  (Hoffman and 
McGlynn, 1977). A 20 km-long outlier of G r e a t  Bear 
sedimentary and volcanic rocks l ies unconformably on 
migmat i te  derived f rom t h e  Akaitcho Group a t  t h e  western  
edge of the  map a r e a  south of Coppermine River (Fig. 6.1). 

Geochemistry 

One hundred and ninety t r a c e  and 60 major e l emen t  
analyses of rocks from the  map a r e a  were  made by t h e  author  
using a Phillips 1450 X-Ray Spec t romete r  a t  Memorial  
University. The results of t hese  analyses conf i rm t h a t  t he  
Akaitcho Group metavolcanic rocks a r e  bimodal (Fig. 6.7). 

The Akaitcho Croup metavolcanic  rocks can be  divided 
in to  t h r e e  groups on t h e  basis of si l ica con ten t  (Fig. 6.7): 46 
t o  52% SiO2- basalt ;  67 t o  70% SiOn- low silica rhyolites; 70 
t o  75% S O 2 -  high sil ica rhyolites. The absence of rocks in 
the  52 t o  67% SiOn range is real, a s  a l l  likely in t e rmed ia t e  
composition rocks were  sampled and analyzed. 

Two chemical  and lithological d is t inct  types  of rhyolite 
a r e  present in association with t h e  main volcanic complexes  
(Unit  3). The oldes t  a r e  high SiOn, low Zr (150 t o  200 ppm), 
generally aphanat ic  rhyolites (Unit  3a) present  at t h e  base  of 
t h e  Kapvik Volcanic Complex. The second type is t he  slightly 
younger, lower SiOn, high Zr (250 t o  300 pprn) porphyrit ic 
rhyolite domes, flows and sills (Uni ts  3e, 3f, and 3g) present  
in t h e  upper sect ions  of t h e  Sinister, Tuertok and Belleau 
Complexes and intrusive into arkoses (uni t  2) in t h e  Okrark 
Thrust Slice. 

The incompatible t r a c e  e l emen t  con ten t s  of both  t h e  
low and high Zr rhyolites a r e  high fo r  tholeii tes,  but  they d o  
indicate  t h a t  t h e  rhyolites a r e  not  alkaline. The basalts also 
have high incompatible t r a c e  e l emen t  contents,  hence, t h e  
rhyolites could b e  genetically r e l a t ed  t o  t h e  basalts.  
Alternatively,  t h e  high Ba, K, Rb, Y, F e  and Mn con ten t s  of 
both types  of rhyolite, t h e  hi h radiogenic Sr con ten t  of t h e  
high Zr rhyolites (range: "Sr/"Sr .79 for 8 7 R b / ' 6 ~ r  2.5 
t o  8 7 ~ r / 8 6 ~ r  .89 fo r  8 7 ~ b / 8 6 ~ r  7.5) and t h e  abundance of 
these  high SiOz rocks suggest t h a t  t h e  rhyolites could b e  
derived f rom melting of crus ta l  materials.  The presence of 
granitoid cobbles in conglomerates  (Uni t  3j) a t  t h e  s a m e  
s t ra t igraphic  level a s  t h e  porphyrit ic rhyolites (Unit  3e) 
indicates t h a t  a grani t ic  source  a r e a  was  near,  and hence, 
t h a t  crus ta l  mater ia ls  were  available t o  b e  melted.  REE 
studies a r e  in progress in an  a t t e m p t  t o  resolve t h e  question 
of origin of t he  rhyolites. 

All t h e  analyzed metabasal ts  p lot  well  in to  t h e  thole i i te  
field on an alkali-silica diagram, despi te  the  e f f e c t s  of 
metamorphism and t h e  high K con ten t s  of a l l  rocks in t h e  
map a r e a  (Easton, unpublished data).  Y/Nb ra t ios  fo r  t h e  
metabasal ts  range f rom 2 t o  15, with Nb values ranging f rom 
1 t o  18 ppm, indicating t h a t  t h e  metabasal ts  a r e  tholeii t ic 
( P e a r c e  and Cann, 1973). Preliminary R E E  results indicate  
t h a t  t he  Akaitcho Group metabasal ts  a r e  LREE enriched, and 
hence a r e  e i the r  cont inenta l  thole i i tes  o r  LIL enriched 
oceanic  basalts. 

The metabasal ts  can  b e  divided in to  2 types on t h e  basis 
of where  they plot on di f ferent  t r a c e  e l emen t  discrimination 
diagrams. Type I basal ts  plot only in 'oceanic fields'. Type 2 
basalts s t raddle  a l l  fields, but  generally fall  in 'continental  
and oceanic fields'. Figures 6.8a and b show t h e  distinction 
of the  two basal t  types  on a Ti-K-P plot  (Pea rce  et al., 1975) 
and a Ti-Y-Zr plot (Pea rce  and Cann, 1973). Only t h e  Belleau 
and Vaillant metabasal ts  a r e  Type 1. I t  should b e  emphasized 
t h a t  these  plots a r e  used only t o  group t h e  basal ts  and t h a t  
they do not  necessarily have any significance concerning t h e  
t ec ton ic  se t t i ng  in to  which t h e  Akai tcho Group metabasal ts  
were  erupted. 



The basal t s  of each  well sampled (20 o r  more  t r a c e  
e l emen t  analyses) volcanic complex a r e  d is t inc t ive  both in 
major and t r a c e  e l emen t  chemistry,  confirming t h e  
delineation of t h e  complexes  on lithologic grounds. 
Specifically, t h e  Tuertok Complex is character ized  by 
ex t r eme ly  low Pb  values (<  5 ppm), t h e  Kapvik Complex by 
high F e O t  (> 13%), t h e  Belleau and Vaillant me tabasa l t s  by 
being Type I basalts ,  and t h e  amphiboli tes in t h e  Wentzel  
Lake a r e a  by low (1  t o  5 ppm) Nb contents.  

Chemically,  t he re  a r e  severa l  modern analogs of t h e  
Akai tcho Group basalts. These  are:  oceanic  island basalts ,  
aseismic ridge basalts ,  back-arc basin basa l t s  and Group I1 
oceanic  basa l t s  (Frey  e t  al., 1977) (Table 6.1). In addit ion,  
t h e  Akaitcho Group basalts  a r e  similar t o  some  con t inen ta l  
flood basalts ,  e.g. t h e  ave rage  cont inenta l  thole i i te  of 
Manson (1967) (Table  6.1). The lack of in termedia te  rocks,  a 
s t rong iron enr ichment  t rend on AFM plots, and t h e  l imited 
occurrence  of coa r se  pyroclastic rocks  preclude t h e  Akai tcho 
Group being calc-alkaline. Thus, on t h e  basis of 
geochemistry,  i t  does  no t  s eem possible t o  des ignate  a 
specific t ec ton ic  se t t ing  for  t h e  Akaitcho Group LREE 
enriched tholeii tes,  bu t  they a r e  not arc-related,  they a r e  not 
alkaline, and they a r e  not deple ted  tholeii tes.  

3. The  LREE thole i i t ic  me tabasa l t s  of t h e  Akai tcho Group 
a r e  associa ted  with rocks  indicating t h e  presence  of a 
nearby cont inenta l  region, hence  they a r e  probably con- 
t inenta l  tholeii tes.  The  geochemis t ry  of t h e  me tabasa l t s  
is  cons is tent  with the i r  being cont inenta l  tholeii tes.  

4. The  high Ba, Rb, K, Fe,  Mn, and Y con ten t  of t h e  low and 
high Zr rhyolites i s  cons is tent  with t hese  rocks  being 
derived f rom crus ta l  melting.  

5. The bimodal volcanism with a high fe ls ic  t o  m a f i c  r a t i o  
(0.2 t o  0.3) is cons is tent  with t h e  Akaitcho Group being 
deposited in a r if t .  

Basement  t o  t h e  Akai tcho Group has no t  been observed, 
but  t h e  abundance  of cont inent  derived sedimentary  rocks in 
t h e  lower p a r t  of t h e  Group, and  bimodal volcanism with a 
high felsic t o  maf ic  r a t i o  sugges ts  t h a t  t h e  Akai tcho Group in 
t h e  map  a r e a  was deposited on cont inenta l  c rus t .  The 
thickness of th is  c r u s t  i s  unknown, bu t  by analogy with r ecen t  
r i f t  t e r r anes  (e.g. Afar  in Pilger and Rosler,  1975) probably 
thinned t o  t h e  west. The o ldes t  rocks  observed in t h e  
Akai tcho Group in t h e  m a p  a r e a  a r e  thole i i t ic  basalts ,  and 
hence,  r if t ing may have been well  advanced by t h e  t i m e  these  
basa l t s  were  erupted.  Nevertheless,  cont inenta l  t e r r anes  
were  nearby and shed voluminous arkos ic  turbid i tes  i n to  t h e  
Akaitcho basin. As rif t ing progressed,  la rge  basa l t  volanoes 
were  const ructed .  The thole i i t ic  chemis t ry  of t h e  Akai tcho 
Group basa l t s  suggests significant amoun t s  of par t ia l  mel t ing  
in t h e  basa l t ic  source  region. The large  volumes of basa l t ic  
magma possibly introduced suff ic ient  h e a t  i n to  t h e  c r u s t  t o  
cause  c rus t a l  melting t o  produce t h e  abundant rhyolites. T h e  
abundance  of basa l t  t u f f s  in some  of t h e  volcanic complexes  
suggest  t h a t  t hey  formed in shallow water .  Possible welded 
ash-flow tu f f s  indica te  t h a t  t h e  upper pa r t s  of t h e  volcanoes 
were  probably e rup ted  a s  islands. Deepening (and widening?) 
of t h e  deposit ional basin occurred  wi th  t ime,  and t h e  
Akaitcho Group was  eventually buried by Epworth Group 
pelites. 

Interpretation 

The Akaitcho Group is a bimodal rhyoli te/basalt  su i t e  
containing associa ted  volcaniclastic and continent-derived 
c l a s t i c  sedimentary  rocks. The  following l ines of evidence  
indicate t h a t  t h e  Akaitcho Group was  probably deposited in a 
r if t .  

I .  The presence  of de t r i t a l  epidote,  zircon and tourmal ine  in 
t h e  abundant  arkos ic  turbid i tes  (Unit  2) in t h e  lower p a r t  
of t h e  Akai tcho Group indica tes  t h a t  a cont inenta l  source  
a r e a  was  near  during deposition of this unit. 

2. The presence  of granitoid and qua r t z i t e  cobbles in con- 
g lomerates  associated with t h e  volcanic complexes  
(Uni t  3) indica te  t h a t  a cont inenta l  source  a r e  was  near  
during deposit ion of t hese  units. 

A 

S l O N  

a) T i - K 2 0 5 - P 2 0 5  plot for Akaitcho Group metabasalts. b)  Ti-Y-Zr plot for Akaitcho Group metabasalts. 

Figure 6.8 



The  lithologies present  in t h e  Akaitcho Group, t h e  
geochemistry of t h e  Akaitcho Group metavolcanic  rocks, t h e  
s t ra t igraphic  position of t h e  Akai tcho Group beneath  t h e  
Epworth Group, and t h e  inferred deposit ional history a r e  
consis tent  with t he  Akaitcho Group preserving products of 
r if t ing re la ted  t o  t h e  format ion of t h e  Coronation cont inenta l  
margin during t h e  Proterozoic,  a s  suggested by 
Hoffman et al. (1978). 

Economic Potent ia l  

A t  f i r s t  glance,  t h e  Akai tcho Group would seem t o  be  a 
likely exploration t a r g e t  for  volcanogenic massive sulphide 
deposits  because  of t h e  presence  of severa l  a r e a s  where  a 
transit ion f rom maf i c  t o  fe ls ic  volcanism occurs  in a sub- 
aqueous environment.  Closer examinat ion  shows that:  

a. fe ls ic  volcanic breccias,  which could se rve  a s  hosts for  
o r e  deposition, a r e  uncommon; 

b. associa ted  exhala t ive  deposits, such a s  bedded che r t ,  and 
haema t i t e  and magnet i te  f ac i e s  iron format ions  a r e  rare ;  

c. although volcanism was  subaqueous, i t  may no t  have  
occurred  in a mar ine  se t t ing ,  part icularly in t h e  lower- 
most  sec t ions  of t h e  Akai tcho Group; 

d. disseminated sulphides and minera l  showings in t h e  
Akaitcho Croup a r e  rare ;  and 

e .  t h e  volcanism was tholeii t ic,  no t  t h e  calc-alkaline 
volcanism commonly associa ted  with volcanogenic 
massive sulphide deposits  (Sawkins, 1976). 

L i t t l e  i s  known abou t  t h e  t ype  of minera l  deposi t s  associa ted  
with a r i f t  environment,  t h e  likely t ec ton ic  se t t ing  for  t h e  
Akaitcho Group; although the  bimodal volcanism and coa r se  
grained cont inent  derived c las t ic  rocks sugges ts  t h a t  if any 
deposits  a r e  present,  they should be  of t h e  Sullivan o r  Broken 
Hill Types (Ag, Pb, Zn, Cu) (Sawkins, 1976). 
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ADDENDUM 

REE d a t a  a r e  now available fo r  50 Akaitcho Group volcanic rocks. Unit I amphibolites a r e  
evolved cont inenta l  tholeiites. The Kapvik, Tuertok and lower Belleau basal ts  have sloping REE 
pat terns  (La/Yb - 10 t o  15) and REE abundances cha rac te r i s t i c  of cont inenta l  tholeii tes such a s  t h e  
Columbia River basalt  (E.G. BCR-I). The upper Belleau basalts have f l a t  REE pat terns  (La/Yb - 2 t o  
5 )  and abundances similar t o  oceanic basalts.  The f l a t  pat terns  a r e  not LREE depleted. The change 
in chemistry of t h e  basalts f rom t h e  older, evolved cont inenta l  thole i i te  t o  'oceanic' thoelii tes 
supports t h e  idea t h a t  t h e  Akaitcho Group preserves products of rif t ing re la ted  t o  t h e  format ion of 
the  Coronation continental  margin. The high and low Zr rhyolites have similar REE pa t t e rns  and a r e  
probably genetically related.  The La/Yb ra t io  of t h e  rhyolites (20 t o  22) d i f fers  f rom t h a t  for  t h e  
basalts, REE abundances in t h e  rhyolites a r e  lower than t h e  REE abundances in t h e  most f rac t ionated 
basalts, and t h e  rhyolite REE pa t t e rns  a r e  similar t o  t h e  REE pa t t e rns  for t h e  upper crus t .  Combined 
with t h e  o ther  evidence presented in th i s  repor t ,  t h e  REE d a t a  indicate t h a t  t h e  rhyolites a r e  almost 
cer ta in ly  derived f rom crus ta l  fusion. An Rb-Sr whole rock a g e  of 1881 12 Ma (20) has been 
obtained f rom 6 samples  of a high Zr rhyolite porphyry sill near Kingarok Lake. This age  is 
considered an age  of metamorphism. 
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Abstract 

A semi-automated interpretation system for the vertical gradient of the total magnetic field is 
described. The system essentially involves manual selection of positions for analysis from the 
contour map, followed by automatic interpolation and storage o f  the profiles. Interactive programs 
using matched filtering or least-squares techniques are then used to estimate the parameters of the 
causative sources. The least-squares approach can be applied to  multibody situations by subtraction. 

The effectiveness of the methods is illustrated by their application to  the estimation of the 
depth t o  magnetic sources in the Key Lake area o f  Saskatchewan presumed to  lie at or near the 
surface of Archean domes mantled by an Aphebian pelitic to semipelitic basal unit with graphitic 
horizons. Uranium-nickel orebodies occur in suitable structural traps in the basal unit at the 
unconformity between the peneplaned domes and the overlying Athabasca formation sandstone. 

In terpre ta t ion System 

A computer-based sys tem has  been designed t o  
e s t ima te  t h e  dimensions, magnetization s t rength ,  ,and depth  
of magnetic sources. This sys tem is based on techniques 
developed ear l ier  (Teskey, 1978) for  t o t a l  field 
interpretation. However, t h e  present sys tem is intended 
more  specifically for  t he  in terpre ta t ion of ver t ica l  gradient  
data .  

The significant f ea tu res  of the  vertical  gradient a r e  a 
decreased sensit ivity t o  depth ex ten t  (for bodies more  than 
four t imes  the  depth  of burial) and improved l a t e ra l  
resolution. The ne t  e f f e c t  is t o  accen tua te  sources near t h e  
surface  of the  crystall ine rocks. Latera l  offse t  and 
termination of anomalies are ,  of course,  indicative of faul ts  
and f r ac tu res  in the  basement.  
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Figure 7.1. Gradiometer interpretation system. 

The system, shown schemat ica l ly  in Figure 7.1, is 
described briefly below. 

D a t a  Input 

The gridded d a t a  a r e  taken f rom t h e  s tandard output  of 
t h e  Geological Survey of Canada aeromagnet ic  da ta -  
processing sys tem (stored on magnet ic  tape).  These d a t a  can 
be  preprocessed in order  t o  enhance  o r  improve t h e  data 's  
interpretabili ty through operat ions  such a s  continuation, 
calculation of derivatives o r  calculation of t h e  ver t ica l  
component.  This is done in all  ca ses  by converting t o  t h e  
frequency domain with t h e  f a s t  fourier t ransform (FFT), 
applying the  appropr ia te  weighting functions and then 
reconverting t h e  d a t a  back to  t h e  space  domain. 

The cen t r e  position, angle and number of profile points 
a r e  se lec ted manually f rom t h e  contour map and punched on 
computer  cards  for each anomaly t o  be interpreted. Five  
profiles across t h e  anomaly a r e  then interpolated 
automatically f rom t h e  gridded d a t a  s e t  and stored on disc 
along with t h e  above information. These d a t a  can  then be 
accessed by the  matched fi l tering or relaxation program 
through an  identification number. 

Matched Fi l ter ing 

The basic operation of t h e  matched fi l tering technique 
is t h e  calculation of t h e  cross-covariance between t h e  
interpolated d a t a  and pregenerated model d a t a  ca lcula ted  
over t h e  range of variables. (In this case  width (A), s t r ike  
ex ten t  (B), and magnet ic  dip (a) fo r  a prism model.) This 
calculation is done over a range of o f f se t s  j, such t h a t  t h e  
cross-covariance 

where: 

N = number of points V, = model var iance  
ctmsen fo r  window 

; profile variance 
T. = model values P 

Tav = model ave rage  
P. = profile values 

Pav = profile ave rage  
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RANGE OF A 

SET A TO VALUE CORRESPONDING 
TO MAXIMUM ABOVE I 
CALCIJLATE DEPTH-AIMLISTED CROSS 
COVARIENCES OVER RANGE OF B 

SET B TO VALUE CORRESPONDING 
TO MAXIMUM ABOVE I 

RESET I N I T I A L  VALUES 
TO CURRENT A, B , a .  
RESET RANGES 

CALCLLATF, DEPTH-ADJUSTED CROSS- 
COVARIENCES OVER RANGE OF a 

SET a TO VALUE CORRESPONDING TO 
MAXIMUM ABOVE 

1 PLOT FITTED PROFILES. STORE 
M,4GNETIZATION, DEPTH, OFFSET, I 

Figure 7.2. Matched filtering interpretation program. 

POS'N. AZIMUTH. 
CURRENT ESTIMATES 

FROM DISC. 

INPUT N W  
I.J. DATA 

SURFACE 
USING POUR 

CORNERS 

INPUT NO. OF 
SOURCES TO BE 

SUBTRACTED, 
SOURCE NOS. 

ABOVE. CALCULATE 
THE FIELD AT THE 

DATA POINTS 6 SUBTRACT 

DISPLAY AND RESET 

v 
DISPLAY CURRENT 

I ESTIMATES I 

INTERACTIVELY SMRP. CLlRRENT 
SELECT P M T E R S  ESTIMATES 

TO BE VARIED. ON DISCS 

(CONSTANT, MAGNETIZA- 
TION, AZMUTH(9)s DIP  (0 ,  
WIDlU.STRIKE. OR 

x .Y.z .e ,  or 4 OF 
EACH PACE COHPRISING 
BODY. HAXIMlJn - 7 )  

CALCULATE 
DERIVATIVES AT 

EACH DATA POINT DUE 
TO SELECTED 
PAR4UETERS. DISPLAY 
SENSITIVITY VECTOR AND 
COVARIANCE MATRIX 

ENTER 

< 0 2 POWELL 
NOW-LINEAR 

\ / I ROUTINE. I 

I( I 

Figure 7.3. Relaxation program. 
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The es t ima tes  obtained f rom 
t h e  matched fi l tering program, 
a f t e r  being re turned t o  d isc  can  be  
used a s  initial input t o  an  
in teract ive  relaxation program. 

Relaxat ion 

In this program, t h e  
magnetization, strike-angle,  dip, 
width, s t r ike-extent  and position of 
t h e  e n t i r e  pr ismat ic  body obtained 

CLUFF L A K E  COLLINS BAY A f rom t h e  matched fi l tering program 
MIOWEST LAKE. can be  varied a s  well a s  t h e  strike- 

angle,  dip and position of each  side. 
The pa ramete r s  t o  b e  varied for 

WEST B E A R  L e a c h  pass a r e  se lec ted by t h e  
in t e rp re t e r  who then has  t h e  option 
of a linear or nonlinear adjus tment .  
The process can be terminated and 
t h e  resul ts  re jec ted o r  re turned t o  
d isc  a s  desired. The flow c h a r t  for  
this program is shown in Figure  7.3. 

Application 

Background 

A high resolution magnet ic  
to t a l  field and gradiometer  survey 
a t  a n  a l t i t ude  of 150 m and with a 
l ine spacing of 300 m was flown 
over t h e  Key Lake area ,  
Saskatchewan in 1977 (Geological 
Survey of Canada, Open File 529). 
The  location of t h e  a r e a  i s  shown in 
Figure 7.4 (Hoeve and Sibbald, 
1978). Contour ,maps of t h e  to t a l  
field and ver t ica l  gradient a r e  

5. shown in Figures 7.5 and 7.6. 
Uranium and nickel mineralization 
were  discovered in th is  a r e a  in 1975 
and 1976, and t h e  a r e a  has  
subsequently been t h e  subject of 
extensive  geological and 
geochemical  investigations 
(Gatzwei ler  e t  a]., 1979). 

KILOMETERS 
0 lo LO 30 40 $0 
-0 The geology of t h e  Key Lake 

a r e a  has  been described bv Rav 

LEGEND 

4 Edge of Alhoborca Formol~on  

/ Edge of P h a n e r o z o ~ ~  cove, 

I M O ~ O ~  (nu11 or sheor zone 

R ' L r l h o a l r ~ c l u r ~ l  domo!n Doundar~er 

Uranturn deposmlls 

Figure 7.4. Precambrian Shield o f  Saskatchewan, showing location of Key Lake The geological environmeit 
(from Hoeve and Sibbald, 1979). f e l t  t o  be important  for  t h e  

emplacemen t  of t h e  o r e  is  shown in 

An exac t  match will result  in a value of I C .  I = I ,  whereas  a 
complete mismatch gives a value of I c j  1.0. Thus t h e  
criterion for  t h e  best  match is t h a t  t h e  value of I C j !  should 
be  closest  t o  one. The depth  of t h e  causat ive  body 1s found 
by contract ing or  expanding t h e  profile t o  improve t h e  fi t .  
This is accomplished by f i rs t  interpolating t h e  profile s e t  t o  
twenty  t imes  the  original number of points, and then 
sampling t h e  expanded profiles over a range of intervals. The 
magnetization e s t ima te  is obtained f rom t h e  r a t io  Vp/Vt. 
Further description of this technique plus a discussion of t h e  
model choice is given in Teskey (1978). 

The main advantages of th is  technique are:  

1) No init ial  e s t ima te  of parameters  a r e  required. 

~ i g u r e  7.7 (from Ray, 1977). It is 
f e l t  t h a t  circulating hydrothermal 

fluids in t h e  Athabasca sandstone deposited t h e  minerals in 
suitable s t ructura l  t r aps  upon coming in con tac t  with t h e  
reducing environment caused by t h e  presence of graphi te  and 
sulphides in t h e  basal Wollaston group. The graphi te  and 
sulphide horizons also a c t  a s  e lec t romagnet ic  conductors. 
Some major magnet ic  t rends  appear  t o  b e  re la ted  t o  t h e  
Archean basement by extrapolation f rom the  portion of t h e  
a r e a  t o  t h e  south of t h e  Athabasca  unconformity in which 
some  outcrop occurs (Ray, 1977). However t h e  presence of 
pyrrhotite in t h e  Aphebian basal  peli t ic zone and up t o  f ive  
per c e n t  by volume magnet i te  in t h e  Aphebian meta-arkose 
units would also produce magnet ic  anomalies. Some 
presumed -Hudsonian intrusives of basic t o  in termedia te  
composition a r e  a lso  noted in t h e  area .  

2) The cost  per depth e s t ima te  is much less than s tandard 
techniques such a s  nonlinear leas t  squares. 

The flow c h a r t  for  th is  program is shown in Figure 7.2. 



Figure 7.5. High sensitivity total field magnetic contours, Key Lake, Saskatchewan. 



Figure 7.6. Vertical gradient contours, Key Lake, Saskatchewan. 
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Figure 7.7. Proposed s t ruc tu re  underlying Key Lake area .  Si tes  considered favourable  f o r  o re  
deposition a r e  shown by an  as ter isk  (from Ray, 1977). 

The Key Lake orebodies a r e  found along the  
intersection of a northeasterly trending fault  which extends  
to  the  basal graphitic zone, and t h e  sub-Athabasca 
unconformity, on t h e  northwest flank of a nor theas tern  
ArcheanIAphebian pericline. 

The potential  of t h e  gradiometer  for outlining the  
contacts  and t h e  depth t o  periclinal bodies and for  locating 
faults tends  to  make i t ,  with electromagnetics,  a promising 
method for exploration in this environment. 

Interpretation 

A preliminary study of the  magnetic sources was 
carried out for t he  Key Lake area .  Anomaly selection and 
depth e s t ima tes  were  made using t h e  methods outlined in t h e  
previous section. Ref inement  where  necessary was done 
using a modification of t h e  relaxation program which uses 
only the  cen t r a l  profile thus enabling a simplified and much 
cheaper generat ing function. 

In order t o  maximize t h e  usefulness of depth  e s t ima tes  
i t  is necessary t o  have some  measure  of t h e  confidence t o  b e  
placed in a particular result. Initially this can b e  done by 
examination of t h e  to t a l  field and ver t ica l  gradient contour 
maps (Fig. 7.4, 7.5). Clearly anomalies which a r e  distorted or 
overly af fected by neighbouring sources must be given a 
lower confidence level. The relationship between t h e  to t a l  
field and ver t ica l  gradient anomalies is  also indicative of t h e  
nature  of t he  source. For example,  anomalies t h a t  appear  
strongly in both fields with good correspondence a r e  likely t o  
be  due to sources which extend t o  g rea t  depth,  whereas  
anomalies t h a t  a r e  strong only in t h e  ver t ica l  gradient field 
a r e  probably due to  shallower bodies. 

LAKE 

An a t t e m p t  t o  provide a numerical measure  of t h e  
confidence t o  b e  placed in a par t icular  result  was  made  by 
analyzing t h e  minimization surface ,  which is simply t h e  sum 
of squares d i f ference  between t h e  d a t a  and t h a t  genera ted by 
t h e  model sources for  various values of t h e  source  
parameters .  This surface  is shown in Figure 7.8 for an  
anomaly due t o  a prism with a width and depth of four units 
and a s t r ike  e x t e n t  and depth  e x t e n t  of one hundred units. 
The surface  was  calcula ted  by varying t h e  depth  (H) and 
width (A) f rom 0.5 t o  10.0 units in s t eps  of 0.5, calculating 
t h e  bes t  least-squares value of t h e  magnetization a t  each 
point and then t h e  sum-of-squares d i f ference  between t h e  
current  and ideal model.   he c o r r e c t  solution, of course,  
gives a d i f ference  of zero.  The z e r o  value can  b e  seen t o  l i e  
in a narrow trough of low differences,  within which t h e  
solution is a lmost  a s  good. Any in terference  o r  distortion 
could cause  t h e  minimum t o  shi f t  along this trough or even 
for more  than one local minimum t o  occur.  As can b e  seen in 
Figure 7.8, t h e  residual er ror  increases  much more  rapidly for  
depths g rea te r  than t h e  t r u e  depth.  Thus, for  t h e  c o r r e c t  
choice of model, e s t ima tes  a r e  much more  likely t o  b e  less 
than t h e  ac tua l  depth.  The slope of t h e  trough axis in t h e  
width versus depth  plane will also control  t h e  portion of t h e  
uncertainty which will a f f e c t  t h e  depth  es t imate .  For t h e  
ac tual  anomalies the  procedure used was t o  vary A, f rom t h e  
optimum value and then obtain 'best' values for  depth  and 
magnetization, thus providing an  e s t i m a t e  of t h e  cu rva tu re  
and slope of t h e  solution trough. The confidence t o  b e  placed 
in a particular solution is determined by (a) t h e  overall  
quality of f i t  (from t h e  normalized residual er ror)  and (b) t h e  
inverse of t he  curvature  of t he  surface  along t h e  axis of t h e  
trough multiplied by t h e  s lope in t h e  A - H p l a n e  
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Figure 7.8. Theoret ica l  minimization surface  f o r  a pr ismat ic  source  of width and dep th  f o r  units. 

( the  resolution parameter).  The smaller these  values a r e  t h e  Group I 
be t t e r  t h e  f i t  and t h e  higher t h e  confidence for  an  individual Despite t h e  offse t  between Anomalies 16 and 17, t hese  es t imate ,  also taking into consideration the  comments  a t  t he  appear to be related by a common strike direction (east-west) beginning of th is  section. These quant i t ies  along with t h e  an', Except for Anomaly 17, the depths are es t imated magnetization and depth  for each determination consistent at approximately below surface (150 must 
a r e  shown in Figure 7.9, where  e a c h  box contains f rom top t o  be subtracted from the depth shown in Figure 7.9 as these bot tom - t h e  anomaly number, e s t ima ted  magnetization, values a r e  depth  below t h e  fl ight elevation). Anomaly 16 is  es t imated depth,  quality of f i t  pa ramete r  (residual error),  and very prominent on both the total field and Vertical gradient resolution parameter.  and thus i s  probably due  t o  a source  of g r e a t  depth  extent .  

Discussion Group I1 
For the  purpose of discussion t h e  anomalies have been This group forms a V-shaped pat tern  with Anomaly 

separated into which appear be a subgroup 35, 36, 38 on t h e  eas t -west  a r m  and Anomalies 39, common geological fea ture ,  a s  shown in Figure 7.9. 77, 40 on the  north-south trending arm.  The north-south a r m  



Figure 7.9. Magnetization and depth estimates for Key Lake area as estimated from vertical gradiometer data. 
Cartner and Deilmann orebodies are shown as hatched areas. 
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is  more prominent in t h e  to t a l  field and thus is likely t o  be  
due t o  sources of g rea t e r  depth extent .  The e s t ima ted  depths 
of this a r m  a r e  very consistent ranging f rom 12 m to  25 m 
below surface.  The east-west a r m  is more  e r r a t i c  ranging 
from 25 m to  79 m, however the  low residual er ror  for 35 and 
38 indicates t h a t  more  confidence should be placed in these.  

Group I11 

Depth e s t ima tes  in this group range f rom 36 m t o  198 m 
(Anomaly 64 must obviously be disregarded a s  i t  lies above 
surface). The deeper es t imates  a r e  concentra ted  in the  
eas tern  portion. Good correlation between to t a l  field and 
vertical  gradient da t a  is obtained f rom all but  Anomaly 65 in 
the  western portion. The indication is t h a t  t he re  is a break in 
depth between Anomalies 9 and 18 with contributions f rom 
just below surface  t o  250 m below surface  in t h e  e a s t  and 
from surface  t o  approximately 150 m below surface  in the  
western  portion. 

Group IV 

This group includes th ree  anomalies in a southwest- 
northeast  trend below Group 111. Anomalies 79 and 80 give 
depths of 33 and 25 m below surface ,  whereas Anomaly 63 
indicates a depth  of 225 m. The residual e r ro r  for t h e  l a t t e r  
determination is qui te  high. 

Group V 

All but  Anomalies 62, 68, and 75 show good correlation 
between t h e  to t a l  field and ver t ica l  gradient data .  The 
values for Anomaly 68 must be re jec ted because they 
indicate a depth above the  ground. The remaining e s t ima tes  
vary f rom 2 5 m  t o  13911-1, with one determinat ion 
(Anomaly 59) a t  177 m below surface.  The residual er ror  for  
this case  is, however, quite high. 

Group VI 

This group forms a cluster on t h e  southwest end of a 
longer southwest-northeast  trend. Correlation between t h e  
to t a l  field and gradiometer is poor except  for Anomalies 53, 
57, and 58. Depth e s t ima tes  vary f rom 1 3  m t o  125 m below 
surface.  

These anomalies appear on the  continuation of Group VI 
with Anomalies 26 and 27 included because of similar 
appearance and proximity. Correlation between to t a l  f ield 
and ver t ica l  gradient d a t a  is good. Depth e s t ima tes  range 
f rom 54 m t o  225 m below surface.  

Group VIII 

This group lies on a southwest-northeast  t rend 
extending across t h e  map area.  Anomalies 41, 1, 2, 44, 49, 
47, 50, 23 and 25 show good correspondence between t h e  
to t a l  field and ver t ica l  gradient.  Depth e s t ima tes  range f rom 
25 m to  100 m below surface  in the  western portion with t w o  
es t imates  g rea te r  than 200 m on t h e  eas t e rn  portion of t h e  
trend. 

Group IX 

This group lies on a southwest-northeast  t rend t o  t h e  
south of t h e  previous group. All except  Anomaly 24 show 
good correspondence between t h e  to t a l  field and ver t ica l  
gradient gradiometer.  Depth e s t ima tes  range f rom approxi- 
mately 25 m to  200 m below surface ,  t he  deeper e s t ima tes  
again coming f rom t h e  eas t e rn  ext remity .  

Comparison with Drillhole Data 

Depths t o  basement were  provided by t h e  Saskatchewan 
Mining Development Corporation f rom holes drilled by 
Uranerz in 1979. I t  was  possible t o  compare  t h e  e s t ima ted  
depth t o  t h e  magnet ic  sources with t h e  ver t ica l  depth  t o  
basement a t  or near I4  anomaly locations. Good agreement  
was obtained with drillhole t rends  between Anomalies 29 
and 74 and along the  orebodies between Anomalies 80 and 28. 
The e s t ima te  from Anomaly 29, however, appears  t o  be  
shallow by approximately 50 m. Good ag reemen t  was  a lso  
obtained a t  Anomalies 73, 31, 33  and 37. The e s t ima ted  
depth f rom Anomalies 61, 6, 73 and 32 appears  t o  be too 
g r e a t  by 50  t o  100 m, whereas  t h a t  f rom Anomaly 38 is 
shallow by approximately 30 m. 

Conclusion 

Depths t o  magnet ic  sources in the  Key Lake map  a r e a  
appear  t o  range f rom about  50 m below surface  on t h e  west 
t o  approximately 200 m below su r face  towards  t h e  eas t .  As 
mentioned ear l ier ,  individual determinat ions  cannot  be 
considered as absolute because  of t h e  uncertainty depicted in 
Figure 7.8. On t h e  o the r  hand t h e  maximum depth  is  fairly 
well defined and thus in the  majority of cases  can be  taken a s  
t h e  maximum depth  for  t h e  sources. The Archean basement 
is probably qui te  irregular,  account ing for  some  of t h e  
variation. Depth ex ten t  is primarily shown by good 
correlation between t h e  to t a l  field and ver t ica l  gradient  and 
a s  th is  condition corresponds t o  t h e  model, indicates  more  
reliable results. An additional indication of reliabil i ty is t h e  
residual er ror  and t o  a lesser ex ten t  t h e  resolution 
parameter .  The maximum information f rom t h e  
aeromagnet ic  d a t a  can only be  a t t a ined  by relating anomalies 
t o  t h e  causat ive  sources through drillhole information. This 
information could be  used t o  de te rmine  t h e  co r rec t  models t o  
be used, thus improving reliability. 
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Abstract 

The movement of diamond drills by tracked vehicle and sleighs in central District o f  Keewatin 
was studied during the summer of 1979. Drill movement by tracked vehicle in some cases produced 
ruts up to  15 cm deep and/or completely severed the vegetation mat. In spite of this, in the short- 
term, the level of disturbance did not increase noticeably beyond that o f  the primary disturbance. 
There was no evidence o f  substantial induced thermokarst subsidence in an area of well drained till. 

Loading by the vehicle was not uniform along the length o f  i ts  track but was higher under the 
bogie wheels. Patterned ground forms such as ice wedge polygons, hummocks, and mudboils are 
common in the Lone Gull area. The topographic irregularities produced by these features may be 
sufficient to  induce normal stresses up to  500 per cent higher than those recorded on a flat surface. 

Introduction 

At  Lone Gull Lake, located some 80 km west of Baker 
Lake, Dis t r ic t  of Keewatin, a 40-man c a m p  was  maintained 
by Urangesellschaft  Canada Ltd. in support  of a delineation 
drilling program (Fig. 8.1). A t  t h e  request  of Depar tment  of 
Indian and Northern Affairs (DINA) a program was init iated 
primarily t o  monitor t h e  ter ra in  disturbance resulting f rom 
the  movement of diamond drilling equipment using a t racked 
vehicle on di f ferent  mater ia l  types and under various 
conditions throughout the  summer. Tests  t o  study t h e  normal 
s t ress  on t h e  ground surface  produced by the  vehicle 
movement also were  conducted. The four diamond drills used 
were  commonly moved less than 50 m within a 3 k m 2  area .  It 
was  originally planned t o  use a t racked vehicle for t h e  
majority of moves; unfortunately, because of a con t rac t  
dispute, t h e  t racked vehicle was  used only t o  a l imited 
degree,  and a helicopter was used in i t s  place. This paper 
presents preliminary results of t h e  monitoring program. A 
discussion of all  aspects  of t he  1979 program is presented by 
Ferr is  (1980). 
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A nes t  of pressure sensors was buried a t  a selected location, 
then t h e  vehicle was  manoeuvered in to  position over t h e  
sensors. The gauges were  read manually a s  t h e  drive 
sprocket  ( S )  and each  wheel (numbered along one s ide  f rom 
t h e  front,  WI, W2, W3) and in termedia te  points between the  
wheels passed over  t h e  sensors (Fig. 8.2, 8.3). 

The t rack of the  vehicle had a ser ies  of bolts anchoring 
c l ea t s  t o  t h e  t r ack  bot tom (Fig. 8.2). The c l ea t s  formed a 
depression for t h e  bogie wheels such t h a t  t he  c e n t r e  of t he  
t rack protruded below t h e  main t r ack  surface.  The pressure 
sensors were  buried a t  depths of 5 and 10 c m  a t  t he  t rack 
edge and t r ack  cen t r e ,  respectively t o  avoid sensor damage  
f rom the  cleats.  On the  basis of Newmark s t ress  with depth 
cha r t s  (Lambe and Whitman, 1969), t h e  pressure d i f ferent ia l  
recorded a t  these  depths represents  about  90 per c e n t  of t h e  
ac tua l  normal s t r e s s  generated at the  ground surface;  
however, no correct ions  were  made in t h e  d a t a  presented. 

Fla t  Ground Test 

For  t h e  t e s t  on f l a t  ground, one  gauge was  placed under 
the  cen t r a l  portion of the  l e f t  t r ack  and one under t h e  outer  
edge of t h e  l e f t  track. A graph of normal s t r e s s  on t h e  
ground surface  produced when di f ferent  portions of t he  
vehicle were  positioned over  t h e  sensors i s  presented in 
Figure 8.3. The numbering sequence of t h e  wheels and 
sprocket  form t h e  abscissa of t h e  graph. 

Normal St ress  Tests  

The vehicle used for  drill movement was  identified by 
the  owner a s  a Nodwell RN-75, having a single t rack width of 
1.06 m and a length of 3.85 m. These dimensions resulted in 
an  average normal s t ress  on the  ground of less than 13.0 kPa. 

All normal s t ress  t e s t s  were  conducted with t h e  empty  
vehicle only; planned t e s t s  with the  vehicle under load o r  
moving a drill were  not  carr ied  ou t  because  of contractual  
problems between Urangesellschaf t and t h e  vehicle owner. 
The t e s t s  a r e  not  definit ive but indicate  t h a t  topographic 
irregularit ies,  such a s  hummocks or  o ther  pat terned ground 
forms, may a c t  t o  localize normal and shear s t resses  
significantly above those expected on the  basis of f la t  ground 
performance. 

The t e s t s  were  designed t o  determine the  normal s t r e s s  
applied by the  vehicle on till. The t h r e e  t e s t s  included: 
l )  a traverse ground, 2, terrain Figure 8.1. Lone Gull Lake site, the location of  the vehicle 
headon, and 3) crossing hummocky ter ra in  side-on (Fig. 8.2). monitoring program, 
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In this t e s t  and in subsequent t e s t s  differential  
pressures generated when a wheel passed over t h e  sensor 
were substantially higher than when a portion of the  t rack 
with no wheel immediately above passed over the  sensor. 
Loads were  not distributed uniformly over t h e  en t i r e  t rack;  
t h e  wheels provided pressure points where  s t resses  were  
commonly 300 per cen t  higher than under the  res t  of t he  
t rack.  This may have resulted in par t  from incorrect  t rack 
tension; if t h e  t r ack  is too slack t h e  wheels a c t  a s  pressure 
points. 

Soil compaction was  limited a s  t h e  pressure gauges returned 
t o  or near 0.0 kPa a f t e r  t h e  vehicle had passed over the  s i t e  
(Fig. 8.3). 

Head-on Hummock Traverse  

Three pressure sensors were used for this tes t :  ( I )  was  
located on f l a t  ground at t h e  edge  of t h e  t rack;  (2) was  
located on f l a t  ground under t h e  c e n t r e  of t h e  t rack,  and 
(3) was located on a hummock top  under the  t r ack  c e n t r e  

Because a ridge protruded along the  cen t r e  of t he  (Fig. 8.2, 8.3). Predictably,  readings were  I 
( I )  and (2) when t '  ' ' ' . , 

t rack,  normal stress was g rea te r  under the  t rack cen t r e  than differential pressur under t h e  edge. In spi te  of this variation, measured in the flat ground di f ferent ia l  pressures were  essentially t h e  s a m e  a s  those  passed over the hummock, p;essures of 55.5 kPa, or 500 per expected on the  basis of load and t rack a r e a  computations. cen t  higher than t h e  highest values 
4c -\W recorded during t h e  f l a t  ground t e s t ,  

- - 1 ! were measured. Compaction occurred - - -m 3 +  C,,",, ,,+,, I?\ ,,A (-2) 7 ,  +,+-I 

~ i g h e s t  a t  sensors 
ne  venlcle Degan r o  c u m b  t h e  hummock; 
.es 100 per c e n t  higher than those  recorded 
t e s t  were  generated.  As t h e  f ront  wheel 
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relaxation (0.0 k 
t h e  passage of 1 
sions 2 t o  15 c m  

L/ ( 1 1 I U  \ 

) did not 
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depth  wf 

a2 r v ~ a ~  

:cur a f t e r  
d depres- 
produced 

(Fig. 8.2). 

. Side-on Hummock Traverse  

In this t e s t  t h e  vehicle listed t o  
one s ~ d e  a s  ~t was driven over a 

p r- , :. -- hummock. Three  sensors were  
GL,.~ &, - ~ o s i t i o n e d  under t h e  lower track: under 

Y 
ki ther  edge and in t h e  t r ack  cen t r e  

$%%'r.-:. ., (Fig. 8.2, 8.3). The highest readings 7; were recorded in t h e  t r ack  c e n t r e  
(24.0 kPa), and a s  might b e  expected 

T&;s;,:$,f.,. .;',..'--;- ', . ' a  

: lower readings were  recorded under t h e  

,&..4; ;;;: a:., ,,;: .: ;,.<. , y#?+:;4:,..; 
' inside of t he  lower t r ack  than under t h e  

. . , * ; , ;  ' .  . .. . .  . 
:,<,st;;[ , :. ,. , . r, ? .,.,;: *.:,, :. ;:: , . .s ., 

: outside t rack edge (maxima of 6.9 and 
, .  . .  . 13.8 kPa, respectively). . .  , : ,  ' . , , -, . .. , 

f rom a single drill move by t racked 
vehicle across an  a rea  of till on 
June 18, 1979. The drill was moved on 
a wooden skid, 5.5 m long and 3.5 m 
wide, on t h r e e  runners 0.15 m wide. 
The drill with t h e  mast  removed was  
winched onto  t h e  skid which then was 
dragged by Nodwell t o  t h e  next  si te.  
The theoret ica l  ave rage  normal s t r e s s  
applied by t h e  loaded skid was  less than 
13.0 kPa. 

The till su r face  is dominated by 
b a r e  c e n t r e  mudboils t h a t  have well 
vegeta ted  borders. Three  t r ips  were  
required t o  move t h e  drill and i t s  
associated equipment between sites,  a 
dis tance  of approximately 50  m. 
Because t h e  vehicle and skid required a 
large  turning radius, a substantial  
ground a r e a  was t raversed by the  
vehicle (Fig. 8.4). 

L i t t l e  d is turbance occurred when 
t h e  skid was empty ,  and t h e  vehicle and 
skid moved forward in a s t ra ight  line, 
such a s  when t h e  vehicle f i r s t  

Figure 8.2 Test sites where normal stresses applied by a tracked vehicle were entered t h e  drilling a r e a  (A, F.ig. 8.4). 
measured: A, site of the flat ground test .  B, site of the hummocky terrain, side-on The ground-bearing capaci ty  measured 
test .  The site o f  the hummocky terrain, head-on test was similar to  that of B. Note by a pocket penetrometer  averaged 
the channel formed by the track cleats which act as a guide for the bogie wheels. 53 kPa, a value substantially higher 
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FLAT GROUND HUMMOCK, HEAD ON HUMMOCK,SIDE ON 

WHEEL POSITION 

Figure 8.3. Normal stress on the ground surface produced by a tracked vehicle. The numbers ( I ) ,  
(2), and (3) refer to  the location of individual pressure sensors (see text). 

Figure 8.4. Aerial photograph of vehicle tracks associated with the June 18, 1979 drill move. 
'X' locates the position of the drill prior to the move. When the vehicle with the unloaded skid in tow 
travelled in a straight line, such as at 'A' where it first entered the area, little disturbance occurred. 
Small radius turns under load caused the greatest terrain disturbance. 
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than the  s t a t i c  theoret ica l  or measured f l a t  ground normal As a result  of t he  disturbance level of this single move, 
s t ress  exer ted  by t h e  vehicle or t h e  skid. In spi te  of a high t h e  company decided t o  suspend drill movement  by tracked 
bearing capacity,  ru ts  up t o  15 cm deep were  produced due to  vehicle until a more  suitable skid was  obtained. Later ,  
t rack slippage when t h e  drill was moved. Slippage occurred because of a contractual  dispute, t racked vehicle movement 
during start-up under load, and sheets  of vegetation were  was suspended completely for t he  summer.  
sheared from their  roots. In some cases  t h e  damage aooeared 

-2 L a  

minimal, but the  vegetation ma t  could be turned over by hand Track Monitoring (Fia. 8.5). S h a r ~  turns resulted in shearing under at leas t  one  
traFk, and in addition t h e  ground surface  &as ploughed by t h e  An a r e a  of t w o  single vehicle passes associated with t h e  
skid runners a s  they slipped sideways across t h e  tundra. The June  18, 1979 drill move was monitored t o  de te rmine  whether 
l a t t e r  occurrence  was  aggravated by cracked joists on t h e  t h e  level of disturbance increased over  t ime  a s  a result  of 
skid which placed undue load on t h e  cen t r a l  runner (Fig. 8.6). thermokars t  subsidence (Fig. 8.6). A bedstead recorder was 
The s t ee l  c lea ts  of t h e  vehicle c u t  t h e  vegetation into installed t o  record ground surface  movement.  
strips. It is  not known whether these  strips wi l l  reroot  or  The bedstead consisted of t h r e e  copper-clad rods, whether they will die;  however, the  larger severed mats  cm in diameter and 2,4 which were driven into (Fig. 8.5) did not show any signs of recovery by t h e  end 
of the  summer. t h e  permafros t .  The rods were  

ar raneed in a s t r a i eh t  l ine and s ~ a c e d  

Figure 8.5. An area of apparently limited disturbance. The tracked vehicle 
moved the drill across this particular site without creating ruts; however, the 
vegetation mat was severed at the root layer, and pieces of the mat could be 
flipped over easily by hand. 

Figure 8.6. An area of rutting associated with sharp turns made by the 
vehicle moving a drill. The tracks in the foreground were monitored for 
subsidence by means of bedstead recorder (see text). 

u " 
3 m apar t .  Aluminum tubing was  run 
between and was  a t t ached  securely t o  
t h e  rods. Holes were  drilled perpen- 
dicular t o  t h e  ground surface  at 1 5  c m  
intervals  along t h e  tubing, and 
aluminum rods were  passed through t h e  
holes to  res t  on locators  on t h e  ground 
surface .  The change in position of t h e  
aluminum rods, re la t ive  t o  the  tubing, 
provided a measure  of ground heave or  
subsidence. The sys tem is similar t o  
one described by J a m e s  (1971). The 
bedstead recorder  monitored both 
disturbed ter ra in ,  associated with t w o  
vehicle passes, and adjacent  
nondisturbed ter ra in .  

Ground su r face  movement 
rilative t o  t h e  ground surface  position 
on June 21, 1979 a t  t he  bedstead s i t e  is 
presented in Figure  8.7. During t h e  
l a t t e r  par t  of June some  surface  heave 
occurred a s  a result  of diurnal or short  
duration f reezebacks .  Wet a r e a s  with 
high h e a t  capaci t ies ,  such a s  t h e  t r ack  
depressions, generally did not heave in 
response t o  these  short-term 
f luctuat ions  abou t  t h e  f reezing point 
(see  June  25, Fig. 8.7). 

By t h e  end of t h e  monitoring 
period t h e  ground surface  in t h e  
t racked a reas  had subsided t o  a g rea t e r  
degree  than a t  t h e  nondisturbed sites;  
however, t h e  variation was small. 
Typical subsidence values by August 27, 
1979 were  5 . 5 c m  in zones of 
disturbance and 4.0 c m  in nondisturbed 
vege ta t ed  a r e a s  (Fig. 8.7). The 
majority of t h e  recorded subsidence 
resulted f rom s imple  a c t i v e  layer  thaw 
progression: During winter  f reezeback 
segregated i c e  fo rms  in t h e  ac t ive  layer 
causing t h e  ground t o  heave, and during 
summer thaw t h e  ground subsides. The 
yearly subsidence values a r e  similar t o  
those reported for t i l l  in t h e  Henik 
Lake region, cen t r a l  District  of 
Keewatin (Egginton, 1979). The 
di f ference  in subsidence between t h e  
disturbed and undisturbed s i t e s  (1.5 c m )  
was  associated with a thickening of t h e  
a c t i v e  layer at t h e  disturbed sites.  
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BEDSTEAD TARGET NUMBER 
Figure 8.7. Ground surface  movement  a t  t he  bedstead s i t e  1979 (see Fig. 8.6). Two passes  ove r  t h e  
same  a r e a  were  monitored. LT1 and LT2 locate  t h e  lef t  t r a c k  during pass  1 and  pass  2, respectively.  
The level of disturbance was not  identical  for  both passes or  tracks.  M.B. l oca te s  a mudboil cen t r e .  
All movements  were  measured re la t ive  t o  the  position of the  ground surface  on June 21, 1979. 

The thaw progression of t h e  ac t ive  layer was  
periodically measured throughout t h e  summer by probing with 
a thin meta l  rod. For t w o  weeks following t h e  June  18, 1979 
drill move the  depth  of thaw increased more  rapidly in t h e  
ter ra in  disturbed by vehicle passage than in adjacent  
undisturbed a reas  (see  June 21 and July I ,  Fig. 8.8). This 
rapid increase in thaw depth in the  disturbed ter ra in  is 
associated with a localized decrease  in albedo and an  
associated increase  in su r face  t empera tu re  (Ferris,  1980). As 
t h e  depth  of thaw increased beyond 100 cm,  t h e  r a t e  of thaw 
became  more uniform a t  t h e  s i t e  a s  a result  of h e a t  
dissipation throughout t h e  thawed zone. Depth of thaw in t h e  
disturbed areas  (=139.0 cm)  was g rea te r  than in t h e  
nondisturbed a reas  (=I  31.0 cm). 

Discussion 

The drill move on June  18, 1979 resulted in an  increase  
in t h e  ac t ive  layer in t h e  t racked a reas  in comparison t o  t h e  
undisturbed sites. I t  i s  assumed t h a t  a l l  portions of t h e  
bedstead s i t e  with similar vegetation cover  had t h e  s a m e  
equilibrium act ive  layer depth (131.0 cm) prior t o  
disturbance. Because up t o  15.0 c m  of t h e  ac t ive  layer was  
removed by rutt ing and because disturbed s i tes  developed 
equilibrium ac t ive  layers typically 8.0 c m  (1 39.0-1 3 1.0 crn) 
g rea t e r  than nondisturbed sites,  some  degradation of t h e  
permafros t  obviously occurred. The to t a l  degradation can  be  
calcula ted  a s  follows: Approximately 15.0 c m  of t h e  
permafros t  degraded t o  replace  t h a t  portion of t h e  a c t i v e  
layer removed by rutting. The change in surface  
character is t ics  (albedo, ground surface  temperature ,  etc.)  a t  

t h e  disturbed s i t e s  caused the  ac t ive  layer t o  thicken by an 
additional 8.0 c m  (139.0-131.0). In addition, t h e  d i f ference  in 
subsidence between disturbed and nondisturbed sites,  1.5 c m  
(5.5-LO), is  a t t r ibuted t o  t h e  degradation of ground i ce  in t h e  
permafrost .  Therefore,  t h e  to t a l  degradation of t h e  
permafros t  in the  disturbed t i l l  monitored was  approximately 
24.5 c m  (15.0 + 8.0 + 1.5 cm). 

In spi te  of t he  degradation, i t  is in teres t ing t o  no te  t h a t  
only l imited thermokars t  subsidence was  associated with i t ;  
however, massive ground i c e  is  not  typical  of t i l l  in this 
region. 

A comple te  program of monitoring vehic le  performance 
on the  various ter ra in  types  a t  Lone Gull Lake was not  
possible in 1979. Cursory observations he re  and elsewhere in 
cen t r a l  District  of Keewatin suggest t h a t  in poorly drained 
s i tes ,  small  ponds may form a t  t he  junction of two  or more  
s e t s  of vehicle tracks,  inducing thermal  degradation of the  
permafrost .  Marine o r  alluvial deposits in low-lying a reas  
overlain by a thick vegeta t ion m a t  may b e  particularly 
vulnerable. These a r e a s  can  contain significant volumes of 
segregated and/or foliated i c e  (ice wedges). The vegetation 
provides considerable insulation a s  thaw depths  measured in 
alluvial deposits a t  Lone Gull Lake were  only 25 per c e n t  of 
those  on nearby more  sparsely vegeta ted  upland till areas.  In 
1979, t he  disruption of the  vegetation m a t  by vehicle 
movement  a t  t e s t  s i t e s  in low-lying a reas  lead t o  a localized 
thickening of t h e  ac t ive  layer  by 300 per  c e n t  and t o  some  
thermokars t  subsidence (Ferris, 1980). 



POINTS ALONG BEDSTEAD 
Figure 8.8. Thaw depth progression associated with the bedstead recorder s i te .  Although the 
ground surface (0.0) is displayed a s  being flat, ruts up t o  15 c m  deep occurred in the track centres,  
LTI. R T l ,  e t c .  (see Fig. 8.6). 
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Small irregularit ies in t h e  surface  topography of more  
o r  less f l a t  te r ra in  were  sufficient t o  increase  normal 
s t resses  produced by a tracked vehicle 500 per  c e n t  above 
those produced on a f l a t  surface.  The distribution of shear 
s t resses  may be  assumed t o  be  similarly a f f ec t ed  by local 
topographic variation. Track tension is important  for an  even 
load distribution; a slack t rack causes undue s t r e s s  to  be 
placed on the  ground surface  under t h e  bogie wheels. All 
s t r e s s  t e s t s  conducted in 1979 were  s t a t i c  tes ts ;  fu tu re  t e s t s  
a r e  planned t o  include dynamic loading by t h e  vehicle. 
An a t t e m p t  will b e  made t o  r e l a t e  vehicle operating 
procedure,  geotechnical properties of t he  materials,  and 
ter ra in  performance. 

To d a t e  only l imited information on ter ra in  
performance is  available. A single drill move by t h e  t racked 
vehicle on June 18, 1979 produced ruts  up t o  I 5  c m  in depth  
in an  a r e a  of well  drained till. The vegeta t ion m a t  was  
sheared a s  a result  of t r ack  slippage during s tar t -up under 
load. Track slippage also occurred when t ight  turns were  
made. In spi te  of this disturbance, t he re  was no evidence of 
substantial  thermokars t  subsidence in an  a r e a  of well  drained 

till. In fu tu re  this t ype  of monitoring will b e  expanded t o  
cover  t h e  range of surficial  mater ia ls  present  in t h e  area.  
The e f f e c t  of single and multiple passes on dis turbance levels 
also will b e  investigated. 

References  

Egginton, P.A. 
1979: Mudboil ac t iv i ty ,  cen t r a l  Dis t r ic t  of Keewatin; & 

Current  Research, P a r t  B, Geological Survey of 
Canada, Paper  79-IB, p. 349-356. 

Ferris,  J.P. 
1980: Observations on summer vehicle t r a f f i c  and 

drilling opera t ions  in t h e  Dis t r ic t  of Keewatin; 
unpublished repor t  presented t o  Depar tment  of 
Indian and Northern Affairs, Yellowknife, 43 p. 

James,  P.A. 
1971: The measurement  of soil frost-heave in the  field; 

British Geomorphological Research Croup, 
Technical Bulletin, no. 8, 43 p. 

Lambe, T.W. and Whitman, R.V. 
1969: Soil Mechanics; John Wiley and Sons, New York, 

p. 97-1 16. 
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Abstract 

Data on late Quaternary sea levels in the Beaufort Sea are extremely limited, yet the sea level 
chronology in this area is o f  some importance for studies of continental ice loading, submarine 
permafrost and ice scour, and deltaic sedimentation. The evidence suggests that deviations from 
published eustatic curves have occurred in the region, and indeed the concept o f  local correspondence 
with a worldwide eustatic pattern appears to  be outmoded. A hypothetical history for the Mackenzie 
Delta is proposed which includes limited isostatic depression due to  late Wisconsin ice, minor uplift ,  
and renewed subsidence due t o  forebulge collapse or sediment loading. A mid-Wisconsin transgression 
of the order of 10 m higher than present sea level is suggested by evidence in the Mackenzie Delta 
area and in north Alaska, but no evidence for sea levels higher than present since the late Wisconsin 
has been found west of Cape Bathurst. Coastal morphology, radiocarbon and archeological dates, and 
plausible mechanisms suggest a recent and perhaps continuing regional submergence. The tidal 
record at Tuktoyaktuk is insufficient to  resolve the contemporary trend of sea level. 

This report  is an a t t e m p t  to  col la te  available d a t a  
pertaining t o  l a t e  Quaternary  s e a  level f luctuations in t h e  
Mackenzie Del ta  a r e a  and elsewhere in the  southern Beaufort  
Sea. It is t h e  third in a ser ies  of regional summaries,  in 
which the  Paci f ic  Coast  (Clague, 1975) and t h e  Queen 
Elizabeth Islands (Blake, 1976) have figured previously. 
These form par t  of t he  contribution of the  Terrain Sciences 
Division t o  t h e  International Geological Correlation 
Programme (IGCP) Project  61 on Holocene sea  level changes. 

La te  Quaternary  sea  levels a r e  perhaps less well 
documented in t h e  southern Beaufort Sea than in any other  
major coas ta l  region in Canada. Without a s e a  level 
chronology, t h e  duration and a rea l  ex ten t  of seafloor 
emergence  in late Quaternary  t i m e  cannot  b e  established. 
This d a t a  gap presents a serious impediment to  studies of 
submarine permafros t  and ice  scour processes in t h e  Beaufort  
Sea,  and of the  history of the  distinctive sedimentary  bodies, 
notably t h e  Mackenzie Delta (C.P. Lewis, 1977), found in t h e  
region. Mackay (1963) presented a review of s e a  level d a t a  in 
t h e  Mackenzie De l t a  area ,  and i t  is  noteworthy t h a t  f ew 
additional ''C d a t e s  of relevance have become available 
s ince  then. However subsequent re in terpre ta t ion of l a t e  
Wisconsin i ce  limits, some  additional s t ra t igraphic  and 
chronological data ,  and consideration of cha rac te r i s t i c  litho- 
spheric response in ice-marginal areas ,  suggest a history 
involving neither postglacial s ea  levels higher than present 
nor exac t  correspondence with published eusta t ic  curves. 

The concept of a 'stable' locality, in which t h e  s e a  level 
history can be  taken t o  represent a global or  'eustatic '  trend, 
is  suspect  (Curray and Shepard, 1972). Indeed i t  is  now 
clearly evident f rom recent  geophysical studies, particularly 
t h a t  of Walcott  (1972a1, t h a t  deformation of t h e  e a r t h  a t  
g r e a t  distances f rom former  ice sheets  may occur  in response 
t o  t h e  redistribution of load accompanying c l imat ic  change. 
Furthermore,  isostatic depression beneath large  loads such a s  
the  Laurentide Ice Sheet may be accompanied by forebulge 
uplift in ice-marginal areas ;  such a f ea tu re  has been 
documented in eas t e rn  North America (e.g. Grant,  1975; 
Walcott, 1972b). Therefore  i t  is not possible, in t h e  Beaufort  
Sea  area ,  t o  assume t h a t  insignificant i sos ta t ic  adjus tments  
and close correspondence with 'worldwide eusta t ic '  curves  
have occurred. Unfortunately the  d a t a  base in t h e  southern 
Beaufort  Sea does not yet  permit the  establishment of t he  
local history in any but t he  most general terms.  

Regional Set t ing and History of Wisconsin Glaciation 

The physiography of t h e  region is  summarized in 
Figures 9.1 and 9.2. The Beaufor t  Sea  shelf t rends  roughly 
east-west and is  relatively narrow (40 t o  100 km) and shallow, 
with t h e  shelf break a t  100 m depth  or less. West of t h e  
Mackenzie Delta,  t h e  subaerial  Arct ic  Coasta l  Plain, also 
narrow (10 t o  100 km), is  flanked on t h e  south by mountains 
t h a t  form par ts  of t h e  Romanzoff Uplift and Aklavik Arch. 
East of t he  Delta,  t h e  Coasta l  Plain occupies t h e  
Tuktoyaktuk Peninsula and merges  with a n  extensive plain 
south  of Eskimo Lakes and Liverpool Bay. The Aklavik Arch 
t rends  nor theas t  f rom t h e  Richardson Mountains beneath  t h e  
Mackenzie Delta;  i t  was  ac t ive  locally a s  l a t e  a s  mid- 
Ter t iary  t i m e  (Norris, 1973). Thick accumulations of 
Cretaceous  and Ter t iary  c las t ic  sediments  a r e  found off t h e  
northwest flank of t h e  Aklavik Arch (in t h e  vicinity of 
Kugmallit Bay) and in s t ruc tu ra l  depressions within the  Arch. 
The Mackenzie Del ta  occupies a glacially scoured s t ructura l  
depression, developed by l a t e  Cre taceous  block faulting 
(Yorath, 1973). This depression extends  seaward t o  
Mackenzie Canyon a s  a partially infilled box-like trough, 
trending nor thwest  across  t h e  shelf t o  in tersect  t h e  
cont inenta l  slope a t  a depth  of about  400 m (Canadian 
Hydrographic Service,  1973a; Shearer,  1972). West of t h e  
Del ta ,  t he  Arct ic  Coasta l  Plain merges  on the  south with an  
extensive post-Paleocene pediment.  This surface  and under- 
lying beds rise towards  and into t h e  mountains, but appear  
also t o  be t i l ted  down towards t h e  nor thwest  (Rampton, in 
press) with a slope of approximately 0.75 m/km. The d a t e  of 
t h e  presumed ti l t ing has  not  been established. 

Pa r t s  of this region were  glacia ted  in ear ly  Wisconsin 
ti.me o r  ear l ier  by Laurent ide  i ce  moving west  and northwest 
along t h e  Mackenzie trough out  across t h e  Beaufort  Sea shelf 
and adjacent  coas ta l  plain. The ear ly  Wisconsin advance has 
been termed the  Buckland Glaciation (Rampton, in press). 
The l imit  of this glaciation, plotted in Figure 9.2 ( a f t e r  
Hughes, 1972), l ies against  t h e  northern slope of t h e  
Richardson Mountains, along t h e  southern  edge  of t h e  coas t a l  
plain, and across  t h e  present  coas t  west  of Herschel Island. 
East  of t h e  Mackenzie Delta,  t h e  l imi t  l ies north of Eskimo 
Lakes and southern Liverpool Bay, extending nor th  into 
Kugmalli t  Bay e a s t  of Tuktoyaktuk. 

Extensively deformed f rozen sediments  on Herschel 
Island, t h e  coas ta l  hills southeas t  of Kay Point, and 
elsewhere,  a r e  considered t o  be  the  resul t  of ice  thrusting by 
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Figure 9.1. Location map  showing Beaufort Sea coast  f rom Point Barrow, Alaska t o  Banks Island. 
Note, submarine valley del imi ted by t h e  50 m isobath nor th  of Kugmalli t  Bay, broad shelf no r th  of 
Cape Bathurst, and partially infilled trough of Mackenzie Canyon trending northwest f rom t h e  de l t a  
f ron t  off Herschel Island. 

the  early Wisconsin advance (Mackay, 1959). This event  
appears  t o  be much older than 40 000 years (Mackay e t  al., 
1972) and may be Illinoian (J.R. Mackay, personal 
communication, 1979). From evidence of a l a t e  Wisconsin ice  
l imit  descending northward to  less than 300 m a.s.1. west of 
Aklavik (Hughes, 1972) and t o  less than 200 m near Inuvik 
(Rampton, in press), i t  is now thought tha t  l a t e  Wisconsin ice  
did not extend northwest of Shallow Bay (Mackenzie Del ta  
f ront)  and may have been less extensive than previously 
believed e a s t  of t he  Mackenzie Del ta  (J.R. Mackay, personal 

although not prominent,  throughout t h e  region. All 
apparent ly  predate  l a t e  Wisconsin glaciation. On t h e  o the r  
hand, submerged fluvial topography is evident  in severa l  
places beneath t h e  Beaufort  Sea  (Mackay, 1963; 
D.M. Hopkins, personal communication, 1979). A r ise  of sea 
level is indicated by many drowned valleys along t h e  coas t  
(Fig. 9.3), including Roland Bay and inlets e a s t  of King Point 
on t h e  Yukon coast ,  Canyanek Inlet and Tuktoyaktuk Harbour 
on Kugmallit Bay, and several es tuar ies  and embayments  in 
Liverpool Bay. 

communication, 1979; Rampton, in press). The -prominent 
moraine ridge parallel  t o  t h e  Yukon coast ,  previously Evidence suggesting recent  rise of mean s e a  level 

considered t o  b e  the  probable l a t e  Wisconsin l imit ,  recently comes  f rom archeological s i t e s  of Thule cul ture  a t  Cape 

has been interpreted a s  the  southern margin of a major Kel le t t ,  southwest Banks Island (Fig. 9-11, t h a t  in t h e  early 
1950s were  being undermined by s to rm t ides  (Manning, 1933) stillstand or readvance (termed t h e  Sabine phase) of t h e  and f rom Thule sites on Herschel Island below modern sea Buckland (early or  pre-Wisconsin) Glaciation (Rampton, in 
level (R.J. MacNeish, c i ted  by Bird, 1967; B. Walker-Yorga, press). The inferred d a t e  of maximum l a t e  Wisconsin i ce  personal communication, 1979). These sites may be less than 

extent in this area is between l3 500 and l4 OoO years 1000 years  old. A t  Stokes Point, on t h e  cen t r a l  Yukon coast ,  B.P. (Prest ,  1969; Mackay et al., 1972). 
a ser ies  of old beach ridges, developed under a rea ime of ne t  

Chronological Control  and Evidence of 
Varying Sea Level 

Radiocarbon and archeological d a t e s  relevant t o  t h e  
history of s ea  level in t h e  southern Beaufort  Sea a r e  l isted 
under three  regional headings in Table 9.1. Most d a t e s  
provide circumstantial  or negative evidence and very few 
allow the  position of a former  shoreline to  be  fixed with any 
confidence. In the  following discussion, present elevations of 
shore or o ther  f ea tu res  a r e  given re la t ive  to  modern datum 
(e.g., '-10 m' refers  t o  a depth of 10 m below present mean 
sea  level). 

Numerous topographic e lements  point t o  changes in the  
re la t ive  elevation of land and sea  in this region. Emergent 
t e r r ace  or beach f ea tu res  of widely varying age  a r e  present,  

southeastward longshore '  d r i f t , '  shows evydence of 
submergence in t h e  older (western) par t  of t h e  complex 
(Fig. 9.4). In t h e  absence of subsurface da ta ,  however, thaw 
or  -other consolidation processes cannot  be  eliminated a s  
plausible causes of local subsidence. Nevertheless,  t h e  e n t i r e  
southern Beaufort  Sea  coas t ,  dominated by barr ier  and spi t  
deposits,  lagoons, and numerous drowned valleys, presents a 
classic example  of submergent  morphology. 

Emergen t  Coas ta l  F e a t u r e s  of Mid-Wisconsin Age  o r  Older 

Terraces  adjacent  t o  Harrowby Bay, Wood Bay, and t h e  
Kugaluk River e s tua ry  were  originally thought t o  
demonstra te  marine transgression postdating t h e  las t  i ce  
advance (Mackay, 1963). This conclusion was  strongly 
supported by the  belief t h a t  a l a t e  Wisconsin i ce  margin 
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Figure 9.2. Mackenzie Delta area and Yukon coast, showing limits of Buckland Glaciation and late 
Wisconsin advance. Locations of Figures 9.3 and 9.4 are indicated. 

existed along Tuktoyaktuk Peninsula, a s  indicated for 
example  by Mackay e t  al. (1972). The l a t e  Wisconsin ice  is 
now thought t o  have stopped south of Liverpool Bay 
(J.R. Mackay, personal communication, 19791, and t h e  
t e r r aces  may represent a mid-Wisconsin or  ear l ier  
transgression. Alternatively,  they may represent  outwash 
valley train deposits of various ages, graded to  sea  level a t  or 
below present datum;  severa l  d a t e s  c i ted  in Table 9.1A 
support  this hypothesis (V.N. Rampton, personal 
communication, 1979). 

Other subdued t e r r a c e  f ea tu res  a r e  present on Carry  
Island (elevation approximately +8 rn) with marine shells 
dated >35 000 years B.P. (GSC-562; Kerfoot,  1969; revised 
d a t e  in Lowdon e t  al., 1971). On Pullen Island a t  +3 m, 
pelecypod shells from beach gravel cut t ing older sands were  
dated >23 000 years B.P. (GSC-1877; Lowdon and Blake, 1976, 
sample  collected by J.M. Shearer). Downstream from 
Reindeer Station along East Channel, Mackenzie Delta,  
fluvial or del ta ic  sediments no younger than ear ly  Wisconsin 
a r e  found up t o  about +50 m (Mackay and Mathews, 1973). 

On t h e  Alaskan coas t  mar ine  shells in t h e  upper Cubik 
Formation near Kogru River, with a f in i te  d a t e  in t h e  mid- 
Wisconsin, indicate a s e a  level about + I 5  m (E. Reimnitz,  
personal communication, 1978). In the  Point Barrow a rea ,  a 
transgression t o  +8 m or higher in mid-Wisconsin t i m e  has 
been reported by Sellmann and Brown (1973). 

Evidence fo r  Early o r  L a t e  Wisconsin Marine Regression 

Sagavanirktok River valley (Fig. 9.1) extended north 
and west f rom the  present out le t  t o  a depth  of a t  leas t  -50 m 
(D.M. Hopkins, personal communication, 1979). Other  d a t a  
kindly provided by Hopkins point t o  widespread emergence  of 
t h e  Beaufort  Shelf north of Alaska; t hese  include a d a t e  of 
42 000 + 1440 years B.P. (USGS-249) for  an  extensive 
de t r i t a l  peat  layer a t  about  -50 m. 

A valley extending northward f rom Kugmallit Bay 
(Canadian Hydrographic Service,  197313) and a broad t e r r a c e  
tha t  may represent a de l t a  a t  about -50 m (Mackay, 1963) 
north of Liverpool Bay (Canadian Hydrographic Service,  1974; 
s e e  Fig. 9.1) may indicate  t h e  lowest Wisconsin s e a  level in 
th is  region. The Kugmallit Bay valley is well defined 
a t  -70 m, may be present a t  -80 m, and reappears  on t h e  
cha r t  a s  a narrow f e a t u r e  t h a t  may have originated a s  a 
submarine canyon at -90 m and deeper.  Assuming a minimum 
s e a  level between -70 and -80 m and a rough es t ima te  of 
global Wisconsin e u s t a t i c  depression amounting t o  -92 m 
(Flint ,  1971, p. 318) or  -100 m (Dillon and Oldale, 1978), t he re  
is weak evidence of 10 t o  20 m of isostatic subsidence during 
glacial  loading of t h e  Mackenzie Del ta  a rea .  The argument  
remains  tenuous, and i t  is not known whether  t h e  postulated 
shoreline a t  o r  below -70 m da te s  f rom ear ly  or  l a t e  
Wisconsin t ime. In addition, t he  minimum sea  level in t h e  
region may not necessarily have been contemporary  with t h e  
global eus t a t i c  minimum. 



ROLAND BAY 

3 
0 
0 
0 
Q, m F 69O 20 N 

CANYANEK INLET 

690 20 N 

0 km 2 
Figure 9.3. Examples of drowned valleys, southern Beaufort Sea coast. See Figure 9.2 for locations. 
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Figure 9.4. Beach ridges a t  Stokes Point, Yukon coast. Ridges deposited under net southeastward 
longshore dri f t ,  prograding from left to  right. Older rtdges at l e f t  are partially flooded due t o  local 
subsidence, regional submergence, or both. Photograph taken 20 September 1970 following a major 
storm surge one week earlier. Some flooding at centre rlght may result tn part from surge and 
impoundment by road between high ground and airstrip. Portton of NAPL photo A22013-13. 



Further evidence of lower sea  levels is  provided by 
submarine permafros t  and ground i c e  under t h e  Beaufort  Sea  
(Mackay, 1972). The thickness of offshore permafros t  
suggests t h a t  some a reas  of t h e  present shelf may have been 
emergent  for a t  least  50 000 years (J.R. Mackay, personal 
communication, 1979). In addition, re l ic t  ice  scour t r acks  on 
t h e  seafloor may record a period of lower s e a  level. At 
present,  ice  scour occurs  a t  depths  of less than 50 m 
(C.F.M. Lewis, 1977), but  re l ic t  scour depressions have been 
found a s  deep a s  -75 m (Pelletier and Shearer,  1972). The age 
of the  deepest  fea tures  is not known; if they a r e  postglacial, 
they point t o  s e a  level a t  -25 m or lower, assuming no change 
in t h e  draught of i ce  keels has  occurred. 

Shearer (1971, 1972) reported resul ts  of seismic 
reflection profiling over the  Mackenzie Canyon. He 
described "a fill of well-bedded outwash del ta ic  deposits 
overlying a seismically heterogeneous and irregular-shaped 
basal till-like unit ...I1 and concluded: "The observed 
stratigraphy can be  adequately represented by t h e  irregular 
advance and r e t r ea t  of one ice tongue during classical  [ late] 
W i s ~ o n s i n ' ~  (Shearer, 1972, p. 180). This basal deposit  is here 
considered t o  represent t h e  Buckland Glaciation (early 
Wisconsin or earlier)  of Rampton (in press). The a g e  and 
depositional environment of t h e  bedded fluvial or 
glaciofluvial deposits overlying t h e  t i l l  a r e  not known. These 
s t ra t i f ied  deposits exhibit  an  upward trend of decreasing 
seaward slope and a r e  essentially horizontal  a t  t h e  upper 
con tac t  with overlying muds, considered t o  be  postglacial. 
The upper par t  of t h e  s t ra t i f ied  valley fi l l  may correspond t o  
a near-minimum la t e  Wisconsin sea  level in t h e  Mackenzie 
Del ta  a rea ,  a t  about -65 m. The abrupt upward transit ion t o  
mud ref lec ts  an environmental chan e re la ted  e i ther  t o  
recession of t h e  Mackenzie i ce  tongue kca. 1 3  000 years  ago) 
or t o  rapidly rising s e a  level (date  uncertain) or  t o  both 
(see following section). 

Shearer (1971) noted the  consistent occurrence  of a 
break in slope where  early Wisconsin and older beds a r e  
t runcated a t  t h e  top  of t h e  western  canyon wall. The break 
occurs a t  increasingly shallow depths  towards  t h e  southeast ,  
rising approximately 0.5 m/km. The break in slope might 
plausibly be  in terpre ted a s  a synchronous shoreline, t i l ted  
following i t s  formation. The slope is comparable  t o  t h a t  of 
t h e  pediment,  described above, suggesting a common regional 
t ec ton ic  cause.  However, t i l t ing of t h e  hypothesized shore- 
line would also be consistent with a l a t e  Wisconsin i c e  load 
and associated isostatic depression t o  t h e  southeast  during 
format ion of the  shore. A unit identified a s  t h e  offshore 
equivalent of i ce  thrus t  deposits along the  Yukon coast  
(Shearer,  1971, his Fig. 3) is  t runcated by a surface  t h a t  
would then postdate  Buckland Glaciation. I t  may be  
hypothesized t h a t  this surface  developed during marine  
transgression in post-Buckland or Holocene t ime,  in which 
c a s e  a minimum s e a  level between -60 and -80 m is 
suggested. 

Postglacial  Sea Levels 

Evidence exists of postglacial transgression on southern 
Banks Island t o  + l l  m or  higher ca. 11 000 years  ago  
(J.G. Fyles  Dyck et al., 1965). Vincent (1978) has  
described a l a t e  Wisconsin o r  Holocene transgression ( termed 
the  Shuyter Point Sea) a t  +20 m in eas tern  and southern 
Banks Island. No indication of an  early postglacial s e a  level 
higher than present,  however, has  been found west of Cape  
Bathurst. Numerous da te s  at or  close t o  modern s e a  level in 
t h e  Mackenzie Del ta  a r e a  and t o  t h e  west (Tables 9.1A, 9.18) 
pertain t o  subaerial environments,  providing col lec t ive  
evidence against  a higher postglacial datum in t h e  region. 
Da tes  defining postglacial s e a  level a r e  ext remely r a re ,  a s  
a r e  s t ra t igraphic  d a t a  f rom t h e  Mackenzie Delta. 

Johnston and Brown (1965) repor ted  results of coring 
near  t h e  eas tern  edge of t h e  trough in t h e  southern 
Mackenzie Del ta  near  Inuvik. The generalized stratigraphy, 
f rom t h e  de l t a  surface  a t  approximately  +5 m, was 
a s  follows: 

0-30 m thinly s t ra t i f ied  organic sandy sil t .  
30-55 m s t ra t i f ied  fine-medium sand with thin 

organic layers 
55-70 m very dense  sil ty c lay  with: 

55-63 m no pebbles 
63-67 m sca t t e red  pebbles 
67-70 m high concentra t ion of pebbles 

70 m dolomitic l imestone (bedrock). 

A glaciomarine environment i s  suggested by high 
porewater salinity (28 O f , , )  in t h e  basal s i l ty  c lay  and pebble 
unit, which has been in terpre ted a s  a t i l l  (Johnston and 
Brown, 1965). Although act iv i ty  character is t ics  of t he  clay 
a t  t h e  base  suggest a f reshwater  source,  marine 
encroachment  against  a receding i c e  f ron t  may be  
hypothesized. This scenar io  would give a minimum s e a  level 
of -65 m a t  t h e  t ime  of deglaciation in t h e  southern del ta  
(about 12 000 years  ago). This e s t i m a t e  is not adjusted for 
(unknown) depth  of s e a  wa te r  at t h e  s i t e  and the  potentially 
contras t ing e f f e c t s  of postdepositional compact ion and i c e  
segregation in de l t a  sediments.  

The s t ra t i f ied  sand unit overlying t h e  sil ty clay may be 
in terpre ted a s  a fluvial, de l ta ic ,  or  es tuar ine  unit deposited 
a t  or  not f a r  below s e a  level. A wood f r agmen t  found in 
association with thin pea t  layers a t  a depth  of 38.3 m yielded 
a radiocarbon d a t e  of 6900 ? 110 years  B.P. (GSC-54; 
Johnston and Brown, 1965). This is a single uncorroborated 
d a t e  and is t he  only d a t e  on organic mater ia l  a t  depth in t h e  
Mackenzie Delta. Assuming t h e  d a t e  is  without major er ror  
and closely approximates  t h e  t i m e  of deposition, i t  indicates 
s e a  level no lower than -33 m and probabi)~ n o  higher than 
about  -18 m (Mackay, 1963) ca .  6900 years ago. If, however, 
t h e  sample comes f rom a channel-fill deposit ,  no upper l imit  
can b e  placed on s e a  level a t  t h e  t i m e  of deposition. 
Fur thermore ,  r ecen t  d a t a  f rom nine jet drillholes in t h e  
modern de l t a  suggest t h a t  t h e  s t ra t igraphy described by 
Johnston and Brown (1965) is not  generally representa t ive  of 
t h e  de l t a  (C.P. Lewis, personal communication, 1979). 

The only o the r  evidence providing t i m e  control for  
postglacial submergence in t h e  Mackenzie De l t a  comes  f rom 
a group of eroded pingos near  t h e  d e l t a  f ron t  (Mackay, 1963; 
Mackay and Stager ,  1966). From one pingo on t h e  modern 
de l t a ,  they repor t  da t e s  of 1470 + 175 and 2700 ? 200 years 
B.P. (1-1154, 1-1155) on twigs taken f rom deformed de l t a  
sediments.  From another  pingo nearby, a d a t e  of 3210 + 400 
years  B.P. (1-1153) was  obtained for  lake  sediment  a t  -0.6 m 
(corrected).  These would seem t o  suggest relatively recent  
minor submergence. This may be  due t o  local thaw or 
compaction, or i t  may r e f l ec t  crus ta l  downwarping. 
Compaction is probably l lmited a t  t h e  present  t i m e  due t o  
t h e  presence of permafros t ,  an  inference  supported by t h e  
re la t ive  absence of morphological f ea tu res  cha rac te r i s t i c  of 
local subsidence in deltas.  

Wagner (1972) has reported two  d a t e s  f rom marine 
shells collected in t h e  Beaufort  Sea. A pelecypod sample  
obtained 0.2 m below t h e  bot tom in 54 m of wa te r  (near 
70°57'N, 13l025'W), dated 700 + 180 years  B.P. (GSC-1509), 
c lear ly  postdates  t h e  transgression a t  t h a t  location. Another 
shell  sample  f rom a depth  of 322 m (near 70°22'N, 137'33'W) 
yielded a d a t e  of 3530 2 240 years  B.P. (GSC-1511). The 
depth  hab i t a t  of t h e  animal,  tenta t ively  identified a s  
Buccinum sp., was e s t ima ted  less than  50  m by Wagner (19721, 
who inferred t h a t  t h e  elevation of s e a  level 3500 years ago  
was approximately -270 m. As has  been suggested by 
W. Blake, Jr .  (h Lowdon and Blake, 1973, p. 46-47), this is in 
contradiction t o  a large  body of evidence, and i t  is more  



Figure 9.5. Sea level d a t a  and hypothesized history, Mackenzie Del ta  and adjacent  areas .  
The broken lines indicate a hypothetical  envelope of s e a  level in this region. 
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probable e i ther  tha t  the  shell has  been transported f rom i ts  Assume p = 3300 kg.m-3 for  t h e  density of mater ia l  
original habi ta t  or t h a t  t h e  animal could t o l e r a t e  depths  below t h e  l i t h o s b e r e  and p = 1900 kg.m-3, typical of f rozen 
much g rea te r  than 50 m. sediments  in t h e  modern de%a (R.J.E. Brown, c i t ed  by Smith 

10 

Crusta l  f lexure in response t o  Mackenzie Del ta  
sedimentation (Richards, 1950) may be  responsible for a 
component of Holocene subsidence in the  region. Negative 
anomalies in the  gravity field, -40 rngals or lower, occur  over 
Shallow Bay, Mackenzie Canyon, and Kugmalli t  Bay, with a 
positive anomaly over t h e  outer  shelf (Hornal et al., 1970), 
broadly reflecting t h e  pa t t e rn  expected due t o  sediment 
loading a t  a continental  margin (Walcott, 1 9 7 2 ~ ) .  These 
anomalies may be due largely t o  the  thick accumulation of 
Tertiary and Cretaceous  c las t ic  sediments in t h e  a r e a  (Hornal 
e t  al., 1970; Norris, 1973). 

-- 1 

An es t ima te  of t h e  lithospheric response t o  loading by 
t h e  modern de l t a  alone can be  obtained using models of 
crus ta l  f lexure,  in which t h e  lithosphere is t r ea t ed  a s  a thin 
e las t ic  shee t  overlying a fluid asthenosphere. For shor t - term 
loads of duration l o 3  to  l o 4  years,  such a s  t h e  modern 
Mackenzie Delta,  a combined viscous and e las t ic  response is 
indicated, with relatively high values of flexural rigidity 
(Walcott, 1970b). As a f i rs t  approximation, i t  may b e  
assumed t h a t  t h e  Mackenzie Del ta  would be  supported 
elastically, with t h e  l i thosphere depressed some  dis tance  
beyond t h e  edge  of t h e  load. If t h e  behaviour observed a t  
proglacial Lakes Algonquin and Agassiz is accep ted  a s  an  
appropriate analogue, t he  flexural parameter  of t he  litho- 
sphere may be taken to  be about a = 200 km (Walcott ,  1970b). 
This would allow subsidence t o  extend about 600 km from t h e  
location at which a point load is applied. 
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and Hwang, 19731, for  t h e  overlying mater ia l .  The a r e a  of 
t he  load is about 800 k m 2 ,  and i t s  average thickness is taken 
a s  1 0 0 m .  We obtain a load P = 1.5 x 1 0 1 6 ~ .  Now t h e  
maximum deflection under a point load P can  b e  computed a s  
(Walcott, 1970a): 

This gives an  e s t ima te  of w = 7 m for  t h e  maximum down- 
warping due t o  t h e  assumed load. If w e  apply t h e  solution for 
a line load given by Gunn (1943, equation 191, taking t h e  de l t a  
a s  a rectangular block of thickness 100 m and width 40 km, 
w e  obtain w = 5 m. These  computations do not consider the  
possible ongoing e f f ec t s  of ear l ier  ice-, water-,  or  sediment- 
loading in the  area ,  nor do they t ake  in to  account  t h e  
complex s t ruc tu re  of t h e  Mackenzie trough and adjacent  
region (Yorath, 1973). I t  does  appear,  however, t h a t  par t  of 
t h e  observed subsidence in t h e  Mackenzie De l t a  a r e a  and 
over a considerable d is tance  along t h e  coas t  may be  
a t t r ibu tab le  t o  the  sediment  load applied s ince  deglaciation. 

On t h e  Yukon coast ,  t he  ear l ies t  s e a  level d a t a  with 
t i m e  control  come  f rom organic mater ia l  in t h e  Babbage 
Delta. The oldest  sample,  S-1481 (Table 9.IB), i s  considered 



suspect and may have been reworked f rom older peat  
exposures in the  area.  The same  may, of course,  be t rue  of  
o ther  samples  also, but two of the  dates ,  2260 + 130 years 
(S-1482) and 2110 ? 90 years (GSC-26911, suggest mean 
sedimentation r a t e s  t h a t  a r e  compatible with observed 
seasonal accumulation a t  t h e  present t ime. These d a t e s  refer  
t o  horizons a t  present sea  level. A d a t e  of 2100 + 80 years  
(GSC-2323) on peat  from -1.3 m (overlying ice  and gravel) 
may indicate  a rise of s ea  level during this interval,  if 
potential  i c e  segregation or  thaw a r e  eliminated. 
Archeological s i t e s  on Herschel Island, reported t o  be  a s  low 
as  -1.8 m (Bird, 19671, suggest a similar trend. A Thule 
culture winter house s i t e  recently has been excavated the re  
and is tenta t ively  dated between 900 and 1100 years B.P. 
(8. Walker-Yorga, personal communication, 1979). The two 
older samples  6 -1532  and 5-1534, Table 9.18) were  obtained 
f rom oil-soaked deposits and may be  considered t o  d a t e  ca.  
400 years younger than indicated, a f t e r  application of a s e a  
mammal adjustment.  "Midden deposits were  ... excavated a t  
low t ide  from below the  waterline ... Additionally, house 
t imbers  and midden were  observed below water  and far ther  
into t h e  bay in t h e  vicinity of t h e  sitet1 (8. Walker-Yorga, 
personal communication, 1979). These d a t a  suggest a s e a  
level no higher than -1 m and probably somewhat  lower ca .  
1000 years ago; again, however, thaw consolidation may have 
been a fac tor .  'The limited d a t a  from the  Yukon coast  imply 
a rise of s e a  level within t h e  envelope of 'eustatic '  curves  
tha t  have been proposed for t h e  Holocene, but  in excess  of 
changes a t t r ibutable  t o  global variation in glacial  volume 
during t h e  pas t  few thousand years (Walcott, 1975). 

In northern Alaska, e f fo r t s  have been made to  obtain 
mater ia l  f rom t h e  Beaufort Shelf t ha t  would d a t e  t h e  trans- 
gression, but  problems related t o  stratigraphic in terpre ta t ion,  
reworking of sediments,  and contamination by anomalously 
old carbon have prevented any unambiguous conclusions 
(E. Reimnitz,  personal communication, 1978). Driftwood 
found a t  -11 m in lagoon sediments near Barrow, Alaska, 
yielded a d a t e  of 6450 + 200 years (Tx-220; Faas,  1966). In 
Simpson Lagoon near Kuparuk River, a d a t e  of 4118 i 189 
years (AU-91) was  obtained on ter res t r ia l  organic mater ia l  
found a t  -5.5 m, but some  thaw consolidation is thought t o  
have occurred here  (E. Reimnitz,  personal communication, 
1978). Finally, a s e t  of da t e s  from Point Barrow (Table 9.IC) 
has  been in terpre ted a s  evidence both of minor submergence 

.and of short-lived highstands (up t o  + I  m) within the  past  
2000 years  (Hume, 1965; Brown and Sellmann, 1966). The 
da ta  suggest a datum a t  -2 m during occupation of t h e  Birnirk 
archeological s i t e  ca .  1500 years ago (Hume, 1965). Evidence 
for t he  higher sea  level comes  from driftwood within old 
beach ridges I m higher than t h e  highest modern beach. 
Fluctuations of t h e  so r t  reported a r e  not inconsistent with 
t h e  minor eus t a t i c  variations suggested by Fairbridge (19611, 
although the  deta i ls  a t  Point Barrow do not correspond 
exactly with Fairbridge's curve.  It would seem,  however, 
t ha t  ice thrusting of beach sediment,  such a s  has  been 
observed elsewhere on t h e  Beaufort  Sea coas t ,  o r  possible 
variations in sea-ice distribution and mean fe tch ,  leading t o  
occurrences of higher s torm wave or  surge height at Barrow, 
cannot be eliminated a s  possible causes of t he  high beach 
ridges. No other  evidence of recent  s e a  level higher than 
present has been reported f rom the  Beaufort Sea coast.  

Tide d a t a  for  Tuktoyaktuk have been examined for  
recent  trend of sea  level. Linear regression against  t i m e  of 
monthly mean t ide  level suggests a rise of 38 mm during t h e  
interval 1952-1975; however, t he  slope of t h e  trend is not 
significantly d i f ferent  from zero; t he  standard deviation of 
the  monthly t ide  is 160 mm. 

Discussion 

Dates and corresponding elevations for  t h e  period s ince  
about 15 000 years ago  a r e  plotted in Figure 9.5. The 
following general conclusions a r e  indicated. A hypothetical  
s e a  level history for  t h e  Mackenzie Delta,  within t h e  
envelope indicated by t h e  broken lines, is  at leas t  a s  
consis tent  with t h e  l imi ted  d a t a  a s  i s  a s e l ec t ed  'eustatic '  
curve  (solid line) taken f rom Curray (1965). Depar tures  of 
t he  hypothetical  history f rom Curray's curve  suggest l imited 
isostatic depression due t o  l a t e  Wisconsin i ce  prior t o  13 000 
years  ago, followed by uplift  and then renewed subsidence, 
re la ted  e i ther  t o  migration and collapse of a forebulge or  t o  
depression under sediment  loading, o r  perhaps t o  both; this 
subsidence possibly is continuing a t  present.  The pa t t e rn  of 
marginal forebulge collapse observed on t h e  At lant ic  coas t  of 
North America may be a useful analogue. 

The proposed Beaufort  Sea  cu rve  is  presented a s  a 
working hypothesis t o  encourage fur ther  consideration of t h e  
s e a  level problem in t h e  Mackenzie Delta a rea .  Fur ther  
exploration of del ta  s t ra t igraphy would be  particularly 
helpful in elucidating t h e  history of transgression and the  
nature  of t h e  subsidence. The sequence hypothesized here  is 
in keeping with t h e  gene ra l  pa t t e rn  predicted by Clark et al. 
(1978) and with a computed curve, using t h e  model outlined 
therein,  for a point off t h e  Alaska coas t  (J.T. Andrews, 
personal communication, 1978). More field da ta ,  however, 
a r e  required t o  t e s t  such a model and t o  corroborate  t h e  
existing l imited evidence. 

Marine transgression and coas ta l  erosion, rapid 
sedimentation in t h e  Mackenzie Del ta  and Canyon, and 
partial  removal of t h e  record by l a t e  Wisconsin ice  have 
contributed t o  an  e x t r e m e  paucity of d a t a  on l a t e  Quaternary  
s e a  levels in this region. Additional complications include 
anomalously old carbon (coal, reworked p e a t  and wood, 
possibly old ocean wa te r )  and reworking of shelf sediment  by 
ice  scour. This repor t ,  while offering a preliminary 
in terpre ta t ion of s e a  level history in the  Mackenzie Delta 
area ,  serves  primarily t o  emphasize  the  need for more  d a t a  
and t h e  danger of assuming a s tandard eus t a t i c  model. 

With t h e  exception of t h e  high driftwood a t  Point 
Barrow, a broad regional corre la t ion is apparent  within t h e  
past  3000 years. The coas t a l  morphology, radiocarbon and 
archeological dates ,  and plausible mechanisms all  point t o  a 
recent  and perhaps continuing regional submergence. At 
present i t  is not possible t o  d iscr iminate  between potential  
causes,  which may include crus ta l  loading, relaxation of l a t e  
Wisconsin isostatic e f f ec t s ,  epeirogenic subsidence, and a 
possible component of contemporary  eus t a t i c  change. Nor 
can the  r a t e  of submergence be  assessed adequately,  although 
fu r the r  geological and archeological work and continuation of 
existing t ide  gauges may eventually permit  a quant i ta t ive  
e s t i m a t e  of t h e  contemporary  trend. 
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Table 9.1 A 

Radiocarbon dates ,  Mackenzie Del ta  a r e a  

Elevation Repor ted a g e  
Location (m) Material  Re fe rence  Lab. NO.' (years  B.P.) 

Garr y Island 
69"301N, 1350401W 

marine pelecypod 
shells f rom 
t e r r a c e  repre- 
senting s e a  
level (t9 t o  
+15 m) 

Kerfoot , 1969; 
corrected d a t e  
in GSC XI 

GSC-562 

GSC-690 

GSC-1877 

GSC-512 

GSC-48 1 

S-69 

GSC-1458 

1-483 

GSC-1286 

GSC- 1676 

GSC-54 

Island south of 
Kendall Island 
69"211N, 135O22'lV 

Astarte 
shells f rom 
t e r r a c e  a s  on 
Garry  Island 

GSC XI 

Pullen Island 
69"46'N, 134O24'W 

pelecypod shells 
f rom gravel  
cut t ing older 
sands 

GSC XVI 

Ibyuk Pingo near 
Tuktoyaktuk 
69"24'N, 133°041W 

organic si l t  in 
mudflow under 
lake  sediments 

GSC XI11 

Ibyuk Pingo 
69"24'N, 133O04'W 

p e a t  0 . 3  m above 
GSC-512 in mud- 
flow deposit  
driftwood f rom 
lake  sediments 
overlying mud 
flow deposit  

GSC XI11 

Muller, 1962 Ibyuk Pingo 
69"2Q1N, 133O04'W 

Tuktoyaktuk 
pingo tunnel 
69"27'N, 133°011W 

woody pea t  f rom 
icy lake  s i l t s  
over gravel 
and ice  

GSC XI11 

Eskimo Lakes 
69"32'N, 130°55'W 

wood f ragment  Mackay, 1963 

GSC XI11 Tununuk Point 
(Mackenzie Delta) 
69"001N, 134"401W 

pea t  

Tuktoyaktuk 
Harbour 6.4 km 
south of DEW 
Line s ta t ion 
69"23'N, 132'59'W 

pea t  over beach 
gravel,  over- 
lain by 
colluvium 

GSC XVI 

Mackenzie De l t a  
NRC borehole 
near Inuvik 
68"18'N, 133"501W 

wood f ragment  GSC 11; 
Johnston and 
Brown, 1965 

'Radiocarbon dat ing laboratories: 

AU - 
GSC - 

GX - 
I - 
s - 

TX - 
USGS - 

W -  

University of Alaska, Fairbanks 
Geological Survey of Canada, O t t awa  
Geochron Laboratories,  Cambridge, Massachusetts 
Teledyne Isotopes, Westwood, New Je r sey  
Saskatchewan Research Council, Saskatoon 
University of Texas, Austin 
U.S. Geological Survey, Menlo Park, California 
U.S. Geological Survey, Reston, Virginia 

' ~ s t i m a t e d  original elevation a f t e r  correct ion for  pingo uplift  

3Elevation above modern berm 

[ "Suggest s e a  level approximately -2 rn 



Table 9.1 A (continued) 

Elevation Reported age 
Location (4 Material Reference Lab. NO.' (years B.P.) 

Shallow Bay > -52 wood fragments Mackay and 1-1154 1470 t 175 
68"55'N, 135O57'W in peat beds Stager, 1966; 

and inter- Mackay, 1963 
stratified sand 
deposited a t  
about + I  . 5  m? 

Shallow Bay > -9 same same 1-1 155 2700 ? 200 
6a055'N, 135'57'W 

Richards Island -0. 62 wood in sandy Mackay and 1-1 153 3210 + 4 0 0  
69O25'N, 1340211W silt  with shell Stager, 1966 

fragments; 
lacustrine? 

Richards Island -5 wood? i n l a k e o r  same 1-1152 9155 r 500 
69'25'N, 134"21tW shallow marine 

clay with shells 
and vein ice 

Kugaluk River +I0  wood from grey Mackay , 1963 1-482 > 38 000 
N of 69'15'N crossbedded 

sand in terrace 

Kugaluk River peat over sand GSC XVIII GSC-1303 1 0 9 0 0  ? I 6 0  
690201N, 130°55'W and overlain 

by sand and 
gravel in low 
te r race  

Mason River +2.1 peat and wood GSC XVIII GSC-2029 8650 ? 80 
69O55'N, 128'26'W in silty sand; 

soil within 
loess 

Cy Peck Inlet + I  wood and bark GSC XVIIi GSC-1974 33 800 ? 880 
70°20'N, 127'57'W a t  base of 4 m 

of crossbedded 
sand 

Beaufort Sea -54 valve of Wagner, 1972; GSC-1509 700 t 180 
70°57'N, 131°25'W pelecy pod GSC XI11 

Astarte 
borealis 
0 . 2  rn below 
bottom 

Beaufort Sea -322 gastropod shell Wagner, 1972; GSC-I511 3530 ? 240 
70°22'N, 137'33'W ( Buccinum sp.?) GSC XI11 

4.0 rn below 
bottom 



Table 9.IB 

Radiocarbon dates ,  Yukon Coast*  

Elevation Repor ted a g e  
Location (m) Material  Reference Lab. NO.' (years B.P.) 

Backhouse River +2 
3.2 km west of 
mouth 
69"36'N, 140°36'W 

7.5 km west of +5 
Komakuk Beach 
6g035'N, 140°22'W 

2 km eas t  of + I0  
Roland Bay 
6g022'N, 13X052'W 

1 Kay Point + I  
scarp  south of 
point bordering 
lagoon 
69"17'N, 13X023'W 

Kay Point +1.8  
sca rp  1.6 km 
southeast  
69"17'N, 13X022'W 

Babbage Del ta  0 
69O13'N, 137O27'W 

Babbage Delta 0 
69"15'N, 137'27'W 

Babbage lagoon -0.1 
shore south of 
Niakolik Point 
69"15'N, 137°30'\V 

Babbage Delta -1.3 
6g014'N, 137O27'W 

Herschel Island -0 .7  
69"34'N, 13X048'W 

Herschel Island -0.7 
69"34'N, 138'48'W 

Herschel Island -0 .7  
6g034'N, 13X048'W 

*See Table 9 . IC for footnotes.  

wood (Betula) GSC XVI GSC- 1853 10 900 
f rom pea t  in 
icewedge cas t  
in f an  gravel 
under 0.5 m 
organic si l t  

wood (Salix) GSC XVI GSC-1838 10 200 
f rom pea t  in 
fan? gravel 
under 2 m 
organic si l t  

peat  pod in GSC XVI GSC-1808 9610 
oxidized 
bouldery sand 
over till, 
under 4 m lake  
clay with pea t  

pea t  f rom base GSC XVI GSC-480 9710 
of ice-wedge 
cas t  in 
glaciofluvial 
sand and gravel 
under pea t  

peat  f rom base  GSC XVI GSC-1872 7170 
of ice-wedge 
cas t  in glacio- 
fluvial gravel 
beneath lake 
sediments,  
peat,  and sand 

plant mater ia l  unpublished S-1481 3075 
in delta-plain 
sediments GSC-269 1 21 10 

peat  underlying unpublished 5-1482 2260 
0.91 m 
s t ra t i f ied  
sil t  and sand 

pea t  extending unpublished S-1479 2775 
undetermined 
depth  below 
s e a  level 

peat  f rom base unpublished GSC-2323 2100 
of 2.6 m of 
peat  with 
excess  i c e  
over massive 
i ce  over gravel  

peat  f rom base unpublished GSC-2330 1380 
of ac t ive  
layer 

charcoal in B. Walker-Yorga S-1533 990 
basal midden personal ' 

below house communication, 
floor 1979 

charcoal  in s a m e  S-1532 1570 
basal midden 

charred f a t  s a m e  S-1534 1510 
in basal midden 



Table 9.1C 

Radiocarbon dates ,  north Alaska Coast 

Elevation Repor ted a g e  
Location ( rn) Material  Reference Lab. NO.' (years B.P.) 

Point Barrow a rea  
beach ridge west 
of Elson Lagoon 
71°19'N, 156O36'W 

approximately 1 same  

Stefansson 
Sound 
70°42'N, 148'34'W 

Esatkuat  Lagoon 
near Barrow 
71°18'N, 156"47'W 

Simpson Lagoon 
off Kuparuk River 
70°26'N, 148'47'W 

+4.2 thin-layered 
organics in 
beach deposits 

thin organic 
layer in clean 
sand 

f rom widespread 
de t r i t a l  peat  
layer 

driftwood in 
lagoon 
sediment 

-5.5 tundra 
vegetation 

Sellmann and I- 1384 25 300 + 2 300 
Brown, 1973 

W-2676 > 44 000 

s a m e  

D.M. Hopkins USGS-249 42 800 + 1 440 
personal 
communication, 
1979 

Faas,  1966 Tx-220 6450 +_ 200 

Point Barrow < l 3  driftwood in Pdwh and 1-387 1100 + I 2 0  
71 "23'N, 156"29'W beach ridge Church, 1962 1-388 1090 + 140 

1-389 10 800 + 300 

Point Barrow +1.7 beach ridge Hume, 1965 GX-0380 1700 + 110 
71°23'N, 156O29'W + I  .4 GX-038 1 2365 + I00 

+2.0 GX-0230 5575 + 375 

Point Barrow 0 f reshwater  pea t  Brown and I- 1868 
71°21'N, 156O34'W -0.8 f reshwater  p e a t  Sellmann, 1966 1-1949 

-1 5 f reshwater  p e a t  I- 1 869 

Point Barrow 0 Birnirk cul ture  Hurne, 1965 es t imated f rom [I450 I 
71°21'N, 156O34'W dwellings radiocarbon 

d a t e s  on 
Birnirk s i t e s  
nearby 

'Radiocarbon dating laboratories: 

AU - 
GSC - 

GX - 
I - 

S - 
TX - 

USGS - 
W -  

University of Alaska, Fairbanks 
Geological Survey of Canada, O t t awa  
Geochron Laboratories,  Cambridge, Massachusetts 
Teledyne Isotopes, Westwood, New Jersey 
Saskatchewan Research Council, Saskatoon 
University of Texas, Austin 
U.S. Geological Survey, Menlo Park, California 
U.S. Geological Survey, Reston, Virginia 

' ~ s t i r n a t e d  original elevation a f t e r  correction for pingo uplift 

3 ~ l e v a t i o n  above modern berm 

I 'Suggest s e a  level approximately -2 m 
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Abstract 

Polydeformed and metamorphosed semipelites, informally termed the Schist group, outcrop on 
Glover Island in the core of a major south-plunging anticline. These rocks a re  structurally overlain by 
the dominantly mafic Glover Formation which is divided into three map units. The lowermost unit is  
the Glover Island complex which is interpreted a s  a dismembered ophiolite. It is nonconformably 
overlain by a conglomerate unit. A volcanic unit stratigraphically overlies the conglomerate unit. 

Structures related to  five deformational events (01-05) a r e  recognized in the Schist group. A 
chlorite grade, penetrative schistosity (S1) formed during Dl and was overprinted by porphyroblasts 
of biotite, albite and garnet during the D l  to 0 2  interkinematic time interval. These porphyroblasts 
a re  deformed by a well developed crenulation cleavage (S2). S1 and S2 are  subparallel and form a 
composite schistosity folded by numerous, open, minor F3 folds. All of these s t ructures  and rocks a r e  
involved in a major, la te  deformation (04) which produced the large scale, south-plunging anticline on 
Glover Island. Minor open folds ( F 5 )  and high angle faulting followed this event. 

The Glover Formation contains a chlorite grade, composite schistosity (Slf/S2') tha t  has 
undergone the same 03-05 structural history a s  the underlying Schist group. This composite 
schistosity consists of a penetrative schistosity (Sl') overprinted by a crenulation cleavage (S27. 

Emplacement of the Glover Island complex occurred before 0 3  and probably before the 0 2  
deformational event. The complex must have been emplaced before 0 3  because a major F3 fold 
involves the Glover Island complex and the underlying Schist group. Furthermore the probable 
correlation of S2 in the Schist group with S2' in the Glover Formation requires a pre-D2 emplacement 
age. Absolute age of these structures is unknown. 

Introduction 

This report summarizes the stratigraphy, structure and 
metamorphism of central Glover Island (parts of NTS map 
areas 12A/12, 13), based upon field work and petrography 
during 1978 and 1979. Important rock units a r e  described and 
a structural and metamorphic history is presented. The 
timing of deformation, metamorphism and ophiolite emplace- 
ment is an important concept in this structural history and is 
considered in detail  below. 

General Geology 

Glover Island is located in the  southern half of Grand 
Lake in western Newfoundland. Two major rock groups a r e  
exposed on this island (Fig. 10.1). To the west are  poly- 
deformed and metamorphosed schists informally termed the 
Schist group. To the east a r e  dominantly mafic rocks of the 
Glover Formation. The Glover Formation consists of a basal 
igneous massif (Glover Island complex) nonconformably over- 
lain by a thin, basal metaconglomerate which is overlain by 
mafic metavolcanics. The Glover Island complex is 
interpreted to  be a fragment of dismembered ophiolite and 
the ophiolite-schist contact to  be the Baie Verte-Brompton 
Line (Williams and St-Julien, 1978). 

The Schist Croup 

The Schist group consists primarily of conglomerate, 
biotite schist, albite schist, and quartzite.  Pebble con- 
glomerate horizons containing granitic and quartz clasts 
(1-2 cm) a re  abundant toward the  base of the group. These 
conglomerate units a re  interlayered with micaceous 
quartzites and albite schists. Albite schists contain 
distinctive 2-3 mm porphyroblasts of albite. Biotite schists 
with 5 mm porphyroblasts of biotite outcrop in the  upper part 
of the section. 

A number of distinctive lithologies a re  present within 
the group which will eventually be raised t o  formational 
status when the Schist group is formally defined. A con- 
cordant amphibolite outcrops towards the base and extends 
throughout the area. A thin ( I  m) but laterally extensive 
marble unit is present in t h e  central part of the  group as  
well. the uppermost section consists of a distinctive, highly 
graphitic phyllite. 

The basal unit in the  Schist group consists of a pink, 
medium grained, concordant quartzo-feldspathic gneiss cut  
by numerous mafic layers. This gneiss is uniform in com- 
position and contains a prominent schistosity that  is roughly 
concordant with bedding in overlying rocks. I t  probably 
represents a pretectonic granitic intrusion cut by later mafic 
dykes. Its age is unknown, but probably Paleozoic based upon 
the  age of the  country rock a s  discussed in a separate 
section. 

Rocks west of the Glover Formation consist of poly- 
deformed semipelitic schists with minor amphibolite, marble Structure and Metamorphism of the  Schist Group 
and gneiss. These previously unnamed rocks are  informally Structures relating t o  five deformational events termed the Schist group. The group outcrops along the 
western side of central Glover Island in the core of a major (Dl-D5) have been recognized and a re  shown correlated with 

south-plunging anticline (Fig. 10.1); approximately I km of i ts  mineral growth in Figure 10.2 based upon the criteria out- 
upper part is exposed. True thickness is unknown as the base lined ' A schistosit~ (S1/S2) 

composed of a regional schistosity (Sl) and a later subparallel of the section is not exposed. 
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Figure 10.1. Geology centra l  Glover Island a rea ,  Newfoundland. 

crenulation c leavage (S2) was folded throughout t h e  a r e a  by 
minor F3 folds. These s t ructures  were  subsequently folded 
in to  a broad south-plunging ant ic l ine  (F4) and overprinted by 
later,  open, minor folds (F5). The las t  recognized 
deformation in t h e  Schist group involved high angle faulting. 

SI/S2 Composite Schistosity An -Sl/S2 composi te  
schistosity is  continuous throughout t h e  Schist group. I t  
consists of a penetra t ive  schistosity (Sl)  overprinted by a 
nearly coplanar crenulation c leavage (S2) associated with a 
well developed mineral lineation (L2). Extensive porphyro- 
blast  growth of bioti te,  albite,  and ga rne t  occurred during t h e  
interkinematic interval bracketed by Dl and D2 (Fig. 10.2) 
such tha t  S I  and S2 can be  easily distinguished in t h e  field o r  
in thin section. Where porphyroblasts a r e  absent,  a s  within 
the  upper p a r t  of t h e  group, a single c leavage is  observed and 
is assumed t o  b e  composite in origin. 

S1 is a penetra t ive  schistosity defined by lepidoblastic 
muscovite, chlor i te  and the  long dimension of e longate  
epidote grains. S I  formed during chlor i te  metamorphic  
grade, a s  i s  shown by t h e  ubiquitous mineral assemblage 
muscovite-chlorite-epidote. 

S I  is  overprinted by post tec tonic  bioti te,  albite,  and 
garnet  porphyroblasts re la ted  t o  a major, s ta t ic ,  me ta -  
morphic even t  which corresponds t o  t h e  peak of me ta -  
m o r ~ h i s m  in t h e  area .  P o r ~ h v r o b l a s t s  of bioti te a r e  most  
abu"dant. These a r e  random'ly 'oriented and nearly ubiquitous 
throughout t h e  area .  Locally they range up t o  5 mm in 
diameter.  

Porphyroblasts of a lb i te  a r e  also locally abundant. 
These contain inclusion trails  of quar tz ,  b io t i te  and epidote 
and a r e  generally less than 2 mm in diameter .  Bioti te 
inclusions a r e  randomly oriented and probably represent  post- 
tec tonic  b iot i tes  incorporated in to  t h e  a lb i t e  porphyroblast 
ear ly  in i t s  growth history. 

Microstructures associated with this metamorphic 
event  a r e  typical of those formed during a s t a t i c  meta-  
morphic event.  Porphyroblasts a r e  randomly or iented and 
where  inclusion t ra i l s  a r e  present  these  t ra i l s  a r e  generally 
straight.  

A s t rong gradient  in metamorphic  conditions existed 
during th is  post-Dl metamorphism. The highest grade meta-  
morphic mineral assemblage in the  a r e a  consists of porphyro- 
blasts of ga rne t  and bioti te.  This assemblage is  only 
recognized at t h e  very base of t h e  sect ion and is  corre la ted  
with this metamorphic  event.  Porphyroblasts of b iot i te  a r e  
f a r  more  abundant and occur throughout t h e  a r e a  excep t  for  
t h e  very  upper pa r t  of t h e  sect ion where  they a r e  absent.  
This distribution of metamorphic minerals is  in terpre ted t o  
represent  ga rne t  and biot i te  isograds. Thus post-Dl meta-  
morphic conditions range f rom chlor i te  g rade  in t h e  upper 
pa r t  of t h e  Schist  group t o  g a r n e t  g rade  a t  i t s  base. 

S2 const i tu tes  t h e  dominant c leavage in t h e  area .  It 
c renula tes  an  S l  penetra t ive  schistosity and deforms 
porphyroblasts of biotite, a lb i te  and garnet.  

S2 is associated with a well  developed lineation (L2) 
formed by e longate  pressure shadows of qua r t z  and muscovite 
adjacent  t o  porphyroblasts of b iot i te  and albite.  This 
l ineation parallels bedd ing42  in tersect ion lineations. 

Growth of chlorite,  muscov'ite and a lbi te  occurred 
during D2. Chlorite pressure fringes around re l ic t  b io t i tes  
a r e  or iented parallel t o  S2 and S2 muscovite locally over- 
prints re l ic t  bioti tes.  

Albi te  porphyroblasts formed during post-Dl me ta -  
morphism have s t ra ight  inclusion trails. Locally these  por- 
phyroblasts have rims with curved inclusion trails. S t ra ight  
inclusion t ra i l s  in c o r e  regions r e f l ec t  t h e  original 
orientation of SI.  Curved inclusion t ra i l s  in porphyroblast 
rim a r e a s  r e f l ec t  synkinematic a lb i t e  growth during D2 and 
rota t ion of S I  in to  parallelism with S2. This micros t ructure  
is  observed in a lb i te  schists f rom t h e  hinge of t h e  major F2 
fold shown in Figure 10.1. Elsewhere S1 and S2 a r e  
subparallel and inclusion t ra i l s  in porphyroblasts a r e  straight.  

Growth of synkinematic chlorite,  muscovite and a lbi te  
during D2 (Fig. 10.2) indicates chlor i te  grade metamorphic  
conditions during this event.  Locally b iot i te  is  partially 
retrograded t o  chlor i te  during D2. Limited postkinematic 
a lb i te  growth occurred a f t e r  D2 a s  shown by post-D2 helicit ic 
a lb i tes  containing F2 crenulations. 

Figure 10.2. Mineral growth corre la ted  with s t ructura l  
event  fo r  rocks  of the Schist group. 



Orientation d a t a  for S2 and L2 a r e  shown in equal area ,  
stereographic projection in Figure 10.3. S2 d a t a  f rom 
individual subareas form g r e a t  c i rc le  girdles due t o  l a t e r  
folding during D3 and D4. This la ter  folding is broadly 
coaxial  a s  evidenced by t h e  r a the r  consistent orientation of 
L2. 

A major F2 fold is recognized in t h e  Schist group 
outlined by t h e  thin concordant amphibolite layer shown in 
Figure 10.1. This s t ruc tu re  is an  upright isoclinal synform 
which plunges gently t o  the  south. Graded beds in a qua r t z i t e  
f rom t h e  less deformed hinge a r e a  indicate  i t  is  sync'linal and 
west-facing. 

D3 Structures  D3 is associated with th ree  fabr ic  
elements:  a heterogeneously developed crenulation c leavage 
(S3); numerous small  sca le  minor folds (F3); and a well 
developed intersection lineation (L3). S3 is only recognized 
in areas  of intense F 3  folding. It is axial  planar t o  F 3  folds 
and in thin section is a d i f ferent ia ted  crenulation cleavage. 
Muscovite and chlorite locally def ine  S3 but  generally l i t t l e  
or no mineral growth is recognized. F3 folds a r e  generally 
upright, t ight  t o  open and tend t o  be  chevron in s ty le  where 
contrasting lithologies a r e  involved. L3 is a well developed 
intersection lineation formed during D3. This intersection 
lineation plunges moderately t o  t h e  south (Fig. 10.4) and 
parallels F 3  fold axes. 

D3 s t ruc tu res  display a s t rong s t ra in  gradient  within t h e  
Schist group. They a r e  most in tense  in t h e  upper p a r t  of t h e  
section where  t h e  SI/S2 composi te  schistosity i s  locally 
transposed. In t h e  base  of t h e  sect ion D3 s t ruc tu res  a r e  f a r  
less evident and consist  of r a r e  open F 3  folds. 

Orientation d a t a  for  S3 and L 3  a r e  given in Figure 10.4. 
In the  synoptic diagram (Fig. 10.4d) i t  can be  seen t h a t  poles 
t o  S3 form a diffuse g rea t  c i rc le  girdle. This g rea t  c i rc le  
girdle ref lec ts  the  major south-plunging anticline in t h e  a r e a  
(F4). In each  individual subarea a tailed point maximum 
pa t t e rn  is present. Comparison with S2 d a t a  for individual 
subareas (Fig. 10.3) shows t h a t  poles t o  S2 tend t o  form 
nearly complete  g rea t  c i rc le  girdles. This contras t  in dis- 
tribution of poles t o  S2 and S3 is thought t o  be  due t o  t h e  
f a c t  t h a t  S2 has been coaxially folded by two generations of 
folds, F3 and F4. S3 has only been affected by a single 
generation of folds, F4, producing par t ia l  g r e a t  c i rc le  girdles 
instead of comple te  girdles a s  in t h e  c a s e  of S2. 

This aspect  is  also demonstra ted  by t h e  L3 d a t a  plotted 
in Figure 10.4. L3 d a t a  for  individual subareas exhibit  a 
moderately south-plunging point maximum in a l l  cases. 
However a g r e a t  c i rc le  girdle pa t t e rn  intersecting th is  point 
maximum is also apparent,  especially in Figure 10.4a. Fold 
axes  o r  intersection lineations formed by folding of a non- 
planar surface  will be  distributed in a g r e a t  c i rc le  girdle 
pat tern  corresponding t o  t h e  axial  plane of t h a t  fold 
(e.g. Turner and Weiss, 1963, p. 127). The g r e a t  c i rc le  girdle 
pat terns  for L3 d a t a  shown in Figure 10.4 a r e  interpreted t o  
r e f l ec t  t he  folding of a nonplanar surface  formed by 
deformation related t o  D2. Thus S3 and L3 both r e f l ec t  t h e  
complex s t ructura l  history of t he  area .  

A major F3 fold is recognized in the  southeas tern  pa r t  
of t he  ter ra in  underlain by the  Schist group (Fig. 10.1). This 
fold i s  dextral ,  f aces  west and plunges moderately south. I ts  
axial  plane is upright and t rends  north-south. Both anticlinal 
and synclinal hinges a r e  recognized although they a r e  
separa ted by a late,  high angle fault .  This major F 3  fold pair 
involves t h e  Glover Island complex and t h e  overlying sect ion 
a s  well a s  t h e  Schist  group. D3 must therefore  postdate  
movement  along the  s t ructura l  su r face  separating t h e  Glover 
Island complex f rom the  Schist group. 

D4 Structures  A major south-plunging ant ic l ine  with a 
north-south trending, upright, axial  surface  is exposed on 
Clover Island (Fig. 10.1). This major s t ruc tu re  controls  t he  
distribution of rocks on Glover Island including exposure of 
t he  Schist group in i t s  core.  Poles t o  S3 surfaces  a r e  folded 
into a diffuse g rea t  c i rc le  girdle by this major s t ruc tu re  
(Fig. 10.4d).. Sca t t e r  in this d a t a  ref lec ts  l a t e r  deformat ion 
(D5). Poles t o  S2 surfaces  (Fig. 3) form g r e a t  c i rc le  girdles 
in each  individual subarea  due t o  the  e f f e c t  of D3 
deformation. These girdles a r e  progressively ro ta ted  about  a 
south-plunging axis by this major F4 ant ic l ine  a s  seen in 
Figure 10.3. 

A weak crenulation c leavage which overpr in ts  S3 is  
present in sca t t e red  outcrops throughout t h e  Schist  group. 
This c leavage is  upright t o  moderately west-dipping and 
t rends  roughly north-south. It i s  in terpre ted t o  represent  a n  
axial  planar fabr ic  t o  t h e  major F4 ant ic l ine  on Clover Island. 
It is  important  t o  note, however, t h a t  this in terpre ta t ion 
assumes continuity between widely spaced outcrops and must 
therefore  be considered tenta t ive .  

D5 Structures  All s t ructures  in the  a r e a  a r e  deformed 
by an episode of broad, open folding about eas t -west  trending 
axial  planes. This is an  ext remely difficult  deformation t o  
cha rac te r i ze  because no c leavage or  outcrop scale  minor 
folds a r e  associated with it. Folding is very broad and open 
and only not iceable  in a reas  of nearly complete  exposure. 

High Angle Faulting The  l a s t  deformat ional  episode 
recorded in rocks on Glover Island involves high angle 
faulting. These faul ts  a r e  ver t ica l  and t rend roughly north- 
south (Fig. 10.1). Displacement is  dextra l  f rom o f f se t  of map 
units but t h e  dip slip and s t r ike  slip components  of this 
displacement canno t  b e  determined. 

Correlation and Age of t h e  Schist  Group 

The Schist group resembles polydeformed and meta-  
morphosed schists and gneisses t o  the  wes t  of Grand Lake. 
These rocks a r e  corre la ted  with t h e  western division of t h e  
Fleur de  Lys Supergroup on t h e  Baie Verte Peninsula of 
northwest Newfoundland by most workers (Church, 1969; 
Williams, 1978). 

The Fleur d e  Lys Supergroup is in terpre ted t o  b e  
Cambrian in a g e  based upon i t s  in terpre ta t ion a s a  
c l a s t i c  wedge developed along the  cont inenta l  margin of 
North America  following rift ing and formation of Iapetus 
(Stevens, 1970; Bird and Dewey, 1970). A similar age  is 
hypothesized for  t h e  Schist  group. 

The Glover Formation 

Rocks wes t  of t h e  Schist  group comprise t h e  Glover 
Formation (Riley, 1957). The Glover Formation is  composed 
of th ree  d is t inct  map units. The basal p a r t  consists of an  
igneous plutonic massif of u l t ramafic  and maf i c  rocks 
informally termed the  Glover Island complex (Knapp et al., 
1979). Overlying this massif a r e  metaconglomerates  and 
mafic  metavolcanics.  When a formal  definition of all  units 
within t h e  Glover Formation can be  made, i t  deserves t o  be 
raised t o  group status.  

The Glover Island Complex 

The Glover Island complex (Knapp e t  al., 1979) is a 
metamorphosed igneous massif composed of variably 
serpentinized ul t ramafic  rocks, cumula te  layered meta-  
gabbros and minor metabasal ts  in terpre ted t o  represent  a 
dismembered ophioli te (Williams and St-Julien, 1978). I t  
forms a continuous unit  s t ructura l ly  overlying t h e  Schist  



Figure 10.3. Equal area stereographic projections of 0 2  and 02 '  data. Figures 10.3a, 10.3b, and 1 0 . 3 ~  
show the orientation of  poles to  S2 surfaces (contoured) and L2 lineations (solid dots). Figures 10.3d and 
10.3e show the orientation of poles to S2' surfaces (contoured) and L2' lineations (solid dots). Contour- 
intervals in per cent per one per cent area, the number of points contoured, and the number o f  
lineations plotted for each figure, are as follows: 



- - 

Figure 10.4. Equal a rea  stereographic projections of poles to  S3 surfaces  (contoured) and L3 l ineations 
(solid dots). Contour intervals in per  c e n t  p e r  one pe r  cen t  a rea ,  t h e  number of points contoured, and 
t h e  number of l ineations p lot ted  fo r  each figure,  a r e  a s  follows: 

~p and is exposed along t h e  western  shoreline of Clover decussate  serpent ine  matrix.  Rel ic t  cumulate  t ex tu res  a r e  
nd a t  two localities (Fig. 10.1). Total  thickness of t h e  well preserved. Subidioblastic amphibole is  secondary and 
~ p l e x  ranges between 500 and 1300 m. replaces serpentine and clinopyroxene. 

Ul t ramafic  rocks overlie talc-carbonate rocks a t  t h e  
3. of t he  complex a t  i t s  northern outcrop ex ten t  
;. 10.1). These ul t ramafic  rocks a r e  sequentially overlain 
zumulate layered gabbro and massive leucocrat ic  gabbro. 
era1 grading within cumulate  layers indicates t h e  complex 
ight-side-up. The proportion of metagabbro and me ta -  
3lt in t h e  complex increases t o  t h e  southwest a t  t h e  
ense of u l t ramafic  rocks. Talc-carbonate rocks a r e  
jent a t  t he  base of t h e  complex throughout i t s  extent .  

Ul t ramafic  rocks a r e  composed of serpentine,  
~ h i b o l e  and clinopyroxene. Clinopyroxene is of igneous 
;in and contains abundant exsolved orthopyroxene(?) and 
que material .  These relict  clinopyroxenes a r e  s e t  in a 

Cabbro is composed of amphibole, clinopyroxene and 
zoisite. Zoisite aggregates  pseudomorph plagioclase. 
Amphibole is  pale olive green in colour and similar in s ize  t o  
clinopyroxene relicts and pseudomorphs of plagioclase. It is 
probably a metamorphic  replacement  of clinopyroxene. 
These minerals form an interlocking granoblastic aggregate  
in terpre ted t o  represent a cumulate  igneous texture .  

Numerous maf ic  dykes intrude t h e  massif. Both 
pyroxene- and amphibole-bearing var ie t ies  a r e  present. 
Excellent subophitic t ex tu res  a r e  preserved in each. The 
amphibole-bearing var ie ty  is  especially distinctive due t o  
cores  of euhedral,  deep  'brown amphibole rimmed by a dark 
green amphibole. 



Talc-Carbonate Rocks The base of t he  Glover Island 
complex consists of distinctive orange weathering ta lc-  
carbonate  rocks derived by C o n  metasomatism of an  ultra- 
maf ic  protolith. As the  ac tua l  con tac t  between unaltered 
and a l tered ultramafic rocks is abrupt,  i t  is likely t h a t  some  
postmetasomatism faulting has occurred along th is  surface.  

Rocks in t h e  talc-carbonate zone consist primarily of 
talc,  serpentine,  dolomite, magnesite, qua r t z  and whi te  mica  
in varying proportions. Carbonate  minerals generally occur  
a s  subidiomorphic porphyroblasts s e t  in a f ine  grained t a l c  or  
talc-serpentine matrix. Carbonate-mica and carbonate-  
qua r t z  rocks a r e  also present. 

The Conglomerate Unit 

Rocks of t he  Glover Formation overlying the  Glover 
Island complex can be divided into two  distinct map units: a 
lower, metaconglomerate unit and an upper, dominantly 
maf ic  metavolcanic unit. These units a r e  referred t o  a s  t h e  
conglomerate unit and the  volcanic unit, respectively. 

The conglomerate  unit is  distinctive and is located 
immediately above t h e  Glover Island complex. I t  consists of 
an  assor tment  of matrix-supported rounded c las ts  set in a 
fine grained metasedimentary matrix.  This matr ix  ranges 
f rom a micaceous qua r t z i t e  t o  a phyllite and is everywhere  
thinly layered. Individual layers a r e  generally less than 5 mm 
thick lending a distinctive laminated appearance t o  t h e  rock. 
The conglomerate  unit ranges between 160 and 500 m in 
thickness. 

All recognized c las ts  in the  conglomerate unit a r e  
igneous in origin. They range f rom 1 t o  10 cm in d iameter  
and average between 2-5 cm. Gabbro c las ts  a r e  most 
abundant but fine grained mafic volcanic c las ts  and c las ts  of 
a granitic rock have also been identified. All c las ts  a r e  well 
rounded. The largest  identified c l a s t s  a s  well a s  t h e  g rea te s t  
abundance of c las ts  occur in the  basal par t  of t h e  unit. 

Sedimentological evidence indicates t h a t  t h e  con tac t  
between t h e  ophiolite and the  overlying conglomerate  may b e  
erosional in origin. Many of t h e  c las ts  in t h e  conglomerate  
consist of gabbro identical t o  t h a t  in t h e  underlying massif. 
Clas ts  a r e  coarses t  and most abundant near t h e  basal con tac t  
a s  well. This con tac t  is a high s t ra in  zone, probably 
reflecting a mechanical contras t  between the  crystall ine 
massif and overlying sediments. Thus examination of the  
con tac t  itself is uninformative with regards t o  i t s  nature .  
The c las t  evidence, however, is significant and strongly 
suggests t h a t  t he  conglomerate unit nonconformably overlies 
the  Glover Island complex. 

The Volcanic Unit 

The volcanic unit consists primarily of maf i c  volcanics 
and volcaniclastic sediments metamorphosed under green-  
schist  f ac i e s  conditions. I t  conformably overlies t h e  con- 
g lomerate  unit throughout t h e  a r e a  shown in Figure  10.1. 
Igneous textures ,  and even pillows, a r e  recognizable in low 
s t ra in  areas.  Thickness of t h e  volcanic unit is unknown a s  t h e  
top of t h e  sect ion is not exposed. Minimum thickness is 
2 km. 

The dominant rock type in the  volcanic unit is a 
porphyritic metabasalt .  Subophitic textures  formed by la ths  
of plagioclase (now albite) enclosed in an amphibole or less 
commonly a clinopyroxene a r e  widespread. Plagioclase 
phenocryst pseudomorphs a r e  abundant. These pseudomorphs 
a r e  composed of an  aggregate  of albite,  zoisite, and minor 
muscovite. The original shape of t h e  phenocryst is  generally 
well preserved. 

The volcanic unit also contains a significant proportion 
of metamorphosed sil icic volcanic rocks. These  a r e  
porphyritic with euhedral phenocrysts of feldspar and qua r t z  
in a f ine  grained sil icic matrix. Minor muscovite and epidote  
a r e  also present.  

The remainder of t h e  volcanic unit  is  composed of 
metamorphosed volcaniclastic metasediments  and tuffaceous  
rocks. These f ine  grained, well bedded rocks a r e  rich in 
epidote,  chlor i te  and re l ic t  feldspar. 

The conglomerate  unit-volcanic unit con tac t  is inter-  
preted a s  gradational. Mafic volcanic rocks a r e  interlayered 
with quar tz i tes  in the  upper par t  of t h e  conglomerate  and 
eventually qua r t z i t e  gives way ent i re ly  t o  maf ic  volcanics 
and volcaniclastics. 

St ructure  of t h e  Glover Format ion 

Structures  relating t o  f ive  deformational even t s  a r e  
recognized in t h e  Glover Formation. Three  of t hese  (D3-D5) 
a r e  also recognized in t h e  underlying Schist group and have 
already been described. The oldes t  s t ruc tu res  recognized in 
t h e  Glover Format ion 6 1 '  and S2') form a composi te  
schistosity. Mineral growth has not  been corre la ted  with 
these  even t s  excep t  in a very  general  way due t o  t h e  
difficulty of separa t ing these  two  cleavages.  The relation- 
ship between this composite schistosity and s t ruc tu res  i n  t h e  
Schist group bears  directly upon t h e  a g e  of emplacement  of 
t he  Glover Island complex and is discussed later.  

S11/S2' Composite Schistosity S l '  and S2' a r e  coplanar 
cleavages formed under greenschist  fac ies  metamorphic  
conditions. They can only b e  distinguished in t h e  ta lc-  
carbonate  zone a t  t h e  base  of t h e  Glover Island complex and 
in t h e  basal sect ion of t h e  volcanic unit. Higher in t h e  
sect ion t h e  single observed schistosity is  assumed t o  b e  
composite.  

S1' is a penetra t ive  schistosity formed under 
greenschist  fac ies  conditions. I t  is  defined by muscovite,  
chlorite,  amphibole, epidote  and calc i te  in rocks of 
appropr ia te  bulk composition. 

S2' is a well developed crenulation c leavage associated 
with a pronounced s t re tching l ineation (L2') which overprints 
and locally transposes S l t  in the  basal par t  of t h e  section. 
L2' is  a s t rong s t re tching lineation defined by pressure 
shadows and pull-apart s t ructures .  The or ienta t ion of these  
s t ructures  is shown in Figure  10.3. 

Correlation of t h e  Glover Format ion 

Rocks in a similar s t ruc tu ra l  s e t t i ng  t o  t h e  Glover 
Formation a r e  present on t h e  Baie Verte Peninsula. 
Ophiolitic rocks of t h e  Advocate  group (Williams et al., 1977) 
a r e  s t ructura l ly  juxtaposed agains t  polydeformed schists and 
gneisses of t h e  Fleur d e  Lys Supergroup (Church, 1969) t o  t h e  
west. T o  t h e  eas t  a r e  dominantly maf ic  volcanic rocks of t h e  
F la twa te r  group (Williams e t  al., 1977). The base of t h e  
Fla twater  group consists of polymictic conglomerates  con- 
taining c las ts  (Kidd, 1977; Williams e t  al., 1977). The schist-  
ophiolite con tac t  on t h e  Baie Verte Peninsula has  been 
designated t h e  Baie Verte-Brompton Line (St-Julien et al., 
1976; Williams and St-Julien, 1978). 

The Baie Verte-Brompton Line is  in terpre ted t o  be  
continuous f rom t h e  Baie Verte Peninsula t o  Glover Island. 
Lithologies and s t ruc tu ra l  s e t t i ng  a r e  comparable  and rocks 
along th is  line must b e  broadly corre la t ive  (Williams and 
St-Julien, 1978; Knapp and Williams, 1979; Knapp et al., 
1979). The Glover Island complex is  corre la ted  with t h e  
Advocate  group and t h e  conglomerate  and volcanic units on 
Glover Island a r e  corre la ted  with t h e  F la twa te r  group. 



Correlation of the  Glover Island and Advocate 
complexes with o ther  ophiolitic rocks in western 
Newfoundland is a controversial  topic. Some workers think 
t h a t  a l l  ophiolitic rocks in western  Newfoundland r e l a t e  t o  
the  s a m e  cycle  of ophiolite generation and a r e  the re fo re  all  
roughly t h e  s a m e  a g e  (Church and Stevens, 1971; Williams, 
1975, 1977; Williams, e t  al., 1977). Others  maintain t h a t  
d i f ferent  ophiolite complexes originated in d i f ferent  basins 
and may therefore  be of d i f ferent  ages  (Bird and Dewey, 
1970; Dewey and Bird, 1971; Kennedy, 1973, 1975; Kidd, 
1977; Kidd et al., 1978). 

A t  Grand Lake a simple cross-section is apparent  with 
schists, gneisses and carbonate  rocks separa t ing ophiolitic 
rocks of t he  Humber Arm Allochthon (Williams, 1975) f rom 
t h e  Glover Island complex (Riley, 1957, 1962; Knapp et al., 
1979). The ophiolite-schist con tac t  (Baie Verte-Brompton 
Line) is t h e  most logical root zone for these  transported 
ophiolitic rocks because no a l ternat ive  root  zone is 
recognized. The Glover Island complex is  tenta t ively  
corre la ted  with ophiolitic rocks of t h e  Humber Arm 
Allochthon. 

Age of the  Glover Formation 

The rocks of t h e  Humber Arm Allochthon a r e  known to  
b e  Early Ordovician or  older in a g e  (Williams, 1975) and a 
similar a g e  is proposed for the  Glover Island complex based 
upon t h e  above correlation. The a g e  of t h e  conglomerate  and 
volcanic units overlying the  Glover Island complex is 
uncertain. An Arenig graptoli te fauna (Dean, 1976; Williams 
and St-Julien, 1978) has been recognized in a black shale  unit 
within t h e  Glover Formation a s  mapped by Riley (1957). The 
s t ra t igraphic  position of this black shale  unit in t h e  Glover 
Formation is not known. Considering t h e  lithological 
diversity of t he  Glover Formation, i t  is premature  t o  assume 
this age  is applicable to  the  conglomerate  and volcanic units. 
The proposed Early Ordovician or older age  for the  Glover 
Island complex limits t h e  age  of t h e  overlying rocks t o  Early 
Ordovician or younger based upon interpretation of the  base 
of t h e  conglomerate  unit a s  a nonconformity. 

Timing of  Ophiolite Emplacement  

The emplacement  of t he  Glover Island complex against  
t he  Schist group is an  ext remely important event  in t h e  
s t ructura l  history of the  Glover Island area .  Determination 
of re la t ive  age  of emplacement  res ts  upon corre la t ion of 
s t ruc tu res  below and above t h e  ophiolite. S t ructures ,  which 
a r e  not  present both above and below t h e  ophiolite, must 
predate emplacement .  

Direct  evidence demonstra tes  t h a t  ophiolite emplace-  
ment  predates  D3, namely the  major F 3  fold pair located in 
the  southern par t  of t he  a rea  which involves both the  Schist 
group and Glover Island complex. As ophiolite emplacemen t  
must p reda te  D3, i t  is  important  t o  determine if D l  o r  D2 
also postdate  ophiolite emplacement.  

Due t o  parallelism of the  thrust  surface  a t  t he  base  of 
t h e  Glover Island complex with S l ,  S2, S1' and 52' i t  cannot  
be determined if any of these  pre-D3 s t ruc tu res  d i rec t ly  
involve t h e  ophiolite-schist contact .  Thus thei r  a g e  re la t ive  
to  t h e  ophiolite-schist con tac t  must b e  based upon 
correlation of s t ructures  above th is  surface  with those  below. 

Both S2 and S2' a r e  well developed cleavages containing 
a strong s t re tching lineation. The orientation of this 
lineation a s  well a s  t he  cleavages themselves a r e  shown in 
Figure 10.3 (compare Fig. 1 0 . 3 ~  with 10.3d). It is c l ea r  f rom 
this figure t h a t  these  two  lineations and c leavages  a r e  
identical  in orientation and may be  correlative.  This would 
indicate ophiolite emplacement  predates  D2 and thus 
occurred qui te  early in th is  s t ructura l  history. More 
conclusive evidence for this early emplacement  must be 
sought. 
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Abstract 

An unusual trilobite faunule composed of Agerina norrisi n. sp., Cnernidopyge norfordi n. sp., 
Lonchodomas carinatus Cooper, and Robergiella c f .  sagittalis Whittington is described from dark 
limestones within the upper part of  a thick carbonate succession near Mount Burgess, northern Yukon 
Territory. Trilobite-based correlations to Ordovician rocks of  Virginia indicate a Llandeilo to earliest 
Caradoc age for the faunule. The conodonts belong in the upper Pygodus anserinus - Arnorphognathus 
tvaerensis zones. The trilobite faunule has affinity to upper slope faunas o f  Early and Middle 
Ordovician age in Spitsbergen and northern Canada, but is completely dissimilar to temporally 
equivalent faunas on the carbonate platform in the District of Mackenzie. 

Introduction 

During stratigraphic investigations of the  Geological 
Survey of Canada's Operation Porcupine in northern Yukon 
Territory in 1962, A.W. Norris measured a section on an 
unnamed mountain immediately t o  the eas t  of Mount Burgess. 
The section consists of nearly 1100 m of unnamed limestone 
and dolostone preserved beneath an unconformity a t  the base 
of the Devonian Gossage Formation (Fig. 11.1; Norford, 1964, 
p. 76-80). Fossils a r e  scarce in this section, but a single 
collection from a 3 m thick unit of brown, finely crystalline, 
and thinly bedded limestones some 8 5 m  below the 
unconformity yielded abundant inarticulate brachiopods and 
trilobites, including well preserved representatives of the  
genera Agerina Tjernvik, Cnernidopyge Whittard, Robergiella 
Whittington, and Lonchodomas Angelin. This unusual associa- 
tion of trilobites is described in this paper. 

Few Ordovician trilobites a r e  known from northern 
Yukon Territory. Kobayashi (1936) described species of 
Geragnostus, Parabolinella, and Ptychopleurites from lower 
Tremadoc s t ra ta  of the Yukon River area on the Alaska- 
Yukon boundary, some 130 km southwest of Mount Burgess. 
Lenz and Churkin (1966) described species of Robergia, 
Cryptolithoides, and Ampyxina from Ashgill s t rata  of the 
Road River Formation on Snake River, some 300 km east of 
Mount Burness. Dean (1973a) described soecies of 
Geragnostu< Arnpyxoides, ~hurnardia ,  Cybelurus, darolinites, 
Remooleurides, Perasois, and Nileus from Llanvirn s t rata  in 
t h e  ~ k e l e  ~ a n ' g e ,  some '120 km northwest of Mount Burgess. 
A few additional Ordovician trilobites were included in faunal 
lists by Norford (1964). 

Age and Environment of t h e  Faunule 

The trilobite faunule from GSC loc. 54290 consists of 
common t o  abundant Cnemidopyge norfordi n. sp. and Agerina 
norrisi n. sp. and rare Robergiella cf. sagittalis Whittington 
and Lonchodornas carinatus Cooper, in addition t o  unstudied 
fragments of a large cheirurid trilobite. Similar trilobite 
associations have not been recorded from Ordovician rocks of 
western North America and, therefore, regional correlations 
cannot be made. 

Closely similar faunas have been recorded only from 
Ordovician rocks of Virginia. The Effna Limestone contains 
possible Agerina norrisi ( that  is, Isbergia virginica Cooper, 
1953, PI. 1, fig. 21, 22, 27 only; see section on Systematic 
Paleontology), the lower Edinburg Formation contains 

Lonchodomas carinatus Cooper (Whittington, 1.959), and the 
Liberty Hall facies of the lower Edinburg contains 
Robergiella sagittalis Whittington, 1959. This s t ratal  interval 
falls within the upper Pygodus anserinus - lower 
Amorphognathus tvaerensls conodont zones and the 
Nemagraptus gracilis - lower Didyrnograptus multidens 
graptolite zones ( B e r g s t r h ,  1971, Fig. 10); that  is Llandeilo 
and early Caradoc in terms of the British series and Chazyan 
and early Blackriveran in terms of the North American 
stages. Cnemidopyge has not been recorded from other North 
American localities. In Britain, this genus occurs in Llandeilo 
and basal Caradoc s trata  (Hughes, 1969, p. 62). Thus, the 
trilobite faunule from GSC loc. 54290 suggests a Llandeilo t o  
earliest Caradoc age. 
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Figure 11.1. Location of measured section on unnamed 
mountain immediately east o f  Mount Burgess (66 '03 'N ,  
13g035'W). Columnar section o f  upper part o f  Ordovician and 
lower part of Devonian succession is based on Section 16 o f  
Norford (1964, p. 7 6 ,  77). 
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Figure 11.2. Agerina norrisi  n. sp. Reconstruction of F i g w e  11.3. Cnemidopyge norfordi n. sp. Reconstruction of 
cephalon, pygidium and hypostorne. cephalon and pygidium. 

C.R. Barnes has  kindly processed a sample  of lime- 
s tone  f rom GSC loc. 54290 for conodonts. He repor ts  
( le t ter ,  June 13, 1979): 

"The sample contained severa l  hundred well 
preserved conodonts of North At lant ic  Province 
affinity. The fauna is of low diversity, being 
dominated by Periodon aculeatus  Hadding with 
several simple-cone multielement genera and a 
few specimens of Eoplacognathus elongatus 
(Bergstrom). The l a t t e r  species has  a res t r ic ted  
s t ra t igraphic  range (Bergstrom, 1971, p. 138) in 
the  uppermost Pygodus anserinus Zone and t h e  
lower pa r t  of t h e  Arnorphognathus tvaerensis  
Zone. This range corresponds approximately t o  
t h a t  'bf t h e  Nemagraptus gracil is  graptol i te  zone 
(i.e. upper Chazy; upper Llandeilo-lowermost 
Caradoc)." 

The faunal assemblage a t  GSC loc  54290 belongs in t h e  
upper Pygodus anserinus - lower Arnorphognathus tvaerensis  
zones of t he  North Atlantic conodont zonation. Second-order 
correlations of t h e  conodont zones may be made with t h e  
Nemagraptus gracil is  Zone, with Fauna 6 of t h e  midcontinent 
conodont sequence of Sweet et al. (19711, and finally with 
t h e  Ceraurinella nahanniensis Zone and, possibly, t h e  
underlying Bathyurus granulosus Zone and overlying Bathyurus 
ulu Zone of the  zonation of Middle Ordovician pla t form 
carbonates  in t h e  District  of Mackenzie (Ludvigsen, 1979b). 

The complete  generic dissimilarity of t h e  
Cnemidopyge-Agerina assemblage of t h e  Yukon Territory and 
temporally equivalent platform t r i lobi te  assemblages of t h e  
District  of Mackenzie is  striking, but  not complete ly  
unexpected. In f ac t ,  i t  could have been largely predicted 
from the  recent  work on Lower and Middle Ordovician 
tri lobite biofacies by For tey  (1975) and Ludvigsen (1979a). 

Both of these  authors  outlined pla t form tri lobite 
associations which were  dominated by bathyurids, cheirurids, 
illaenids, harpids, and dimeropygids (illaenid-cheirurid 
community of For tey  and Biofacies I t o  I11 of Ludvigsen) and 
upper slope tri lobite associations which include raphiophorids 
and Robergiella among o the r s  (nileid community of For tey  
and Biofacies IV of Ludvigsen). 

In environmental terms,  t h e  Cnemidopyge-Agerina 
assemblage c a n  be  placed on t h e  upper slope; corre la t ive  with 
both t h e  nileid community and Biofacies IV. Such a position 
receives support  f rom t h e  dark coloured and slightly 
bituminous na tu re  of t h e  thinly bedded limestones of GSC 
loc. 54290 and f rom t h e  dominance of Periodon in t h e  
conodont sample  prepared by C.R. Barnes. In slightly older 
rocks of Spitsbergen, t h e  Periodon community corresponds t o  
the  nileid community (For tey  and Barnes, 1977). 

The d ras t i c  biofacies change a t  t h e  edge  of t h e  
carbonate  p la t form during t h e  Early and Middle Ordovician 
also indicates a replacement  of endemic  North American 
tri lobites and mid-continent conodont faunas  by widely 
occurring t r i lobi tes  and North At lant ic  conodont faunas. This 
faunal replacement  was  probably localized along a bel t  which 
separa ted warm bot tom wa te r s  f rom cold bot tom wa te r s  
(Taylor, 1977; For tey  and Barnes, 1977; Ludvigsen, 1979a). 

The 3 m interval of dark  l imestones within t h e  upper 
par t  of a thick dolostone and l imestone sequence near  Mount 
Burgess can  be viewed a s  an  incursion of Road River 
sediments caused e i ther  by a brief deepening or cooling 
period during t h e  Llandeilo. A f ew t e n s  of kilometres t o  t h e  
south  and t h e  southeas t ,  t h e  e n t i r e  Middle and Upper 
Ordovician ca rbona te  succession passes in to  basinal 
sediments of t h e  Road River Format ion in t h e  Blackstone 
Trough (Norford, 1964, Fig. 2; Lenz, 1972, Fig. 6, 7). 



Sys temat i c  Paleontology 

Family BATHYURIDAE 

Genus Agerina Tjernvik, 1956 

Type species: Agerina e r r a t i c a  Tjernvik, 1956 f rom the  Upper Planilimbata Limestone (Arenig) of 
cen t r a l  Sweden (by original designation). 

Remarks: Agerina was established by Tjernvik (1956) for t h ree  species f rom Tremadoc and Arenig 
rocks of t he  Baltic area .  Another species was described by Dean ( 1 9 7 3 ~ )  f rom Arenig s t r a t a  of 
Turkey and one was  described by Lu (1975) f rom Upper Llanvirn s t r a t a  of Hupeh Province, China. 
Tripp (1976) questionably a t t r ibuted a cranidium from Llandeilo s t r a t a  of Scotland t o  t h a t  genus. 

Harrington and Leanza (1957) described a new genus, Brackebuschia, f rom Lower Tremadoc 
rocks of Argentina. The type and only species, B. achei la  Harrington and Leanza, has a long (sag.) 
parallel-sided glabella, f l a t  anter ior  border, t h r e e  f a in t  la tera l  glabellar furrows, and small  palpebral 
lobes located a t  mid-length of cephalon. The t ransverse  pygidium has  a convex axis with four rings 
and faintly furrowed pleural fields. This species is  very similar t o  both Agerina praernatura  Tjernvik 
from the  Upper Tremadoc of Sweden and A. norrisi  n. sp. f rom t h e  Llandeilo of Yukon Terr i tory  and i t  
should cer ta in ly  be assigned t o  Agerina. Thus, Brackebuschia is  a junior subjective synonym of 
Agerina. 

Agerina has not previously been recorded on this continent.  The occurrence  repor ted  he re  
establishes i t s  presence in Llandello or  lowest Caradoc rocks of North America. Moreover, t he  
pygidia a t t r ibuted t o  Isbergia virginica Cooper f rom t h e  Effna  Limestone of Virginia by Cooper (1953, 
PI. I ,  fig. 21, 22, 27) probably belong t o  Agerina. Dean (1972) has  shown t h a t  t h e  holotype cranidium 
of I. virginica is not  congeneric with the  type species of Isbergia and, instead, belongs t o  t h e  isocolid 
Effnaspis Dean. The pygidia i l lustrated by Cooper a r e  so  similar t o  those of Agerina norrisis n. sp. 
t h a t  they could record a n  Appalachian occurrence  of tha t  species. The Yukon and Virginia locali t ies 
a r e  of t h e  s a m e  age; both belong in t h e  upper Pygodus anserinus-lower Amorphognatus tvaerensis  
Zones (Bergstrom, 1971, Fig. 10, C.R. Barnes, personal communication, 1979). 

As presently conceived, Agerina is a rare ,  but  widespread, tr i lobite tha t  occurs  in Tremadoc t o  
Llandeilo s t r a t a  of four of t h e  six main Ordovician continents t h a t  were  defined by Scotese  e t  al. 
(1979, Fig. 8): 

GONDWANA A. achei la  (Harrington and Leanza) [Lower Tremadoc]  
A. pamphylica Dean [Arenig] 

BALTICA A. e r r a t i c a  Tjernvik [Arenig] 
A. p raematu ra  Tjernvik [Upper Tremadoc]  
A. woehrmanni (Schmidt) [Arenig] 

CHINA A. e longata  Lu [Llanvirn] 

LAURENTIA A. norrisi n. sp. [Llandeilo/lowest Caradoc]  

In the  definit ive paper, Tjernvik (1956) assigned Agerina, without comment ,  t o  t h e  family 
Bathyuridae. Whittington (in Moore, 1959) questionably assigned this genus t o  t h e  s a m e  family. 
Agerina is most similar t o  the  group of Arenig and Llanvirn bathyurid gene ra  c lus tered around 
Annarnitella; t h a t  is, Annarnitella Mansuy, Bathyuriscops Weber, Proet idel la  Harrington and Leanza, 
and Monella Bates. The possibility tha t  these  four genera  a r e  congeneric was  discussed by 
Whittington (in Neuman, 1964, p. 29, 30) and by Dean (1973b, p. 20, 21). From these  genera,  Agerina 
can  b e  distinguished by possessing a cephalon with a less inflated glabella (particularly noticeable 
near  t h e  front), smaller eyes, longer (sag.) anter ior  border, shor ter  genal spines, and a more  
transverse pygidium with fewer and less d is t inct  pleural furrows and narrower border. In addition, 
Agerina is considerably smaller than Annarnitella and i t s  allies. 

Agerina f i r s t  appears  in t h e  ear ly  Tremadoc and is  probably t h e  oldest  bathyurid genus. I ts  
distributional pa t t e rn  though t h e  ear ly  p a r t  of t h e  Ordovician closely follows t h a t  of t h e  trinucleids 
(Hughes e t  al., 1972). The earlier species of Agerina occur  in mid- t o  high-paleolatitude s i t e s  on t h e  
fringes of Gondwana and Baltica;  la ter  species  occur in lower paleolati tude s i tes  in China and 
Laurentia.  Unlike o the r  bathyurids which proliferated in clean, shallow water  carbonates  with 
nautiloids, gastropods, and orthid brachiopods during t h e  Arenig and Llanvirn ( t h a t  is, in t h e  Bathyurid 
province of Whittington and Hughes, 1972, Table 1); Agerina is typically found in c l a s t i c  rocks o r  in 
dark muddy limestones in association with raphiophorid, agnostid, and remopleuridid tri lobites and 
lingulid brachiopods. This suggests that ,  in low paleolati tudes,  Agerina was res t r ic ted  t o  cold wa te r  
s i t e s  on the  slope and platform-edge whereas  "typical bathyurids" preferred warm wa te r  s i t e s  on t h e  
platform. 



Agerina norrisi n. sp. 

Plate 11.1, Figure 11.2 

(?) 1953 Isbergia virginica Cooper, PI. 1, fig. 21, 22, 27 (not fig. 20, = Effnaspis virginica, see  
Dean, 1972). 

Diagnosis. A species of Agerina with a narrow (tr.) convex glabella possessing 3 pairs of faintly 
incised lateral furrows; I s  furrow is bifid, 2s and 3s a r e  transverse. Lateral glabellar lobes a r e  not 
inflated. Deep axial furrows converge slightly toward front;  include small anterior pit located a t  
mid-length of 4p lobe. A short sagittal  furrow occurs on front part  of glabella of some specimens. 
Median occipital tubercle has 4 minute pits arranged in a rectangle. Anterior cephalic border is f l a t  
and long (equal t o  114th sagittal  length of cephalon). Genal angles a r e  rounded. Cephalon carries 
prosopon of minute granules and pits. Hypostome is ovoid, expanding posteriorly; border furrows a re  
complete and median furrow is short; anterior wings a re  triangular and high. Pygidium is 
semicircular with a narrow convex border and faint border furrows. Axis narrows evenly towards 
rear;  i t  does not quite reach posterior border furrow; i t  consists of 4 or 5 rings (1st and 2nd rings a r e  
separated by a lenticular [preannular?] lobe). Pleural field crossed by three  pairs of pleural and 
interpleural furrows; all  a re  faint,  with the  exception of the  first  pleural furrow which is deep. 
Pygidial borders carry prosopon of fine parallel terrace lines. 

Holotype. An incomplete cranidium from GSC loc. 54290 (GSC 61349) illustrated on Plate  11.1, 
figures 1-5. 

Paratypes. Cranidia (GSC 61350, 61354, 61355, 61358), pygidia (GSC 61351, 61357, 61359, 613601, 
f r e e  cheeks (GSC 61352, 613531, and a hypostome (GSC 61356); a l l  from GSC loc. 54290. 

Name. For A.W. Norris of t h e  Geological Survey of Canada who collected the  faunule. - 
Remarks. Pygidia of Agerina norrisi n. sp. a re  very similar t o  those illustrated by Cooper (1953, PI. I, 
fig. 21, 22, 27) a s  Isbergia virginica from t h e  Effna Limestone of Virginia. It is quite possible tha t  
these  pygidia represent A. norrisi, but a cranidium is needed for confirmation. The outline of t h e  
glabella and the  shape and dimensions of the  anterior border of the  cranidium of Agerina? sp. 
described by Tripp (1976, p. 387, PI. 4, fig. 10) from the Superstes Mudstone near Girvan, Scotland a r e  
reminiscent of A. norrisi. The Scottish cranidium apparently lacks t h e  bifid I s  furrow character is t ic  
of A. norrisi. The pygidium identified a s  Panarchaegonus sp. by Tripp (1976, p. 389, PI. 4, fig. 15, 16) 
may well belong t o  Agerina and, i t  too, is similar t o  tha t  of A. norrisi. The Scottish locality is within 
the  Nemagraptus gracilis Zone and, a s  such, is about the  same age as  the  Yukon occurrence of 
A. norrisi. 

The long anterior cephalic border and t h e  narrow glabella of Agerina norrisi effectively 
distinguishes it  from A. e r ra t i ca  Tjernvik and A. praematura Tjernvik from Sweden and from 
A. pamphylica Dean from Turkey. 

The glabellar shape of both Agerina acheila (Harrington and Leanza) and A. elongata Lu is close 
t o  t h a t  of A. norrisi. Each of these species, however, lacks the  long anterior cephalic border and the  
bifid Is furrow. 

Family RAPHIOPHORlDAE 

Genus Cnemidopyge Whittard, 1955 

Ty e s ecies. Trinucleus nudus Murchison, 1839 from the  Upper Llandeilo of centra l  Wales 
*designation). 

Remarks. Whittard (1955) assigned Trinucleus nudus Murchison, Ampyx bisectus Elles, and 
Cnemidopyge granulata Whittard t o  Cnemidopyge. Hughes (1969) redescribed and il lustrated C nuda 
and C. bisecta; established a new species, C. parva; and suggested t h a t  C. granulata be considered a 
subspecies of C. nuda. In Britain, Cnemidopyge is confined t o  t h e  Clyptograptus teretiusculus and 
Nemagraptus gracilis Zones in central Wales and the  Welsh Borderlands; tha t  is, essentially t o  the  
Llandeilo and basal Caradoc (Williams e t  al., 1972). Hughes (1969, p. 62) noted tha t  Cnemidopyge has 
been recorded from t h e  Upper Llanvirn t o  Caradoc of Scandinavia by Jaanusson. 

P la te  11.1 

Agerina norrisi n. sp. All f rom GSC loc 54290, Mount Burgess area ,  northern Yukon Territory. 

Figures 1-5. Cranidium, holotype, dorsal and la teral  Figures 10. Cranidium, paratype, X 8, GSC 61354. 
views, X 9; three  views of cranidium, 11. Cranidium, paratype, X 8, GSC 61355. 
X 18, GSC 61349. 12,13. Hypostome, paratype, X 18, GSC 61356. 

6. Cranidium, paratype, X 22, GSC 61350. 14-16. Pygidium, paratype, X 11, GSC 61357. 
7. Pygidium, paratype, X 11, GSC 61351. 17. Cranidium, paratype, X 7, GSC 61358. 
8. Free cheek, paratype, X 18, GSC 61352. 18,19. Pygidium, paratype, X 18, GSC 61359. 
9. Free cheek, paratype, X 13, GSC 61353. 20. Pygidium, paratype, X 18, GSC 613'60. 





The integrity of Cnemidopyge a s  a genus distinct from i t s  probable ancestor, Ampyx, res ts  
merely on the  presence of distinct pygidial ribs. Cephalic and hypostomal features cannot, a t  
present, be  used to  discriminate these genera. Hughes (1969, p. 63) noted tha t  i t  is possible t h a t  the  
European and North American species of Cnemidopyge a r e  results of separate  developments f rom 
Ampyx. The cephalic and pygidial similarity of C. norfordi t o  Ampyx arnericanus Safford and Vogdes 
(Cooper, 1953, PI. 5, fig. 5, 8, 9) lends credence to  this suggestion. Hughes placed emphasis on the  
number of pygidial ribs t o  differentiate species of Cnernidopyge. This character  must be  used 
advisedly because the  pygidial ribs of C. norfordi vary in numbers f rom 8 t o  10 and a single large 
pygidium displays 13 distinct ribs. 

Cnernidopyge norfordi n. sp. 

P la te  11.2, Pla te  11.3, figures 10-13, Figure 11.3 

1964 Cnemidopyge sp., Norford, p. 132. 

Diagnosis. A species of Cnemidopyge with a subquadrate glabella tha t  expands slightly forwards; 2 
pairs of oblique la teral  glabellar furrows, t h e  posterior pair terminates  adaxially in circular muscle 
impression. A faint sagi t ta l  ridge extends from base of anterior glabellar spine t o  occipital  furrow. 
A pair of ovate  bacculae a r e  located opposite Ip  lobe. A pair of genal ridges diverge gradually 
toward postero-lateral corner. of cranidium from tubercle located near axial furrow opposite anterior 
end of 2s furrow. Genal spines a r e  long and diverging. Hypostome appears identical t o  tha t  of 
Ampyx. Pygidium is subcircular t o  subtriangular with evenly tapering axis which carries 12-17 axial 
rlngs. Pygidial ribs number 8 t o  10. A single unique pygidium carr ies  13 ribs. Exoskeleton lacks 
granules and pits. Pygidial margin has prosopon of parallel t e r race  lines. 

Holotype. A cranidium from GSC loc. 54290 (GSC 61361) illustrated on Plate  11.2, figures 1, 2. 

Parat  es. Cranidia (GSC 61362, 61365), pygidia (GSC 61362, 61364, 61366-61368), f r e e  cheeks 
GSC 61377, 61378), and a hypostome (GSC 61376). All from GSC loc. 54290. r" 

Name. For B.S. Norford of t h e  Geological Survey of Canada who f i rs t  identified this tri lobite a s  - 
Cnernidopyge. 

Remarks. All of the  material of Cnemidopyge nuda (Murchison), C. bisecta  (Elles), and C. parva 
Hughes from central  Wales and the  Welsh Borderlands tha t  was descibed by Hughes (1969, p. 62-77, 
PI. 2 t o  8) is compressed in shales and mudstones. 'The convex glabellae of these specimens have been 
flattened t o  some degree and, therefore, detailed comparisons a r e  difficult with the  C-norfordi  
cranidia tha t  a r e  preserved in full relief in limestone. The cranidia of C. norfordi n. sp. apparently 
differ from the  cranidia of the  three  Welsh species in being broader (tr.) across t h e  2p lobe, in 
possessing a pair of bacculae opposite I p  lobe, in having a pair of genal ridges on each fixed cheek, 
and by lacking prosopon of pits and granules. Like the  Welsh species, C. norfordi possesses a sagi t ta l  
ridge which extends from the  base of the  anterior glabellar spine t o  t h e  occipital furrow, but this 
ridge is much lower than t h a t  of C. bisecta and not  a s  narrow (tr.) a s  t h e  faint ridges of C. nuda and 
C. parva (Hughes, 1969, PI. 5, fig. I, 8). 

Two types of Cnernidopyge pygidia occur in GSC loc. 54290. Both a r e  assigned t o  C. norfordi. 
The f i rs t  type (PI. 11.2, fig. 3, 7, 9, 10 and Fig. 11.3) carries 8 t o  10 ribs and is similar t o  C. nuda and 
C.  bisecta. The second type is represented by a single large pygidium (PI. 11.2, fig. 11, 12) with 13 
distinct ribs. In this pygidium the  axis narrows posteriorly t o  a point and not t o  a blunt termination 
a s  is seen in pygidia of the  first  type. Furthermore, on the  anterior edge of this pygidium, the  
pleurae a r e  relatively wider (tr.) than in pygidia of t h e  f i rs t  type (compare PI. 11.2, fig. 10 and 11). It 
is possible tha t  the  second type of C. norfordi pygidia records an individual in which segments were  
continually added t o  t h e  pygidium a f te r  the  release of segments t o  the  thorax had ceased a t  the  
initiation of the  holaspid stage. 

Cranidia and pygidia of Cnemidopyge norfordi are,  in outline and proportion, extremely similar 
t o  some specimens of Arnpyx americanus Safford and Vogdes from t h e  Athens Formation of Tennessee 
and the  lower Edinburg Formation of Virginia tha t  were illustrated by Cooper (1953). A pygidium of 
A. arnericanus (Cooper, 1953, PI. 5, fig. 5) appears identical t o  the  f i rs t  type of C. norfordi pygidium 
(PI. 11.2, fig. 3) if one ignores the  pygidial ribs. It has a different outline and a narrower axis than 
the  pygidium of the  holotype of A. americanus il lustrated by Cooper. 1953, PI. 5, fig. 3), but i t  is also 

P la te  1 1.2 

Cnernidopyge norfordi n. sp. All from GSC loc. 54290, 
Mount Burgess area ,  northern Yukon Territory. 

Figures 1,2. Cranidium, holotype, X 3.5, GSC 61361. Figure 8. Cranidium, paratype, X 3.5, GSC 61365. 
3,4. Pygidium, paratype, X 3 and X 18, GSC 61362. 9. Pygidia, paratypes, X 2.6, GSC 61366a, b. 
5,6. Cranidium, paratype, X 2.8, GSC 61363. 10. Pygidium, paratype, X 2, GSC 61367. 

7. Pygidium, paratype, X 2.3, GSC 61364. 11,12. Pygidium, paratype, X 2, GSC 61368. 
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Plate 11.3 

Plate 1 1.3 

Lonchodomas carinatus Cooper. From GSC loc. 54290, 
Mount Burgess area, northern Yukon Territory. 

Figures 1-3. Cranidium, figured specimen, dorsal views of t e s t a t e  specimen 
and latex impression, X 4, and X 13, GSC 61369. 

Robergiella cf. sagittalis Whittington. All from GSC Ioc. 54290, 
Mount Burgess area ,  northern Yukon Territory. 

Figures 4,5. Cranidium, figured specimen, X 6, GSC 61370. 
6 .  Free cheek, figured specimen, X 8, GSC 61371. 
7. Free cheek, figured specimen, X 18, GSC 61372. 

8,9. Cranidium, figured specimen, X 18, GSC 61373. 

Cnemidopyge norfordi n. sp. All from GSC loc. 54290, 
Mount Burgess area, northern Yukon Territory. 

Figures 10, l l .  Hypostome, paratype, X 13, GSC 61 376. 
12. Free  cheek, paratype, X 4, GSC 61377. 
13. F ree  cheek, paratype, X 4, GSC 61378. 



about half t h e  size (Whittington, 1959, p. 469 noted tha t  Cooper's s ta ted magnification for fig. 3 is in 
error; i t  is X 2, not X 5). Similarly, in shape and proportion, t h e  A. arnericanus cranidia 
(Cooper, 1953, PI. 5, fig. 8, 9) a r e  very close t o  those of C. norfordi. Arnpyx americanus and 
Cnernidopyge norfordi a re  about the  same age  and appear t o  be closely related. As Hughes (1969, 
p. 63) suggested, i t  is possible tha t  the  single North American species of Cnernidopyge was derived 
from a different species of Arnpyx than the  British and Swedish species of Cnernidopyge. 

Genus Lonchodornas Angelin, 1854 

Type species. Arnpyx rostratus Ampyx rostratus Sars f rom the  Ampyx Limestone (Llandeilo and early 
Caradoc), Oslo region, Norway; redescribed and illustrated by Whittington, 1950 (subsequent 
designation by Raymond, 1925). 

Lonchodomas car inatus  Cooper, 1953 

Plate 11.3, figures 1-3 

1953 Lonchodomas carinatus Cooper, p. 17, PI. 7, fig. 12-17, 19-23. 

1959 Lonchodornascarinatus, Whittington, p. 473, PI. 32, 33. 

1964 ? Lonchodomas sp., Norford, p. 132. 

Figured specimen. A cranidium (GSC 61369) from GSC loc. 54290. 

Remarks. Lonchodornas carinatus has been fully described and extensively illustrated by Whittington 
he pointed out (p. 478), L. carinatus f rom t h e  lower Edinburg Formation of Virginia is 

extremely similar t o  the  type species L. rostratus from s t r a t a  of t h e  same  a g e  in Norway. The two  
species could well be synonymous. 

Family REMOPLEURIDIDAE 

Genus Robergiella Whittington, 1959 

Type species. Robergiella sagittalis Whittington, 1959 from the  Liberty Hall facies of t h e  lower 
Edinburg Formation (early Caradoc), Virginia (by original designation). 

Robergiella cf. sagittalis Whittington, 1959 

Plate 11.3, figure 4-9 

1959 Robergiellasagittalis Whittington, p. 432, PI. 6, fig. 16-32. 

Figured specimens. Cranidia (GSC 61370, 61373) and f r e e  cheeks (GSC 61371, 61372). All from 
GSC loc. 54290. 

Remarks. The Yukon specimens differ from t h e  Virginia specimens of Robergiella sagittalis 
Whittington in having narrower (tr.) and longer (sag.) anterior cephalic tongues and relatively shorter 
(exsag.) palpebral lobes. The long anterior tongue also distinguishes R. cf. sagittalis f rom the  
specimens of Robergiella from Nevada, District of Mackenzie, and Scotland illustrated by Ross and 
Shaw (1972, PI. 2, fig. 1, 2), Ludvigsen (1975, PI. 5, fig. 22-25), and Tripp (1976, PI. 2, fig. 21-23). 
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Abstract 

Sedimentary rocks of the Nonacho Group, believed t o  be of Aphebian age, unconformably overlie 
predominantly granitic basement in the Maclnnis Lake area. They include granite pebble 
conglomerate, impure arkose, arkose, quartz pebble conglomerate, siltstone, shale, and sandstone, and 
a re  folded about north-south trending axes. Gabbroic dykes of Helikian age cut the folded sedimentary 
rocks. Eight uranium occurrences are  known, seven of veintype and one disseminated. Three of the 
former a re  hosted by the sedimentary rocks, two others by younger gabbroic intrusions, and two are in 
amphibolite and gneissic granite of the basement. The disseminated occurrence is in arkose 
interbedded with quartz-pebble conglomerate; the uranium mineralization is disseminated through the 
chloritic matrix of detrital heavy mineral concentrations which consist predominantly of magnetite, 
largely altered t o  hematite, and contain t races of uranothorite, cassiterite, niobium- and tantalum- 
bearing minerals and native gold. Field relations and preliminary studies on chemistry, mineralogy and 
isotopic composition of the mineralized zones, suggest that  the disseminated mineralization represents 
uranium enrichment in the sediments prior to  deformation, and that  the veins in the sedimentary rocks 
represent concentrations formed &ring the deformation. The veins in the gabbroic intrusions were 
probably formed by deposition from groundwater circulated by convection currents generated by heat  
of the intrusion, and those in the basement rocks possibly represent supergene concentrations. 

Introduction Exploration activities in the Nonacho Lake region, 

MacInnis Lake, approximately 240 km southeast of 
Yellowknife, is in the southwestern part of the Lower 
Proterozoic Nonacho basin (Fig. 12.1). The study area is 
approximately 20 km by 10 km. It was first explored for 
uranium during the 1950s and 1960s. Seven occurrences were 
discovered, and were investigated by trenching and drilling, 
but none proved to be economic. The mineralization occurs 
in the folded sedimentary rocks of the Nonacho Group, in 
diabase intrusions, and in the basement rocks, mostly as veins 
but also as  dissemination along layers in the  sediments. 

Elsewhere in the Nonacho Lake area there a re  some 
40 uranium occurrences and these have many features in 
common with those in MacInnis Lake area. During the last 
few years there has been a significant surge in uranium 
exploration throughout the Nonacho Lake area, and several 
new occurrences, some promising, have been found. The 
present study was undertaken in 1978 to obtain a better 
understanding of the uranium mineralization of the Maclnnis 
Lake area, and to develop genetic models to aid in resource 
evaluation of this and other parts of the Nonacho basin. 
Observations on the stratigraphy, the structure and the 
characters of the mineralization. and a discussion of some 
new isotopic data and genetic aspects, a r e  presented. Some 
guides for further uranium exploration, based on the present 
study, a re  suggested. 

Previous Work 

Regional mapping of the Nonacho Lake area, on a scale 
of I inch to 4 miles, was carried out by Henderson (1939a, b), 
Wilson (1941), Stockwell e t  al. (1968), Mulligan and Taylor 
(19691, and Taylor (1971). More detailed mapping, on a scale 
of 1 5 0  000, of Thekulthili Lake area southeast of MacInnis 
Lake, was done by McGlynn (1978). The relationship of the 
Nonacho Group t o  i ts  basement rocks, and K-Ar isotopic age 
determinations on rocks from the area, have been discussed 
by Burwash and Baadsgaard (1 9621, McGlynn (1 971) and 
Donaghy (1977). A paleomagnetic study of the diabase dykes 
has been carried out by McGlynn e t  al. (1974). 

including the MacInnis Lake area, a re  summarized by 
McGlynn (1971, p. 136-138), Thorpe (1972, p. 22-23), and 
Gibbins e t  al. (1977, p. 75). Unpublished reports on the 
uranium exploration in the MacInnis Lake area are  by 
Meagher (1955), Reid (1955), Campbell Todd (19561, Koehler 
(1956), MacDonald (1956), McVittie (1956), Stephen (19561, 
Spencer (1955), Meillon (1 956), Hegge and Trigg (19671, 
Checklin (1968), Makela (19701, Moffat (1974), MacLeod and 
Brander (1 975), and Harrington (1 980). Mineralogical and 
geochemical characters of some uranium occurrences in the 
Nonacho Lake region, including a few in the MacInnis Lake 
area,  a re  described by Maurice and Plant (1979). The 
Nonacho Lake area east  of llOOW was covered by a 
reconnaissance lake sediment geochemical survey by the 
Geological Survey of Canada (Open Files 324, 325, 326) and 
follow-up of some of the anomalies was carried out by 
Maurice (1976, 1977 and 1979). 

General Geology 

The Nonacho Group rests unconformably on a basement 
complex consisting predominantly of granitic rocks with 
bands of metasedimentary and metavolcanic rocks. The 
metasedimentary and metavolcanic rocks a re  exposed mainly 
in the south, and a re  tentatively regarded a s  equivalent t o  the 
Tazin Group of the Beaverlodge area in northern 
Saskatchewan (Mulligan and Taylor, 1969; Taylor, 1971; 
Tremblay, 1972). The basement complex is considered t o  be 
Archean, and was affected by the Hudsonian events 
(approx. 1800 Ma) that  also folded the Nonacho Group, and 
locally reset the K-Ar isotopic equilibrium (Burwash and 
Baadsgaard, 1962; McGlynn e t  al., 1974; Donaghy 1977). A 
further study of the basement complex is being undertaken by 
Bostock (1980). 

The Nonacho Group consists of about 3000 m of basal 
conglomerate, grey t o  buff white arkose, local quartz-pebble 
conglomerate, siltstone, shale and sandstone. The basal 
conglomeratic rocks a re  best exposed in the southern part of 
the basin, where they comprise thick beds interlayered with 
grey arkose. The lowermost of these include lenses 
containing large angular clasts of granite gneiss that  can be 



Figure 12.1. Index map. 

in terpre ted as talus breccias deposited a t  base  of faul t  
scarps.  They a re  overlain by interbedded arkosic sandstone 
and thick polymictic conglomerate.  The arkosic and 
conglomeratic s t r a t a  a r e  overlain by a thin bedded sil tstone 
and shale with interbedded sandstone. These fine grained 
sedimentary rocks comprise most of the  succession in the  
northern par t  of the  basin. The beds a r e  commonly grey, 
green and buff white, and include some pale pink t o  red- 
maroon beds in t h e  upper pa r t  of t h e  sequence. Sedimentary 
f ea tu res  such a s  cu r ren t  bedding, ripple-marks, mud cracks,  
and load-casts a r e  common, and a r e  well preserved at many 
places. Shale chip conglomerates,  and fining upward cycles  
a r e  also observed. The coarser  sedimentary rocks a r e  largely 
fluviatile. I t  appears t h a t  t h e  Nonacho sediments  were  laid 
down in a fault-controlled basin, which received t h e  main 
influx of sediments from the  south, with some  contribution 
f rom other directions. General fining of the  sequence 
towards the  north,  and highly variable paleocurrent directions 
support  such a model. (McGlynn, 1971; personal 
communication, 1978). A more  detailed study of t h e  Nonacho 
sedimentary rocks is being undertaken by L. Aspler towards a 
Ph.D. thesis a t  Car le ton University, Ot tawa.  

Nonacho sedimentary  rocks a r e  folded in to  gently 
plunging open folds along north-northeast  trending axes. 
Minor folds and crenulations a r e  common in sil tstone and 
shale beds, which a r e  relatively more  t ightly folded than t h e  
arkose and conglomerate.  Foliation in the  basement  gneisses 
and the  metasedimentary  bands has a regional north t o  
nor theas t  trend, but t he re  a r e  a number of local deviations. 
Faul ts  parallel t o  the  trend of t h e  basin a r e  located along the  
margins of the  basin and on the  flanks of t he  basement highs 
within it. Some of the  faul ts  predate  the  deposition of 
Nonacho sedimentary  rocks, and were  react ivated during and 
a f t e r  t he  deposition of these  rocks. Folding of t h e  rocks may 
b e  re la ted  t o  l a t e r  movements along some  of those f au l t s  
(McClynn et al., 1974). A t  severa l  p laces  along the  
basement-Nonacho boundary, t h e  hornblende- and biotite-rich 
gneisses have been retrograded t o  chlorite-rich rocks. 

Henderson (1937) mapped some  of t h e  grani tes  along t h e  
c o n t a c t  of the  'Nonacho sedimentary rocks a s  "younger" 
granites,  and described what he regarded a s  thei r  intrusive 
relations with, and con tac t  metamorphic e f f e c t s  on, t h e  



sedimentary rocks. McClynn (1971) on the  other hand 
observed t h a t  all  plutonic rocks in con tac t  with the  Nonacho 
sedimentary  rocks a r e  older, and a r e  therefore  par t  of t he  
basement on which they were  deposited, and t h a t  in many 
places,  particularly along the  western margin of the  basin, 
t h e  unconformity has been destroyed or  obscured by faulting. 
Fieldwork by the  wri ters  in t h e  MacInnis Lake a r e a  supports 
McClynn's observations. 

Fresh gabbroic dykes c u t  all t he  rocks mentioned 
earlier,  and studies by McGlynn et al. (1974) suggest t h a t  
many of t h e  dykes were intruded approximately 1700 Ma ago, 
and t h a t  t he  o thers  probably belong to  t h e  younger Mackenzie 
dyke swarm t h a t  was intruded approximately 1200 Ma ago. 

Geology of t h e  MacInnis Lake Area 

The main lithologic units and s t ructura l  f ea tu res  of t h e  
MacInnis L a k e a r e a  a r e  shown in Figure 12.2. Eight 
lithologic units a re  mapped and a re  briefly described under 
A) Basement complex (units I and 21, B) Nonacho Group 
(units 3, 4, 5 and 61, and C)  Younger Intrusions (units 7 and 8), 
followed by a discussion on structural  and s t ra t igraphic  
relations. Outcrops a r e  numerous in this g lac ia ted  ter ra in  of 
low relief.  The l a t e s t  ice movement was f rom east- 
nor theas t .  

Lithology 

A) Basement Complex (units I and 2): Mapping in the  
basement  complex is sketchy and is largely confined to  the  
vicinity of t h e  Nonacho sediments.  

Amphibolite (unit 1): A mappbale band of amphibolite 
is  exposed south of MacInnis Lake a t  t he  Pyramid Showing 
(Fig. 12.2 and 12.8). It is  intruded by gneissic and massive 
granites.  

Grani te  gneiss-granite (unit 2): Massive grani te  pre- 
dominates  and contains inclusions of grani te  gneiss, 
amphibolite and rarely of impure quartzite.  I t  is  commonly 
coa r se  grained with abundant pink potash feldspar,  minor 
quar tz ,  hornblende, and other  accessory minerals. Very 
coarse  pegmat i t ic  phases occur  locally. 

0) Nonacho Group (units 3, 4, 5 and 6): Four 
l i thostratigraphic units a r e  distinguished, namely grani te  
pebble conglomerate  (unit 3 ) ,  impure arkose (unit 4), pure 
arkose-quartz pebble conglomerate  (unit 5) and sil tstone- 
shale-sandstone (unit 6). The s t ra t igraphic  position of unit 5 
with respect  t o  units 3 and 4 is not cer ta in  and their  possible 
relations a r e  discussed la ter .  

Grani te  pebble conglomerate (unit 3): This 
conglomerate  occurs  a s  a north-northeast  trending band e a s t  
of MacInnis Lake, and is approximately 0.5 km thick. Lenses 
of impure arkose occur in some places and provide the  only 
evidence of s t ra t i f ica t ion.  The beds dip s teeply  t o  t h e  eas t .  
Clas ts  in the  conglomerate  a r e  subrounded, and commonly 
between 5 t o  10 c m  in d iameter .  Grani te  c las ts  a re  most 
abundant,  and they resemble the  basement granite.  Clas ts  of 
o the r  lithologies a r e  sca rce  and include pegmat i te ,  sheared 
grani te ,  grani te  gneiss, vein quar tz  and what  appear  t o  be  
metasedimentary  rocks. The matr ix  is dark greenish grey, 
and s i l t  t o  fine sand in size. Foliation in t h e  matr ix  is  well 
developed in some  places and i t  t rends  subparallel  t o  t h e  
s t r ike  of t he  unit and dips steeply to  the  eas t .  The basal 
c o n t a c t  of the  unit is poorly exposed and appears  to  be 
sheared. 

Impure arkose (unit 4): This unit underlies a large  a rea  
e a s t  of t he  grani te  pebble conglomerate.  I t  dips steeply to  
t h e  e a s t  and conformably overlies the  grani te  pebble 
conglomerate.  I t  is  a greenish grey, medium- t o  coarse- 
grained l i thic sandstone, commonly massive and thick bedded. 

Pure  arkose-quartz pebble conglomerate  (unit 5): A 
distinctive unit of arkose interbedded with qua r t z  pebble 
conglomerate,  300 t o  400 m thick, nonconformably overlies 
grani t ic  basement around the  shores of MacInnis Lake, and 
outlines the  rim of a s t ructura l  basin or  a syncline. 
Stratigraphy of this unit based on 197b fieldwork, is 
i l lustrated in Figure 12.3. 

Arkose predominates and is coa r se  t o  pebbly. The bulk 
of t he  arkose is massive but s t ra t i f ica t ion and crossbedding 
a r e  developed in some  beds. Lenses rich in heavy minerals 
a r e  present  locally (PI. 12.la). Conglomerate  occurs  a s  lenses 
and beds up to  50 m thick, and contains subrounded t o  well 
rounded, matr ix  supported quar tz  pebbles in an  arkosic matr ix  
(PI. 12.lb). Some lenses have very well sor ted  and closely 
packed pebbles. The lower con tac t  of t h e  conglomerate  is  
commonly well defined but t he  upper boundary tends t o  be  
gradational with the  arkose. Weak foliation and imbrication 
a r e  developed in rocks of t h e  unit and a r e  more  conspicuous 
a t  t h e  c re s t s  of t h e  minor folds. 

The basal beds of th is  unit, where observed, a r e  arkosic,  
and overlie nonconformably massive grani te  and gneissic 
granite.  The nonconformity is  sharp,  excep t  at the  north- 
northwest corner of MacInnis Lake where it is ra ther  poorly 
defined and appears  t o  b e  gradational over a 20 m width. 

Siltstone-shale-sandstone (unit 6): This is a thinly 
bedded unit, consisting of grey and pale red sil tstone 
interbedded with greenish grey shales. Fine  sandy beds a r e  
also present,  but  a r e  subordinate t o  t h e  s i l t s tones  and shales. 
Sil tstones predominate over shales in the  lower par t  of t he  
unit. A t  t h e  base of t h e  unit, they a r e  interbedded with the  
pure arkose-quartz pebble conglomerate  of unit  5. The shale  
beds predominate in t h e  upper par t  of t h e  unit. 

C)  Younger Intrusions (units 7 and 8): 

Granodiorite dyke (unit 7): Stephen (1956) mapped one 
dyke, approximately 60 m wide, in t h e  nor theas tern  pa r t  of 
t h e  Maclnnis Lake a r e a  (Fig. 12.2), and described i t  a s  a 
fine- t o  medium-grained granodiorite composed of qua r t z  
(10-15 per cent),  maf ic  si l icates (10 t o  30 per cen t )  and equal 
amounts  of or thoclase  and plagioclase. He also noted c o n t a c t  
metamorphic  e f f ec t s  on t h e  Nonacho sedimentary  rocks. Age 
of t h e  dyke re la t ive  t o  the  gabbroic dykes is not known. 

Cabbroic  instrusions (unit 8): Fresh gabbroic dykes and 
intrusive bodies c u t  t he  basement rocks and deformed 
Nonacho sedimentary  rocks. Dykes in t h e  basement a r e  up t o  
30 m wide; those cut t ing t h e  Nonacho sedimentary  rocks a r e  
relatively thin. 

A f e w  small  pegmat i t ic  patches  cut t ing siltstone-shale 
were  observed by t h e  wri ters  on a large  island approximately 
I km west of the  granodiorite dyke. Their origin and 
relationship to  o the r  intrusions a r e  not cer ta in .  

St ructura l  and Stra t igraphic  Rela t ions  

Nonacho sedimentary  rocks a t  MacInnis Lake a r e  folded 
in to  a north t o  nor theas t  trending syncline with moderately 
t ight  subsidiary folds and an eas t -nor theas t  trending cross- 
fold, a s  seen from the  variations in a t t i t ude  of the  pure 
arkose-quartz pebble conglomerate  unit (Fig. 12.2). The 
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Figure 12.2. Geology and uranium occurrences of the Maclnnis Lake area, District o f  Mackenzie ( a f t e r  Stephen, 1956, 
Meillon 1965, and Harrington, 1980.) 
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Figure 12.3. Lithostratigraphy of the  arkose-quartz pebble conglomerate  unit  of t h e  
Maclnnis Lake area ,  Dis t r ic t  of Mackenzie. 

overlying siltstone-shale unit, being relatively less 
competent ,  is more complexly folded with numerous drag 
folds and crenulations. The plunge of the subsidiary and 
minor folds ranges f rom gen t l e  t o  moderate.  

The pure arkose-quartz pebble conglomerate  is  
res t r ic ted  to the  synclinal s t ructure .  To the  nor theas t ,  i t  is 
juxtaposed with the  grani te  pebble conglomerate  
(Stephen, 1956; Meillon, 1965). The boundary is mapped a s  a 

f au l t  or shear  zone by Meillon (1965). In the  vicinity of t he  
shear  zone, beds dip s teeply  and away f rom i t ,  and t h e  rocks 
a r e  sheared to  a varying degree. Fur thermore ,  t he  juxta- 
position of two very di f ferent  lithologies, one representing 
ma tu re  sediments  and t h e  other  immatu re  sediments,  also 
implies t h e  presence of a faul t ,  perhaps with a major la tera l  
displacement.  The pure arkose-quartz pebble conglomerate 
ex tends  along the  s t r ike  a few kilometres t o  the  northeast ,  
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Figure 12.4. Relationship of stratigraphy, structure and uranium mineralization at  the 
Dussault Prospect ( a f t e r  Makela, 1970). 



but  is  not known elsewhere in the  Nonacho basin. The grani te  
pebble conglomerate  and impure arkose on the  o the r  hand 
have a much greater  extent .  The siltstone-shale-sandstone is 
also very extensive and conformably overlies the  impure 
arkose elsewhere in the  basin. These f ea tu res  suggest t h a t  
t h e  pure arkose-quartz pebble conglomerate was deposited in 
a l imited a rea  or in a restricted sub-basin, possibly faul t -  
bounded, t h a t  had a somewhat d i f ferent  sedimentary  regime 
than the  res t  of the  Nonacho basin, but was la ter  overlain 
conformably by sediments common t o  the  en t i r e  Nonacho 
basin (unit 6). The impure arkose unit outside t h e  MacInnis 
Lake a rea  has some relatively pure arkose beds, which also 
contain lenses rich in heavy minerals, similar t o  those in the  
pure arkose of unit 5. This suggests t h a t  on a regional scale  
t h e  two units may in par t  be  related,  and represent facies 
variation. However, additional fieldwork is  necessary t o  
def ine  thei r  s t ra t igraphic  relationship. 

Several o ther  faults were  observed in the  area ,  and a 
f e w  prominent ones a r e  shown in Figure 12.2. They a r e  
steeply dipping, and range in s t r ike  direction f rom eas t -  
nor theas t  t o  northwest. Latera l  displacement along them is 
small, in the  order of a f e w  me t re s  t o  a f ew tens  of metres.  
The more  prominent faul ts  cut t ing Nonacho sedimentary 
rocks have numerous quar tz  veins associated with them. 

Uranium Occurrences  

Veins in Nonacho Sedimentary Rocks - Dussault, Welch and 
Cole  prospects 

Dussault Prospect: This prospect on the  west  shore  of 
MacInnis Lake, and the  Welch prospect 600 m t o  t h e  north,  
were  staked in 1954 by Messrs. Dussault and Baudry and 
Messrs. Welch and Drever,  respectively,  following the  
discovery of the  Island and Bragon Showings t o  t h e  north by 
Consolidated Mining and Smelting Company of Canada 
Limited (Cominco Limited). The claims were  acquired by 
Canadian Pipelines and Petroleums Limited, and an intensive 
exploration program was carried out  during 1955 and 1956 
which included geological mapping, a scinti l lometer survey, 
trenching and drilling totall ing 6412 m in 60 holes, of which 
50 holes totalling 5194 m were drilled to  t e s t  the  Dussault 
Prospect  and i t s  extension (Reid, 1956; Campbell  Todd, 1956; 
MacDonald, 1956). The drilling outlined a zone containing an 
es t imated 27 000 me t r i c  tonnes averaging 0.17 per c e n t  U 
me ta l  (MacDonald, 1956; Makela, 1970; Checklin, 1970; 
McGlynn, 1971; Thorpe, 1972). The property has been owned 
by Scurry-Rainbow Oil Limited, a subsidiary of Home Oil 
Limited, s ince  t h e  l a t e  1960s. 

The geology and the  mineralized zones a r e  i l lustrated in 
plan and sections in Figure 12.4, based on the  study of old 
drill records and surface  mapping done in 1978. The main 
mineralized lens is 0.5 t o  2 m thick, 150 m long and up t o  
60 m wide, and f rom the  shore  dips 40" t o  60" t o  the  e a s t  
beneath  the  lake. The r ake  is 40" t o  the  north-northeast ,  
subparallel t o  the  plunge of a small  fold approximately 75 m 
i n  amplitude. The mineralization consists of pitchblende in 
veins and a s  disseminations and aggregates  close t o  t h e  veins, 
subparallel t o  the  bedding, along a 10 m thick s t ra t igraphic  
zone of interbedded arkose and siltstone-shale (argillite). The 
pitchblende veins a r e  up t o  0.5 c m  thick, but  most a r e  much 
thinner veinlets or stringers.  Associated minerals a r e  
chlorite,  ca lc i te ,  hemat i te ,  quar tz ,  pyrite, chalcopyr i te  and 
galena. Chlorite is t h e  most abundant mineral, and is closely 
related,  spatially, t o  the  uranium mineralization. Pyr i te  
occurs  in quar tz  and ca l c i t e  stringers tha t  also contain 
pitchblende, and in t h e  wall rocks a s  disseminated cubes. 
Secondary yellow uranium minerals a re  developed a t  the  
surface  along high grade veins. 

Welch Prospect: This prospect was  explored 
concurrently with the  Dussault Prospect in 1955 and 1956. 
Work done included trenching and diamond drilling totall ing 
1018 m in 10 holes (Reid, 1955; MacDonald, 1956). The 
uranium mineralization is similar in cha rac te r ,  and occurs 
along the  same  s t ra t igraphic  zone, a s  a t  t h e  Dussault 
Prospect.  I t  is however discontinuous and l imi ted in ex ten t  
(Fig. 12.5). The host rocks a r e  tightly folded and contorted.  
Chlorite is abundant, but hemat i t e  and pyrite a r e  less 
common than at the  Dussault Prospect.  Maurice and Plant 
(1979, p. 183) reported high contents  of Ag, Pb, Ba and Bi, 
and to  some extent  Th, in a mineralized sample,  and 
identified uraninite and boltwoodite* and also indicated the  
presence of minute quant i t ies  of a Cu-Pb-Bi sulphide. The 
thorium could be  contained in de t r i t a l  monazi te  in the  
sedimentary  host rock but  t he  mineral was not found in the  
thin sections studied. 
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Figure 12.5. Surface  geology of the  Welch Prospect,  
Maclnnis Lake area .  
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Figure 12.6. Plan of trenches,  Cole Prospect ( a f t e r  MacLeod and Brander, 1975); 
note: uranium mineralization along shears  and f r a c t u r e s  exposed by the  trenches.  

A veinlet  of qua r t z  and calc i te  carrying galena was seen 
in one of t h e  trenches.  The lead isotopic composition of this 
galena has been determined and the  results a r e  discussed in 
t h e  section on isotopic ages. Uranium mineralization also 
occurs  in a s e t  of crosscutting f r ac tu res  on t h e  shore  just e a s t  
of t he  t renches  (Fig. 12.6). The host shale-siltstone beds 
away f rom the  mineralized zone a r e  light t o  medium grey- 
green, and lack pyrite and chlorite,  but have a somewhat  
higher background radioactivity and uranium con ten t  
(Table 12.1, no. 20 and 21). 

Co le  Prospect: This prospect was discovered in 1954 by 
a group of prospectors, and was optioned by William Cole  in 
1955. He in turn optioned i t  t o  Iso Uranium Mines Limited 
who carr ied  ou t  geological mapping and trenching 
(Meagher, 1955). I t  was, however, found tha t  some  of t h e  
original s takers  had grub-staking agreements  and ownership 
was confused. The original c la ims were  apparently allowed t o  
lapse. The property was restaked by prospector Fred Lypka, 
who optioned i t  t o  Consolidated Shunsby Mines Limited, and 
under a subsequent agreement  Shell Canada Limited in 1974 
sampled eight of t he  ten t renches  and carried out  geological 
examination, and an airborne radiometric survey of the  
surrounding region (MacLeod and Brander, 1975; 
Gibbins e t  al., 1977). The property is presently owned by 
F. Lypka e s t a t e .  

Mineralization occurs in s t r ingers  and veins, up t o  3 c m  
wide, in sheared and f rac tured grani te  pebble conglomerate.  
They a r e  concentra ted  along two  zones trending north-south 
and approximately 75 m apar t .  'The zones can be t raced for  
100 and 130 m, and a r e  10 t o  30 m wide (Fig. 12.6). A f ew 
o the r  isolated veins a r e  present in t h e  vicinity 
(Meagher, 1955). Foliation in the  conglomerate  t rends  north- 
south with local variations f rom 330" t o  010°,  and commonly 
dips 60 t o  70' t o  t h e  eas t .  The veins a r e  s t e e p  and commonly 
t rend north-south and t runca te  the  foliation a t  low angles. 
Some of t h e m  however c u t  t h e  foliation a t  a high angle. The 
minerals in the  veins and s t r ingers  a r e  pitchblende, hemat i t e  
and calc i te ,  and some  secondary yellow uranium minerals. 
S t r ingers  tend t o  follow foliation in t h e  matr ix  of t he  
conglomerate,  which contains some  chlor i te  and sca t t e red  
cubes  of pyrite. Assay values up t o  0.13 per c e n t  U meta l  
over  1.15 m and 2.68 per c e n t  U over  0.15 m have been 
repor ted  on t h e  t rench (No. 8) samples. Some of t h e  samples 
f rom the  western  zone re turned minor values of gold along 
with uranium, t h e  highest being 3.438 ppm (0.11 oz/ton) gold 
and 0.21 per c e n t  U over  0.76 m in t rench 3 (McLeod and 
Brander, 1975). Grab samples  col lec ted by t h e  wri ters  also 
conta in  some  gold (Table 12.1, no. 7 and 8). 



Table 12.1 

Concentration of cer ta in  elements* in selected mineralized and 
unrnineralized rocks f rom the MacInnis Lake area ,  District  of Mackenzie. 

No. Location U Th Pb Au Ag Sn Lithology 
PPm PPm PPrn PPrn PPrn PPm 

Mineralized Rocks: 

I Dussault Prospect: Tr-2** 28 700 2430 2000 0.080 30.5 Pitchblende vein in sil tstone, unit 5 

2 ! 1  " : Tr-4 3250 180 5000 (0.005 5.0  Fracture-filling in arkose- 
siltstone, unit 5 

3 Welch Prospect: Tr-4 58 400 1200 4000 0.500 17.0 ,I 11 11 11 

4 I t  I 1  I 1  17 000 350 5000 0.010 7.9 ,I I 1  I 1  11 

5 I 1  " : Tr-3 8860 NDt  3 0 0 0 0  0.010 11.0 Pitchblende-galena vein 
in shale-siltstone 

6 I ,  " : Tr-1 2270 180 6000 0.015 2 . 7  Rusty argillaceous sil tstone 

7 Cole Prospect: Tr-4 6950 30 6000 2.165 1.4 Pitchblende vein in conglomerate 

8 I t  " : Tr-8 4660 ND 1000 0.510 3.8 11 I 1  11 I, 

9 Moffat Showing: Tr-5 1720 740 2000 1.855 0.1  2754 Heavy mineral layers in arkose 

10 11 " : Tr-4 26 1 160 ND 0.015 ND 138 I! I I I, 11  I I 

11 II " : Tr-1 176 130 ND <0.010 ND 102 Shale-chip conglomerate 

12 1 krn NW of no. 11 48 190 ND <0.010 ND Heavy mineral layer in arkose 

13 15 km south of no. 11 46 160 ND 0.545 0.5 4 11 I, I 1  I 1  I 1  

14 Bragon Showing: Tr-3 1660 ND 1000 0.010 1 .5  Pitchblende-pink calc i te  
. . vein in gabbro 

15 Island Showing: Tr-3 2270 40 ND 0.015 0 .6  Pitchblende vein in gabbro 

16 I I 
'I : Tr-5 111 30 ND 0.035 1.2  I I II 11 I 1  

17 Pyramid Showing: Tr-B 14 000 ND 1000 0.045 11.4 II It " arnphibolite 

Unrnineralized Rocks: 

18 4.5 km, 080' from no. 14 10.0 100 ND Shale (argillite)+siltstone, 
t races  of chalcopyrite 

19 3.75 krn, 095' from no. 14 1.2 N D N D Fine grained, pale red sandstone 

20 75 rn NW of no. 6 17.7 ND ND 14 Shale a t  upper boundary of unit 5 

21 50 m North of no. 20 14.5 ND ND I, I 1  I 1  11 11 

22 20 m West of no. 21 4.6 ND ND Quartz  pebble conglomerate 

23 250 rn North of no. 6 11.3 50 ND 116 II I t  I I 

24 48 rn West of no. 23 9.4 50 N D Arkose, coarse 

25 250 rn WSW of no. I 11.8 ND ND Arkose 

26 1.5 km NNW of no. 7 5.9 ND ND 49 Quar tz  pebble conglomerate 

27 Moffat Showing; Tr-1 11.4 ND ND 17 Arkose, heavy mineral lense, 
arkose hernatized a t  margin 

28 500 rn West of no. 7 2 .3  ND ND Arkose a t  basal unconforrnity 

29 15 m West of no. 28 2.7 N D ND Arkose 

30 250 East of no. 15 4.5 ND N D  Quartz  pebble conglomerate 

31 1.5 km, 260' from no. 15 9.1 40 N D 25 Arkose 

32 4 rn SE of no. 8 10.7 ND ND 7 Granite pebble conglomerate 

* 
U: Delayed neutron activation analyses by Atomic Energy of Canada Limited, Ot tawa  
Th and Pb: X-ray fluorescence analyses by the  Geological Survey of Canada Laboratories, Ot tawa;  analyst: R.M. Rousseau 
A u  and Ag: Fire  assay + atomic absorption analyses by Bondar-Clegg and Company Limited, Ot tawa  
Sn: X-ray fluorescence analyses by Bondar-Clegg and Company Limited, Ot tawa  

+* 
Tr-2: Trench No. 2. 

'ND: Not Detected. 



Dissemination in Nonacho Sedimentary Rocks - Moffat  
Showing and Other  Occurrences 

Moffat  Showing: The showing was discovered and 
s taked a s  WW claims by prospectors Wm. W. Moffat and 
J im Barton in 1958 for  Murky Faul t  Metal Mines Limited and 
Snowdrift Basemetal Mines Limited (Moffat, personal 
communication, 1980). It was explored by 5 t renches  and 6 
shor t  X-ray drillholes totalling 227 m. Samples were  
analyzed fo r  tin, uranium and gold, but no values of economic 
in teres t  were  encountered (Meillon, 1965; Moffat, 1974). The 
mineralization occurs along s t ra t i form lenses of det r i ta l  
heavy mineral concentrations in arkose tha t  dips gently t o  the  
north. 

The relationship between the  stratigraphy and 
mineralization is i l lustrated in Figure 12.7. The basal arkose 
is followed by coarse  quartz-pebble conglomerate  with thin 
beds and lenses of arkose, which in turn is overlain by pebbly 
arkose with beds and lenses of conglomerate  and also lenses 
of heavy minerals. The unconformity with the  basement 
gneissic grani te  is well exposed along the  section studied and 
is sharply defined. Quar t z  veins up t o  3 c m  thick and 
subparallel t o  gently dipping beds a r e  present along the  
unconformity. The bedding is poorly developed in the  
sedimentary  rocks, with the  exception of par ts  of t h e  upper 
arkose  containing heavy mineral concentra t ions  (PI. 12.lb), 
and the  con tac t s  of conglomerate  layers which a r e  well 
defined in many places (PI. 12.la). 

The lenses rich in heavy minerals a r e  distinctive 
because of their  dark brownish grey t o  s t ee l  grey colour, in 
contras t  t o  the  buff white arkose. The lenses a r e  up t o  a f e w  
cen t ime t re s  thick, and a r e  t raceable  for a few metres  along 
t h e  s t r ike  and dip. They consist  of a l ternat ing thin layers,  up 
t o  5 m thick, of dark grey heavy minerals and l ighter coloured 
quar tz-  and feldspar-rich layers. Sedimentary f ea tu res  such 
a s  crossbedding, scour and channel-filling and drop pebbles 
a r e  observed in them (PI. 12.la). The crossbedding indicates 
t ranspor t  of t h e  sediments f rom south t o  north. 

Mineralogical studies show t h a t  t h e  heavy minerals a r e  
magnet i te ,  now largely a l tered to  hemat i t e  (very weakly 
magnetic), cassiteri te,  zircon, tourmaline, monazite,  
uranothor i te  and native gold. The de t r i t a l  grains a r e  0.5 t o  
1 mm in diameter .  Magnetite const i tu tes  over  98 per  c e n t  of 
t h e  heavy minerals, and polished sections show nearly 
complete  a l tera t ion to  hemat i t e  except  for some  small  
remnants  of magnet i te  in a few grains. Hemat i t e  and 
magnet i te  also occur in intergranular space  a s  f ine  grained, 
blade-like crystals concentra ted  around the  larger 
hemat i t ized magnet i te  grains, and also intergrown with a 
chlor i t ic  mineral t h a t  forms t h e  matrix.  Chemical analysis of 
one sample  (GFA-78-178, s e e  sample  no. 9, Table 12.1, fo r  U, 
Th, Pb and Au values) gave 0.8 per c e n t  Ti, indicating the  
t i tani ferous  cha rac te r  of magnet i te .  A few of the  magnet i te  
grains examined under t h e  microscope have what appear  t o  be  
thin i lmeni te  lamellae. Cass i ter i te  occurs a s  a f ew sca t t e red  
grains, which have a variable deep reddish brown colour in 
thin section. The sample analyzed contains 2754 pprn Sn. Tin 
is present in a majority of t he  heavy mineral lenses 
encountered during trenching and drilling (Moffat, 1974). 
Monazite and uranothorite grains can be  seen in 
autoradiograph (PI. 12.ld) a s  sharply defined spots: these  have 
been identified during a study of another  sample  f rom the  
s a m e  trench f rom which sample  GFA-78-178 was  obtained 
(Maurice and Plant,  1979, p. 185). The autoradiograph also 
shows a haze  in the  matrix,  but t he  radioactive mineral phase 
causing i t  is  too  fine grained t o  identify by optical  and X-ray 
diffraction methods. Electron microprobe study by Maurice 
and Plant  (ibid.) showed t h a t  this phase contains 55 t o  
60 per c e n t  U; Ti, P ,  F e  and Si a re  also present.  

Approximately 8 5  per c e n t  of the  to ta l  uranium in the  
mineralized samples,  a s  determined by delayed neutron 
activation analyses,  is readily leachable by cold I N HCI ,  
indicating t h a t  much of the  uranium is in the  matr ix  phase; 
t h e  remainder is presumably in the  det r i ta l  uranothorite,  
monazite,  and zircon. 

Five flakes of native gold were  discovered by t h e  f i rs t  
author  during an examination under a binocular microscope of 
a -150 mesh heavy f rac t ion of sample  GFA-78-178 prepared 
f o r  isotopic age  determinat ion (Table 12.2). No gold was  seen 
in the  sections examined under t h e  microscope but  analysis by 
f i r e  assay indicated 1.855 pprn in the  sample  (Table 12.1; 
sample  no. 91, f rom which the  heavy mineral concen t ra t e  was 
prepared. 

Traces  of b iot i te  and a small  grain of a galena-like 
mineral were  observed in polished thin sections.  High 
con ten t s  of Ta  (139 pprn), Nb (300 pprn), C e  (104 pprn), La 
(478 pprn), Y (128 ppm) a r e  present,  but t h e  mineral phases 
containing these  e lements  were  not identified. The 
mineralized sample  also contains 624 pprn Zr. 

A t  some  places in t h e  vicinity of heavy mineral 
concentrations,  t he  enclosing arkose shows reddish hemat i t i c  
coloration in irregular patches  and thin layers,  and weak 
radioactivity is commonly associated with i t .  T races  of 
pyr i te  in t h e  arkose-quartz pebble conglomerate  a r e  reported 
by Moffat (1974, p. 92). 

Other  Occurrences  Anomalous radioactivity up to  
10 t imes  t h e  background was  found in t h e  arkose and quar tz-  
pebble conglomerate  a t  four o the r  locali t ies in t h e  MacInnis 
Lake a rea  (Table 12.1 nos. 12, 22, 23 and 24.) These a r e  
character ized by high Th/U ratios.  One of the  locali t ies 
(no. 12, Table 12.1) represents  t h e  extension of the  Moffat  
mineralization. I t  was explored by a 35 m long drill hole 
which in tersected 4 heavy mineral lenses (Moffat ,  1974, 
p. 80). The radioactivity a t  the  o ther  th ree  locali t ies 
represents  high con ten t s  of de t r i t a l  monazi te  and zircon. 
Heavy mineral lenses were  also in tersected in an  exploratory 
drill hole, 40 m long, on an island in the  southern narrow 
extension of MacInnis Lake (Fig. 12.2), known a s  Pebble 
Island, and 2 of t h e  10 lenses carried minor t in values, but no 
uranium was de tec t ed  in any of them (Moffat,  ibid, p. 81). 
Pyr i te  is reported in some  of the  host arkose and qua r t z  
pebble conglomerate  beds. 

In addition t o  these ,  another  occurrence  similar t o  the  
  off at Showing is  reported by Meillon (1965). I t  is  15 km 
south of the  Moffat  Showing, and was examined by the  
wri ters  in 1979. 'The dark heavy mineral layers  a r e  up t o  
8 mm thick and occur  in medium grained arkose which dips 
gently t o  t h e  northwest.  The arkose resembles the  pure 
arkose a t  MacInnis Lake but  is  pa r t  of t he  impure arkose 
(unit 4). The heavy mineral layers a r e  well exposed in 
outcrop and frost-heaved boulders on the  shore of a lake  for a 
d is tance  of 100 m. Some layers  a r e  in crossbedded lenses, 
and others  a r e  in parallel bedded layers  t r aceab le  for  a f ew 
metres .  Polymictic con lomerate  occurs a s  thin beds up t o  
20 c m  thick. Meillon 71965) reported a sample  assay of 
0.030 per  c e n t  U and 0.045 per c e n t  Sn over a thickness of 
7.6 cm. Analyses of another  sample,  representing a I c m  
thickness of heavy minerals, collected by the  writers,  a r e  
given in Table 12.1 (no. 13). Close similarit ies between this 
occurrence  and t h e  Moffa t  Showing suggest t h a t  this t ype  of 
disseminated uranium mineralization in arkosic beds may be  
more  common than known t o  date .  I t  is not  cer ta in ,  however, 
whether or not i t  occurs preferentially along a definable 
s t ra t igraphic  horizon or  is  distributed over a considerable 
s t ra t igraphic  thickness. 





Table  12.2 

Pb-U isotopic analyses of uranium-bearing samples  f r o m  t h e  Nonacho Lake  a rea ,  Dis t r ic t  of Mackenzie 

Sample 
Number 

Sample 
Weight 

Location (mg) Weight Per Cent 

CFH-77-16 Dussault Prospect 
t I020.8'N; 1 1O0I4.2'\V 235.8 32.248 0.862 

GFA-78-L78 hjoffat Showing 
61°19.8'N; 11Oo09.9'W 142.8 9.544 0.740 

LF-71-27 BEN Claims 
t 1 '57'N; 109°461W 12.1 50.90 1.68 

THEK-4 Steve Showing 
tI001.X'N; 110°09.4'W 260.0 36.68 - 3.58 

Pb Atomic Weight Per Cent 
Measured 

204 206 207 208 

0.251 83.005 7.817 8.927 

Isotopic Ratios Age in Million Years 

2 0 6 p b  2 0 7 p b  2 0 7 p b  2 0 6 p b  2 0 7 p b  2 0 7 p b  
2 3 8 ~  2 3 5 ~  2 0 6 p b  2 3 8 ~  2 3 . 5 ~  2 0 6 p b  

0.02457 0.169 0.05002 156 159 196 

Analyses by Teledyne Isotopic Laboratories,  Westwood, New Jersey ,  U.S.A., 
a )  with correc t ion  for  10 per c e n t  blank (0.075 y g Pb). 
b) with correc t ion  for  0.1 per c e n t  blank (0.075 y g Pb). 

Isotopic r a t i o s  co r r ec t ed  fo r  t h e  presence  of common lead using t h e  lead isotopic composit ion 
of a galena sample  f rom Basille Bay, Eas t  Arm of G r e a t  Slave Lake, repor ted  by Rober tson 
and Cumming (1968), and processing the  analytical  d a t a  by computer  program "CONCORD" 
wr i t t en  by R.I. Thorpe of t h e  Geological  Survey of Canada. 

Sample LF-71-27 col lec ted  by H.W. L i t t l e  of t h e  Geological Survey of Canada  in 1971 f rom 
a showing on 'BEN' c la ims held by Imperial Oil Limited.  

Sample THEK-4 col lec ted  by M.J. Kreczmer  of SMD Mining Company Limited,  a subsidiary 
of Saskatchewan Mining Development Corporation,  in 1978 f r o m  t h e  S t eve  Showing on 'THEK' 
c la ims held by the  company. All sample  concen t r a t e s  prepared a t  t h e  Geological  Survey 
of Canada, O t t awa ;  Analytical  d a t a  on sample  THEK-4 provided by SMD Mining Company 
Limited. 

Veins in t h e  Basement  Rocks  - Pyramid and Kult  Showings 

The Pyramid Showing is south of MacInnis Lake  
(Fig. 12.2) and was f i rs t  s taked by S. Yanik in 1966 (Thorpe, 
1972, p. 22-23). The c la ims known a s  t h e  Pyramid group, 
were  subsequently acquired by Terr i tor ia l  Uranium Mines 
Limited,  and the  showing was  explored in 1967 by 6 t r enches  
and 10 holes totall ing 796 m of drilling (Hegge and Trigg,  
1967; Fig. 12.8). The original  c l a ims  were  allowed t o  lapse. 
The a r e a  around t h e  showing was  s taked again in 1979 a s  t h e  
Kult group of c la ims by PNC Exploration (Canada) Limi ted ,  a 
subsidiary of  Power Reac to r  and Nuclear Fuels Development 
Corporation of Japan.  A new showing was  discovered in 1979 
approximately 3 km north-northeast  of t h e  Pyramid Showing 
(Harrington, 19801, and i t  is refer red  t o  a s  t he  Kult  Showing 
in th is  paper. 

Pyramid Showing: Uranium mineralization occurs  along 
veins and f r ac tu re s  in sheared chlor i t ic  zones on t h e  west  s ide  
of a northtrending amphiboli te band, surrounded by granite.  
The band is up t o  200 m wide, and var ies  in cha rac t e r  f rom 
weakly foliated gabbroic rock t o  highly chlorit ized sheared 
maf i c  rock. I t  is  intruded by a quartz-rich potassic grani te ,  
and t h e  boundary a s  seen in outcrops  and drill c o r e  is  a wide 
zone of layers,  lenses and irregular pa tches  of t h e  g ran i t e  
a l te rnat ing  with the  chlorit ized and locally granit ized 
amphiboli te.  Foliation in t h e  amphiboli te t rends  north,  and 
commonly dips vertically o r  s teeply  t o  t h e  west.  Some  

g ran i t e  gneiss and pegmat i t e  dykes a r e  present  in t h e  vicinity 
of t h e  amphiboli te.  The grani t ic  complex is  considered by t h e  
au tho r s  t o  be  older than t h e  Nonacho Group, r a the r  than 
younger a s  i t  was regarded by Hegge and Trigg (1967). 

Uranium mineralization occurs  in veins and f r a c t u r e s  
f o r  40 m along one  zone and locally in a subsidiary zone 30 m 
t o  t h e  ea s t .  Both zones a r e  sheared and par t ly  breccia ted ,  
and ca r ry  abundant f ine  grained chlor i te  and some  
disseminated pyrite. A t  p laces  t h e  host  rock resembles  
argil l i te.  Drillholes did not  encounter  any uranium 
mineralization,  but  indicated t h a t  t h e  main zone has a sinuous 
no r th  t o  no r theas t  trend and is t r aceab le  for  approximate ly  
400 m (Hegge and Trigg, 1967). This zone  is  up t o  5 m wide 
but  is  narrower  a t  depths  of 50  t o  75  m. I t  dips 70 t o  85' t o  
t h e  west.  The subsidiary zone is subparallel  t o  t h e  main zone, 
t r aceab le  f o r  only 40 m along s t r i ke  and pinches o u t  a t  
shallow depth.  Most veins t rend approximate ly  para l le l  t o  t h e  
shear  zones  and a r e  commonly s teep .  A f e w  veins t rend 
across  t h e  shear  zone a t  high angles. The veins conta in  
quar tz ,  whi te  and pink ca lc i te ,  hemat i te ,  pyr i te  and 
chalcopyr i te  in d i f f e r en t  proportions, and locally yellow 
secondary uranium oxides were  seen in t h e  trenches.  
Analyses of one  high-grade sample  is given in Table 12.1 
(no. 17). T h e  uranium minera l  has  been identified a s  
pitchblende f rom t h e  polished sec t ion  study and X-ray 
d i f f rac t ion .  



Kult  Showing: Uranium mineralization occurs  a s  
veinlets and fracture-fi l l ings in gneissic granite,  and at one 
place in what appears  to  be  a sheared conglomerate  in the  
gneissic grani te  (Harrington, 1980). 

Veins in Gabbroic Intrusion - Island and Bragon Showings 

Samples f rom these showings, f i rs t  collected in the  fa l l  
of 1954 by prospectors C. Brock and D. Bagan of Consolidated 
Mining and Smelting Company of Canada Limited, returned 
significant uranium values, and they were  staked in May 1955, 
and were mapped and explored by trenching and drilling 
during 1955, 1956, and 1957 (Spencer, 1955; McVittie, 1956; 
Koehler, 1957; McClynn, 1970, p. 136-137). The claims were  
subsequently allowed t o  lapse. 

The host rocks a t  both the  showings a r e  gabbroic to  
diorit ic in composition, and have chilled margins agains t  t h e  
grani te  and grani te  gneiss they intrude. Locally a t  t he  
mineralized zones the  intrusive relationship is not c lear  
because of brecciation, shearing and chlorit ic a l tera t ion,  and 
grani te  appears  to  be intrusive into the  mafic rock. A t  the  
Island Showing, t he  con tac t  zone exposed in southeas tern  
trenches has some lenses of grani te  mater ia l  and red feldspar 
aggregates  in the  highly chlorit ic maf ic  rock. I t  is  possible 
tha t  high temperature  gabbro intrusions locally produced a 
hybrid zone or  rheomorphic e f f e c t s  and back veining. The 
a l tered maf i c  rock grades  in to  t h e  fresh-looking massive 
gabbro a t  both showings. A t  t h e  Island Showing, t h e  
gabbro cu t s  Nonacho sedimentary rocks (Spencer, 1955; 
Koehler, 1957). A t  the  Bragon Showing, i t  does not c o m e  in 
con tac t  with the  sedimentary rocks, but i t  is reasonable to  
assume t h a t  i t  is younger than them. 

Island Showing: Mineralization occurs a t  t h e  margin of 
a gabbro body of irregular outline, t ha t  forms a small  hill in 
the  northwestern part  of an island (Fig. 12.9). The lower 
con tac t  with grani te  is exposed on the  north side and dips 
moderately to  t h e  southwest,  and has a chilled zone which is 
somewhat sheared. The con tac t  is  very irregular t o  t h e  
southeast  where the  main mineralized zone is  located. Seven 
t renches  were  blasted in 1955 and t w o  holes totall ing 120 m 
were  drilled in 1957 (Spencer, 1955; Koehler, 1957). The main 
zone is approximately 70 m long, and has mineralized 
f r ac tu res  and veins trending west-northwest and dipping 
approximately 60' t o  the southwest.  They a r e  c u t  by a 
number of short  cross f rac tures  which carry  some  
mineralization. The minerals present a r e  pitchblende, quar tz ,  
chlorite,  hemat i te  and t r aces  of calcite,  pyrite and 
chalcopyrite.  Channel samples assayed up t o  0.17 per c e n t  U 
over 2 m, but o thers  ranged between 0.05 and 0.14 per  c e n t  
over narrower widths. Drillholes did not encounter  any 
mineralization and intersected gabbro near surface  and 
g ran i t e  a t  depth (Koehler, 1957). Some radioactivity i s  
present along joint planes and f r ac tu res  in the  massive f resh  
gabbro on the  north side of t h e  smal l  hill. Northwest trending 
barren qua r t z  veins also occur here. Another small, high- 
grade occurrence  is reported 215 m northeast  of t he  main 
zone, and a grab sample  f rom i t  returned 0.81 per c e n t  U. I t  
is  a short  vein up t o  3 c m  wide in grani te  gneiss near  a gabbro 
body, and contains massive and botryoidal pitchblende. The 
massive grani te  t o  the  southeast  of t h e  main zone is coarse  t o  
pegmat i t ic  and locally has radioactivity tha t  is two  to  th ree  
t imes  higher than background. 

Bragon Showing: The showing occurs in a dyke-like 
gabbro body approximately 25 m wide, t h a t  s t r ikes  north- 
south. The gabbro is fresh,  massive medium- t o  coarse-  
grained, with a ra ther  high proportion of accessory 
magnetite.  I t  c u t s  massive granite.  Pegmat i t e  patches  and 
dykes a r e  common in t h e  granite.  

L A K E  

Figure 12.8. Geology of the  Pyramid Showing, MacInnis 
Lake a rea  ( a f t e r  Hegge and Trigg, 1967). 

G R A N I T E  - 
G R A N I T E -  

A M P H I B O L I T E  - 

Uranium-bearing veins and f r ac tu res  occur  in an  a rea  
approximately 50 m by 30 m (Fig. 12.10). They a r e  s teeply  
dipping, and trend in various directions,  t h e  most common 
being eas t -west  and north-south. The re  is no well defined 
single f r a c t u r e  zone. Individual f r ac tu res  range in length 
f rom a f e w  met re s  t o  a f e w  t ens  of metres.  Radioactivity is  
t r aceab le  along them for  lengths up t o  8 m. Exploration work 
in 1955 and 1956 included 7 t renches  and 14 shor t  X-ray 
drillholes totall ing 150 m (Fig. 12.10; Spencer 1955, 
McVittie, 1956). Channel samples gave a maximum assay of 
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Figwe 12.9. Geology of t h e  Island Showing, Maclnnis Lake a r e a  ( a f t e r  Spencer,  1955 and Koehler, 1957). 

0.18 per c e n t  U over  1.67 m, and o the r  values ranged f rom 
0.04 to  0.09 per c e n t  U over  narrower widths. Assays on drill 
co re  samples ranged f rom 0.04 to  0.13 per c e n t  U over 0.1 to  
0.2 m lengths. The uranium mineral was identified a s  
pitchblende and this has  been confirmed by Maurice and Plant  
(1979, p. 183). It is accompanied by hemat i te ,  pink and white 
ca lc i te ,  chlorite,  qua r t z  and locally secondary yellow uranium 
minerals. There  IS extensive chlorit ization of t h e  wall rocks 
in the  vicinity of some of the  veins. Some of the  ca l c i t e  
aggregates  a r e  crenulated. 

Isotopic Age Determinations 

grani t ic  boulders in conglomerates  of t he  Nonacho Group and 
sheared granite,  a l l  of t hem representing the  basement.  A 
hornblende-plagioclase gneiss sample  gave an age  of 2240 ma 
on hornblende. A relatively l i t t l e  deformed grani te  yielded 
an  a g e  of 2175 Ma on muscovite. Three  grani t ic  boulders in 
Nonacho conglomerates yielded muscovite ages  of 2440, 2260 
and 1940 Ma. Muscovite f rom a pegmat i te  cut t ing gneiss has  
been dated a t  1845 Ma. Four samples  of gneissic t o  intensely 
sheared granitic rocks in the  vicinity of deformed Nonacho 
sediments  a r e  1850, 1800 (and 1790), 1785 and 1745 Ma old a s  
determined by analyses of muscovite and biot i te  (and ser ic i te)  
concentra tes- f rom -them. These d a t a  suggest t h a t  deposition 
of Nonacho sediments occurred between 2000 and 1800 Ma 

Several K-Ar isotopic age  determinations on grani t ic  ago, and t h a t  they were  deformed approximately 1700 Ma 
rocks and diabase dvkes from the Nonacho Lake a rea  have aeo.  
been published b; Burwash and Baadsgaard (1962), 

L, 

The deformed Nonacho sedimentary  rocks a re  c u t  by 
Wan'ess et a'' and McG1~nn  et These are fresh diabase dykes, referred to as lSparrowl dykes. Whole 
briefly reviewed below, and new da ta  on four Pb-U and two  rock K-Ar isotopic analyses of three of these from the Pb-Pb isotopic analyses a r e  presented. northern and southern Darts of t h e  basin vielded ages  of 1550, 

The grani t ic  rocks dated a r e  f rom the  Thekulthili Lake 1480 and 1390 Ma. ~ o i n e w h a t  older ages, between 1550 and 
a rea  in the  southern par t  of t he  Nonacho basin (Fig. 12.11, and 1750 Ma have been obtained on four  diabase dykes by 
include hornblende-plagioclase gneiss, granite,  pegmat i te ,  t h e  isotopic method, and the  range of ages  is 

supported by paleomagnetic s tudies  (McClynn et al., 1974). 



Figure 12.10. Plan of trenches and drillholes, Bragon 
Showing, Maclnnis Lake area  ( a f t e r  Spencer, 1955 and 
McVittie, 1956). 

Pb-U isotopic analyses on four samples f rom uranium 
occurrences  a re  presented in Table 12.2. Two samples a r e  
f rom the MacInnis Lake area ,  and two others  a re  f rom 
local t ies  north and south of i t  (see la t i tude  and longitude in 
t h e  table),  and a re  included here for comparison. The results 
a r e  plotted on a concordia diagram in Figure 12.11.' It can be  
seen f rom the  figure t h a t  t h e  ages,  excep t  for t h e  youngest, 
a r e  discordant, due t o  loss of lead f rom the  sys tem or gain of 
uranium s ince  the  initial deposition of the  uranium mineral. 
The 2 0 7 ~ b / 2 0 6 ~ b  ra t ios  yield ages  t h a t  cover  a wide range. 

The oldest age  of 1617 Ma is obtained for  sample  
THEK-4 f rom Steve Showing, located approximately 120 km 
south of MacInnis Lake. Uranium occurs a s  pitchblende, 
which is disseminated along a sinuous zone, up to  10 c m  wide 
and t raceable  for 2 m, in an  impure medium grained arkose 
interbedded with polymictic conglomerate.  The mineralized 
zone transgresses t h e  bedding; i t  t rends  north-south and dips 
steeply,  whereas t h e  beds s t r ike  nor theas t  and dip 
approximately 30 degrees  t o  - t he  southeast .  The eas t e rn  
margin of the  zone is marked by red hemat i t e  stain,  and t h e  
mineralization gradually decreases in intensity towards the  
west. A representa t ive  sample assayed 5000 ppm U, 
95 ppm Th and 470 ppm Pb. The host beds a r e  folded. The 
folds a r e  broad, open and trend north-northeast .  The 
deformation is weak. I t  is possible t h a t  t he  mineralization 
predated t h e  deformation, and was l i t t l e  a f f ec t ed  by i t .  

Sample  LF-71-27 is f rom a showing located 
approximately 250 km east-northeast  of Maclnnis Lake, and 
represents a pitchblende vein cut t ing granitic gneiss of t he  
basement ,  close to  the  unconformity a t  t he  base of the  
Nonacho Croup, according to  notes by H.W. L i t t l e  who 
collected t h e  sample.  The mineralization also occurs  along 
f r ac tu res  in t h e  Nonacho sediments  according to 
Gibbins et al .  (1975, p. 76). The 2 0 7 ~ b / 2 0 6 ~ b  age  of 1073 Ma 
for  this sample  thus represents a minimum a g e  for  t h e  vein 
type mineralization, and may b e  ext rapola ted t o  similar 
mineralization in the  MacInnis Lake a rea  a t  t h e  Dussault, 
Welch and Cole  prospects. Sample GFA-77-161 fo rm the  
Dussault Prospect however yielded a much younger and nearly 
concordant age  of 196 Ma. This may in part  be  due to  the  
loss of radiogenic lead by weathering processes, .as t h e  sample  
is f rom a t rench a t  t h e  lake  shore  and carr ies  some  yellow 
uranium oxides along several minute fractures.  The Pb:U 
ra t io  in the  sample  is 1:37.4 (Table 12.2). This sample  was 
concentra ted  fo r  t h e  isotopic analyses by heavy liquid 
separation (methylene iodide) of -150+200 mesh and -200 
mesh fractions.  A portion of t h e  -200 mesh f rac t ion prior t o  
the  separation was reserved for  analyses by other  methods,  a s  
reported in Table 12.1, no. 1. The Pb:U ra t io  on this portion 
of the  sample  is 1:14.4 which is significantly higher than the  
one obtained on t h e  sample  concen t ra t e  for the  isotopic 
analysis. I t  is possible tha t  t h e  heavy f rac t ion analyzed 
isotopically contains Jess than a t rue  representa t ive  
proportion of t h e  radiogenic lead, resulting in a relatively 
young age. 

Sample GFA-78-178 f rom the  Moffat  Showing was 
prepared to  obtain a concentration of readily leacheable 
uranium from the  matrix.  This was carr ied  out  by repeating 
s t eps  of heavy liquid separation and magnet ic  isodynamic 
separation of the  -200 f rac t ion.  A f ract ion which sinks in 
methylene iodide (sp.gr. 3.3) and is nonmagnetic at a 0.1 amp. 
and magnet ic  at a 0.5 amp. se t t ing on the  F ranz  isodynamic 
separa tor  was chosen. It should ideally contain the  highest 
concentration of chlorite,  the  mineral with which uranium is 
closely associated in the  matrix,  and be devoid of t he  
uranium-bearing de t r i t a l  minerals namely uranothorite,  
monazi te  and zircon. This concen t ra t e  was analyzed, using 
cold I N  HC1 leach, by the  f luor imetr ic  method, and gave 
1300 and 1100 ppm U in duplicate analyses. This con ten t  is  
only slightly higher than 1200 and 1100 pprn U repor ted  on t h e  
whole rock sample  analyzed similarly. This suggests t h a t  t h e  
proportion of uranium-bearing matr ix  in the  concen t ra t e  is 
only slightly higher than in the  rock sample  a s  a whole, and 
probably results f rom the  loss of the  matr ix  t o  the  finer 
f rac t ions  and to  o ther  f rac t ions  as par t ic les  a t tached to  
de t r i t a l  grains. The lead content  of t he  concen t ra t e  is 
300 ppm compared t o  2000 ppm for  the  whole rock. The 
concen t ra t e  was repeatedly run through t h e  isodynamic 
separa tor .  For t h e  isotopic analysis, t h e  final concen t ra t e  
was leached in I N  HCI. The resul ts  given in Table  12.2 show 
t h a t  t he  Pb/U ra t io  is lower t h a t  t h a t  in the  whole rock, 
indicating a loss of lead re la t ive  t o  uranium during the  
mineral separation. Fur thermore  t h e  high '08pb content  of 
t he  leached lead suggests t h a t  lead derived f rom thorium 
decay is present.  The age  of 560 Ma represents  t h e  minimum 
a g e  of emplacemen t  of readily leachable  uranium. 

The points representing th ree  of t he  samples,  namely 
THEK-4, LF-71-27 and GFA-77-161 l ie  approximately on a 
s t ra ight  line (Fig. 12.11). The join of these  points i n t e r sec t s  
t h e  concordia a t  1800 Ma and 100 Ma. This suggests t h a t  t h e  
initial uranium mineralization could be  a s  old a s  1800 Ma, and 
may have evolved by loss of d i f ferent  proportions of 
radiogenic lead a t  about 200 Ma ago. Sample GFA-78-178 is 



GFA-78-178 : M O F F A T  SHOWING 

@ GFA-77-161 : DUSSAULT PROSPECT 

@ L F -  71 -27  : B E N  C L A I M  SHOWING 

T H E K -  4 : STEVE SHOWING 

Figure 12.11. Concordia p lot  of pitchblendes f rom the  Nonacho Lake a rea ,  District  of Mackenzie. 

f rom a di f ferent  t ype  of mineralization and may have evolved 
in a somewhat d i f ferent  manner. These isotopic da ta ,  
however, a r e  insufficient to draw any f i rm conclusions 
regarding the  t i m e  of origin and subsequent evolution of t h e  
mineralization. 

Lead isotopic analyses of two  galena samples f rom the  
Nonacho Lake a r e a  a r e  given in Table 12.3. One is f rom 
t h e  galena vein a t  t he  Welch Prospect ,  mentioned ear l ier ,  
and is closely associated with pitchblende veins. It has  
had a urano enic  lead component added t o  i t ,  otherwise 
t h e  20sPb/20'Pb r a t io  would be  higher than t h a t  obtained. 
The l a t t e r  r a t io  is  most similar t o  t h a t  reported by 
Robertson and Cumming (1968) for  galena f rom Basille 
Bay, East  Arm of Grea t  Slave Lake, approximately 
100 km northwest of MacInnis Lake. Assuming t h a t  t h e  
lead a t  t h e  Welch Prospect  evolved f rom an  init ial  
composition identical  t o  the  Basille Bay lead, t he  
normal 2 0  7 ~ b / 2 0 4 ~ b  versus 2 0  6 ~ b / 2 0 4 ~ b  plot gives a 
A 2 0 7 / ~  '06 slope of 0.097, and a plot of 2 0 7 ~ b / 2 0 e ~ b  versus 
2 0 6 ~ b / 2 0 8 ~ b  gives a slope of 0.1006. These yield ca lcula ted  
ages  of 1570 Ma and 1635 Ma respectively.  These ages  
coincide approximately t o  the  t ime  of deformat ion of t h e  
Nonacho Group, and suggest remobilization of uranium and 
radiogenic lead a t  t h a t  t ime.  

The galena sample  f rom t h e  Thekulthili Lake a r e a  is 
f rom a massive galena occurrence  in t h e  basement  gneiss. I t  
was f i rs t  reported by prospectors R.J. Menard (Mineral 
Occurrence  Map, NTS 75D, For t  Smith; Depar tment  of Indian 
and Northern Affairs,  Yellowknife, N.W.T.), and was 
examined by t h e  wri ters  in 1979. The host gneiss is  f ine- t o  
medium-grained with a l ternat ing fe ls ic  and mafic  folia, f rom 
0.5 to  2 mm thick, r ich in pink feldspar and in chlorite,  
hornblende and biotite. The mafic  minerals const i tu te  
approximately 30 per c e n t  of t h e  rock. The foliation is well 
developed, regular,  and strikes 030" and dips 65' t o  the  
nor thwest  a t  t h e  showing. The dip becomes gradually 
shallower t o  t h e  northeast .  The lenses of massive galena, up 
t o  0.4 m thick occur  parallel t o  t h e  foliation along a s t r ike  
length of 15 rn, and a r e  exposed by four closely spaced 
trenches.  Minor sphaler i te  is  associated with the  galena. 
Epidote occurs  in the  gneiss in t h e  vicinity. Pods of 
pegmat i te  also occur in the  gneiss. Quar t z  veins with t r aces  
of pyr i te  a r e  found t o  the  west of t h e  showing. Some of the  
veins, and pegmat i t ic  patches  a s  well  a s  t he  galena lenses, 
have a crude t o  well defined foliation subparallel t o  t h a t  in 
the  gneiss. The isotopic analysis of sample GFA-78-101 
(Table 12.3) gives an age  of 2150 Ma according a two-stage 
model proposed by Stacey and Kramers  (1975) and 2132 Ma 
according t o  a lineal model proposed by Cumming and 
Richards (1975; R.I. Thorpe, personal communication, 1979). 



Table 12.3 

Lead isotopic analyses of t w o  galena  samples  f r o m  t h e  Nonacho Lake  area .  

Sample 
Number Location Remarks  

Welch Prospect ;  Galena  and pitchblende vein 
we lch -77 - I (~ )  Trench 3;  MacInnis 18.318 15.639 35.375 in si l tstone-shale a t  t h e  

Lake; 61 '21.3'N upper boundary of unit 5. 
110°14.0'W 

Thekulthili Lake,  Galena lenses along fo l ia t ion  
G F A - ~ ~ - I O I ( ~ )  Big Pine Narrows; 14.711 15.034 34.971 in t h e  basemen t  gneiss 

60 " 58'N 
110°15.5'W 

(a) Sample  Welch-77-1 col lec ted  by W.A. Padgham and W.A. Gibbins of t h e  Depa r tmen t  of Indian 
and Northern Affairs,  Yellowknife, in 1977, and analyzed in 1978 a t  t h e  University of British 
Columbia, Vancouver, by 0. Ryan. 

(b) Sample  GFA-78-101 col lec ted  in 1978 by M.J. Kreczmer  of SMD Mining Company Limited 
and analyzed in 1979 a t  t h e  Geological  Survey of Canada,  O t t awa ,  by W.D. Loveridge. 

Nonacho sedimentary  rocks unconformably overlie t he  host  
gneiss, and the  model age  probably represents  t he  maximum 
a g e  of t he  Nonacho Group. 

The two Pb-Pb ages  thus suggest  t h a t  sediments  of t h e  
Nonacho Group were  deposited some t ime  a f t e r  2150 Ma and 
were  deformed approximately 1650 Ma ago. This i s  in genera l  
ag reemen t  with t he  isotopic ages  obtained by K-Ar methods  
and paleomagnetic studies. 

Gene t i c  Hypotheses 

The disseminated and vein type  uranium occurrences  of 
t h e  MacInnis Lake a r e a  cons t i t u t e  two  genetically d i f ferent  
types  of mineralization.  

The disseminated mineralization,  exemplified by t h e  
Moffat  Showing, is s t ra t i form and is related t o  t h e  
paleoplacer accumulation of de t r i t a l  heavy minerals which 
included monazite,  zircon and uranothor i te  a s  t h e  uraniferous 
minerals. The readily leachable  uranium, which accounts  f o r  
approximately 85 per c e n t  of t h e  to ta l ,  is  in t h e  matr ix ,  is  
apparently younger, and. was probably emplaced during 
diagenesis. The mechanism of uranium precipitation is  no t  
c lear .  There  is a notable  lack of s t rong  precipitating agen t s  
such a s  organic  ma t t e r .  T races  of pyr i te  a r e  repor ted  in t h e  
host  rocks but  t h e  mineral  is  not  in t imate ly  associated wi th  
t h e  uranium mineralization.  Extensive oxidation of 
magne t i t e  t o  hema t i t e  may have c rea t ed  reducing 
environments in which uranlum could be deposited f rom 
circulating uranium-bearing solutions. It is also likely t h a t  
t h e  chlorit ic matr ix  ac t ed  a s  an adsorption medium, and 
uranium and o the r  associated e l emen t s  namely t i tanium, iron,  
phosphorus and silicon, were  deposited in i t .  These e l emen t s  
could have been derived during diagenesis f rom the  minerals 
present,  namely uranothorite,  zircon, apa t i t e ,  magne t i t e  and 
quar tz .  Uranothorite,  which conta ins  up t o  10 per c e n t  
uranium, tends  t o  b e  me tamic t ,  and may re lease  pa r t  of i t s  
uranium under favourable  conditions. Monazite and zircon 
conta in  smal ler  amounts  of uranium (less than 1 and 
3 per c e n t  respectively) and a r e  relatively more  stable.  The  
proportion of t hese  t h ree  de t r i t a l  minerals, however, i s  t oo  
small ,  less than 0.1 per c e n t  each,  t o  contr ibute  significantly 
t o  t h e  readily leachable  uranium in the  matrix.  It is 
t he re fo re  suggested t h a t  circulating wa te r s  during 
sedimentation and diagenesis provided most of t h e  uranium in 
the  matrix.  The 2 0 7 ~ b / 2 0 6 ~ b  age  of 560 Ma obtained is much 
younger than would be  expected  f rom this genet ic  model. It 

can ,  however,  be a t t r i bu t ed  partly t o  radioact ive  
disequilibrium in an open sys tem in which uranium is weakly 
bonded t o  t h e  matr ix  of t he  host  rock and par t ly  t o  loss of 
radiogenic lead re la t ive  t o  uranium during sample  
preparation.  The init ial  mineralization is  probably as old as 
t h e  mineralization at t h e  S t eve  Showing which yielded a 
discordant a g e  of 1671 Ma (Table 12.2). O t h e r  isotopic a g e  
determinat ions  discussed ear l ie r  sugges t  t h a t  th is  is c lose  t o  
t h e  t i m e  of deformat ion of Nonacho sedimentary  rocks. The 
deformat ion most likely resulted in reconst i tu t ion  of t he  
uranium minerals,  and t h e  a g e  of init ial  mineralization,  if 
older than th is  even t ,  would be d i f f icul t  t o  obta in  by t h e  Pb-U 
isotopic method. 

The presence of native gold, cass i ter i te ,  and niobium- 
and tantalum-bearing minerals in t he  paleoplacer is 
suggestive of a source  a r e a  such a s  t h e  Yellowknife-Blachford 
Lake a r e a  north of Grea t  Slave Lake, where  na t ive  gold 
occurs  in veins and shear  zones in a n  Archean greens tone  be l t  
(Boyle, 1961), cass i ter i te  occu r s  in pegmat i t e s  in 
metamorphic  aureoles  of younger Archean grani tes  (Moffat ,  
1974; Mulligan, 19751, and niobium- and tantalum-bearing 
minerals occur  in l a t e  s t age  veins and a l t e r a t ion  zones  in a 
perakaline intrusive complex da t ed  at 2057 Ma by t h e  K-Ar 
isotopic method (Davidson, 1978). I t  is in teres t ing  t o  no te  
t h a t  ga rne t  is not  found in t h e  paleoplacer,  and i t  is not  a 
common minera l  in this probable source  area .  The a r e a  is 
be tween 150 and 250 km nor thwest  of MacInnis Lake. 
Cur ren t  bedding in t h e  sediments  a t  MacInnis Lake indica te  
t h a t  pa leocurrents  were  f rom south t o  north.  McGlynn (1970, 
p. 94) has, however,  pointed ou t  t h a t  they probably do no t  
correspond t o  sedimentary  t ranspor t  direction,  and t h e  source  
areas ,  in addit ion t o  nearby basemen t  highs, may have been in 
t h e  north,  a s  qua r t z i t e  boulders in one  of t h e  polymictic 
conglomerate  beds in t h e  Nonacho Group a r e  l i thologically 
similar t o  t h e  qua r t z i t e s  of L a t e  Archean o r  Early Aphebian 
Wilson Island Group exposed on islands in G r e a t  Slave Lake. 
The Nonacho conglomerates  near  Thekulthili Lake  conta in  
sparsely distributed large,  well rounded pebbles of an  a l tered  
porphyrit ic i n t e rmed ia t e  rock, wi th  high con ten t s  of niobium, 
t an t a lum,  thor ium and uranium (Maurice and Plant ,  19791, and 
the i r  source  may be  t h e  s a m e  a s  t h a t  of t h e  de t r i t a l  minerals 
carrying these  e l emen t s  in paleoplacers.  The a r e a  within 
severa l  hundred k i lometres  t o  t he  south,  southwest  and west  
of MacInnis Lake has no known occurrences  of na t ive  gold, 
ca s s i t e r i t e  or niobium- and tantalum-bearing minerals t h a t  
could be  regarded a s  possible sources  f o r  t h e  paleoplacer.  



The vein t y p e  o c c u r r e n c e s  a r e  pr imar i ly  cont ro l led  by 
minor f r a c t u r e s  a n d  shears .  Maur ice  and  P l a n t  (1979, p. 183) 
sugges ted  t h a t  t h e  o c c u r r e n c e s  o n  t h e  w e s t  s h o r e  of Maclnnis  
L a k e  a r e  d i s t r ibu ted  a long  a nor th-south  t r e n d  and  t h a t  t h e  
minera l iz ing  a c t i v i t y  may h a v e  o c c u r r e d  along a single 
f r a c t u r e  s y s t e m .  F ie ld  observa t ions  by t h e  a u t h o r s  however  
d o  n o t  s u p p o r t  t h e  i n t e r p r e t a t i o n  of a s ing le  f r a c t u r e  s y s t e m .  
No major  f a u l t  o r  t h r u s t  could b e  recognized  t h a t  might  in  
a n y  way be  r e l a t e d  t o  t h e  minera l ized  f r a c t u r e s  and  shears .  
T h e  a p p a r e n t  l inear  distr ibution of t h e  o c c u r r e n c e s  i s  
t h e r e f o r e  considered t o  b e  co inc identa l .  The  minera l ized  
f r a c t u r e s  and  shears ,  e x c e p t  f o r  those  in t h e  younger gabbro ic  
intrusions,  may have  ex is ted  s ince  t h e  major  d e f o r m a t i o n  of 
Nonacho s e d i m e n t a r y  rocks approximate ly  1700 Ma ago.  
Younger f a u l t s  which d isp lace  t h e  folded s e d i m e n t a r y  rocks ,  
a n d  a s s o c i a t e d  minor f r a c t u r e s ,  a r e  c h a r a c t e r i z e d  by 
a b u n d a n t  q u a r t z  veins and  s tockworks .  Q u a r t z  i s  s c a r c e  o r  
a b s e n t  in  t h e  uranium-bearing veins. 

A model  invoking remobi l iza t ion  of u ran ium f r o m  
Nonacho  s e d i m e n t a r y  r o c k s  i s  favoured  h e r e  f o r  t h e  genes i s  
of  t h e  veins in t h e s e  rocks.  As  ment ioned  e a r l i e r ,  s o m e  of 
t h e  s e d i m e n t a r y  rocks  a r e  enr iched  in uranium, which may 
h a v e  been  in t roduced  during s e d i m e n t a t i o n  o r  soon a f t e r ,  b u t  
prior  t o  t h e  major  d e f o r m a t i o n .  I t  is thus  reasonable  t o  
p o s t u l a t e  t h a t  s o m e  uran ium in t h e  s e d i m e n t a r y  rocks  w a s  
a v a i l a b l e  f o r  remobi l iza t ion  and c o n c e n t r a t i o n  during t h e  
deformat ion .  This  migra t ion  and deposit ion would t e n d  t o  
o c c u r  a long  t h e  s o u r c e  beds, as a p p e a r s  t o  h a v e  been  t h e  c a s e  
at t h e  Dussaul t  and  Welch prospec ts .  T h e  s t r a t i g r a p h i c  
c o n t r o l  of minera l iza t ion  h e r e  is  c r u d e  b u t  recognizable  in 
t h e  s u r f a c e  exposures ,  accord ing  t o  t h e  mapping  d o n e  by t h e  
wr i te rs .  Out l ines  of t h e  minera l ized  z o n e s  based  on  t h e  
dri l lhole d a t a  (Makela,  1970) show t h a t  t h e y  a r e  subpara l le l  t o  
t h e  hos t  beds. A f u r t h e r  s t u d y  of t h e  dri l l  logs  by t h e  w r i t e r s  
revea led  t h a t  s o m e  of t h e  holes i n t e r s e c t e d  t h e  boundary 
b e t w e e n  uni t s  5 and 6,  and th i s  led t o  t h e  s t r u c t u r a l  
i n t e r p r e t a t i o n  presen ted  in F igure  12.4, in which t h e  
s t r a t i g r a p h i c  c o n t r o l  of minera l iza t ion  is  much m o r e  e v i d e n t .  

Makela  (1970) pos tu la ted  t h a t  u ran ium is p r imar i ly  
s y n g e n e t i c  s e d i m e n t a r y  in  origin, and  invoked m e t a m o r p h i s m  
a n d  in t rus ion  of younger  g r a n i t e  as c a u s e s  f o r  remobi l iza t ion  
o f  uranium. T h e  s e d i m e n t a r y  rocks,  however ,  show l i t t l e  
m e t a m o r p h i c  e f f e c t s ,  a n d  t h e r e  i s  no  f ie ld  e v i d e n c e  f o r  
younger  gran i te .  I t  is  t h e r e f o r e  s u g g e s t e d  h e r e  t h a t  
d e f o r m a t i o n  of t h e s e  rocks  a l o n e  m a y  h a v e  suf f iced  to 
mobi l ize  c o n n a t e  w a t e r s  and uran ium.  T h e  m a x i m u m  
c o n c e n t r a t i o n  of u ran ium h a s  o c c u r r e d  a long  t h e  h inge  z o n e  
of northward-plunging minor fo lds  a t  t h e  Dussaul t  and  Welch 
Prospec ts .  Uranium probably m i g r a t e d  up t h e  plunge of t h e  
f o l d s  f r o m  a m o r e  t igh t ly  folded z o n e  a t  d e p t h  t o  t h e  n o r t h  
and  n o r t h e a s t  of t h e  prospects .  A t  t h e  C o l e  P r o s p e c t ,  t h e  
s t r u c t u r e  is s impler  bu t  t h e r e  is  s o m e  var ia t ion  in t h e  
a t t i t u d e  of fo l ia t ion  in t h e  m a t r i x  of t h e  hos t  g r a n i t e  pebble 
c o n g l o m e r a t e .  

T h e r e  is  a possibi l i ty t h a t  u ran ium in  ve ins  may h a v e  
c o m e  f r o m  older  c o n c e n t r a t i o n s  a long  t h e  unconformi ty  at 
t h e  base  of  t h e  Nonacho C r o u p  o r  in  t h e  b a s e m e n t ,  at t h e  
t i m e  of  t h e  d e f o r m a t i o n  of r o c k s  of  t h i s  group.  No pos i t ive  
e v i d e n c e  f o r  unconformi ty- re la ted  uran ium c o n c e n t r a t i o n  in  
t h e  Nonacho basin has  y e t  been r e p o r t e d .  T h e  possibility, 
however ,  d o e s  e x i s t  in view of t h e  favourable  geological  
s e t t i n g  of t h e  basin. T h e  b a s e m e n t  may h a v e  c o n t a i n e d  s o m e  
uran ium c o n c e n t r a t i o n s  t h a t  p r e d a t e d  t h e  Nonacho  sed iments .  
I t  is, however ,  d i f f i c u l t  t o  s e e  how uran ium could h a v e  b e e n  
mobi l ized  f r o m  t h e m ,  s i n c e  t h e  b a s e m e n t  responded 
d i f f e r e n t l y  to t h e  d e f o r m a t i o n  t h a n  Nonacho  s e d i m e n t a r y  
rocks,  main ly  by f a u l t i n g  and  s h e a r i n g  i n s t e a d  of folding.  

In case of t h e  veins a s s o c i a t e d  wi th  t h e  g a b b r o i c  
intrusions,  a n  a t t r a c t i v e  g e n e t i c  hypothes i s  is  o n e  in which i t  
i s  pos tu la ted  t h a t  t h e  intrusions h a v e  s e r v e d  a s  a s o u r c e  of 
h e a t ,  s e t  up c o n v e c t i v e  c u r r e n t s  in t h e  g r o u n d w a t e r  in t h e  
c o u n t r y  rock ,  a n d  t h a t  t h e  h e a t e d  w a t e r  l e a c h e d  uran ium 
f r o m  t h e  c o u n t r y  rock  and  depos i ted  i t  in t h e  veins.  Makela  
(1970) po in ted  o u t  t h e  s imi la r i ty  in  geology  of t h e  MacInnis  
L a k e  a r e a  t o  t h e  P a u k k a j a n v a a r a  a r e a  in F in land  w h e r e  
s e v e r a l  u ran ium o c c u r r e n c e s  a r e  found  at t h e  m a r g i n s  of 
d i a b a s e  dykes  t h a t  c u t  a conglomerate-arkose-sandstone 
s e q u e n c e  of e a r l y  P r o t e r o z o i c  a g e ,  a n d  o n e  of t h e m  produced  
52 000  m e t r i c  t o n n e s  of  o r e  in 1960 a n d  1961 (Piirainen,  1968; 
F r i e t s c h  e t  al., 1979). T h e  s e q u e n c e  a l s o  c o n t a i n s  s m a l l ,  l o w  
g r a d e  o c c u r r e n c e s  in t h e  s e d i m e n t a r y  rocks  (P i i ra inen ,  ibid.), 
which r e s e m b l e  t o  s o m e  e x t e n t  t h e  M o f f a t  Showing.  'The 
g a b b r o  in t rus ions  a t  t h e  Island and Bragon showings may h a v e  
caused  c o n v e c t i o n  ce l l s  in t h e  g r o u n d w a t e r  t h a t  could h a v e  
e n c o m p a s s e d  Nonacho  s e d i m e n t a r y  r o c k s  a b o v e  t h e  p r e s e n t  
e ros ion  s u r f a c e ,  a n d  could  h a v e  f o r m e d  t h e  vein t y p e  
minera l iza t ion  s e e n  at t h e  showings. 

A s u p e r g e n e  model  f o r  t h e  ve ins  in  a m p h i b o l i t e  at t h e  
P y r a m i d  Showing w a s  proposed by H e g g e  and  Tr igg  (1967). I t  
i s  s u p p o r t e d  by t h e  e r r a t i c  n a t u r e  a n d  l a c k  of d e p t h  e x t e n s i o n  
of minera l iza t ion .  This  t y p e  of depos i t ion  c a n  b e  e x p e c t e d  in 
a n y  uran ium d i s t r i c t  w h e r e  s u r f a c e  w a t e r s  a r e  at l e a s t  loca l ly  
enr iched  in uranium. P r e s e n c e  of reduc ing  a g e n t s  such  a s  
i ron and  c o p p e r  sulphides,  c h l o r i t e  etc., a long  t h e  f r a c t u r e s  
would f a c i l i t a t e  depos i t ion  of u ran ium.  This  model  m a y  work  
f o r  Kul t  Showing b u t  when i t  is appl ied  t o  o t h e r  o c c u r r e n c e s  
of  t h e  a r e a ,  i t  d o e s  n o t  a d e q u a t e l y  expla in  t h e i r  g r e a t e r  
v e r t i c a l  e x t e n t ,  i s  n o t  in a g r e e m e n t  wi th  t h e  d e t e r m i n e d  
t i m i n g  of minera l iza t ion ,  a n d  c a n n o t  b e  read i ly  reconc i led  
w i t h  t h e  known s t r a t i g r a p h i c  and  s t r u c t u r a l  re la t ions .  

Conclus ions  

S e d i m e n t s  of t h e  Aphebian Nonacho  C r o u p  i n  t h e  
MacInnis L a k e  a r e a  w e r e  e n r i c h e d  in uran ium at t h e  t i m e  of 
depos i t ion  o r  a t  a l a t e r  d a t e  prior  t o  major  d e f o r m a t i o n  t h a t  
took  p lace  at t h e  c lose  of t h e  Aphebian  e r a .  S y n s e d i m e n t a r y  
depos i t ion  is  r e p r e s e n t e d  by d e t r i t a l  u r a n o t h o r i t e ,  m o n a z i t e  
and  z i rcon  wi th  a b u n d a n t  m a g n e t i t e  and  s o m e  c a s s i t e r i t e ,  
n a t i v e  gold and  niobium- and  t a n t a l u m - b e a r i n g  minera l s  in 
pa leoplacers .  A possible s o u r c e  a r e a  of t h e s e  minera l s  is  t h e  
Yellowknife-Blachford L a k e  reg ion  s i t u a t e d  150  t o  250 k m  
n o r t h w e s t  of MacInnis  Lake.  U r a n i u m  w a s  a l s o  p r e c i p i t a t e d  
in  t h e  m a t r i x  of  t h e  Nonacho  s e d i m e n t s  as d issemina t ions ,  
a n d  i s  loca l ly  p r e s e r v e d  in t h i s  f o r m .  E l s e w h e r e  u r a n i u m  m a y  
h a v e  been  mobi l ized  dur ing  d e f o r m a t i o n  t o  f o r m  vein t y p e  
o c c u r r e n c e s  h o s t e d  by t h e  s e d i m e n t a r y  rocks.  T h e  n e w  Pb-Pb 
and  Pb-U i so topic  a g e  d e t e r m i n a t i o n s ,  t o g e t h e r  w i t h  t h e  
published K-Ar a g e s  and  p a l e o m a g n e t i c  s tud ies ,  s u g g e s t  t h a t  
depos i t ion  of s e d i m e n t s  of t h e  Nonacho  C r o u p  o c c u r r e d  
b e t w e e n  2000 and  1800 Ma a g o  and t h a t  t h e y  w e r e  d e f o r m e d  
a p p r o x i m a t e l y  1700 Ma ago .  Uranium in veins a t  marg ins  of 
younger g a b b r o  in t rus ions  w a s  probably  depos i ted  f r o m  t h e  
g r o u n d w a t e r  in c o n v e c t i o n  c u r r e n t s  s e t  up by h e a t  of t h e  
intrusions,  a n d  w a s  der ived  p a r t l y  o r  wholly f r o m  t h e  
s e d i m e n t a r y  rocks.  Uranium h a s  a l s o  b e e n  mobil ized by 
s u r f a c e  ox ida t ion  at t h e  p r e s e n t  a n d / o r  p a s t  e ros ion  s u r f a c e s ,  
a n d  depos i ted  loca l ly  under  r e d u c i n g  condit ions.  

Guides  f o r  F u r t h e r  Explora t ion  

Uranium,  gold and t in in d e t r i t a l  c o n c e n t r a t i o n s  in t h e  
a r k o s e - q u a r t z  pebble  c o n g l o m e r a t e  unit  a r e  widely 
d i s t r ibu ted ,  and  s e a r c h  f o r  l a r g e r  c o n c e n t r a t i o n s  of t h i s  t y p e  
m a y  prove reward ing .  Vein t y p e  uran ium o c c u r r e n c e s ,  



particularly those hosted by Nonacho sedimentary  rocks, and 
where  some  s t ra t igraphic  control  is apparent ,  mer i t  f u r the r  
exploration.  Of par t icular  in teres t  is t h e  s t ra t igraphic  zone 
a t  t h e  base of t he  siltstone-argillite-sandstone unit. Hinge 
zones of minor folds and smal l  f r ac tu re s  in t ightly folded 
sediments  a r e  favourable s t ruc tura l  s i t e s  fo r  exploration.  
The unconformity at t h e  base of t h e  Nonacho Group mer i t s  
examination fo r  possible uranium concentrations.  Highly 
chlorit ic zones, e i t he r  in t he  basement  rocks, Nonacho 
sedimentary  rocks, o r  t h e  gabbroic intrusions a r e  potentially 
favourable locales fo r  uranium concentrations.  
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Abstract 

The gold content of  ultramafic to  mafic metavolcanic rocks and siliceous and ferruginous 
interflow metasedimentary rocks from the Red Lake area, northwestern Ontario was determined by 
radiochemical neutron activation analysis. 

The interflow metasedimentary rocks consist mainly of  chert and iron formation, the latter 
including oxide, silicate and sulphide varieties. The ultramafic t o  mafic metavolcanic rocks are 
pyroxenitic to basaltic komatiites and tholeiitic basalts. A statistical comparison of the gold content 
of the volcanic and sedimentary suites indicates a similarity in average gold content and dispersion of  
gold values. Gold contents range from approximately 0.1 to  380 ppb with arithmetic and geometric 
means of approximately 28 and 5.7 ppb respectively. The background gold value for the region .is 
3.5 ppb. There are some significant differences among the various rock types making up each group. 
The oxide iron formation is richer in gold compared t o  other interflow sediments. The volcanic rocks 
are relatively consistent in gold content, although tholeiitic basalts, particularly iron-rich tholeiites 
are rich in gold relative to  the other volcanic rock types. 

introduction of Pirie and Grant  (1978a, b), Pirie and Sawitzkv (1977) and 
Ferguson (1966), is s h o w n ' i n ' ~ i ~ u r e  13.2. The bredominant Red Lake is an economica''~ gold mining rock types are ultramafic t o  rnafic and intermediate meta- 

camp in the greenstone Of Northwestern Ontario volcanics, and felsic stocks and batholiths. Minor lithologies 
(Fig' 13.1)' Two the Red Lake and present  in t h e  u l t rarnaf ic  and maf i c  rnetavolcanic portion of 
Dickenson (including t h e  Robin Red Lake), a r e  current ly  the pile are siliceous and commonly ferruginous ac t ive  and t h e  a r ea  hosts severa l  significant past  producers rocks, termed here interflow sediments. The (Fig* 13.2)' The geology of Dome and regional grade of  metamorphism is greenschist facies, which host t he  most impor tant  gold deposits ,  and of Bateman 
and McDonough townships, according t o  t h e  deta i led  mapping although grades  up t o  lower arnphibolite f ac i e s  can  b e  found 

near  intrusive bodies. The objec t ive  of th is  study is t o  
cha rac t e r i ze  t h e  in ter f low sedimentary  rocks  and maf i c  t o  
u l t ramaf ic  metavolcanic  rocks  with r e spec t  t o  t he i r  gold 
contents.  

/IF I r a n  lormalion 

A Mine location 

*Rock8 dividedaccording 
tol i thology only 

Figure 13.2. Generalized geology of Balmer, Bateman, 
Dome and McDonough townships (after Ferguson, 1966; Pirie 

Figure 13.1. Location map of the Red Lake area. and Sawitzky, 1977; Pirie and Grant, 1978a, b). 

Depar tment  of Geology, McMaster University, Hamilton,  L8S 4MI 



The interflow sediments a r e  of in teres t  for two  reasons. 
In t h e  f i r s t  place, highly siliceous and commonly laminated 
rocks occur  a t  t he  Dickenson Mine (J.M. Franklin, personal 
communication), one of t h e  t w o  producing gold mines in t h e  
area .  Secondly, these  rocks were presumably deposited 
during breaks in ac t ive  volcanism and thus  possibly const i tu te  
a record of both volcanic exhalation and leaching of the  
volcanic pile. There is l i t t l e  basis a s  y e t  for speculation on 
t h e  possible role of interflow sediments in gold rnetallogeny, 
and th is  study a t t e m p t s  t o  cha rac te r i ze  t h e  gold con ten t  of 
these  sediments and thei r  associated volcanics. 

Interflow Metasedimentary Rocks 

The sampling locations for t he  interflow metasedi- 
rnentary rocks and mafic  t o  u l t ramafic  metavolcanic  rocks 
a r e  shown in Figure 13.3. The interflow sediments usually 
occur  a s  thin discontinuous beds between volcanic flows, but  
can const i tu te  thick, extensive,  mappable units conformable 
with t h e  volcanic rocks (see maps by Pirie and Grant,  
1978a, b). The two main types  of interflow sedimentary 
rocks a r e  che r t  and iron formation with subordinate 
greywacke. Iron formation is represented by oxide, si l icate,  

sulphide and mixed oxide-silicate facies. In addition t o  these  
predominantly chemical  sediments a few ferruginous inter- 
flow sediments  appear t o  consist of both chemical  and c las t ic  
components. The principal textura l ,  mineralogical and 
chemical  properties of interflow sediments  a r e  summarized 
in Table 13.1. 

Cher t  

The che r t s  a r e  massive rocks exhibit ing conchoidal 
f rac ture .  For classification purposes c h e r t  conta ins  more  
than 80 per cen t  SiOz, an  iron content  of up t o  15 per cen t  
and very low contents  of o ther  components including ~ 1 ~ 0 ~ .  
The principal mineral i s  qua r t z  wi th  minor magne t i t e  and 
accessory chlor i te  and calcite.  Recrystall ization during 
metamorphism has  produced a f ine  grained mosaic of 
polygonal qua r t z  gra ins  commonly with in ters t i t ia l  iron 
staining. 

Iron Formation 

The iron format ions  have been classified according t o  
J a m e s  (1954) and a r e  considered simply sedimentary  rocks 
t h a t  contain more  than 15 per c e n t  t o t a l  iron. They a r e  

McDonoug h Twp . 

-- 

A metavolcanic sample locat ion 
8 metasediment sample location 

Figure 13.3 Location map showing sampling sites. 



fur ther  subdivided, according t o  t h e  major mineralogical host 
of t he  iron into the  various types  listed in Table 13.1. There 
is no implication, however, t h a t  these  types of iron formation 
here represent d i f ferent  fac ies  controlled by shoreline 
proximity a s  argued by James  (1954) for iron formation of 
Superior type. In f ac t ,  our sampling is f rom a provenance 
dominated by volcanic rocks. \We regard t h e  iron formation 
t o  b e  of Algoman type  (Gross, 1965). 

(a) Oxide iron formation: The most  common iron 
format ion is oxide iron formation which consists of in ter -  
banded magnetite-rich and quartz-rich layers. Acicular 
amphiboles a r e  associated with t h e  magnetite-rich layers, 
and in most  samples iron and silica together  cons t i tu t e  90 per  
cen t  or more of the  rock. 

(b) Sulphide iron formation: Sulphide iron formation 
consists of interbanded sulphide-rich and quartz-rich layers. 
The main sulphides present a r e  pyrite, chalcopyrite and 
pyrrhot i te  which usually occur  a s  coa r se  grained, occasionally 
euhedral crystals. Fine grained arsenopyrite was observed in 
one sample. 

(e) Mixed c las t ic  and chemical  interflow sediments: 
This nrouD of rocks consists of interflow sediments  t h a t  have 
both chemical and a c las t ic  component.  They a r e  finely 
banded and quartz-rich, with amphiboles and magnet i te  
forming dark bands. 

Metavolcanics 

Ultramafic and mafic  metavolcanic rocks dominate  t h e  
volcanic suite,  although a few andesites and felsic volcanic 
units a r e  also present. The ul t ramafic  rocks a r e  pyroxenitic 
komat i i tes  t h a t  in some  cases  conta in  spinifex texture .  
Komatii  t i c  and tholeii t ic basalts represent  t h e  main group of 
volcanic samples. Petrographic nomencla ture  follows t h e  
classifications of Jensen (1976) and Arndt et al. (1977). The 
Jensen sys tem of nomencla ture  is shown on a FeO + F e 2 0 3  + 
Ti02 - A1203 - MgO plot (Fig. 13.4). This d iagram breaks  t h e  
rocks in to  groups according t o  t h e  maf i c  chemical  
components.  Figure 13.5 i l lus t ra tes  t h e  grouping of t h e  
samples collected from t h e  Red Lake a rea .  In general  t h e  
chemical  compositions of t h e  d i f ferent  volcanic rock types  
correspond very closely t o  representa t ive  compositions 
presented by Jensen (1976) and Arndt et al. (1977). One  
distinctive difference, however,  is  t h a t  some  of t h e  Red Lake 

(c) Sil icate iron formation: A f e w  s i l ica te  iron basalts are characterized by a marked depletion in 
format ions  consisting of silicate-rich and quartz-rich bands 
were  found. The main mineral const i tuents  of t he  sil icate N a 2 0 .  This is also found in all  metavolcanic rocks f rom t h e  

Dickenson mine. bands a r e  fine grained amphiboles, occasionallv present  a s  
ac icular  radiating crystals. '  ch lo r i t e  ~ o m m o n l y ~ r e ~ ~ 1 a c e s  the  
amphibole. Iron and sil ica a r e  t h e  principal chemical  Gold Con ten t  
const i tuents  of these  rocks, a s  in oxide iron formations,  but 
t he  proportion of alumina and magnesium is  higher. The gold con ten t s  of t he  major rock types  a r e  

summarized in Table 13.2. A range of 0.1 t o  380 ppb gold is  
found for  the  ent i re  volcanic-interflow sed imen t  sui te .  In 

(d) Mixed silicate-oxide iron formation: In several general,  t h e  gold distribution in a given rock group is  
specimens fine intermixing of light coloured sil icate-rich and character ized by a large  range of values with a significant 
dark coloured oxide-rich bands occur. skewness toward high values. Consequently t h e  a r i thme t i c  

Table 13.1 

Principal f ea tu res  of interflow sediments 

Rock Type Chemistry Mineralogy Distinguishing Features  

Cher t  S i 0 2  > 80% quar tz  80-100% generally very fine grained 
F e 2 0 3  < 15% iron staining between polygonal boundaries of 
A1203 < 2% quar t z  crys ta ls  qua r t z  
MgO < 2% Accessory ca l c i t e  conchoidal f r a c t u r e  

chlor i te  and magnet i te  grey, massive 

Oxide Iron F e z 0 3  15-40% magnet i te  20-50% banded magnetite-quartz 
formation S i 0 2  50-60% quar t z  50-75% rock 

A1203 0-8% amphibole/chlorite bands up t o  4 c m  thick 
MgO 0-2% 10-40% fine grained 
T i 0 2  0-.7% breaks readily along bands 

Sulphide S 2.5% pyrite,  pyrrhotite 5-50% coa r se  grained sulphides 
Iron SiOz 65-70% quar t z  40-75% f ine  grained qua r t z  
formation F e 2 0 3  15-25% gruner i te  10-3096 friable when weathered 

A I 2 o 3  1-5% sulphide usually massive 
and no banding present 

Sil icate SiOz 40-65% amphibole/chlorite f ine  grained 
Iron F e 2 0 3  20-45% 40-60% grey -g reed l igh t  grey 
formation A12O3 0-9% quar t z  5-35% banded 

MgO 0-5% magnet i te  0-30% of ten  acicular  amphibole 
T i02  0.1-0.6% crys ta ls  

Mixed-Oxide variable composite of oxide bands of oxide and s i l ica te  
Silicate and sil icate iron iron format ion intermixed 
Iron format ions  bands vary f rom I mm t o  
formation 10 mm thickness 

bands not  always discre te  



Table 13.2 

Gold contents  of rock types f rom t h e  Red Lake a r e a  

Geomet r i c  
Ari thmet ic  (Logarithmic) 

No. of Range Mean Mean Median Plo PsO 
Rock Type Samples PPb P P ~  P P ~  PPb P P ~  P P ~  

Dickenson Mine, Levels 22 and 30 

Mainly interflow 22 3.1 - 1 5 0 0 0  1040 3  3  16 4 .3  6970 
metasedimentary  rocks 

Metavolcanic and Interflow Metasedimentary Rocks 
(McDonough, Bateman, Dome and Balmer Townships) 

Volcanics 
Pyroxene komatii tes 5 0.1 - 1.3  5.3 2 . 5  4.6 - 
Basaltic kornatiites 7 0 .5  - 15 4 . 1  2 . 1  1.7 0.5 4.8 
High Mg tholeii tes 3 6 .2  - 279 98 26 6.2 - - 
High F e  tholeii tes 8 4 .3  - 380 6  1 15 2114.8 4 .3  4  4  
Andesites 4 1 . 3 -  6.7 4 .2  3.4 - - 
Amphibolite 1 7.0  - - - - - 
All volcanic rocks 28 0.1 - 380 3 1 5.6 4 .8  0 .9  4  4  

Interflow Sedimentary Rocks 
Cher t  8 0 .4  - 10 3 . 1  2.0 2.3 0.4 3.8 
Iron formation 

-sulphide 3 5.0 - 14 10 9 . 2  10 
-oxide 19 0 .7  - 363 7 8  22 5  5  0 .9  197 
-sil icate 5 1 .3  - 6.0  8.8 13 10 - - 
-mixed oxide 6 0 . 8  - 6.0 3 .4  2.7 3.2 0.8 6.0 
s i l ica te  iron 
format ion 

Chemical-detri tal  interflow 9 0 . 8  - 43 8 . 3  4 .1  3.7 0 . 8  7 . 9  
sedimentary rock 

All interflow sedimentary 50 0 .4  - 363 26 6 . 1  4 .3  0 .9  8  3  
rocks 

Basaltic 
Komatiite 

/Ultramafic 
Komatiite 

Figure 13.4. Jensen Cation Plot, Figure 13.5. Classification of  volcanic rocks according t o  
Jensen Cation Plot. 



mean is strongly influenced by a small  proportion of the  to t a l  
samples, and other  measures of cen t r a l  tendency including 
t h e  geometr ic  (logarithmic) mean and median a r e  also listed 
in Table 13.2 t o  fur ther  indicate t h e  na tu re  of t h e  gold 
distribution. 

If t h e  ent i re  sui te  of interflow metasedimentary rocks 
and metavolcanic rocks is considered, t he re  is  considerable 
similarity of gold content  between these  two groups of rocks. 
Of t h e  s ta t i s t ica l  pa ramete r s  noted in Table 13.2, only t h e  
gold con ten t  representing the  90th  percentile is  significantly 
d i f ferent ,  and i t  is much lower for t h e  volcanic rocks. If t h e  
specific rock types  belonging t o  e i ther  t h e  sedimentary or  
volcanic group a r e  compared, then significant differences in 
gold con ten t  become apparent.  In particular,  oxide iron 
formation is more  auriferous than any o the r  type  of interflow 
sediment included in the  study. As indicated in Table 13.2, 
t h e  high average value for gold in t h e  oxide iron formation, 
78 ppb, is  not due t o  a few samples  t h a t  a r e  anomalously rich 
in gold. The sulphide iron formation, which averages  10 ppb 
gold (arithmetic),  is unexpectedly poorer in gold than oxide 
iron formation. However, t he re  a r e  only th ree  samples in t h e  
sulphide iron .formation suite,  and this d i f ference  may not b e  
statist ically significant. The lack of sulphide iron format ion 
samples ref lec ts  thei r  paucity in the  study area.  

The volcanic suite, a s  previously noted, includes 
pyroxenitic komatii tes,  basalt ic komatii tes,  high magnesium 
tholeiites, high iron tholeiites, and andesites. The thole i i tes  
are  apparently higher in gold than other  types of volcanic 
rocks but  l i t t l e  significance can  b e  a t tached t o  t h e  s t a t i s t i c s  
for t he  magnesium tholeii tes a s  t h e  group includes only th ree  
samples. The iron-rich tholeiites, however, a r e  significantly 
higher in gold than other  volcanic rocks. All t he  s ta t i s t ica l  
parameters  for th is  class of basalt  demonstra te  thei r  high 
gold content .  Half t h e  sui te  of e igh t  samples contain more  
than 20 ppb of gold, a concentration well  above t h e  3.5 ppb 
background es t imated for the  Red Lake basic-ultrabasic 
volcanic rocks o r  t h e  2 ppb background for gold in t h e  Kakagi 
Lake volcanic pile suggested by t h e  study of Kwong and 
Crocket  (1978). 

The best  c r i t e r i a  to  use in es t imat ing background gold 
values a r e  not  obvious. However in view of t h e  marked 
similarity of t he  two main groups of samples, t h e  interflow 
sediments and volcanics, t h e  gold content  with t h e  highest 
frequency of occurrence  was  considered the  best e s t ima te  of 
background. This gives a background value of approximately 
3.5 ppb, although this d i f fers  slightly for  d i f ferent  rock types. 

Conclusions 

The volcanic and interflow sedimentary rocks a r e  
remarkably similar in average gold con ten t  and in t h e  distri-  
bution of gold values within each  of these  classes of rocks. 
Because of t h e  in t ima te  spat ia l  relationship between t h e  two, 
i t  seems plausible t h a t  t he  interflow sedimentary rocks 
inherit  the i r  gold from t h e  volcanic pile. The mechanisms 
involved a r e  not obvious, but outgassing of volcanic fluids and 
vapours during a hiatus in lava extrusion and/or leaching of 
the  pile by seawa te r  could be  viable mechanisms. The N a n O  
depletion in some of the  volcanic rocks, while not correlating 
directly with gold content ,  suggests leaching of the  volcanic 
pile. 

The significance a t tached to  gold enr ichment  in oxide 
iron formation depends very much on processes postulated for 
deposition of t h e  iron formation. We suggest t h a t  these  rocks 
a r e  essentially chemical  sediments,  noting t h a t  t h e  very low 
alumina contents ,  usually less than 1.0 per c e n t  A1203, 
require an  ext remely low input of c las t ic  mater ia l .  If iron 
oxides form directly in the  mar ine  environment i t  seems 
highly probable t h a t  gold is  also derived di rect ly  f rom t h e  
same  source,  possibly by being scavenged or  coprecipi ta ted  
on an iron-bearing precipitate.  It does  appear  t h a t  
ferruginous chemical  sediments deposited during hiatuses in 
volcanism are ,  in a geochemical sense, concentra tors  of gold. 
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Abstract 

The Dickenson mine, a gold producer in the Red Lake, Ontario, volcanic belt, consists of 
veins and conformable gold-enriched zones in Archean volcanic and sedimentary rocks. Studies 
of the 17, 25 and 30 levels in the mine reveal that  most of the gold-bearing zones are  in layered 
fragmental rocks. These have been derived from a biomodal source, with basaltic komatiites and 
high-iron tholeiite a s  dominant source rocks, and felsic volcanic and cherty sedimentary s t ra ta  as  
less dominant source rock. The fragmental s t ra ta  a re  characterized by high Mg, Ni and Cr  
contents, and high, but variable gold contents. Gold-enriched quartz-carbonate veins do not have 
adjacent gold haloes. In general, gold-enriched fragmental s t ra ta  formed by syngenetic 
deposition along with sulphides and arsenides. Gold was fur ther  redistributed into gold-rich 
quartz-carbonate veins during deformation and metamorphism. 

Introduction The implications of the preliminary data  presented here a r e  
considered briefly in terms of mechanisms for formation of The Dickenson Mine, in west central Balmer Township, the gold ores. is one of the two current gold producers in the Red Lake - .  

camp. Much of the Dickenson ore occurs in well defined 
quartz-carbonate veins which a re  both conformable and Previous Work 
disconformable to  volcanic stratigraphy. During the summer A review of the literature (Ferguson, 1962, 1965, 1966, of 1978, were f rom three levels in the 1968; Pirie, 1977, 1978) indicates that  gold deposits in the Dickenson Mine in crosscuts that  a re  roughly perpendicular t o  
the strike of the ore zone, and represent profiles traversing Red Lake area occur in essentially five settings: a) generally 

the stratigraphy above and below the ore. Some additional discordant sets of quartz-carbonate veins with associated 
veinlets and stringers, in carbonatized mafic metavolcanic samples were provided by Dr. J.M. Franklin, of the Geological rocks which locally are pi,lowed and in places variolitic Survey of Canada. These samples were analyzed for major (Campbell Mine); b) quartz and quartz-carbonate veins and 

and ( S ,  Ni,  Rb,  Sr, Y ,  Z r 7  Nb, Coy Zn, stringers which are commonly conformable with and enclosed 
Cu, and As) fo r  gold radiochemical by volcanic s t rata  (Dickenson Mine); c) as narrow laminations neutron activation, and were examined in thin section and 
polished section. The principal objectives of the project are: within primary interflow sulphide sedimentary rocks and 

accompanying cherty material (Dickenson Mine); d) quartz a )  t o  determine whether there is any systematic variation in fractures related to basic to intermediate intrusions gold or other elements about the mineralized zone, and b) t o  
obtain a bet ter  understanding of the lithologies near the ore. (Mackenzie Mine, Howey Mine); e) massive to weakly banded 

"tuffs" which locallv a r e  trarnetiferous (Madsen Mine). 
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P a r t  of t h e  most r ecen t  geological map  t h a t  includes 
t h e  geology around Dickenson Mine (Pirie and Grant  19781, is  
reproduced a s  Figure 14.1 with deletion of t h e  boundaries of 
individual outcrop area .  The Dickenson No. 1 sha f t  and mine 
buildings s i t  on a unit of a l te red  (silicified) pillowed maf ic  
metavolcanic  rocks. A second sha f t  sunk f rom t h e  22nd level 
is located approximately 900 m south-southwest of t he  No. 1 
shaf t .  The  c o n t a c t  be tween these  pillowed flows and a thick 
sequence  of c las t ic  and chemical  metasediment  rocks (units 4 
and 51, is approximately 400 m e a s t  of both shaf ts  and 
provides a convenient da tum.  Bedding within t h e  
metasedimentary  s t r a t a  generally t rends  nor thwest  with a 
s t e e p  southwesterly dip. Jus t  south of t h e  No. 2 shaf t  is a 
500 m thick unit of fe ls ic  t o  in termedia te ,  locally reworked, 
qua r t z  and feldspar porphyritic pyroclastic rocks with minor 
fe ls ic  flows. 

Resul ts  

Metal  Profiles 

Before discussing the  lithologies and chemical  t rends  on 
individual levels, some  broad generalizations a r e  presented.  
Profiles of gold, a rsenic  and sulphur about  t h e  o re  zone on 
Levels 30 and 17 a r e  shown in Figures 14.2, 14.3, and 14.4. 
All t h r ee  e l emen t s  a r e  strongly corre la ted  in a spat ia l  sense,  
part icularly for  t h e  30 Level suite.  Samples high in gold a r e  
a lso  high in arsenic  and sulphur. Spat ia l  corre la t ions  on t h e  
17 Level a r e  not a s  strong, although both gold and sulphur a r e  
high in t he  s a m e  samples. There  is no suggestion of a 
sys t ema t i c  gradient  of values away f r o m  t h e  o r e  zones. The  
17 Level profile north of t he  o r e  zone (Fig. 14.4) shows 
significantly higher gold within 3.5 m of t h e  o r e  than f a r the r  
away,  but  t h e  main f e a t u r e  of t h e  profiles is irregular high 
gold values in a single o r  a f ew  adjacent  samples.  

Lithologies 

Samples f rom t h e  17 Level were  obtained approximately 
900 m south of t h e  No. 1 shaf t .  Those f rom t h e  25 and 30 
Levels were  obtained f rom 400 t o  500 m east t o  southeas t  of 
t h e  No. 2 shaf t .  Thus, sampling is  f rom t h e  vicinity of t h e  
c o n t a c t  between t h e  maf ic  metavolcanic flows and a major 
unit  of chemical  and c las t ic  metasediment  rocks. Textura l  
observations of polished slabs and thin sections,  together  with 
chemical  analyses,  indica te  t h a t  most samples  a r e  f ragmenta l  
(Fig. 14.5 and 14.6). Rocks  i l lustrated in Figures 14.5a, 14.6a, 
14.6b and 1 4 . 6 ~  consist  of ovoid masses of f ine  grained 
polygonized qua r t z  in a matr ix  of volcanic material .  The  
f r agmen ta l  cha rac t e r  is part icularly obvious in Figure  14.6a. 
The lack of any ca t ac l a s t i c  t ex tu re  argues  against  shearing of 
q u a r t z  vein mater ia l  o r  a silicified f low a s  a n  origin fo r  these  
rocks. Textural  and compositional cha rac t e r i s t i c s  (discussed 
below) indica te  t h a t  t hese  rocks a r e  derived f rom t h e  erosion 
of a volcanic pile with minor input of pyroclastic mater ia l .  
Recen t  observations by J .  Pirie (personal communication),  
indica te  t h a t  s o m e  of these  rocks may represent  
hyaloclas t i tes  and pillowed flows. Fu r the r  f ield work will b e  
necessary t o  de l ineate  these  units. 

Specimens shown in Figures 14.5b and 1 4 . 5 ~  a r e  f ine  
grained, laminated t o  thinly bedded rocks with occasional 
ovoid masses of quartz.  They represent  d is t inc t  units  t h a t  
commonly conta in  ga rne t s  which a r e  largely confined t o  
speci f ic  bands. 

Chemis t ry  

The composit ional f ea tu re s  of n o t e  in t hese  rocks a r e  
t h e  large  variations in bulk composit ion,  part icularly Si, Mg, 
Al, Fe, and Ti over distances of 0.5 t o  I m, low alkali 
con ten t s  and high Ni and C r  (Fig. 14.7). N a 2 0  and K 2 0  
a r e  commonly less than 0.5 and 1.0 weight per c e n t  and Ni 
and Cr ,  in addit ion t o  being highly variable in some  samples,  

exceed 1000 t o  2000 ppm respectively.  These  Ni and C r  
con ten t s  suggest  t h a t  a significant u l t r amaf i c  t o  maf i c  
volcanic component  is present.  As a guide t o  provenance 
t h e  samples  w e r e  plotted on t h e  ca t ion  d iagram of 
Jensen (1976), which places approximately 33 per c e n t  of 
t h e  sui te  in t h e  basa l t ic  t o  u l t ramaf ic  komat i i t e  f ield 
(Fig. 14.8). These  samples  also show a komat i i t ic  c h a r a c t e r  
in a T i 0 2  vs MgO plot (Fig. 14.9, Arndt e t  al., 1977). These  
f ea tu re s  indica te  t h a t  a significant component  of t h e  source  
a r e a  t ha t  was weathered t o  give these  de t r i t a l  rocks 
contained maf i c  t o  u l t ramaf ic  rocks of a komat i i t ic  kindred. 

Tables 14.1 and 14.2 i l lus t ra te  t h e  range and ave rages  in 
major and t r a c e  e l emen t  values fo r  some  of t h e  major 
lithologies recognized on Levels 30, 25  and 17. 

30 Level 

Rocks on th is  level can  be  subdivided in to  t h r e e  d is t inc t  
types. 

Most samples  exhibit  a f r agmen ta l  c h a r a c t e r  
(Fig. 14.5a) and l ie  in t h e  magnesian thole i i te  t o  basa l t ic  
koma t i i t e  f ield in Figure  14.8. As seen  in thin sec t ion ,  
individual ovoids of polygonized qua r t z  with minor fe ldspar  
a r e  enclosed in a matr ix  of anhedra l  quar tz ,  amphibole,  
micaceous minerals,  c a rbona te s  and finely disseminated 
opaques. These  ovoids, which a r e  commonly rimmed by 
opaque minerals, vary in s i ze  up t o  I c m  and occur  in various 
proportions throughout t h e  s t r a t a .  I t  is  a lso  common t o  find 
s t ra t igraphic  units  with 1 t o  5 mm angular t o  subangular 
q u a r t z  grains which have  e i the r  been polygonized o r  f r ac tu red  
and a r e  s e t  in an  aphanitic matrix.  In thin sec t ion  t h e  
dominant maf i c  minera l  is a colorful  f ibrous actinoli te.  
Minor slightly d iscordant  ca rbona te  + q u a r t z  veins were  a lso  
observed. SiO;! in these  rocks averages  56.5 weight  per  c e n t  
with a range of 45 t o  60 weight per c e n t  (Table 14.1). We 
suggest  t h a t  t hese  rocks a r e  mainly proximal volcanic las t i tes  
composed largely of basa l t ic  mater ia l ;  however,  i t  is also 
possible t h a t  t hey  represent  chemically and tec tonica l ly  
a l tered  pillowed flows. 

In terca la ted  with t hese  f r agmen ta l  rocks  a r e  f ine  
grained, laminated ,  metasedimentary  rocks (Figure l4.5b) 
t h a t  contain ac t inol i te ,  b io t i te ,  chlor i te ,  ga rne t  and qua r t z  a s  
essent ia l  minerals. R a r e  ovoids of recrys ta l l ized  q u a r t z  a r e  
present.  Ga rne t s  have  incorporated numerous minute  grains 
of opaque minerals. The opaque minerals include pyr i te  and 
pyrrhoti te,  and minor chalcopyrite,  a rsenopyr i te  and 
magnet i te .  The average  composit ion toge the r  with t h e  
composit ional r ange  of t hese  rocks is  presented  in Table 14.1. 
The metamorphic  g rade  implied by t h e  mineral  assemblage  i s  
probably lower amphiboli te fac ies .  A more  speci f ic  
s t a t e m e n t  canno t  b e  made a s  t h e  ga rne t  composit ion is  
unknown. If they a r e  spessart ine-rich,  then upper greenschis t  
f ac i e s  is  implied (Winkler, 1976). This is  st i l l  higher t han  t h e  
regional g rade  which i s  lower greenschis t  (3. Pirie,  personal 
communication).  The most significant composit ional a spec t  
of t hese  s ed imen t s  i s  t h a t  they conta in  very high gold values, 
up t o  21 ppm. 

Two finely laminated  cher ty  horizons with nearly 80 
weight  per c e n t  S i 0 2  and 1 5  t o  20 weight  per  c e n t  A1203 a l so  
occur  on th is  mine level. High chromium (621 , t o  1412 ppm) 
and T i 0 2  (1.07 t o  1.27 wt.  94) values indica te  a significant 
de t r i t a l  input in t h e s e  rocks. 

Two crosscuts  were  sampled on t h e  30 Level. D a t a  
f rom t h e  south crosscut  a r e  incomplete;  profiles f rom t h e  
north crosscut  (Fig. 14.2a, b, c )  show an ex t r eme ly  good 
spat ia l  corre la t ion  between Au, As and S. There  is no 
corre la t ion  between Au and any o the r  major  o r e  t r a c e  
e lement ,  nor is t h e r e  any sys t ema t i c  variation in t h e  
concentra t ion  of Au, As and S wi th  d is tance  f r o m  t h e  o r e  
zone. This may indica te  a s t ra tabound contro l  f o r  t hese  
meta ls ,  a s  the i r  values a r e  highest in t h e  sediments  on this 
level. 
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A 2MX1 pp.b. Legend 
Profiles for Gold -8 

Footage North of East ~ r i f i  (Feet) 

Figure 14.4. Profiles, North of East Drift, Level 17, Dickenson Mine. 



Figure 14.5a 

Quartz-rich fragmental rock 
(sample 30-47, length 9 cm). 

Figure 14.5b 

Finely larntnated garnetiferous 
sedimentary rock. Garnets are 
light coloured, coarse grained, 
subrounded. Sample 30-38, 
length 5.5 cm. 

Figure 1 4 . 5 ~  

I. ' . 

.: . I . .  

Finely laminated garnetiferous 
sedimentary rock. Garnets are 
black clots. Note polygonized 
quartz ovoids. Sample 30-38, 
magnification is 4 X ,  crossed nicols. 



Figure 14.6a. Photomicrograph of a fragmental rock. Note two possible bedding contacts. 
Sample 17-19, magnification is 4 X ,  crossed nicols. 

Figure 14.6b. Quartzofeldspathic fragmental rock. Sample 17-24, length 6.5 cm. 
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Figure 14 .6~ .  Photomicrograph of quartzofeldspathic f r agmen ta l  rock. Black in ters t i t ia l  mater ia l  i s  sulphide. 
Sample 17-24, magnification is 4X, crossed nicols. 

Table 14.1 

Variations in major and t r a c e  e lements  for  main lithologic units on 
Levels 30 and 25 

4 

57.63-72.55 (64.14) 
10.84-13.15 (12.17) 
11.06-22.78 (17.54) 

1.95- 7.22 (4.45) 
0.43- 1.11 (0.69) 

<O. 20 
0.94- 1.80 (1.40) 
1.07- 1.29 (1.19) 
0.25- 0.67 (0.44) 
0.02- 0.04 (1.03) 
0.36- 2.40 (1.17) 

962-13 516 (6525) 
295-3610 (1960) 

98-345 (185) 
9-34 (21 

41-101 (64 
56-104 (70)  

298-585 (433) 
39-109 (77 

<15 
133-241 (153) 
73-642 (265) 

5.1 -8170 (14?1)  

SiO2 
A1 2 0  3 

F e z 0 3  
MgO 
C a O  
Na2O 
K 2 0  

T i 0 2  
MnO 
p 2 0 5  
C O  n 

S 
As 
N i 
Rb  
Sr 
Z r 
C r  
C o  
P b  
C u 
Zn 

A u  

I .  Range 
2. Range in chemical  composition of 16 sedimentary  rocks ,  30 Level.  
3. Range in chemical  composition of 2 che r ty  horizons, 30 Level.  
4. Range in chemcial  composition of 10 sedimentary  rocks ,  25 Level.  

Values in parentheses a r e  average compositions.  
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1 

45.28-59.70 (56.62) 
9.64-13.84 (11.94) 
7.57-12.77 (10.32) 
7.56- 9.58 (8.64) 
8.21-16.67 (12.90) 

<O. 20 
0.21- 2.70 (1.01) 
0.76- 1.04 (0.86) 
0.12- 0.34 (0.24) 
0.01- 0.05 (0.02) 
1.42-11.82 (5.93) 

568-1984 (1271) 
52-414 (133) 
72-200 (97)  

2-67 (19)  
89-169 (129) 

7-97 (29)  
225-717 (384) 

20-44 (33 )  
10-15 (12)  
89-135 (117) 
50-257 (83)  

11.6 -881 (144) 

in chemical  composition of 

2 

In Weight Pe r  c e n t  

49.35-69.68 (58.85) 
6.64-14.66 (11.47) 
8.89-17.21 (12.00) 
4.04- 9.11 (7.27) 
3.70-12.47 (8.85) 

<0.20 
0.08- 2.28 (0.95) 
0.43- 1.06 0.81) 
0.16- 0.35 (0.25) 

N.D.- 0.20 (0.01) 
0.67- 8.56 (3.55) 

In PPm 

825-15 293 (3922) 
30-17 894 (2080) 
50-272 (123) 

<20- 60 (21 
67- 142 (97 )  
49-74 (65 )  

129-763 (510) 
11 -62 (44 
0-15 ( 9 )  

36-148 (114) 
44- 1296 (160) 

In P P ~  
8.5 -21 030 (1500) 

17 f ragmental  rocks ,  30 

3 

76.11-79.39 
15.58-19.26 

1.96- 4.10 
0.85- 1.10 
0.62- 0.97 

<0.20 
0.18- 0.22 
1.07- 1.27 
0.04- 0.27 
0.02- 0.03 
0.38- 0.78 

404-819 
96-245 
57-82 

9 
37-49 
71-86 

621-1412 
15 
0 

112-170 
27-35 

15.0 -19.0 

Level.  
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Figure 14.7. Chromium vs Nickel; 1 7 ,  25 and 30 Levels, Dickenson Mine. 

Legend 
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Figure 14:8. Jensen Cation Plot. 



Table 14.2  

Variations in major and t r a c e  e l emen t s  
fo r  main litholoeic units on Level 17 

I 
-- 

2 

In Weight Pe r  c e n t  

(66.09)  32.66-62.73 
(11 .70)  2.69- 7 .38 
(16 .09)  5.93-21.71 

(5 .54 )  8.22-26.12 
(0 .74)  3.74-26.96 

(0 .20 
(0 .55)  0.13- 1 .23 
(0 .75 )  0 .17-  0 .58  
(0 .33)  0.28- 1 .13 
(0 .02)  N.D. 
( 3 . 0 7 )  8.45-27.30 

3 

77.45 
14.05 
7.41 
1 .oo 
0 .39 
0 .10  
0 .35  
0 .96  
0.09 
N.D. 
1 .62 

8161 
61 10 

854 
N.D. 

30 
7 0 

585 
38 

N.D.  

1, Range in chemical  composition of 17 f ine  grained 
f ragmental  rocks. 

2. Range in chemical composition of 6 basalt ic komat i i t ic  
volcaniclastic rocks. 

3. Chemical composition of sample  f rom East Dri f t  o re  zone. 

Values in parentheses a r e  average compositions. 

25 Level -- 
Several samples were  obtained f rom an o r e  zone (East 

South C) on this level which is distinctive in t h a t  t he  gold is 
not  localized in quartz-carbonate veins or  stringers.  The 
samples a r e  mainly f ine  grained laminated garnet-bearing 
rocks with bands of disseminated sulphide. Much of t h e  
sulphide is very f ine  grained pyrite,  pyrrhot i te  and 
chalcopyrite.  Magnetite is also present.  These rocks, many 
of which a r e  highly auriferous,  a r e  considered by us t o  be  
sedimentary.  

The chemical composition of this group, whose 
mineralogy is similar t o  t h a t  just noted fo r  t h e  f ine  grained 
sedimentary rocks on the  30 Level, is presented in Table 14.1. 
I t  suggests t h a t  if t hese  rocks a r e  mainly det r i ta l ,  t he  source 
region contained both fe ls ic  and mafic  rocks. The average 
S i 0 2  content ,  64 weight per cen t ,  suggests t h e  occurrence  of 
fe ls ic  metavolcanic or  che r ty  metasedimentary  rocks in the  
source  region. O the r  compositional properties,  particularly 
the  FeO, T i02  and average chromium contents  suggest t ha t  
maf i c  volcanic rocks may also have contributed t o  these  
sediments.  In particular,  t he  iron and ti tanium contents  a r e  
typical of iron-rich tholeiites. Thus, a bimodal source is 
suggested. A source  region dominated by silicified iron 
tholeii te is unlikely, because such a l tera t ion would result  in 
loss of iron, t i tanium, magnesium and manganese 
(Gibson, 1979). 

The gold con ten t s  of t hese  sediments  a r e  relatively high 
in tha t  six samples contain more than 100 ppb gold and th ree  
of these  contain I t o  8 ppm gold. The auriferous rocks a r e  
high in arsenic (900 t o  3600 ppm) and sulphur (2000 t o  
13 500 pprn), and a r e  higher in to t a l  iron (up t o  23 wt.  %), 
manganese,  nickel, cobal t ,  copper,  and zinc than gold-poor 
rocks. 

A second lithology sampled on the  25 Level is 
approximately 2 m thick and consists of four  d iscre te ,  
mutually conformable units, which in mine terminology a r e  
known a s  "chicken feed". The t e r m  was f i r s t  used by 
Chisholm (1951) t o  denote  a felsic f ragmental  rock which he 
classified a s  a rhyolite tuff ,  and which graded into an 
agglomerat ic  unit. This tuff was observed underground a t  t ho  
New Dickenson Mine where i t  provided an excel lent  marker 
horizon, separa t ing maf i c  volcanics f rom Timiskaming-type 
sedimentary  s t ra ta .  The t e r m  has since been used t o  denote  
a l tered and carbonatized felsic t o  in termedia te  metavolcanic 
rocks (reported in Pirie, 1977). 

Three  of t he  "chicken feed" units l ie in the  komatii t ic 
field in Figures 14.8 and 14.9. They a r e  heavily carbonated 
and character ized by high contents  of MgO (19 t o  24 wt. %), 
chrcrnium (2800 t o  4845 pprn), and nickel (500 t o  1600 pprn) 
with low S i 0 2  con ten t  (19 t o  28 wt. %). These clearly 
u l t ramafic  compositions contras t  with t h a t  of t h e  fourth,  a 
finely laminated rock with 68 weight per c e n t  5 0 2 ,  6 weight 
per  c e n t  MgO, 1.34 weight per c e n t  TiO2, and 6569 ppm 
chromium. 

The hypotheses f o r  t h e  derivation of these  units a r e  
suggested. They may be in si tu carbonated ul t ramafic  flows 
capped by a siliceous interflow sediment.  Alternatively,  they 
may be  of volcaniclastic origin, with a source  mater ia l  of 
mainly ul t ramafic  composition. Evidence supporting the  
l a t t e r  in terpre ta t ion is t h e  well bedded na tu re  of the  units 
and the  presence of d i sc re t e  bands of disseminated opaque 
minerals, f ine grained carbonate  laminations which may be 
primary, and ovoids (clasts ?) of polygonized quar tz .  

Tholeiitic Field 

a 

Komatiitic Field 

Figure 14.9. TiO2  vs MgO. 



17 Level 

The 17 Level rocks can be divided into two major 
distinct groups on the  basis of their  texture  and composition. 
Their chemical bariations a r e  presented in Table 14.2. 

The majority of t he  samples on the  17 Level a r e  f ine  
grained, siliceous f ragmental  rocks, commonly garnetiferous 
and rarely finely laminated. They plot in the  iron tholeii te 
field of Jensen (Figure 14.8). Carbonate  a l tera t ion is 
generally not as extensive a s  on t h e  deeper levels and only 
occurs in two samples which have also undergone a second 
episode of sulphide emplacement  associated with crosscutting 
veinlets. These samples were  collected south of the  East 
Drift in crosscut 17-1582 SXC, and those in the  f i rs t  3.5 m 
north of t h e  East Drift. 

There  is a spatial  corre la t ion between Au and S, but no 
relationship with As is evident (Figs. 14.3 and 14.4). 

Coarse  f ragmental  rocks t h a t  plot in the  basalt ic 
komat i i te  field (Fig. 14.8) were  obtained north of the  East 
Drift  on the  17 Level, and a r e  character ized by high Ni (900 
t o  2100 pprn), C r  (3300 t o  6300 pprn), MgO (8.22 t o  
26.2 wt. %) and C 0 2  (8.45 t o  27.30 wt. %) values. Their 
f ragmental  nature  is  i l lustrated in Figures 14.6a, b, c. The 
layering in Figure 14.6a appears  t o  be  primary. These a r e  
probably proximal volcaniclastic rocks of basalt ic komat i i te  
composition, or they may be in par t  tectonized basalt ic 
komat i i te  flows. 

A third minor unit s epa ra t e s  t h e  coarse  and f ine  
f ragmental  rocks, and is a f ine  grained, laminated, highly 
aluminous (24 wt. %) rock, with low Si02 (37 wt. %) and C o n  
(<1.00 wt. %) and high Ni (1 170 ppm) and c r  (1 180 pprn). 

The chemical analysis f o r  a sample  f rom t h e  East  Drift  
o r e  zone is  also presented in Table 14.2. 

Sulphides on this level a r e  disseminated throughout the  
matrix and also occur in crosscutting veinlets. Pyrrhot i te  is 
t he  dominant opaque mineral accompanied by minor 
chalcopyrite and pyrite and accessory magnet i te  and 
sphalerite.  Gold occurs a s  d iscre te  grains associated with the  
sulphides but was rarely observed. 

Discussion 

Most of t h e  auriferous rocks included in this study of 
t h e  17, 25 and 30 Levels at Dickenson mine a r e  layered on a 
scale  of mill imetres t o  a f ew cent imetres .  They exhibit a 
slight range in chemical composition and our preliminary 
assessment is t ha t  they a r e  of sedimentary origin. The non- 
auriferous rocks exhibit a wide range of chemical  composition 
and a r e  dominantly volcaniclasti tes although pillowed flows 
and komatii tes may also b e  present. We suggest t h a t  t h e  
volcaniclasti tes were  produced by erosion, during periods of 
quiescence, with a volcanic provenance containing high-iron 
tholeii t ic t o  basaltic komatii t ic rocks with some quartz-rich 
volcanic rocks or  siliceous sedimentary members. Some 
chemical exhalative ac t iv i ty  is  also envisaged. 

High gold contents  may be  accompanied by high sulphur 
and high arsenic values. There a r e  no smooth gradients of 
gold away from the  quar tz-carbonate  ore  zones. High gold, 
arsenic and sulphur contents  a r e  er ra t ica l ly  distributed about  
t h e  vein ore. These localized auriferous zones a r e  commonly 
in fine grained, laminated, locally garnetiferous rocks, and 
where  present in economically significant quantit ies,  a r e  
mined (25 Level). The gold o re  seems t o  be associated with 
the  very fine grained banded sulphides. We suggest t ha t  this 
gold is probably syngenetic and t h a t  in a permeable volcano- 
sedimentary  sequence t h e  redistribution of such gold (on a 

local scale) by geothermal  fluids may be one mechanism by 
which the  epigenetic quartz-carbonate vein o re  is  formed. 
Fur ther  remobilization of gold during subsequent deformation 
and metamorphism is probable. 
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Abstract 

Cores from 22 wells of the Exshaw Formation and 3 from the Belloy Group were sampled and 
analyzed for uranium, nickel, and zinc. 

The mean and standard deviation for 155 samples from the Exshaw Formation is 10 * 2 pprn 
uranium. Uranium, nickel, and zinc are concentrated at the base o f  the formation, have a 
sympathetic relationship, and decrease upward. Cores channel-sampled over two foot lengths 
average up t o  31  pprn uranium over a thickness o f  5 feet  with individual 2 foot sections up t o  37 pprn 
uranium. Sampling a t  0.5 foot (0.15 m) lengths yields similar average results with individual values 
ranging as high as 57 ppm. 

Nineteen samples from Belloy Group cores yield an average of 8.3 * 7 pprn uranium with a 
range from 0 t o  33 ppm. The Belloy Group o f  the Alberta basin does not appear sufficiently 
phosphatic to  concentrate uranium. 

Introduction 

Black shale  and phosphatic sedimentary  units have  long 
been recognized for  the i r  anomalously high concentra t ions  of 
uranium (Bell, 1978). Two units in Alberta,  t h e  Exshaw 
Format ion and t h e  Belloy Group have  s o m e  cha rac t e r i s t i c s  
similar t o  t h e  Chat tanooga and Phosphoria in t h e  United 
S ta t e s  which a r e  noted for  relatively high concentra t ions  of 
uranium (Bates and Strahl,  1958; Swanson, 1960). The  study 
most re levant  t o  t h e  uranium con ten t  of ' t h e  Exshaw 
Format ion is t h a t  of Harvard (1967) who reported an  ave rage  
of 6 pprn f rom 164 samples  and 2 0  pprn fo r  32 black shale  
samples.  

Method of Study 

The cores  were  channel sampled init ial ly in two  foo t  
in tervals  using a diamond wheel grinder. Detailed sampling 
was  then  repeated  in 6 inch in tervals  t o  va l ida te  sec t ions  
with relatively high uranium values and t o  provide fu r the r  
informat ion respecting uranium distribution. In addit ion t o  
uranium t h e  samples  w e r e  analyzed fo r  nickel, zinc,  copper,  
rubidium, s t ront ium,  and potassium. Only t h e  uranium, 
nickel, and z inc  results  will be  discussed in this report .  

Powders of t h e  samples  were  pressed a t  30 000 p.s.i. 
with rims and backing of cellulose powder. The anlayses 
w e r e  carr ied  ou t  by X-ray f luorescence  using a Phillips 
Norelco uni t  wi th  a molybdenum tube,  a LiF 220 crys ta l ,  and 
a scinti l lat ion counter.  The e l emen t s  w e r e  determined by t h e  
method described by Reynolds (1963) which enables  t h e  
ma t r ix  correc t ion  t o  b e  based on Compton sca t ter ing .  

'The study involved sampling 22 wells t h a t  cored  por- 
t ions of t h e  Exshaw Format ion and  3 wells with c o r e  f rom 
Belloy Group. The wells involved in t h e  study and t h e  
intervals sampled a r e  shown in Table 15.1. 

Table 15.1 

Sample locations 

Well Interval ( f ee t )  Unit  Well Interval ( fee t )  Unit  

7-30-31- 3W4 2831-2835 Exshaw 10- 1-20- IW5 9472-9480 Exshaw 

11- 3-30- 3W4 2881-2885 Exshaw 1-34-56- 1 W5 4760-4770 Exshaw 

2-35-10-13W4 3946-3951 Exshaw (5-10-58- 5W5 4531-4551 Exshaw 

4-21-18-18W4 4756-4772 Exshaw 14-29-48- 6W5 6974-6994 Exshaw 

4-15- 7-19W4 4738-4745 Exshaw 9- 6-52-llW5 8022-8026 Exshaw 

2- 9-20-19W4 4992-5036 Exshaw 1-12-74-22W5 5729-5779 Exshaw 

16-34-37-2OW4 4580-4588 Exshaw 12-11-74-22W5 5675-5687 Exshaw 

10-30-20-25W4 7120-7127 Exshaw 13-18-80-23W5 5731-5747 Exshaw 

8-18-44-25W4 5190-5196 Exshaw 4-23-72-lOW6 11645-1 1705 Exshaw 

1 -20-46-26W4 5150-51 54 Exshaw 16-19-77-low6 7262-7335 Belloy 

4-12-15-27W4 8776-8780 Exshaw 4- 8-74- 5W6 6814-6896 Delloy 

14-1 4-48-27W4 4988-4998 Exshaw 11-16-77-1OW6 7337-7447 Belloy 

12-19-18-29W4 9621-9659 Exshaw 

' ~ e p a r t r n e n t  of Geology and Geophysics, The University of Calgary,  Calgary,  Alber ta  
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The samples studied were  cored a s  a result  of 
exploration of t h e  underlying Wabamun for  oil  and gas. I t  50 
follows t h a t  t he  co re  includes the  lower portion of t h e  
Exshaw Formation more  frequently than units higher in t h e  
formation. The most useful datum therefore  is t h e  base of 40 

Figure 15.1. Contours o f  the base of the Exshaw Formation Figure 15.3. Contour map of the basal 4 fee t  
in feet  below sea level. Dots are wells in this study, (1.2 m)  of the Exshaw Formation, values in ppm. 
the crosses are sections studied by Havard (1967) .  

146 

t h e  Exshaw Formation; i t  is  shown a s  a westerly sloping 
surface  in Figure 15.1. 2 30- 

0 W 

The 155 2-foot (0.6 rn) samples analyzed for uranium 
a r e  plotted on frequency diagrams ' in Figure 15.2. 20 - 
Figure l5.2a shows the  distributions typical of t r a c e  - 
elements,  with a low frequency of high values and a high 

10 - 
. , ' . .  frequency of low values. The mean and standard deviation 

for t he  samples is 10 + 2 ppm Figure 15.2b shows t h e  s a m e  
0 d a t a  plotted with log uranium values. I t  shows t h e  log normal 0 '1, 24 

' 3 2  '0 
0!5 1;O 115 2!0 

distribuiton and has a mean and standard deviation of U (ppm) Log U (ppm) 

13 ? 8 pprn. The most frequently occurring value a s  
indicated in Figure 15.2b is 12.6 ppm. Figure 15.2. Frequency plots for uranium in the Exshaw two 

As the  samples with the  highest uranium content  a re  of foot (0.6 m)  Samples; (a) shows frequency and P ( P P ~ ) .  
particular in teres t  t h ree  co re  sections were  resampled with (b)  shows the distribution with Log p (ppm). 
channel lengths of 0.5 f e e t  (0.15 m). Comparisons of t h e  
results of t h e  2 foot  (0.6 m) and 0.5 foot  (0.15 m) sample  
program a r e  shown in Table 15.2. 

b 

- 

- a 

- 

- 50 



Table 15.2 

Comparison of s ample  length d a t a  

It will be  noted f rom this table  t h a t  t h e  mean values 
over t h e  intervals remained similar while a s  might be  
expected ,  t he  maximum values were  g rea t e r  when the  
0.5 foot  (0.15 m) interval was  used. It does demons t r a t e  t h e  
reproducibility of t h e  sampling and analyt ica l  approach. 

2 foot  sample  (ppm) 
(0.6 m)  

Well 

The ave rage  for  t h e  4 foo t  (1.2 m) in terval  immedia te ly  
above t h e  base  of t h e  Exshaw Formation was  ca lcula ted  for  
each  co re  and is  plotted on Figure 15.3. This i l lus t ra tes  t h e  
la tera l  variabil i ty,  with values g rea t e r  than 30 ppm 
encountered  locally, despi te  t h e  mean of 10 ppm calcula ted  
above. 

0.5 f o o t  s ample  (ppm) 
(0.15 m) 

A plot  of d a t a  for each  co re  indica tes  a genera l  
tendency fo r  t h e  uranium t o  be  concentra ted  a t  t h e  base  of 
t h e  format ion and t o  dec rease  upward. The nickel and z inc  
values varied sympathetically wi th  t h e  uranium. To i l lus t ra te  
this tendency the  ave rage  values fo r  uranium, nickel and z inc  
were  ca lcual ted  for each  two  foot  (0.6 m) in terval  above t h e  
base. The da t a ,  shown in Figure 15.4, clearly i l lus t ra te  t he  
genera l  relationship. They also show t h a t  on t h e  ave rage  t h e  
black shale  a t  t h e  base approximates  t h e  20 ppm value 
ca lcula ted  by Havard (1967). 

I I I 

Interval 

The Belloy Results 

The units sampled a r e  highly siliceous consist ing largely 
of che r ty  si l tstones with in terbeds  of carbonaceous  and 
arenaceous  mater ia l .  The phosphate content  of t hese  rocks is 
not a s  high a s  Montana and Idaho phosphatic format ions  
which were  analyzed and g a v e  values of 130 ppm. The 
reconnaissance sample  program consisted of 19 samples  f rom 

Mean Maximum 

Figure 15.4. The average values 
above the base of the Exshaw For 
averaged is shown for each interval 

Mean Maximum 

3 wells (see Table 15.1); t hey  yield a range of va lues  f rom 
0 t o  33 ppm uranium and a mean value of 8.3 ppm and 
s tandard  deviation of 7. O the r  Belloy Group c o r e s  were  
examined and a s  t h e  l i thologies were  similar no fur ther  
sampling was  done. 

Discussion 

The Exshaw Format ion like t h e  Cha t t anooga  represents  
a black shale with a uranium con ten t  well  above  t h e  Clarke  
value of 2 ppm. The nickel and z inc  contents  a r e  c lose  t o  t h e  
averages  for  shale.  I t  is apparent  f rom t h e  d a t a  t h a t  samples  
must represent  widths t o  be  meaningful. This study suggests 
t h e  concentra t ion  of uranium is well below t h a t  of economic  
in teres t  but supports t h e  potent ia l  of th is  horizon a s  a source  
bed fo r  redistribution and concentra t ion .  The distribution of 
uranium and o the r  m e t a l s  suggests a syngenet ic  o r  ear ly  
d iagenet ic  concentra t ion  probably by organic  ma te r i a l  in a 
euxinic environment.  However t h e  Exshaw Format ion caps  
t h e  porous brine-charged Wabamum Format ion and t h e  
diffusion of complexed me ta l s  up through t h e  semi-permeable 
organic  r ich  shale  could provide a mechanism for  a similar 
distr ibution wi th  t h e  brine providing t h e  me ta l s  and t h e  shale 
t h e  reducing environment.  The presence  of nickel and z inc  i s  
of in teres t  in th is  r e spec t  as nickel is concen t r a t ed  with 
uranium in some  unconformity type  deposits ,  and z inc  is  
concentra ted  in porous ca rboan te  hosts. The syngenetic 
model is current ly  t h e  more  a t t r a c t i v e  but t h e  brine 
t ranspor t  mechanism wi th  sulphate or ca rbona te  complexing 
of uranium remains a possibility. 

for each t w o  foot (0.6 m )  interval 
.mation. The number of samples (N) 
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Abstract 

Geochemical and mineralogical studies of  Section 44 through the Road River Formation were 
used to substantiate and define chemically earlier divisions as well as t o  subdivide further each unit. 
A period of volcanic activity represented by mafic t u f f s  and flows in unit RRc in Section 40 was 
recognized in Section 44 by high contents of TiOp, NazO and MgO present in leucoxene, plagioclase 
and chlorite, respectively. Associated with this volcanic event are cherts and carbonaceous 
metalliferous shales, interpreted as resulting from the influx of  nutrients and base metals during 
hydrothermal activity. 

A second period of volcanism, reflected by high contents of TiOn, Na2O and MgO, is interpreted 
to have occurred during the Middle Cambrian in unit RRs. As in unit RRc, the lower portion of this 
unit is characterized by anomalous contents of Zn, Cu, Ni, Ag, Mo, As, Hg, Sb and V accompanying 
carbonaceous shales. 

The Lower to  Middle Ordovician mafic volcanic rocks and hypabyssal equivalents present in 
Section 40 are intensely altered, most likely alkali in composition, and characterized by above 
average contents of F ,  Pb, Co, As, Sb, Ba, Ce,  V ,  La and Be. The Ba forms clear crystals of  celsian 
that commonly are situated adjacent t o  K-feldspar 

Introduction 

A stratigraphic-depositional study of t h e  Lower 
Paleozoic carbonate-to-shale transit ion was carr ied  out  by 
Cecile (1978). During the  course of this study, t he  Misty 
Creek Embayrnent was outlined and defined and numerous 
s t ra t igraphic  sect ions  were  measured and described. In 
Section 44 (Fig. 16.11, more than approximately 1200 m of 
Road River Formation were  sampled for chemical  and 
mineralogical analysis. In addition, two  samples of Lower 
Paleozoic volcanic rocks f rom Section 40 (Fig. 16.1) were  
analyzed t o  give preliminary da ta  on t h e  composition of these  
rocks. The objectives of this phase of t he  overall study were: 
(1) t o  cha rac te r i ze  precisely t h e  mineral and chemical  
composition of t h e  sedimentary  rocks in one s t ra t igraphic  
section in an e f fo r t  t o  understand t h e  origins of t h e  d i f ferent  
mineral phases; ( 2 )  and t o  assess the  use of geochemistry in 
s t ra t igraphic  studies. 

These studies form pa r t  of t h e  geochemical contribu- 
tions t o  t h e  Nahanni Integrated Multidisciplinary Pilot 
Project  (NIMPP). 

Stratigraphy and Petrology 

The Misty Creek Ernbayment i s  a Lower Paleozoic 
paleogeographic f ea tu re  located in t h e  nor theas tern  pa r t  of 
the  Selwyn Basin (Fig. 16.1). Isopachs of t o t a l  s t ra t igraphic  
fill in t h e  Embayrnent show i t  t o  be a 100 x 150 km, 
rectangular northwest trending depression which, on th ree  
sides, con t ra s t s  200-600 m thick platform dolomite succes- 
sions with 900->3000 m thick basin and transit ional s t r a t a .  
The fourth side connects across a paleo-submarine ridge, with 
the  Selwyn Basin (Fig. 16.1). The geometry  and linear fac ies  
bel ts  of t h e  Embayment,  together  with t h e  type  of associa ted  
volcanic rocks, reported on here,  indicate an  extensional 
origin for t h e  Ernbayment beginning in l a t e  Early Cambrian 
t ime  and persisting to  a t  leas t  t he  end of Early Silurian 
(Cecile, in preparation). 

Figure 16.1. Location map of the Bonnet Plume map area 
showing the outline of the Misty Creek Embayment, the 
transition from platform to  basin facies and stratigraphic 
sections. The area of Lower t o  Middle Paleozoic volcanic 
rocks is also outlined. 

Basin s t r a t a  in t h e  Ernbayment have been mapped and 
described by Aitken e t  al. (1973), Aitken and Cook (19741, 
Blusson (1971, 1974) and Ceci le  (1978) a s  the  Road River 
Format ion comprising calcareous  and carbonaceous shale, 
silty l imestone and dolomite,  che r t ,  volcanic tu f f s  and flows 
and minor bar i te  t h a t  a r e  underlain by t h e  Lower Cambrian 
Sekwi carbonates  and overlain by Silurian-Devonian Mount 
Kindle carbonates  (Fig. 16.2). 
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FeO + MgO A 1 2 0 3  
Figure 16.4. Ternary (FeO+MgO) - (K20+Na20+Ca0)  - A1203 plot showing the distribution of 
common sedimentary minerals, black shales and shales associated with carbonate rocks described 
elsewhere, and shales and cherts from Section 44  normalized t o  a carbonate-free basis (Section 44 
shales and cherts represented by black squares). 

In the  Misty Creek Embayment the  Road River 
Formation has been described and divided by Ceci le  (1978) 
into four units ranging in age  from la te  Early to  Middle 
Cambrian to  l a t e  Early Silurian or younger Silurian. The four 
mappable units described in ascending order are:  a lower 
shale  unit (RRs); a yellowish weathering silty l imestone unit, 
t h e  Rabbi tket t le  Formation (Cecile, 1978); a shale-chert  unit 
(RRc); and an  upper sooty grey thin bedded limestone unit  
(RRI). The last  unit is  missing in Section 44 and is not 
described here. 

margins and beds with sca t t e red  megacrysts.  Immediately 
above a r e  phosphatic s t r a t a .  This unit  grades  generally f rom 
a calcareous shale a t  t h e  base t o  an  argil laceous ca rbona te  a t  
t he  top (Fig. 16.2) and is mainly of Middle Cambrian a g e  
(Fr i tz ,  Norford and Tipnis, in preparation). X-ray diffraction 
(XRD) analyses show t h a t  t h e  lower par ts  of this unit a r e  
composed of abundant quar tz ,  minor dolomite,  i l l i te and 
feldspar (mostly plagioclase) and t r a c e s  of chlorite.  In 
addition t o  these  minerals, variable amounts  of carbonaceous 
m a t t e r  a r e  present although t h e  degree  of matura t ion is 
unknown. 

Shale Unit (RRs) As noted above, megacrys ts  of g rey  ba r i t e  have been 
observed by Cec i l e  (1978) t o  form sedimentary  layers  inter- This unit 's composed of 100-2500 Of light grey- s t ra t i f ied  with argil laceous l imestone in t h e  middle of t h e  brown weathering, dark grey calcareous silty shale  and sil ty 

limestone. In the  lower par ts  of t he  unit a t  Section 44, R R s  unit. In t h e  phosphatic shales a t  t h e  base  of t h i s  unit, 

carbonaceous mater ia l  gives t h e  rock a sooty appearance. f luorapat i te  has been identified. Although no sphaler i te  was 
observed in unit RRs of Section 44, small  amounts  of Interbedded with 2 rn of l imestone in t h e  middle of this unit sphalerite were found filling fractures over a strati- a r e  beds of medium t o  light grey bar i te  about 3 t o  4 c m  thick graphic interval in  Lower Ordovician transitional strata in composed of a f ine  grained co re  with coarsely crystall ine Section 36 situated on the northeast of the Embayment 
(Fig. 16.1). 



Table 16.1 

Comparison between mafic  igneous rocks f rom 
t h e  Misty Creek Embayrnent and average 

basalts described elsewhere 

Mis ty  Creek Embayment Ocean Ridge Basalts Basalts 
Bonnet Plume, Yukon (Enqel e t  a l . ,  19651 (Turkfan and 

Wedepohl, 19611 

CJA77-40-7 CJA77-40-4 T h o l e i i t i c  A l k a l i  undi f ferent ia ted 

per cent 

;i0g3 41.8 50.0 49.34 47.41 49.2 
11.6 15 .O 17.04 18.02 14.7 

rig2 3.59 2.00 1.49 2.87 2.3 
FeO 0.0 8.4 6.82 5.80 

10.3 1.0 1.99 4.17 ;:a? 9.3 9.3 8.62 9.55 ll.l 
C a0 7.5 1.0 11.72 8.65 10.6 
MgO 7.5 8.0 7.19 4.79 7.6 

x;o 
3.01 3.00 0.16 1.66 1.0 
0.0 0.0 2.73 3.99 2.4 

1% 0.76 0.60 0.16 0.92 0.25 
0.03 0.10 0.17 0.16 0.19 
5.0 0.6 
5.2 5.9 1.27 1.40 
0.4 0.2 

5 1.19 0.10 0.03 

m!! 
F 1100 1920 400 
C 1 160 130 60 
Zn 142 103 105 
Cu 98 45 77 36 87 
P b 32 1 6 
N i  43 161 97 51 130 
Co 105 43 32 25 48 

0.2 0.2 2 0.11 
4 2 1.5 

As 14.7 1.1 2 
Hg* 20 10 900 
Sb 0.9 0.1 0.2 
Cd 2.8 2.8 0.22 
L i 171 164 . - 17 
Rb 97 56 4 0  33 30 
Cs 3.3 3.9 1.1 
Sr 804 398 130 815 465 
Ba 17400 >40000 14 498 330 
U 1.2 0.6 1.0 
Ce 574 58 1 48 
Cr 65 363 297 67 170 
V 500 365 292 252 250 
Y 70 45 43 54 21 
La 167 167 15 
Zr 351 277 95 333 i40 
Be 4.8 4. 1.0 
Th 2 2 4 

*Hg i n  ppb 

The upper portions of this unit contain abundant ca l c i t e  
and minor dolomite, chlorite,  i l l i te and quartz.  The s t r a t i -  
graphic distribution of these  minerals is ref lec ted in t h e  
major-element chemistry with S i 0 2 ,  A I 2 o 3  and K 2 0  
decreasing and CaO, MgO and C 0 2  increasing upwards 
(Fig. 16.2). 

Using a ternary  ( A ~ ~ O ~ ) - ( M ~ O + F ~ O ) - ( K ~ ~ + N ~ ~ O + C ~ O )  
plot proposed by Englund and Jorgensen (1973) t o  classify 
argillaceous sediments,  most of t he  rocks f rom the  Road 
River Formation, a f t e r  being normalized t o  a carbonate-f ree  
basis, plot on a line between muscovite and chlor i te  
(Fig. 16.4). The chlor i te  may b e  derived f rom t h e  weathering 
of volcanic rocks extruded in t h e  basin. Compared t o  shales  
described elsewhere (see Fig. 16.4), rocks f rom t h e  Misty 
Creek Embayrnent plot mainly in a field outlined by shales 
associated with carbonate-rich beds. The field of black 
shales (Fig. 16.4) in tersects  t h e  field of shales f rom t h e  Road 
River Formation but is  extended towards t h e  feldspar and 
montmorillonite fields and away f rom the  chlorite field. 

Rabbi tket t le  Formation (Unit RRa2)  

The shale  unit (RRs) is  conformably overlain by a s  much 
as  750 m of thin bedded yellowish weathering light t o  medium 
grey sil ty limestone. The l imestone is comparable  in 

composition, t ex tu re  and a g e  t o  t h e  Rabbi tket t le  Formation 
of Gabrielse et al. (1973) mapped in t h e  Southern Mackenzie 
Mountains (Cecile, in preparation). Fr i tz ,  Norford and Tipnis 
(in preparation) have dated this unit in t h e  Embayment  a s  
La te  Cambrian t o  Early Ordovician. Within this unit a t  
Section 44, t h e r e  is gradation f rom sil ty rocks a t  t h e  base t o  
more  carbonate-rich rocks a t  t h e  top. This gradation is 
shown clearly by t h e  distribution of C o n ,  AI2O3, T i 0 2  and 
H20 in geochemical profiles of Section 44 (Fig. 16.2). From 
microscopic examinations and XRD analysis, silty carbonates  
s i tuated in t h e  lower portions of this unit a r e  composed of 
major ca l c i t e  and minor dolomite,  quar tz ,  chlor i te  and illite. 
Towards t h e  top of this unit, t h e  proportion of dolomite t o  
ca l c i t e  increases and il l i te cannot  be de tec t ed  by XRD 
methods. 

Chert-Shale Unit (RRc) 

This unit comprises 100 t o  400 m of in ters t ra t i f ied  
black cher t ,  siliceous shale,  black shale and light brown or  
yellow weathering sil ty l imestone rhythms and thin bedded 
sil ty limestone. It ranges in a g e  f rom Early t o  Middle 
Ordovician (Fritz,  Norford and Tipnis, in preparation). In 
Section 44 (Fig. 16.21, this unit grades f rom a sil ty l imestone 
a t  the  base t o  a black sooty shale  and che r t  a t  t he  top. X-ray 
diffraction s tudies  show t h a t  t h e  basal portions a r e  composed 
of ca l c i t e  and qua r t z  with monor chlorite,  dolomite and illite. 
Towards the  top, t h e  amount  of ca l c i t e  decreases  while 
qua r t z  and i l l i te increase.  Bar i te  was not de t ec t ed  by XRD 
in this unit in Section 44 although local accumulations of 
megacrystall ine bar i te  nodules were  found in unit  R R c  a t  
Section 55 (Fig. 16.1). 

Volcanic Rocks 

Minor units of Lower and Middle Paleozoic  volcanic 
rocks comprising lapilli and f ine  grained tuffs,  breccias  and 
amygdaloidal flows and hypabyssal equivalents a r e  found in 
t h e  basinal sect ions  of t h e  Misty Creek Embayment 
intertongued predominantly with unit RRc.  A small  volcanic 
c e n t r e  was identified a t  Section 40. Here  t h e  R R c  unit is  
overlain by close t o  500 m of volcanic tuffs,  f lows and 
sediments  and minor l imestone intruded by severa l  dykes and 
sills. In both intrusive and extrusive roclts, primary minerals 
have been largely a l tered t o  carbonate ,  chlorite,  quar tz ,  
tremolite-actinolite,  ta lc ,  kaolinite and leucoxene. Chemical 
analyses (Table 16.1) show t h a t  t hese  maf i c  igneous rocks a r e  
most character is t ica l ly  alkaline although the  alkalis have 
been changed by metasomat ic  processes and a r e  therefore '  of 
l i t t l e  use in classifying t h e  volcanic rocks. For example,  t he  
low Na con ten t  in CJA77-40-7 and CJA77-40-4 is not typical 
of e i ther  tholeii t ic or  alkali basal t ic  rocks forming ocean 
ridges (Table 16.1) demonstrating t h e  pronounced removal of 
Na during alteration. The content  of t he  relatively more 
s t ab le  e l emen t s  such a s  Ti and Zr may be  more 
representa t ive  of t h e  primary composition of typical  basalts 
described elsewhere (Table 16.1). 

One of t h e  chemical  character is t ics  of both volcanic 
and hypabyssal rocks f rom t h e  Misty Creek Embayrnent is t he  
high Ba which exceeds  4 per c e n t  in sample  CJA77-40-4. The 
s i t e  of Ba in th is  sample  has  been identified by XRD as  
celsian (Ba { A I ~ s ~ ~ o ~  1 ). The celsian occurs throughout t h e  
rock a s  c lear  crys ta ls  o f t en  adjacent  t o  K-feldspar. In 
addition t o  Ba, these  igneous rocks contain higher than 
normal levels of Ce,  Li, La, F and V (Table 16.1). Sample 
CJA77-40-7 taken f rom t h e  maf i c  flows is enriched also in 
t h e  chalcophile e lements  Cu, Pb, Zn, Co, As and Sb. 

Celsian in igneous rocks f rom the  Misty Creek 
Embayrnent represents  a r a the r  uncommon association. 
Celsian t h a t  occurs elsewhere in t h e  world is associated most 
commonly with e i ther  manganese deposits, such a s  those 



located a t  Jakobsberg, Sweden or with calc-sil icate skarns  
(Gay and Roy, 1968). Celsian associated with interlocking 
bar i te  grains also occurs in sulphide-bearing sugary qua r t z  
rock t h a t  is  interbedded with t h e  Rosh Pinah stratabound and 
s t r a t i fo rm Pb-Zn deposit  s i tuated in South West Africa (Page 
and Watson, 1976). Salmon-coloured f ine  grained celsian is  
also found in t h e  matr ix  of breccia  clasts. The feldspars 
present in t h e  quar tz i te ,  microquar tz i te  and argil l i te a r e  
enriched in barium near t h e  massive sulphides. Results f rom 
preliminary microprobe investigations indicate  t h a t  t h e  
or thoclase  has  been replaced by hyalophane in t h e  qua r t z i t e s  
(Page and Watson, 1976). 

Barium occurring in igneous rocks is present  usually as 
Ba-orthoclase or  Ba-sanidine and not  a s  an  end member  
Ba-feldspar. Barium ranging up t o  880 ppm has been 
described for  Cenozoic alkali basal ts  forming seamounts  
along t h e  Northeast  Bank, Southern California Borderland 
(Hawkins et a)., 1971). The Ba is most likely present in alkali 
feldspar t h a t  occurs a s  patches distributed throughout a fresh 
aphanitic basalt ic rock. 

The conditions under which celsian formed in igneous 
rocks f rom t h e  Misty Creek Embayment have not a s  ye t  been 
determined. Possible origins would include ( I )  a crystall iza- 
tion product during cooling of a Ba-rich basalt ic magma 
although the  paucity of thermodynamic d a t a  for Ba-feldspars 
precludes determining the  behaviour of Ba during cooling. 
However, under hydrous conditions (2000 bars H 2 0  pressures), 
potassium-barium feldspars have been synthesized a t  

t empera tu res  in t h e  500' t o  700°C range (Roy, 1967); (2) t h e  
celsian may have formed by t h e  replacement  of potassium in 
orthoclase by la ter  Ba-rich fluids; or  (3) t h e  celsian may have 
been produced f rom t h e  react ion of ba r i t e  or  wi ther i te  with 
kaolinite. The las t  mechanism has  been proposed by 
Bjdrlykke and Griffin (1973) t o  explain t h e  origin of authi-  
genic hyalophane found in Lower Ordovician shales of t he  
Oslo region, Norway. 

From exper iments  carr ied  out  in ce ramic  systems, 
Segnit  and Gelb (1970) demonstra ted  t h a t  heating a mixture  
of kaolinite and bar i te  in t h e  presence of a reducing agent ,  in 
this c a s e  carbon, produced celsian a t  800°C. If wi ther i te  was 
used instead of bar i te ,  a reducing agent  was not required. 
The following was proposed a s  an  empirical  reaction scheme  
for t h e  format ion of celsian f rom bar i te  and kaolinite and 
may well apply t o  t h e  Misty Creek sett ing. 

1. BaS04 t 4 C +  Bas  t 4 C 0 ,  
where C is represented by carbonaceous m a t t e r  from 
enclosing shales. 

Although t h e  exper imenta l  t empera tu res  were  much 
higher than those  expected for t h e  formation of authigenic 
Ba-feldspar, i t  is possible t h a t  t hese  react ions  would proceed 
a t  lower temperatures ,  particularly if Ba was  present  in 
forms other  than t h e  insoluble sulphate. 
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Figure 16.5 

Binary plot showing the loading on 
the two principal factors af ter 
R-factor analysis o f  elements 
determined in shales, cherts and 
carbonates from Section 44. 



- " - 1000 spect rometry  a f t e r  decomposition with strong 
HF-HCLOs-HN03 acid mixture.  Mercury was 
determined using methods  described by Jonasson 
et al. (1973). Fluorometr ic  methods were  used t o  
measure  U. Most of t h e  remaining t r a c e  and minor 
e lements  were  determined by opt ica l  emission 

Major e l emen t  determinat ions  were  made by 

- 2 powders. 

Distribution of Elements in Sedimentary Rocks 

The distribution of e l emen t s  in Section 44 is  
controlled by the  re la t ive  proportions of t h e  various 
mineral phases. These a r e  composed of ( I )  de t r i t a l  
minerals identified by XRD as  quar tz ,  plagioclase, 

100 : I mica, i lmenite or leucoxene, hemat i te ,  chlor i te  and 
E : clay minerals such a s  i l l i te;  (2) chemically or 
P - 
P - biochemically precipitated minerals such a s  ca lc i te ,  - 
C 

dolomite,  che r t ,  ba r i t e  and f luorapat i te ;  
N (3) d iagenet ic  or authigenic minerals such a s  pyrite,  
D other  sulphides, clays,  plagioclase and barite.  In 
u A addition t o  these  t h r e e  mineral groupings, 
; 10: A A carbonaceous m a t t e r  is  a significant const i tuent  
m - 
4 - u ref lec t ing important  processes of biological 

8 o ,,0.16 
0 accumulation of ce r t a in  e lements  during 

- 0 o sedimenta t ion and in t h e  fixation of o the r s  during 
diagenesis of shales. 

0 
Element  profiles through t h e  Road River 

Formation a r e  presented in Figures 16.2 and 16.3. In 
general,  t h e  distribution of e l emen t s  has  been 
a f f ec t ed  by one or  more  of t h e  following parameters:  
Composition of rocks t h a t  supply det r i tus  t o  t h e  

- + * + + +  + ocean basin, composition of t h e  s e a  water ,  lithologic 
fac ies  and environment of deposition, volcanism and 

0.1 l l ' L 1 l L ' " ' L 1 ~ ' l ~ ~ ~ ~ ' ~ l  associated fumarol ic  ac t iv i ty  and t h e  type  of 
0 . 5  1 .O 1.5 2 . 0  organisms present.  In t h e  Misty Creek basin, t h e  

O R G A N I C  CARBON main fac tors  controll ing t h e  distribution of e lements  
Figure 16.6. Binary plots of V ,  Hg, Ni, As, Zn, Cu, U and Ag a r e  the  source rocks (i.e., carbonate  versus s i l ica te  
against organic carbon for shales from Section 44 (r = correlation rocks), volcanism which supplies both epiclastic and 
coef f ic ient) .  pyroclastic mater ia l  plus nutr ient  e lements  and base 

meta ls  t o  t h e  basin, and the  organic carbon content  
In t h e  c a s e  of igneous rocks f rom the  Misty Creek which ref lec ts  t h e  level of nutr ient  supply. The e lements  

Embayment,  a l l  t h e  ingredients for th is  type of reaction a r e  have been grouped on t h e  basis of t hese  f ac to r s  and 
present excep t  t h a t  bar i te  or wi ther i te  have not been represented mathemat ica l ly  by f ac to r  analysis. The major 
identified in these  rocks. The f ac t ,  however, t h a t  kaolinite is groupings outlined on the  basis of t h e  two  principal f ac to r s  
s t i l l  present indicates  t h a t  all  t h e  ba r i t e  (or witherite) may (Fig. 16.5) a r e  discussed below. 
have reacted ro form celsian. The reducing agent ,  if 
required, may be  pyr i te  or  carbonaceous ma t t e r  s ince  up t o  Grou 1: Elements comprising this group a r e  0e4 per cent has been found in these igneous rocks chalcophil~elements such as Zn, Cd, Hg, As, Cu and Sb, and (Table 16.1). e lements  such a s  V and Ni t h a t  a r e  considered t o  play an 

The presence of celsian in maf ic  extrusive and important  role in metabolic processes of ce r t a in  organisms. 
hypabyssal rocks of t h e  Misty Creek Embayment may a id  in The association of chalcophile e l emen t s  with organic carbon 
understanding t h e  origins of sedimentary  bar i te  t h a t  occur s  (Fig. 16.6) may re f l ec t  t h e  importance  of decaying organic 
throughout t h e  Selwyn Basin in rocks of Middle Cambrian t o  ma t t e r  a s  a nutr ient  source  for  bacter ia l  reduction of 
La te  Devonian age. The association of celsian with maf i c  sulphate  during diagenesis. The presence of U in th is  group 
volcanic rocks associated with an extensional fea ture ,  t h e  may re f l ec t  a s t rong aff in i ty  fo r  carbonaceous m a t t e r  and 
Misty Creek Embayment,  supports t h e  hypothesis t h a t  at subsequently i t s  stabil i ty in t h e  U(IV) valence s t a t e .  The 
least  some of t h e  sedimentary bar i te  owes i t s  origin t o  association of Si with t h e  above mentioned e lements  and 
volcanic-related processes. carbon most likely ref lec ts  t h e  influx of Si during the rma l  

events  associated with volcanism (Maksimova, 1978) o r  may 

Geochemistry have precipitated subsequently a s  radiolarian t e s t s  t h a t  a r e  
found sca t t e red  throughout t h e  c h e r t  in unit RRc. Because 

Sample Collection, Preparation and Analytical  Methods of t h e  surface  ac t ive  na tu re  of colloidal si l ica e i ther  

Small rock chips were  collected every  50-100 c m  over inorganic in origin or derived f rom micro-organisms, organic 

stratigraphic intervals ranging up to  100 m and then reduced colloids and accumulated t r a c e  e lements  could become 
a t tached t o  these  particles and be deposited with che r t  minus-200 mesh. powders were fo r  Zny during subsequent seawater-induced flocculation of silica. Cu, Pb, Ni, Co, Ag, Mo, As, Sb and Cd by a tomic  absorption 
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Figure 16.7. Binary plot of t he  molecular proportions of 
A1203 and K 2 0  in shales, che r t s  and carbonates  f rom 
Section 44. The stoichiometric compositions of i l l i te,  
muscovite and orthoclase a r e  also plot ted .  

Group 2: Elements falling within t h e  group form,  or 
substi tute readily in to  t h e  la t t ice  of feldspar and illite. The 
association of H z 0  with Al, Rb, Cs  and Pb indicates t h a t  
i l l i te is probably t h e  dominant host mineral. This inter- 
pretation, which is based on a binary plot of A1203 and K 2 0  
(Fig. 16.7) t h a t  shows all samples plott ing between t h e  
stoichiometric compositions of i l l i te and orthoclase,  is  
supported by XRD analyses which show t h a t  i l l i te is t h e  only 
major mineral hosting K 2 0  present. Small amounts  of 
K-feldspar a r e  indicated f rom Figure 16.7 although none was  
detected by XRD methods. 

Group 3: This group of e lements  consisting of Fe ,  C o  
and Ti form very s table  ref ractory  oxides such a s  leucoxene 
which a r e  most likely derived f rom t h e  weathering of alkali  
basalts t h a t  occur within t h e  sequence. Volcanic rocks 
comprise submarine lapilli tuffs,  volcanogenic si l tstones,  
sandstones and conglomerates with some massive flows. The 
volcanic si l tstones,  sandstones and conglomerates have been 
found in numerous areas  of t he  embayment  demonstrating 
t h a t  there  has been considerable reworking of these  volcanic 
rocks. 

Group 4: This group of e lements  form or a r e  incor- 
porated into carbonates,  sulphates and possibly minor 
silicates. The high Sr accompanies the  carbonates  (mostly 
ca lc i te)  in unit RRa2 and also t h e  bar i te  in unit RRs. 
Although P also plots within th is  group and has  been 
identified a s  f luorapat i te  in t h e  shale  unit (RRs); i t s  mineral 
form in t h e  o ther  units is  unknown. 

The positioning of Mg and Mn in t h e  s a m e  quadrant  
somewhat removed f rom t h e  ca l c i t e  field may resul t  f rom 
t h e  presence of these  e lements  in chlor i te  a s  well as 

dolomite. Plagioclase, which has  been identified in t h e  
shales, is  considered t h e  main mineral hosting Na. 
The association of Na with Mg and Mn is most likely due t o  a 
common volcaniclastic origin for  much of t h e  chlor i te  and 
plagioclase. 

Comparison Between Misty Creek Shales and Average Shales 

Compared t o  average shales described e lsewhere  (Vine 
and Tourtelot,  1970; Turekian and Wedepohl, 1961; Green, 
19591, shales f rom Section 44 through t h e  Road River 
Formation of t h e  Misty Creek Embayment a r e  enriched 
overall  in Ag, Sb, Cd, Ba, V, C e  and possibly Zn and Mo 
(Table 16.2). The content  of t r a c e  and minor e l emen t s  for 
each unit in Section 44 is compared with average shales 
(Turekian and Wedepohl, 1961; Cameron and Jonasson, 1972) 
in Figure 16.3. The shales and interbedded che r t s  located a t  
t he  top of unit RRc have a high abundance of Zn, Cu, Ag, Mo, 
Hg, Sb, Cd, V, C e  and Ba whereas  t h e  lower portions of this 
unit comprising mostly si l ty carbonates  a r e  concentra ted  only 
in Zn, Sb, Ba, Ce,  Sr and V. 

Unit RRa2 representing mostly si l ty ca rbona tes  is  
depleted in most of t h e  t r a c e  and minor e l emen t s  excep t  f o t  
Sr which subst i tu tes  readily in to  calcite.  Although t h e  
carbonate  component will have a tremendous dilution e f f ec t ,  
th is  f ac to r  alone cannot account  fo r  t h e  low con ten t s  of all  
elements.  

The lower portions of uni t  RRs  a r e  slightly enriched in 
Zn, Mo, Hg, Sb, Cd, Ba and V, a t  least  when compared t o  t h e  
average shale  e s t ima tes  of Turekian and Wedepohl (1961). 
Barite occurs in this unit and is overlain by shales t h a t  a r e  
enriched in P 2 O 5  (Fig. 16.2). 

St ra t igraphic  Geochemistry 

One of t h e  major objectives of carrying out 
geochemical and mineralogical studies of a stratigraphically 
controlled section was t o  assess the  use of geochemistry in 
supporting s t ra t igraphic  studies. This objective is of 
importance in si tuations where  i t  i s  advantageous t o  
understand t h e  physicochemical processes a f f ec t ing  t h e  
source,  t ranspor t  and deposition of e lements  in mar ine  basins. 
For example,  t h e  t r a c e  e l emen t  con ten t s  and t h e  manner in 
which they  a r e  fixed in t h e  shales  can  give valuable informa- 
t ion on t h e  Eh and pH, t empera tu re ,  provenance of 
sediments,  salinity and t h e  na tu re  of volcanic activity.  The 
recognition of periods of volcanism or  re la ted  hydrothermal 
activity,  even though thei r  contribution t o  t h e  sedimentary  
sequence may be  very  small ,  is  ext remely important  
considering t h e  common association of volcanic rocks and 
sediment-hosted stratabound sulphide deposits. 

Geochemical and mineralogical studies of shales  carried 
out  elsewhere include Middle Ordovician shales f rom Norway 
(Bjdrlykke, 1965), Ordovician shales f rom Wales (Bjdrlykke, 
19711, Cambrian alum shales, Sweden (Armands, 1973), lower 
Paleozoic shales f rom Scotland (Stephens e t  al., 1975) and 
lower Cretaceous  shales f rom western  Canada (Cameron, 
1965). Most of these  studies,  carr ied  out  on stratigraphically 
controlled sections,  assessed t h e  various f ac to r s  influencing 
the  composition of t h e  shales. 

In t h e  Misty Creek Embayment,  t h e  broad l i thostrati-  
graphical divisions described by Cec i l e  (1978) for  t h e  Road 
River Format ion a r e  supported by geochemical profiles in 
Section 44 (Fig. 16.2, 16.3). Compared t o  shales described 
elsewhere (Table 16.21, shales  and sil ty carbonates  a r e  
character is t ica l ly  enriched in Ba, C e  and, t o  a lesser ex ten t ,  
Cd and V. The remaining t r a c e  e l emen t s  a r e  about  the s a m e  
or lower due  par t ly  t o  t h e  dilution e f f e c t  of carbonate .  Each 
unit with i t s  cha rac te r i s t i c  e l emen t  associations and possible 
subdivisions is discussed below. 



Table 16.2 

Estimates of e lement  abundance in shales, che r t s  and carbonates f rom t h e  Road River Formation, 
Yukon and average shale and black shale  described elsewhere 

Shale Unit (RRs) 

This unit can be  subdivided in to  a lower argil laceous 
unit where  dolomite is t h e  dominant carbonate  (Fig. 16.8) and 
an upper calcareous unit. The lower unit is  character ized by 
abundant Si, K,  C, Cu, Pb, Ag, Mo, As, Hg, Sb and V when 
compared t o  t h e  upper unit t h a t  conta ins  relatively higher 
con ten t s  of Mg, P, Mn and Sr. The presence of chalcophile 
e lements  associated with high Ba, V, Ni and organic carbon 
may be  evidence for a hydrothermal event ,  possibly 

Road R i v e r  Formation 

Shales Arg i  11 aceous Shale and 
( RRs ) Carbonates (RRa2) Chert  (RRc) 

Element (%) n=9 n=12 n-12 

Si02 37.8 22.9 44.2 

A1203 5.0 2.8 4.7 

T i02  0.33 0.26 0.19 

FeOT 2.06 1.62 1.30 

MgO 3.7 4.2 5.1 

CaO 22.5 33.7 20.9 

Na20 0.22 0.10 0.13 

K2° 1.70 1.28 1.54 

MnO 0.030 0.027 0.016 

'2'5 0.42 0.16 0.23 

21.10 31.58 18.93 

1.83 1.30 2.34 

C org.  1.06 0.77 1.15 

S 0.61 0.25 0.28 

Element (ppm) 

Z n 116 2 8 217 

C u 23 12 3 1 

Pb 8.8 7.6 9.4 

N i 15.1 5.3 16.8 

Co 5.4 3.6 3.1 

A9 0.34 0.20 0.54 

Mo 6.0 2.2 6.2 

As 5.2 2.1 5.9 

Hg* 51.2 21 .O 55.4 

Sb 1.8 0.16 3.3 

Cd 4.3 4.1 6.2 

U 2.7 1.2 2.8 

B a 6073 779 1291 

V 198 29 275 

Ce 222 2 36 236 

Cr 16.2 ~ 5 . 0  11.0 

Sr 706 81 5 384 

Zr 96 89 11 2 

*Hg measured i n  ppb; n number o f  samples 

accompanying t h e  format ion of the  basin due t o  faulting. 
The increase  of carbonate  in t h e  upper portions of RRs may 
b e  controlled by shallowing of t h e  basin or  may re f l ec t  a n  
increased proportion of carbonate  de t r i t u s  derived f rom plat- 
form areas .  An increase in t h e  content  of chlor i te  in t h e  
upper portions of unit RRs is  considered t o  r e f l ec t  a period of 
volcanic activity.  Additional evidence for a minor volcanic 
even t  in th is  unit  is t h e  high r a t io  of Mg and F e  t o  to t a l  
alkalis (Fig. 16.9). The presence of Na (Fig. 16.2) a s  plagio- 
c lase  identified by XRD methods may also prove very  useful 

Average b lack  
Shale Average Shale 
Vine and Turekian and Green 
T o u r t e l o t ,  1970) Wedepohl (1961) (1959) 

17.1 50.7 

13.2 15.1 14.7 

0.33 0.33 0.73 

2.58 6.07 5.53 

1.16 2.59 3.15 

2.10 3.09 7.28 

0.94 1.29 0.88 

2.41 3.20 3.37 

0.019 0.110 0.865 

0.160 

9.63 
- - 
3.2 - 0.65 

0.24 

~ 3 0 0  95 80 

70 45 38 

20 2 0 2 0 
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10 2.6 0.74 

13 

400 - 
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100 90 160 

200 300 299 

70 160 200 



Figure 16.8. Plots o f  the distribution of the ratio of the molecular proportions of  MgO and CaO and 
the ratio of  K20fAl203 and S i02  on Section 4 4 .  

in defining a volcanic event  if t h e  plagioclase represents  a Cher t -shale  (RRc)  
pyroclastic o r  epic las t ic  component  of a volcanogenic 
sediment  and is  t he re fo re  not an authigenic mineral. This unit  is cha rac t e r i zed  by a lower si l ty l imestone  and 

. a  th in  upper uni t  composed of sha l e  and che r t .  The  lower 
l imestone conta ins  minor amounts  of dolomite  (Fig. 16.8) and 

Rabbi tket t le  Format ion (RRa2) abundant i l l i te  cont r ibut ing  t o  high con ten t s  of Al and K. 

This uni t  is composed primarily of l imestone and Volcanic ac t iv i ty  t h a t  ext ruded basa l t ic  t u f f s  and flows a t  
Section 40 (Cecile,  1978) is r e f l ec t ed  in Section 44 by high dolomite and can be subdivided in to  a lower terrigenous unit  contents of Ti, Cr, Mg, Na and perhaps indirectly by chalco- and an upper carbonate  unit. The upper unit d i f fers  f rom t h e  

lower unit by having a higher proportion of dolomite  t o  phile e l emen t s  such a s  Zn, Cu, Ni, Co, Ag, As and  Sb. T h e  
organic  carbon con ten t  increases  rapidly in th is  uni t  and ca l c i t e  (Fig. 16.8) and lower con ten t s  of e l emen t s  such as Al, 

Ti, F e  and C o  t h a t  a r e  found in c lays  and ref rac tory  oxides. remains  high in t h e  overlying unit. 



FeO + MgO +AI2O3 

K 2 0  + Na20 + COO FeO + MgO 

Figure 16.9. Element oxide ratios calculated on a carbonate-free basis for Section 44 that were 
used by Englund and Jorgensen (1973) t o  classify argillaceous sediments. 



The upper unit is composed primarily of shale  and 
cher t .  The carbonate  component,  albeit  minor, consists of 
dolomite with minor ca lc i te  (Fig. 16.8). 

Conclusions 

The following conclusions a r e  drawn f rom geochemical 
and mineralogical d a t a  from Section 44 through t h e  Road 
River Formation interpreted in light of t h e  overall  
stratigraphy and geological history of t h e  Misty Creek 
Embayment. 

I. Using the  t r a c e  and minor e lement  chemistry of rocks 
f rom Section 44, i t  was possible t o  def ine  chemically and 
to  substant ia te  t h e  divisions of Ceci le  (1978) a s  well a s  
suggest fur ther  subdivisions within each  unit. Major 
e lement  assemblages were  readily interpreted in t e rms  of 
t h e  mineralogy determined by XRD methods. T race  
e lement  assemblages could also be accommodated 
according t o  their  expected behaviour in t h e  various 
mineral phases. 

2. The volcanic event  represented by mafic  tu f f s  and flows 
a t  t h e  base of unit R R c  could also be  recognized 
chemically in Section 44 although no visible volcanic 
rocks were  present. Moreover, geochemical evidence for  
a hydrothermal event associated with minor volcanic 
ac t iv i ty  is interpreted t o  be  present in unit RRs. 

3. The t r a c e  and major element chemistry of the  volcanic 
rocks indicated t h a t  they were  alkaline in composition, 
high in ce r t a in  r a re  ea r th  elements,  Ti and Ba and a r e  
considered character is t ic  of basalts formed in extensional 
tec tonic  environments. Cer ta in  e lements  such a s  Ba, Zn, 
Sb, Cd and V t h a t  a r e  high in t h e  volcanic rocks and in t h e  
sedimentary s t r a t a  on the  same  s t ra t igraphic  horizon 
some distance from t h e  volcanic rocks a r e  in terpre ted a s  
having a common origin. 
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Abstract 

Paleozoic shales and cherts from Section 44  in the Misty Creek Embayment are enriched in Ba, 
Ce, V ,  N i  and chalcophile elements such as Zn, As, Hg, Cd, Sb and Ag. The chalcophile elements 
correlate strongly with carbonaceous matter than can range up t o  2.1 per cent in the shale unit (RRs). 
Although certain marine organisms can accumulate metals many times their content in seawater, i t  is 
considered unlikely that this mechanism alone can explain the high levels of all elements found in the 
shales. The enrichment in the volcanic rocks o f  the same elements found in the interbedded shales 
supports the view that at least some of the metals owe their origin to  hydrothermal fluids expelled 
into the seawater during volcanic activity. The presence of celsian in both the volcanic rocks and 
hypabyssal equivalents indicates that at least some of the Ba present as barite in the Selwyn Basin in 
rocks ranging in age from Cambrian to Late Devonian may be derived from fluids vented onto the 
seafloor. 

The behaviour of metal-rich fluids away from points of discharge is af fected by several factors 
that include water depth, basinal chemical environment, and fluid chemistry. In the Misty Creek 
Embayment near Section 40, the water was shallow at the time of the volcanic event. As a result, 
boiling of thermal fluids would most likely occur promoting the rapid oxidation of dissolved reduced 
sulphur species. Elements such as Ba that form insoluble sulphates would be precipitated whereas 
others such as Zn, Ni, V ,  Co and Ag that can be accumulated by micro-organisms or degrading 
carbonaceous matter would be expected t o  be dispersed away from the conduit. The low level of Pb 
in the Misty Creek shales compared t o  shales and siltstones hosting the nearby Tom Pb-Zn-Ba deposit 
may be attributed t o  chemical conditions prevalent in the basin at the t ime of thermal fluid discharge 
which restrict i ts  geochemical mobility. 

Introduction t h a t  a r e  concentra ted  in the  associated sediments.  It is t h e  
intention of th is  paper t o  discuss possible sources of t h e  Goodfellow et al. (1980) discussed t h e  geochemistry and elements noted above and to suggest mechanisms by which 

mineralogy of shales, cher ts  and carbonates  44 
they might b e  dispersed from presumed spring-vent discharge and volcanic rocks f rom Section 40 through the  Road River areas into the sediments of the Misty Creek paleobasin. Formation. Mistv Creek Embavment. Northwest Territories.  

Compared ' to  o iher  units t h e  'shales and che r t s  comprising 
unit  R R c  and t h e  shales comprising unit RRs  a r e  cha rac te r -  Possible Sources of Metals  
ized by relatively higher contents  of t he  following elements:  
Zn, Mo, As, Hg, .Cd ,  Sb, Ag, Ba, Ce,  V and Ni. 'The 
chalcophile e lements  co r re l a t e  strongly with carbonaceous 
m a t t e r  t h a t  can range up t o  2.1 per c e n t  in t h e  shales. 
Although world averages  for shales vary tremendously 
depending on the  particular shales se lec ted,  t h e  shales f rom 
t h e  Misty Creek Embayment a r e  clearly enriched in Zn, Ag, 
Mo, Sb, Cd, Ba, V, C e  and Sr when compared t o  ave rage  
shales described elsewhere (Vine and Tourtelot,  1970; 
Turekian and Wedepohl, 1961; Green, 1959). The Hg con ten t  
of t h e  Misty Creek shales is also anomalously high when 
compared t o  i t s  average con ten t  (40 ppb) in Phanerozoic 
shales  (Cameron and Jonasson, 1972) which is one t en th  t h a t  
determined by Turekian and Wedepohl (1961) for all  shales. 

Although cer ta in  marine organisms can accumulate  
meta ls  many t imes  thei r  content  in seawater ,  i t  is  considered 
unlikely t h a t  this mechanism alone can  explain t h e  high levels 
of ce r t a in  e lements  found in t h e  Misty Creek shales. The 
enr ichment  in the  volcanic rock of some of the  s a m e  
e l emen t s  found t o  b e  high in t h e  interbedded shales and 
che r t s  (e.g. Zn, Ni, Mo, Sb, Cd, Ba, Ce,  V and Ag) supports 
t h e  view t h a t  a t  leas t  some of t h e  meta ls  owe  thei r  origins t o  
hydrothermal fluids expelled onto t h e  seafloor during 
volcanic activity.  This mechanism of meta l  supply and 
accumulation is ac t ive  on ocean ridges and other  tec tonical ly  
ac t ive  a reas  where  geothermal  fluids a r e  supplying e l emen t s  

In geothermal  areas ,  springs ac t ive  on t h e  seafloor have 
been shown t o  supply meta ls  t h a t  accumulated locally in the  
seawa te r  and accompanying sediments.  Areas  where meta l -  
liferous fluids have  been expelled on to  t h e  seafloor include 
the  East  Paci f ic  Rise  (Toth, 1980; Bostrom and 
Peterson, 1966) and Galapagos R i f t  (Edrnond e t  al., 1979a, b; 
Corliss e t  al., 19791, t h e  Red Sea trough (Miller e t  al., 1966; 
Craig,  1969) and East  African R i f t  (Bonatti  et al., 1972), 
Matupi Harbour, New Britain, (Ferguson and Lambert,  19721, 
and along t h e  coas t  of Southern California (Lonsdale, 1979; 
Vidal e t  al., 1978). In most of t hese  areas ,  t h e  conduits a r e  
localized along f au l t s  or  s t ruc tu res  in tersect ing e i ther  
oceanic  or  cont inenta l  crus t .  The fluids debouched on to  t h e  
seafloor contain generally high con ten t s  o f  Cu, Pb, Zn, Ba, 
Ag, Mn, Fe ,  SiOs and dissolved sa l ts  when compared t o  
average seawa te r  (Table 17.1). The higher t empera tu re  fluids 
can carry  in addition t o  these  e l emen t s  high con ten t s  of As, 
Bi, Sb, Hg and Au (White, 1965). Temperatures  vary  
considerably depending on whether brine pools o r  fluids 
trapped in geothermal  reservoirs such a s  t h e  Salton Sea a r e  
measured. In t h e  l a t t e r  case,  t empera tu res  in excess  of  
300°C have been measured (White, 1965) whereas  t h e  Red 
Sea brines have had t ime  t o  cool a t  56OC in t h e  Atlantis I1 
Deep (Miller e t  al., 1966) and t o  44.7OC in t h e  Discovery 
Deep (Swallow and Crease ,  1965). 
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Table 17.1 

Compositions of some geothermal fluids and average seawater  

A B C D 

Ore metals Cu,Ag,Fe Zn,Cu,Pb Zn,Cu,Pb 
deposited - As,Sb,Bi Ag,Sb,Bi Mn,Fe 

Temperature - >3OO0C 56°C 65°C 

Element 
content (g/L) 

Cu 2 x 10- 0.010 0.00026 0.00005 
Pb 3 x 10- 0.104 0.00063 0.00009 
Z n 5 x lo-6 - 0.300 0.0054 0.00253 
Ag 28 x lo-' 0.001 - - 
As 26 x 0.015 0.00002 
Mn I x 10- 2 .0  0.082 0.111 
F e  I x lo-= 3.2  0.081 0.097 
Ba 15 x 0.2 0.009 0.097 

Na 10.8 64 92 .8  13.6 
K 0.39 32 1.87 0.756 
Ca  0.41 51 5.15 0.395 
Mg 1.30 0.92 0.764 1.34 
so4 2.72 0.071 0.84 5.42 
C1 19.5 234 155.5 22 .5  
SiO;! 6 .2  - 0.1 0.059 - 
A1 0.001 0.45 - - 

A. Average composition of seawater (af ter  Turekian, 1969; Miller e t  al., 1966). 

B. Salton Sea, geothermal brine (White, 1965). 

C. Atlantis I1 Deep, Red Sea (af ter  Craig, 1969; Miller e t  al., 1966). 

D. Tavurvur Shore, Matupi Harbour, New Britain (af ter  Ferguson and Lambert,  1972). 

In the  Misty Creek Embayment, t h e  metalliferous 
carbonaceous shales from t h e  Road River Formation a r e  
associated with volcanism in the  chert-shale unit (RRc) and 
possibly in the  lower shale unit (RRs) (Goodfellow e t  al., 
1980). In the  shale-chert unit (RRc), altered lapilli and fine 
grained tuffs occur adjacent t o  extensional structures.  
Although both the  volcanic rocks and feeder intrusions a r e  
intensely altered, the  stable element chemistry indicates tha t  
they were most likely derived from an alkaline magma 
(Schwarzer and Rogers, 1974). 

The mafic volcanic rocks and feeder intrusions have 
been shown t o  be intensely altered t o  chlorite, kaolinite, 
tremolite-actinolite and carbonate (Goodfellow e t  al., 1980) 
most likely by hydrothermal fluids. The sui te  of enriched 
elements (e.g. Ba, Cs, La, Ce, Zn, Pb, Co, As, Hg, Sb, Cd, V 
and F) includes most of the  elements enriched in hydro- 
thermally altered volcanic rocks located off the  coast of 
Northern Baja California (Vidal e t  al., 1978). Here, hot 
metalliferous springs escaping into seawater along major 
faults have intensely altered associated volcanic rocks and 
deposited pyrite and up t o  7000 ppm As, 3.0 per cent  Ba, 
7000 ppm Hg, 1000 ppm Sb, 1500 ppm Sr, 700 pprn TI  and 
150 ppm Zn. The thermal springs a r e  acid and enriched in Fe, 
Mn, Zn, Ba and As demonstrating tha t  elements such a s  Sb, 
Hg, Cd, TI and Sr a re  being precipitated completely from 
solution a t  the  orifices a s  a result of a rapid temperature  
drop. 

In the  igneous rocks from the Misty Creek Embayment, 
the  Ba is present a s  celsian which occurs a s  clear crystals 
often situated adjacent t o  K-feldspar. At this t ime  barite 
has not been identified in these  samples. Other than pyrite, 

the  minerals hosting t h e  chalcophile e lements  have not been 
identified although the  association with high S (up t o  1.19%) 
combined with their insoluble character  a s  sulphides indicates 
tha t  they most likely formed or a r e  incorporated in sulphides. 

Several sources for the  metals enriched in the  volcanic 
rocks a r e  possible and without isotopic evidence, i t  is 
difficult t o  choose one over the  other.  Nevertheless, i t  may 
be useful t o  discuss t h e  possible sources of metals  in t h e  light 
of existing information. These would include: (i) the  upper 
mantle which is considered by Gast (1968) t o  be the  s i te  of 
generation of alkaline magmas; ( i i ) t h e  underlying 
sedimentary rocks th3 t  may have been leached of their 
metals by migrating connate water;  or,  what seems more 
likely, (iii) a combination of both. The enrichment of large 
radius elements (e.g. Ba, K ,  Sr, Cs, La and Ce) in the  mafic 
igneous rocks f rom t h e  Misty Creek Embayment could be  due 
t o  magma derivation from a previously undifferentiated 
mantle source or equilibration of magma depleted in large 
radius elements with wall rocks enriched in these elements 
(Cast,  1968). Field observations, however, indicate tha t  t h e  
feeder  intrusions a r e  essentially f r e e  of xenoliths and 
probably not contaminated extensively with crusta l  material.  

Elements tha t  a r e  incompatible in t h e  high pressure and 
temperature  region of the  mantle and therefore  a r e  
considered mant le  re jects  by Mercy (1967) include: 
(i) constituents with large ionic radii (e.g. Ba, Sr, K, Cs, T1 
and t h e  ra re  earths);  (ii) constituents with high vapour 
pressures (e.g. C02 ,  H20,  Sb, Hg, As, HCI and fluoroborates); 
and (ii i)constituents with high aqueous solubilities 
(e.g. NaCI, KCI). 



In addition t o  being enriched in major e lements  with 
large ionic radii, t h e  Misty Creek volcanic rocks contain 
above average contents  of Fe ,  C1, Zn, Pb, Co, As, Hg, Sb, Cd, 
Be, C 0 2  and H20. Using the  cr i ter ia  for mantle rejection 
discussed above, i t  is  possible t h a t  enriched e lements  such a s  
Ba, Cs, La, Ce, F,  C1, Hg, As all originated in the  mantle. I t  
is interesting t o  no te  t h a t  this suite of e lements ,  with t h e  
possible exception of Hg and As, i s  character is t ic  of 
carbonat i tes  t h a t  form along continental  r i f t s  and a r e  
considered to  be derived f rom the  mantle (Heinrich, 1966; 
Tut t le  and Gittins, 1966). 

Other elements,  however, t h a t  a r e  not normally 
considered mant le  re jec ts  (e.g. Pb, Zn, Co, Sb, Cd, Be) and 
possibly some of the  e lements  t h a t  a r e  considered mant le  
rejects,  may have been leached f rom the  underlying 
sediments by migrating connate  fluids. Waters laden with 
metals and trapped in t h e  underlying sedimentary rocks under 
considerable load pressure would most likely escape along t h e  
s a m e  extensional s t ructures  t h a t  served a s  conduits for  t h e  
extrusion of magma. 

Mechanisms of Metal  Transport  and Accumulation 
in Misty Creek Shales 

In sediments of t he  Misty Creek Embayrnent unusually 
high levels of cer ta in  elements,  viz., Ba, Zn, Cd, V, Sr, and 
C e  have been measured. Others  such a s  Pb a r e  of lower 
abundance than for an  average shale. I t  has been demon- 
s t r a t ed  here t h a t  thermal  waters  already enriched in these  
e lements  can provide the  prime source  of supply. It remains 
t o  account for thei r  relative distribution, with respect  t o  
presumed points of fluid discharge, in t e rms  of likely 
mechanisms of accumulation involving both organic and 
inorganic moieties. 

Firstly,  a comparat ive  inspection is required of 
available d a t a  on t h e  behaviour of fluids away f rom points of 
discharge in some  of t h e  thermal  zones already described 
here. Whether or not these situations a r e  relevant t o  t h e  
Misty Creek se t t ing is also worthy of a t tent ion.  

The chemical behaviour of fluids away f rom points of 
discharge has been investigated near Santorin Volcano in the  
Aegean Sea (Pushkina, 1967; Smith and Cronan, 1975)) t h e  
Atlantis I1 Deep and Nereus Deep in t h e  Red Sea 
(Bignell e t  al., 19761, t h e  East Pacific Rise (Bostrom and 
Peterson, 1966; Corliss et al., 1979) and the  Salton Sea 
geothermal a rea  (White, 1965). In discharge pipes f rom 
erupting Salton Sea geothermal brine, high contents  of Cu, 
Fe,  Ag, Sb, As and Bi were  deposited a s  sulphides 
(White, 1965). The ore  minerals identified were  bornite, 
digenite, djurkite, pyrite, chalcopyrite,  s t romeyer i te ,  na t ive  
silver, te t rahedr i te ,  arsenopyrite,  galena and fluorite. F rom 
the  high temperature  (-220°C) discharge fluids, t h e  relatively 
insoluble sulphides of As, Sb and Bi were  deposited. The 
soluble components including Zn, nearly a l l  t h e  Pb, and most 
of t h e  Fe ,  Ba and Mn were  transported on beyond t h e  s i t e s  of 
deposition in the  discharge pipes. 

Near the  Galapagos R i f t  in t h e  East  Paci f ic  Ocean, t h e  
geothermal fluids a r e  concentra ted  in Ba, HnS, Fe ,  Mn, C o n  
and S i 0 2  and low in Cu, Ni and Cd, due t o  the  presence of 
hydrogen sulphide which leads t o  t h e  precipitation of these  
meta ls  along with iron sulphides within t h e  a l tered ocean 
floor basalts (Corliss et al., 1979). . On t h e  seafloor,  mounds 
a r e  formed by warm circulating fluids t h a t  precipi ta te  F e  and 
Si02 in the  reducing interiors,  Mn a t  t he  surface ,  and carry  
significant flux of Mn and Ba into t h e  bot tom waters.  The Ba 
and Mn a r e  then dispersed by currents  and deposited over 
large areas  adjacent  t o  the  East Pacific Rise (Bostom, 1973). 
In o ther  a reas  along the  East Paci f ic  Rise, however, pyrite,  
marcasite,  sphaler i te  and chalcopyrite in association with 

amorphous silica and iron oxides occupy troughs along t h e  
axial  zone (Francheteau e t  al., 1979). Other  meta ls  
associated with these  sulphides a r e  Co, Ag, P b  and Cd. 

'The studies carr ied  ou t  on t h e  Galapagos R i f t  
(Corliss et al., 1979; Edmond et a]., 1979a, b) provide 
valuable information not only on physical and chemical  
behaviour of t he  expelled fluids but also on the  s t imulat ive  
influence of these  fluids on t h e  biological ac t iv i ty  in t h e  
a reas  of discharge. Flourishing marine  organisms r e f l ec t  t h e  
abundance of sulphur-oxidizing bacter ia  a t  t h e  base of t h e  
food chain t h a t  feed on H2S expelled by t h e  the rma l  springs. 

In the  Aegean Sea, SiO2, Mn, Fe ,  P, C 0 2  and H2S a r e  
expelled in to  t h e  seawa te r  by acid  and reducing thermal  
springs t h a t  a r e  ac t ive  on t h e  floor of t h e  Santorin ca ldera  
(Pushkina, 1967). Upon in teract ion with the  seawater ,  t h e  pH 
and Eh increase  rapidly, F e  hydrolyzes and is precipitated 
near t h e  points of discharge whereas  Mn is dispersed away 
f rom the  vent a s  sols of man anous hydroxide (Smith and 
Cronan, 1971). Eventually Mng2 is oxidized t o  MnOI and 
deposited with sorbed Zn in t h e  ocean  sediments.  

The fractionation of Mn and F e  is also ref lec ted in 
sediments  associated with sulphide deposits in t h e  Atlantis I1 
Deep. Near the  points of discharge within t h e  brine pool, 
sulphides of Fe ,  Zn, Cu and Pb and iron s i l ica tes  a r e  
precipitated,  followed by l imonite then manganite towards  
the  flanks of t h e  basin (Backer and Richter ,  1973). In t h e  
sediments  surrounding the  Atlantis I1 sulphide deposit, Hg, 
Zn, Cu and Mn a r e  anomalously high forming a halo t h a t  
extends  up t o  10 km away f rom t h e  edge of t h e  deposit  
(Bignell e t  al., 1976). The seawa te r  overlying t h e  Atlantis I1 
Deep is likewise enriched in these  e lements  (Holmes and 
Tooms, 1973). 

Although geothermally ac t ive  ocean  ridges can provide 
valuable information on t h e  chemical  and physical behaviour 
of fluids expelled onto the  seafloor,  they a r e  not suitable a s  
r ecen t  analogues of t h e  Misty Creek  Embayment,  particularly 
in t e rms  of geologic sett ing. The Misty Creek Ernbayment 
has been in terpre ted (Cecile,  in preparation) a s  representing 
a fault-bounded possibly res t r ic ted  basin t h a t  formed 
adjacent  t o  t h e  cont inenta l  margin. The geometry  and linear 
fac ies  belts of t h e  Embayment together  with t h e  alkaline 
composition of t h e  maf i c  volcanic rocks indicate  an  
extensional origin beginning in late Early Cambrian t i m e  and 
persisting t o  a t  leas t  t h e  end of Early Silurian. Although 
volcanic ac t iv i ty  associated with extensional s t ruc tu res  
occurred during Ordovician and possibly Cambrian t ime,  
rif t ing did not occur t o  t h e  ex ten t  where oceanic crus t  was  
generated.  Therefore,  t h e  ocean r i f t s  such a s  those  occurring 
along the  East  Paci f ic  Rise  or  t h e  Red Sea a r e  not  suitable 
recent  analogues of t he  Misty Creek Ernbayment, a t  least  not 
in t e rms  of t h e  geologic sett ing. The Black Sea which is an  
ell iptical  anoxic basin cha rac te r i zed  by a high geothermal  
gradient along t h e  axis and in terpre ted t o  be underlain by a 
basalt ic layer (Neprochnov et al., 1974) might be  more  
closely analogous t o  t h e  Misty Creek  basin. The me ta l  levels 
in t h e  sediments  (Hirst, 1974), however, a r e  generally lower 
than those  found in shales and che r t s  f rom units RRs  
and RRc.  

Although i t  is unlikely t h a t  a modern basin t h a t  is 
similar in a l l  respects  t o  t h e  Misty Creek Embayment can  be  
found, t he  ser ies  of northwesterly trending troughs and ridges 
off t h e  coas t  of Southern California appear  similar in t e rms  
of t h e  t ec ton ic  se t t ing,  composition of t h e  volcanic rocks 
t h a t  a r e  localized along s t ructures ,  and t h e  chemis t ry  of 
hydrothermal fluids debouching onto  the  seafloor (Hawkins 
et al., 1971; Hawkins, 1970). The volcanic rocks a r e  repre- 
sented by seamounts composed of basalts and hyaloclasti tes 
of alkaline composition and character ized by high contents  of 
Ba (up t o  880 ppm). Some of t h e  basal t ic  rocks a r e  intensely 



al tered to  chlorite,  iddeingsite and hemat i te ,  and the  vesicles 
a r e  filled with chlor i te  or carbonate  or  both (Hawkins et al., 
1971). The composition of these  Upper Cenozoic volcanic 
rocks f rom Southern California and Baja California is  
interpreted t o  have resulted f rom the  f rac t ional  crystal-  
lization under hydrous conditions in t h e  upper mant le  
(Hawkins, 1970). Since all the  Late  Cenozoic volcanism 
shows a close spat ia l  relation t o  faul t  zones, a gene t i c  
relation between faulting, regional dilation and volcanism is 
inferred. 

Along the  San Clemente  faul t  zone a t  t he  foot of an  
escarpment  formed by strike-slip faulting, columns and 
irregular piles of white crystall ine bar i te  (Lonsdale, 1979) a r e  
aligned along structures.  Ba is believed t o  have been 
expelled onto the  seafloor along faults similar t o  those 
controlling the  s i t e  of hydrothermal ac t iv i ty  in t h e  Salton Sea 
geothermal  a rea  (White, 1965) and a t  Punta  Banda 
(Vidal et al., 1978). In t h e  l a t t e r  case,  thermal  springs a t  
t empera tu res  in excess  of 100°C precipi ta te  pyrite and 
gypsum in the  l i t tora l  zone. 

All of these  examples have one f ea tu re  in common, t h e  
fluids a r e  discharged into oxygenated ocean waters  and t h e  
chemis t ry  of e lement  migration and deposition a r e  influenced 
accordingly. Consequently they a r e  not directly analogous t o  
the  Misty Creek Set t ing although cer ta in  aspects  of t he  
chemistry t h a t  r e l a t e  t o  s i tes  of fluid discharge ra ther  than 
t h e  na tu re  of t h e  overlying ocean water  column will be  
applicable. It is  likely t h a t  t h e  Misty Creek Embayment 
contained bottom waters  tha t  were essentially anoxic and 
very likely reducing near points of discharge due t o  t h e  
presence of f r e e  hydrogen sulphide. Not only a r e  t h e  shales  
heavily carbonaceous, indicative of such conditions a t  
sediment-seawater in ter face ,  but also they a r e  commonly 
pyritic. Under these  circumstances i t  is unlikely t h a t  s table  
accumulation of F e  and Mn oxides will be  found. To d a t e  
they have not been recognized. T race  e lements  migrating 
through t h e  seawater  which a r e  trapped and coprecipitated 
by suspensions of t hese  oxides e.g., V, Ni, Co, Zn, Pb, must 
accumulate  in sediments by other  mechanisms in the  absence 
of these  oxides. In the  case  of Pb and Zn, t h e  f i rs t  
requirement is t h a t  they escape t h e  sulphide-enriched zones  
near spring vents. These a r e  likely analogous t o  zones of 
sulphide precipitation in basalts described by Corliss e t  al. 
(1979) in t h e  Galapagos Rif t  system. 

The factors ,  which a r e  considered he re  t o  b e  t h e  most 
important  in determining dispersion and migration pa t t e rns  
for t r a c e  e lements  in t h e  Misty Creek shales, are:  i) t h e  
na tu re  of discharging fluids, probably brines, carrying meta ls ,  
i i ) t h e  interaction between brines and Misty Creek 
Embayment seawater ,  and iii) t h e  involvement of organic 
ma t t e r  both living and dead. 

Organic Factors  

Elements commonly enriched in shales (e.g. Cu, Zn, Ni, 
Hg, As, Sb, U and V) a r e  characterist ically associated with 
organic m a t t e r  t h a t  is presumably derived originally f rom 
living organisms (Vine and Tourtelot,  1970; Swanson, 1961; 
Armands, 1973). Living organisms can accumulate  specific 
e lements  in their  cellular s t ructures  (e.g. C, S, Si, Ba, Ca,  P). 
A number of o the r  elements,  especially metals,  a r e  
considered essential  e lements  (e.g. Mg, Co, Zn, and perhaps 
V). Some of each of these  groups e.g., P and F e  a r e  involved 
in biochemical energy transfer processes within cells or a c t  
as cata lys ts  in enzyme-moderated reactions. O the r  me ta l s  
such a s  Ni, Mo, and U a r e  not considered important  in 
biological processes but because of thei r  strong adsorptive 
and complexation affinit ies towards carbonaceous m a t t e r  a r e  
accumulated in dead and decaying organisms by replacement  
of, for  example,  Mg in chlorophyll. Other  e l emen t s  may b e  

complexed directly by amino acids, lipids and humic acids 
which a r e  degradation products of  organism decay 
(Berner, 1968). The levels of enr ichment  for Nil V, Zn, and 
C o  in brown algae  and marine  animals (Table 17.2a) has been 
studied by Black and Mitchell (1952). In the  case  of brown 
algae,  t he  enr ichment  of these  e l emen t s  commonly exceeds  
thei r  concentration in seawa te r  by more  than th ree  orders  of 
magnitude. The enr ichment  of t hese  e lements  in 
o ther  marine micro-organisms can be even g rea te r  a s  
shown in Table 17.2b (Trudinger and Bubela, 1967; 
Baas-Becking, 1959). 

Micro-organisms may a lso  a f f e c t  dissolution and 
desorption of me ta l s  f rom clays and other  sediment par t ic les  
leading to  an  accumulation of those meta ls  (Trudinger and 
Bubela, 1967). Such processes might be of particular 
importance  where sediments comprise  metal-rich ash  and 
clay, o ther  volcanic debris or  iron oxides of hydrothermal 
origin. Micro-organisms in teract ing in these  ways with 
sediment-bound metal  gene ra t e  sulphide minerals a s  products 
of reaction (Devigne, 1977). 

In addition t o  d i rec t ly  accumulat ing meta ls  in living 
organisms, organic m a t t e r  may play an  indirect role in t h e  
mobilization and fixation of cer ta in  meta ls  dissolved in pore 
waters  and trapped in t h e  sedimentary  sequence. The 
decaying organisms not only provide an  excel lent  nutr ient  
source  for  sulphate-reducing bac te r i a  bu t  also gene ra t e  
anoxic and even reducing conditions. Most chalcophile 
e lements  t h a t  form insoluble sulphides (e.g., Cu, Pb, Zn, As, 
Hg, Ag) would be precipitated a s  sulphides while o ther  
e lements  t h a t  form insoluble oxides in t h e  reduced s t a t e  
(e.g. UO*) would b e  fixed in t h e  sedimentary  sequence. An 
important  byproduct of decaying organisms is C 0 2  and it is 
of ten  ignored in t e rms  of t h e  role i t  plays in adjusting pore 
water  pH and in the  formation of ca l c i t e  during diagenesis 
(Berner, 1968). The common association of ca lc i te ,  
especially in nodular and concretionary forms, with organic- 
rich shales is  most likely due  t o  this process. 

The sediments of t he  Misty Creek paleobasin have been 
shown t o  be enriched in a number of t hese  e lements  whose 
dispersion behaviour is  strongly a f f ec t ed  by t h e  presence of 
organic mater ia ls  and especially by wa te r  soluble organic 
acids. In p+a:ticular, Ni, V (as  VO"), Cu, Hg, Zn, As, Mo, Pb, 
U (as  UOz ) form stable,  soluble humates  and fulvates 
(Jackson e t  al., 1978). Those which a r e  not  immediately 
precipitated a s  sulphides near  spring discharge a reas  a r e  
rapidly sequestered by dissolved humic-acids and will remain 
in t h e  water  column until these  complexes,  sols and colloids 
a r e  precipitated in to  organic rich shales. I t  is suggested t h a t  
broad dispersions of Ni, V, and Zn observed in t h e  Misty 
Creek shales formed in th is  way but  were  originally derived 
f rom the  spring discharge areas.  

'The potential  impac t  of colloidal processes in anoxic, 
reducing waters  should-not be  ignored. Not only can  me ta l  
ions or hydroxyions undergo complexation by dissolved and 
colloidal-size organic acids but  molecular species such a s  
me ta l  sulphides can also be  stabil ized in colloidal "solution". 
Horzempa and Helz (1979) investigated the  solution 
conditions under which a sol of CUS (covelli te) could be 
stabil ized in solutions of s eawa te r  composition. I t  was  
observed t h a t  simple sols of CuS were  qyt protected f+rom 
coagulation by divalent ions such a s  C a  or  even Na a t  
conditions typical of seawater  and t h a t  i t  was necessary t o  
protect  these  sols s ter ica l ly  with s t ab le  sheaths  of humic 
acids  for  t hem t o  survive. Similarly, format ion of humic- 
protected colloids of c lays  can  s tabi l ize  them from coagula- 
t ion and precipitation (Narkis and Rebhin, 1975) and t h e  
format ion of SiOn-organic adducts described by Fotiyev 
(1971) may also be  a t t r ibu ted  t o  these  processes. The humic 
acid concentra t ions  (5  mg-C/L) used in these  exper iments  
with CuS sols a r e  qu i t e  reasonable for  normal seawater .  



If the  same  stabilization processes can be shown to  apply t o  
sols of say ZnS, PbS, FeS then i t  can b e  argued t h a t  this is a 
potentially important  process for  dispersing low concentra- 
t ions of these  meta ls  through a sulphidic, anoxic 
environment. In basins starved of suspended particulates of 
clays, o the r  meta l  oxides, which might a c t  a s  adsorbers or 
counter-colloids (opposite surface  charge), t hese  protected 
colloids might remain in t h e  wa te r  column for  considerable 
periods of t ime  before coagulation. Other colloids likely to  
be  important in s tarved basins include sil ica and perhaps 
aluminosilica. In Misty Creek i t  is argued with some  
supporting l i tera ture  evidence (Maksimova, 1978) t h a t  si l ica 
now present a s  cher t  was largely derived from the  s a m e  
spring vents t h a t  debouched base metals. Moreover colloidal 
or amorphous sil ica accumulations a r e  commonly enriched in 
residual organic ma t t e r ,  perhaps an indication of in teract ions  
between colloidal silica and colloidal humic acids. Any t r a c e  
ions with a s t rong affinity for humic acids, e.g., ~ i " ,  UO:', 
MO"' and VO++ may also col lec t  in resultinn carbonaceous 
cherts.  The distribGtion of Ni and V in ~ i s 6  Creek shales 
may be  influenced in this way. 

Inorganic Fac to r s  

Barite has been identified by Ceci le  (1978) t o  occur a t  
t h r e e  s t ra t igraphic  levels within t h e  Road River Formation in 
t h e  Misty Creek Embayment. The mineral hosting Ba 
enriched in the  shales in units R R c  and RRs has not been 
identified although the  high correlation of Ba and S (r=0.96) 
in these  rocks suggests t h a t  i t  is  barite.  This is  not 

unexpected considering t h a t  ba r i t e  i s  t h e  only significant 
Ba-phase in East Paci f ic  Rise sediments  (Bostrom e t  al., 
1973). The barium occurs  the re  a s  smal l  (1-3 y m)  crys ta ls  
dispersed throughout t h e  pelagic sediments  (Church, 1970). 

The mechanisms governing the  migration of Ba away 
f rom t h e  a reas  of fluid discharge have been studied in 
sediments along t h e  East Paci f ic  Rise. Brongersma-Sanders 
(1966) argued t h a t  Ba-carrying dia toms dispersed away f rom 
the  r i f t  zone along current  directions and deposited the  Ba in 
pelagic sediments.  The siliceous dia toms may be destroyed 
easily which would explain t h e  poor corre la t ion between Ba 
and t h e  host organisms. However, Bostrom et al. (1973) 
argued t h a t  some correlation between to t a l  mass of d ia toms 
and Ba should exist  although t h e  to t a l  count of siliceous 
remnants  of organisms revealed no such correlation. As an 
a l t e rna te  explanation, t h e  Ba derived f rom t h e  the rma l  
springs in teracted with oxygenated seawa te r  and precipitated 
ba r i t e  directly on t h e  seafloor.  

The occurrence  of bar i te  at various s t ra t igraphic  
intervals in t h e  Misty Creek basin indicates t h a t  a t  leas t  pa r t  
of t he  basinal environment above t h e  seawater-sediment 
in ter face  was oxygenated. The presence and s i ze  of vesicles 
in basalts t h a t  a r e  s i tuated a t  t h e  base  of unit  R R c  suggest 
t h a t  they have been deposited in less than  500 m of wa te r  
(Moore, 1965). I t  should be pointed out ,  however, t h a t  
severa l  f ac to r s  o ther  than  t h e  wa te r  depth  will a f f e c t  t h e  
s i ze  of vesicles. These  include vapour pressures of dissolved 
gases and t h e  composition and t empera tu re  of t h e  magma. 
Assuming t h a t  t he  500 m water  depth  is a reasonable 

Table 17.2a 

Concentration of t r a c e  e l emen t s  in mar ine  organisms 

Table 17.2b 

Concentration of e l emen t s  f rom seawater  by micro-organisms 

Element 

N i 
V 
Zn 
C o  

Enrichment f ac to r  f rom brown 
algae  (fresh weight) 

Black and Noddack and 
Mitchell (1952) Noddack (1939) 

200-1000 1600-8000 
10-300 > 160-5000 

400-1 400 400-1400 
( ~ 4 5 0 0 )  (13 000)  

Concentration Fac to r  
Element (af ter  Baas-Becking, 1959) 

Na 
CI 10-2 
Mg 0 to  
C a  10 t o  lo2  
S 10 
K 0 to  l o 2  
c 10 t o  104 
Br 10-' t o  0 
B 10-' t o  lo2 
Sr lo-2  t o  l o 2  
Al 0 to l o 3  
F 10 to 103 
N 10' to lo6  

Enrichment fac tor  for mar ine  
animals  (dry weight) 

Black and Noddack and 
Mitchell (1952) Noddack (1939) 

5000 41 000 
17 000 >280 000 
32 500 32 000 
>7000 21 000 

Concentra t ion Fac to r  
Element ( a f t e r  Baas-Becking, 1959) 

Si l o 3  to loS 
P 104 t o  l o 6  
Li 10-I 
Ba 0 t o  l o 2  
Zn l o 3  to 10' 
M n l o 3  to lo4  
cu l o 3  to 100 
F e  l o 4  t o  lo6  
Ni lo3  to,106 
Se  10 t o  l o 5  
V l o 3  t o  10' 
Ag 4 0 4  t o  105 
C o  l o5  to lo6 



es t ima te ,  a brine solution containing 5 weight per cen t  NaCl 
would boil a t  temperatures  in excess of about 250°C (Haas, 
1971). Since fluids associated with volcanic events  have 
t empera tu res  generally in excess  of 300°C (White, 1965; 
Corliss et al., 1979) i t  is expected t h a t  volcanic fluids 
expelled in to  t h e  Misty Creek Embayment would boil is  a 
manner similar t o  Type I11 ore-forming solutions described by 
Sato  (1972). Rapid boiling would promote mixing and 
oxidation of reduced sulphur species, cooling of t h e  fluid and 
t h e  dispersion and dilution of o the r  e l emen t s  in to  t h e  
seawater .  Elements such a s  Ba t h a t  form very insoluble 
sulphates would be precipitated and form pa r t  of t h e  
sedimentary sequence under oxygenated conditions. If anoxic 
conditions prevailed a t  t h a t  t ime  in t h e  Misty Creek 
Embayment,  whether or not ba r i t e  would precipi ta te  is 
dependent on the  ac t iv i t ies  of ~ a + +  and SO;. 

Fac to r s  influencing t h e  Sr content  of ba r i t e  include 
temperature ,  the  content  of chloride, and the  relative 
ac t iv i t ies  of o ther  anions in solution e.g., carbonate.  The 
solubilities of bar i te  and celes t i te  in H 2 0  and H20-NaCI 
solutions between 20 and 350°C (Fig. 17.1) have been 
determined experimentally by Scherp and Strubel (1974). 
With increasing temperature ,  bar i te  becomes slightly more  
soluble and celes t i te  becomes considerably less soluble. Both 
celes t i te  and bar i te  a r e  more  soluble in NaCl solutions. At 
about  350°C in a 2N NaCl solution, t he  solubility curves for 
ce l e s t i t e  and bar i te  m e e t  whereas a t  25"C, ce l e s t i t e  is  about  
40 t imes  more soluble than barite.  As a result ,  bar i te  
crystall izing under low temperatures  can be  expected t o  
incorporate very l i t t le  Sr into i ts  la t t ice .  The low Sr content  
(0.08 weight per cen t )  of bar i te  from unit RRs in t h e  Misty 
Creek Embayment indicates t h a t  t h e  conditions of format ion 
were  low temperature ,  character is t ic  of t h e  conditions 
expected dis tant  f rom t h e  immediate  a r e a  of discharge of 
thermal  fluids. 

The behaviour of Ba and Sr which can e scape  f rom 
hydrogen sulphide bearing waters  t o  form bedded ba r i t e  some  
dis tance  f rom source vents is qui te  d i f ferent  f rom Zn and 
f rom P b  in particular. Elements such a s  Pb which is an  
important  consti tuent of t h e  Red Sea metall iferous sediments 
and older sediment-hosted stratabound sulphide deposits a r e  
relatively immobile in the  oxygenated waters  surrounding the  
brine pools. Lead is also very low in t h e  Misty Creek shales 
whereas  e lements  such a s  Zn, Cu, Ni, V, As, Hg, Sb, and Cd  
a r e  anomalously high (Goodfellow et al., 1980). The fraction- 
ation of Pb and Zn in marine sediments is shown by a ternary  
Cu-Pb-Zn plot (Fig. 17.2) for shales from t h e  Misty Creek 
Embayment and shales and sil tstones interbedded with t h e  
Tom ~ b - Z n - ~ a  occurrence  (Carne, 1979) which is s i tuated 
125 km south in t h e  Selwyn Basin of t h e  Yukon Territory.  
The shales f rom t h e  Misty Creek Ernbayment have Pb:Zn 
ratios comparable to  shales described elsewhere (Fig. 17.2) 
whereas shales and sil tstones from the  Tom occurrence  have 
much higher Pb:Zn ratios. Although t h e  mineral(s) hosting 
t h e  smal l  quant i t ies  of P b  in sediments  interbedded with t h e  
Tom Zn-Pb-Ba occurrence  has not been identified,  t h e  Pb is 
most likely present a s  a sulphide or sulphate. 

The separation of Zn from Pb in marine sediments 
surrounding points of fluid discharge may re f l ec t  t h e  abili ty 
of ce r t a in  marine organisms t o  accumulate  and disperse Zn 
re la t ive  t o  Pb. However t h e r e  a r e  a number of o ther  f ac to r s  
t o  consider. The movement of Pb is more  res t r ic ted  by 
decreasing seawater  acidity conditions than Zn whose simple 
cation has considerable amphoter ic  character .  Lead forms a 
number of sparingly soluble salts,  e.g., chloride, sulphate and 
relatively insoluble salts,  e.g., sulphide and carbonate  and a s  
a result  is readily coprecipitated in to  ca rbona te  rich 
sediments. Hydrolyzed Pb ions a r e  also subject t o  s t rong 
adsorption by Mn-Fe crus ts  or colloids. Thus t h e  movement 
of Pb in normal oxic seawater  is limited by essentially 

inorganic factors.  On the  other  hand equivalent Zn salts a r e  
more  soluble and solution s table  under these  conditions. This 
is evident in tables  of normal seawa te r  abundance when Zn 
concentration exceeds  Pb by t w o  orders  of magnitude 
(Table 17.1 ). 

Under anoxic conditions and especially in t h e  presence 
of hydrogen sulphide, conditions presumed t o  b e  more  
character is t ic  of t h e  depositional s e t t i ng  of t h e  Misty Creek 
paleobasin, P b  is very  res t r ic ted  compared with Zn although 
both form insoluble sulphides. It is usual for  Pb t o  
precipi ta te  from acid waters  a s  a sulphide before  permitt ing 
Zn t o  sepa ra t e  completely f rom Pb. However in more  
alkaline waters  or when hydrochloric ac id  formed in t h e  
sulphidization of P b  can  be  neutralized by carbonate-rich 
sediments,  a s  a t  Misty Creek, P b  and Zn will tend t o  
precipi ta te  together.  I t  is predic table  t h a t  in the  Misty 
Creek Embayment Pb and Zn may become separa ted by 
purely inorganic mechanisms with Pb remaining near t o  t h e  
discharging springs. Another important  consideration deals  
with t h e  possible influence of organic m a t t e r  both dissolved 
and particulate.  Bivalent P b  is generally considered t o  form 
stronger complexes with humic acids, solid and dissolved 
(Jackson e t  al., 19781, than bivalent Zn, but t h e  Pb complexes 
formed show a much g rea te r  tendency t o  f loccula te  and 
precipitate.  In th is  way t h e  residence t i m e  of P b  in seawa te r  
is reduced significantly compared with Zn. 

Summary 

Anoxic, sulphidic, organic waters  might b e  expected t o  
prevail in t h e  deeper  pa r t s  of t h e  Misty Creek paleobasin and 
under these  c i rcumstances  all f ac to r s  described simplistically 
above would be  expected t o  favour Zn dispersion over Pb. As 
a result  Pb may be res t r ic ted  t o  the  a r e a  of fluid discharges 
whereas o ther  e lements  with a d i f ferent  chemis t ry  (e.g., Cd, 
Ni, Hg, As, Sb, V) can be  dispersed f rom t h e  c o n d u i t  t o  b e  
incorporated into organic-rich sediments  some  dis tance  away 
depending on deposit ional conditions noted above. However 
t h e  formation of ce r t a in  very  insoluble sulphosalts perhaps by 
di rect  reaction with complex sulphur ions may cause  
retention near the  vent  of another  group of e lements ,  viz., 
Cu, Ag, As, Sb and Hg. These  conditions would also have a 
fur ther  res t r ic t ive  e f f e c t  on P b  dispersion. It should not  be  
surprising t h a t  Zn, Ni and V in particular a r e  most commonly 
enriched in sulphidic carbonaceous shales t h a t  a r e  distributed 
over large  a reas  such a s  the  Misty Creek Ernbayment whereas 
t h e  distribution of o the r s  discussed he re  a r e  comparat ively  
more localized. 
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Figure 17.1. Solubilities of ba r i t e  and ce l e s t i t e  in H z 0  and 
H20-NaCl solutions between 20" and  350°C t empera tu re  
(af ter  Scherp and  Strubel,  1974). 
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Figure 17.2. Ternary Cu-Zn-Pb plot for  shales  and argil laceous carbonates  f rom t h e  Misty Creek  
Embayment,  shales and sil tstones interbedded with t h e  Tom Pb-Zn-Ba deposit  and average shales  
described elsewhere. 

Conclusions On t h e  other  hand, in teract ion of colloidal silica with 

The base me ta l  e lements ,  viz., Zn, Pb, Hg, As, Cd and 
Sb, which a r e  found t o  be enriched in carbonaceous shales of 
t he  Misty Creek Embayment,  Selwyn Basin, a r e  considered to  
have originated in thermal  fluids which have been vented 
onto the  seafloor. The t iming of fluid discharges likely 
coincides with periods of volcanic ac t iv i ty  recorded in 
sedimentary units RRs and RRc. The same  thermal  events  
also gave  rise to  discharges of Ba, Si02,  H2S and perhaps 
C o n .  I t  may also be  argued t h a t  P,  Ni, V, Mo originate with 
these  s a m e  springs and indirectly f rom t h e  volcanic rocks 
themselves. The mechanisms of dispersion of these  e lements  
a r e  considered t o  be primarily inorganic in chemical  
cha rac te r  for Ba, Zn, Pb, Cd, S O 2 ,  Hg and As with hydrogen 
sulphide in t h e  deeper bottom wa te r s  of t h e  paleobasin 
exer t ing a strong control over the  mobility of t he  base meta ls  
in particular.  The re la t ive  mobilities of Pb and Zn a r e  
influenced by t h e  presence of sulphide, presence of COr  and 
therefore  by t h e  pH of the  waters.  Soluble organic 
complexors or organic colloids may have some added 
influence on restricting t h e  dispersion of P b  ou t  of a 
reducing, anoxic seawater  while promoting t h e  escape of Zn. 

colloidal organic m a t t e r  may account  for t h e  close 
association of these  substances  in ce r t a in  cher ty  sediments.  
I t  might be  ant ic ipated t h a t  e l emen t s  which have a much 
stronger affinity for  organic compounds and colloids would be  
associated ult imately with these  s a m e  sediments.  This 
appears  t o  b e  t h e  case  for  V, Ni and Mo and t o  a lesser ex ten t  
for  Zn. Since t h e  distributions of a l l  t hese  e lements  depend 
ult imately on re la t ive  in teract ions  between meta l ,  organic 
moieties,  carbonate ,  chloride and sulphide ions i t  is  
in teres t ing t o  observe t h a t  e lements  which a r e  not readily 
precipitated at low concentra t ions  a s  sulphides in anoxic 
waters  a r e  those t h a t  form t h e  strongest a t t achmen t s  with 
carbonaceous mat ter .  P may a c t  a s  a final f ixer of some  of 
these  (V, Mo) in organic-rich sediments.  

'The geochemical behaviour of e lements  t h a t  a r e  
commonly associated with or const i tu te  shale- and cher t -  
hosted s t ra t i form base  me ta l  deposits (i.e., Pb, Zn, Cu, As, 
Hg, Sb, Cd) is important  in t h e  in terpre ta t ion of distribution 
of these  meta ls  in carbonaceous shales and t o  t h e  application 
of these  d a t a  to  mineral exploration s t ra tegy.  Because of t h e  



l imi ted  mobil i ty of P b  a w a y  f r o m  a r e a s  of f luid d i scharge ,  
e i t h e r  in ox ic  or  anoxic  w a t e r s ,  i t  m a y  b e  used t o  success fu l ly  
i d e n t i f y  t h e s e  points  of d i s c h a r g e  and  t h e r e b y  f a c i l i t a t e  
explora t ion  for  s t r a t a b o u n d  deposits .  O t h e r  t r a c e  e l e m e n t s  
found t o  b e  enr iched  in t h e  Misty C r e e k  E m b a y m e n t  
s e d i m e n t s ,  e.g., As, Sb and  Ba, may p r o v e  s imi la r ly  useful. 
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Abstract 

Preliminary studies comparing a 19 x 76 mm bismuth germanate scintillation detector 
(B i4Ge30 i2 ,  commonly called BGO) to thallium activated sodium iodide (Nal(T1)) and sodium 
activated cesium iodide (Csl(Na)) detectors of the same size have been completed. The potential 
advantage o f  BGO in gamma ray spectrometry is due t o  its high density (7.13 g/cm3),  which is almost 
twice that of the most commonly used detector material, NaNTl) (3.67 g/cm3).  The increased 
stopping power for high energy gamma rays of the high density BGO is evident in both the gamma ray 
logs and gamma ray spectra recorded in the model boreholes at the Geological Survey's calibration 
facility at Bells Corners, Ontario. The calibration factors (stripping factors and proportionality 
constants) for the three types of detectors are tabulated and compared both for the standard set of 
energy windows commonly used in portable spectrometers and for a set of wider energy windows 
which offer improved accuracy under some circumstances. The relative performance of the three 
detectors for determining uranium concentrations (using both sets of windows) was computed and 
tabulated for a range in U/Th concentration ratios from 10:l to  1 : l O .  A reduction of more than 50% 
in statistical errors in uranium determinations was found in comparing the BGO detector to  NaMTl). 
Csl o f fers  a more modest improvement of about 10%. In hardrock mining applications where the 
borehole diameter imposes a severe detector size restriction, the BGO detector appears t o  o f f e r  
considerable advantages for uranium exploraton and evaluation. 

Introduction 

A problem t h a t  is  well known in gamma ray 
spect rometry  for geophysical exploration is t he  low gamma 
ray count r a t e  measured in the  high energy windows utilized 
for  thorium (2.62 MeV) and uranium (1.76 MeV) determina-  
tions, leading t o  large s ta t i s t ica l  uncer ta in t ies  in computed 
radioelement concentrations.  Two approaches t o  solving this 
problem a r e  t o  increase  t h e  counting t i m e  in any given 
location, or  increase the  de tec to r  volume. In gamma ray 
spect ra l  logging t h e  counting t ime  depends on the  logging 
speed, and extremely slow logging speeds a r e  economically 
unattractive.  The de tec to r  size, on the  other  hand, is l imited 
by t h e  diameter  of t h e  borehole. In hardrock mining and 
exploration, boreholes with d iameters  of 60 mm o r  less a r e  
common; of ten  t h e  logging must be done inside casing or  drill 
rod, which fur ther  decreases  t h e  available space. Commonly 
a scintillation de tec to r  of d iameter  on t h e  order  of 19 mm 
must be  used for gamma ray spect ra l  logging, and these  small  
de t ec to r s  a r e  ext remely inefficient a t  high g a m m a  ray 
energies (see  Killeen and Bristow, 1976). Grea te r  efficiency 
may be  obtained with a de tec to r  which has  higher density 
and/or a tomic  number (2). Tests  over t h e  pas t  f ew years 
with sodium ac t iva ted  cesium iodide de tec to r s  (CsI(Na)) 
which have a density of 4.51 g/cm3 have shown a significant 
improvement over  thallium act ivated sodium iodide (NaI(TI)), 
(density 3.67 ,g/cm3) in counting s ta t i s t ics  for  t h e  high energy 
windows. In addition CsI(Na) de tec to r s  a r e  more  resistant t o  
both thermal  and mechanical shock than NaI(T1). Another 
scinti l lating material ,  bismuth ge rmana te  (B i4GE3012 ,  com- 
monly called BGO), has  recently become available in 
sufficiently large  s izes  t o  b e  used for  borehole logging. With 
a density of 7.13 ,g/cm3 i t  would seem t o  have considerable 
promise for borehole applications. 

Table 18.1 shows some  of t h e  physical properties of t h e  
three  scintillating mater ia ls  considered in this study. The 
gamma-scintillation efficiency is  a measure  of t h e  l ight 
output of the  scinti l lating crystal .  CsI(Na) has  a light output  

nearly 8 5  per  c e n t  of NaI(T1). However t h e  l ight output  of 
BGO is only 8 per c e n t  t h a t  of NaI(T1) and hence the  energy 
resolution will b e  poorer. BGO, like CsI(Na), is  a rugged 
scinti l lating mater ia l ;  in addition BGO is not  hygroscopic, 
unlike the  o the r  two de tec to r  materials.  The energy resolu- 
t ion measurements  (based on a ' 3 7 C s  source) for  t h e  t h r e e  
19 x 76 mrn de tec to r s  used in this s tudy a r e  a lso  given in 
Table 18.1. BGO de tec to r s  with b e t t e r  energy resolution 
than t h e  one used in this s tudy a r e  possible a s  indicated by 
t h e  work of Nestor and Huang (1975). 

The decay constant,  also given in Table 18.1, is  
comparable for  all  t h ree  de tec to r  materials.  Note t h a t  
thallium act ivated cesium iodide CsI(T1) (not considered 
here) has  d i f ferent  proper t ies  f rom CsI(Na) including a longer 
decay constant  and lower l ight output.  A long decay constant  
will impose an  upper l imit  on the  count  r a t e  t o  which the  
de tec to r  may respond. When a g a m m a  ray causes  a scintilla- 
tion in t h e  de tec to r  before  t h e  previous scinti l lation has  
decayed, t h e  two events  cannot  be distinguished. 

Experimental Apparatus  

A ser ies  of exper imenta l  measurements  were  made with 
each  of the  th ree  19 x 76 mm scinti l lation detectors ,  NaI(TI), 
CsI(Na), and BGO. The NaI(T1) de tec to r  was considered the  
s tandard fo r  comparison. The GSC DIGI-PROBE logging 
sys tem was used for  all  t he  measurements.  This 
minicomputer-based, truck-mounted logging sys tem has  been 
developed fo r  such R and D work by t h e  Geological Survey, 
and is described briefly by Killeen et al. (19781, and in 
g rea te r  de t a i l  by Bristow (1980). The logging sys tem is built 
around a 16-bit minicomputer opera ted interactively via a 
keyboard with a C R T  display having alphanumeric and 
graphic capabilities. The sys tem c a n  record 256 or 
1024 channels of gamma-ray spect ra l  logging d a t a  on 9-track 
t ape  a s  of ten  a s  every  0.25 s. For t h e  purpose of this 
investigation, 256 channel (12 keV per  channel) gamma ray 
spect ra  were  recorded. 



Table 18.1 Table 18.2 

P r o ~ e r t i e s  of t he  three  detector  mater ia ls  compared 
in this paper, a s  specified by t h e  supplier, 

Harshaw Chemical Co. 

The energy resolution of t h e  de tec to r s  was measured by t h e  
authors  with a small  1 3 ? c s  source  alongside t h e  detector .  

Material  
- - 

NaI(T1) 

CsI( Na) 

Bi4Ge3012 

All measurements were  made by interchanging 
de tec to r s  in t h e  s a m e  borehole probe. In this way no 
pa ramete r s  except  those due t o  t h e  de tec to r  and i t s  integral-  
mount photomultiplier tube  changed during t h e  comparison 
tests.  

Calibration checks  were  made before  and a f t e r  each  
measurement  t o  minimize the  potential  problem of gain 
shifts. Because of t he  versati l i ty made possible by full 
spect ra l  recording i t  is  possible t o  reproduce g a m m a  ray 
spect ra l  logs using energy windows of any desired widths or  
positions in the  gamma ray energy spectrum. Comparisons 
were  therefore  made with two s e t s  of energy windows as  
shown in Table 18.2. The 'standard' windows represent  those  
commonly used in portable and airborne gamma ray 
spectrometers.  The 'wide' uranium window has t h e  advantage 
of including the  2.24 MeV gamma ray peak f rom the  uranium 
decay series, but t he  disadvantage of an  increased sca t t e red  
thorium component in t h e  uranium window. This requires a 
larger  stripping f ac to r  a (see  Conaway and Killeen, 1980; 
Killeen, 1979) t o  remove the  thorium component f rom t h e  
uranium window. The wide thorium window is useful when 
working with BGO because of t h e  poorer energy resolution of 
this material .  

Decay 
Constant  

( 1.r S) 

-23 

.63 

.30 

Experiments in Model Boreholes 

All measurements were  made with t h e  above described 
logging system in the  model boreholes a t  t h e  Geological 
Survey's calibration facil i t ies a t  Bells Corners, near Ot tawa.  
These model boreholes consist  of a s e t  of nine conc re t e  
columns 3.9 m in height, each with a simulated o r e  zone 
1.5 m thick sandwiched between upper and lower barren 
zones. Each t e s t  column contains th ree  boreholes of 
d iameters  48 mm (s ize  A) 60 mm (s ize  €3) and 75 mm (s ize  N) 
in tersect ing t h e  o r e  zones. Three  of t h e  t e s t  columns contain 
'ore1 zones of d i f ferent  concentrations for potassium, th ree  
for thorium and th ree  for uranium. These a r e  described in 
more  deta i l  by Killeen (1978); Killeen and Conaway (1978) 
and Killeen (1979). 

Density 
(g/cm3) 

3.67 

4.51 

7 . 1 3  

Gamma ray spect ra l  logs were  run in the  high grade U, 
Th, and K model holes using each of the  th ree  detectors ;  also 
a 5 minute gamma ray spect rum was accumulated and 
recorded with each  de tec to r  with t h e  logging probe 
stationary in the  c e n t r e  of t he  'ore1 zones. All t e s t s  were  
performed in the  B-size holes, water  filled. From these  data ,  
a l l  of t h e  required calibration f rac tors  for  a gamma ray 
spect ra l  logging probe were  derived ( see  Conaway and 
Killeen, 1980) for t he  th ree  detectors  for each of t h e  two  
s e t s  of energy windows shown in Table 18.2. The results a r e  
given in Table 18.3. The meaning of each of these  f ac to r s  
has  been discussed by Conaway and Killeen (1980) and is  
summarized below. 

- 

100 

8 5  

8 

Window energy limits (keV) used t o  determine t h e  
calibration f ac to r s  in this paper  

Rela t ive  y 
Scintillation 
Conversion 
Efficiency (%) 

Side-On 
Energy 
Resolution 

(%) 

Stripping Factors  

a = r a t io  of Th gamma rays in U window t o  Th gamma rays  
in Th window 

B = ra t io  of Th gamma rays in K window t o  Th gamma rays  
in Th window 

Window 

Standard 

Wide 

y = ra t io  of U gamma rays in K window t o  U gamma rays in 
U window 

U 

1660-1860 

1610-2300 

a = r a t io  of U g a m m a  rays in Th window t o  U g a m m a  rays  
in U window 

Th 

24 10-2810 

2400-3000 

T C  

400-3000 

400-3000 

b = ra t io  of U gamma rays in Th window t o  K gamma rays 
in K window 

K 

1360-1560 

1360-1560 

g = r a t io  of K g a m m a  rays in U window t o  K gamma rays in 
K window 

Total  Count Window Proportionality Constants  
(CPS = counts/second) 

KK = % I</CPS in to t a l  count  window 
- - 

KU 
= ppm U/CPS in to t a l  count  window 

K.rh = ppm Th/CPS in to t a l  count window 

K, U, and Th Window Proportionality Constants  

C K  = % K/CPS in K window 
~. 

C U  = ppm U/CPS in U window 

CTh = ppm Th/CPS in Th window 

Note tha t  t h e  f ac to r  KU is equivalent t o  t h e  so-called 
'K-factor '  commonly used In gross count  g a m m a  ray logging 
where  a l l  t h e  g a m m a  rays  a r e  assumed t o  or ig inate  f rom t h e  
radioactive decay se r i e s  of uranium. 

These K-factors and C-factcrs  a r e  used a s  t h e  constant  
of proportionality K in t h e  equation (Scot t  et al., 1961): 

- 
GT = KA (1) 

depending on which radioelement is causing the  anoma_ly, and 
which spect ra l  window is being used. In equation ( I ) ,  G is t he  
average g rade  over  a zone of thickness T. A is t h e  a r e a  
under t h e  corresponding anomaly on t h e  g a m m a  ray log. In 
t h e  c e n t r e  of a uniform o r e  zone of ef fect ively  infinite 
thickness, equation ( I )  reduces t o  

where  I is  t h e  measured gamma ray intensity. 

The CsI(Na) de tec to r  used in these  s tudies  was  
implanted with an  *"Am stabilization source  emit t ing alpha 
par t ic les  exhibiting g a m m a  equivalent energies  on t h e  order  
of 4 MeV. A small  f rac t ion of these  alpha par t ic les  exhibited 
gamma-equivalent energies in t h e  0.4-3 MeV energy range of 
in t e re s t  in these  studies. This 'background1 count  r a t e  was  
qui te  low compared t o  t h e  observed intensit ies in t h e  U and 
Th model o re  zones, and those d a t a  were  easily corrected.  In 
the  case  of potassium, however, t he  background was on the  
s a m e  order  a s  t h e  count  r a t e  in t h e  potassium model, and 
hence values of t h e  calibration f ac to r s  determined in t h a t  
borehole a r e  not  listed in Table 18.3 for CsI(Na). 



Table 18.3 Table 18.4 

Calibration fac tors  obtained for 3 d i f ferent  
de t ec to r  materials,  each de tec to r  having 

dimensions 19 x 76 mm. 

From Table 18.3 i t  i s  easy t o  s e e  t h a t  t h e  BCO de tec to r  
has  much lower stripping f ac to r s  (a, B, y) than Nal(TI), and 
t h a t  t h e  values for  CsI(Na) a r e  in termedia te .  The reason fo r  
t h e  dec rease  in stripping factors  is t he  higher detect ion 
efficiency of CsI(Na) and especially BCO a t  t h e  high 
energies. This is  evident in t h e  comparison of gamma ray 
spec t r a  shown in Figure 18.1. These spec t r a  were  recorded 
a s  5 minute stationary measurements  with each  of t h e  t h r e e  
de tec to r s  in the  c e n t r e  of t he  350 ppm thorium 'ore zone' of 
t h e  model holes. The spec t r a  shown in Figure 18.1 a r e  linear 
plots with t h e  s a m e  ver t ica l  count- ra te  scale;  no te  tha t  these  
plots a r e  in CPS/channel. The high energy peak at 2.615 MeV 
from 208T1  in t h e  thorium decay ser ies  is  much larger in t h e  
spect rum observed with BGO than in the  spect rum observed 
with NaI(TI), and even the  CsI(Na) shows an improvement 
over  Nal(T1). 

Windows + 

Detector+ 
Material  

$ Calibration 
Fac to r  

a 

f.3 

Y 

a 

b 

g 

K~ 

Ku  
K ~ h  

C~ 

Cu 

Figure 18.2 shows t h e  spec t r a  recorded with t h e  t h r e e  
di f ferent  de t ec to r s  positioned in t h e  c e n t r e  of t h e  950 ppm 
uranium ore  zone in the  high grade uranium t e s t  column. The 
1.76 MeV peak from 2 1 4 ~ i  which is generally used for  
uranium determinat ions  i s  obviously great ly  enhanced by t h e  
BCO detector ,  and t o  a lesser e x t e n t  by t h e  Csl(Na). This 
improvement in count  r a t e  in t h e  uranium window is  even 
more  apparent  in t h e  th ree  uranium logs shown in 
Figure 18.3. These th ree  logs through t h e  950 ppm uranium 
model o r e  zone  represent  t h e  deadt ime co r rec t ed  gamma ray 
count  r a t e  in t h e  uranium channel using 'standard' energy 
windows (see  Table 18.2). The uranium log obtained with t h e  
CsI(Na) de tec to r  shows about  a 25 per c e n t  increase  in count  
r a t e  over NaI(T1) and t h e  BGO de tec to r  shows a count r a t e  
increase  by a factor  of about  4 over NaI(T1). Since the re  is  
no appreciable thorium in this o r e  zone t h e  re la t ive  count  
r a t e s  shown in Figure 18.3 a r e  t r u e  indications of t h e  higher 
efficiency of the  BGO de tec to r  a t  high energies. 

Computed performance of the  th ree  19 x 76 mm de tec to r s  
fo r  determining uranium concentra t ions  in 

a mixed U-Th environment. 

t he  CsI de tec to r  because of background problems, a s  described 
in text .  

Horizontal  dashes indicate instances where  t h e  wide 

Standard 

NaI CsI BCO 

1.5 1.2 0.65 

2 .1  1.6 0 .92 

1 .8  1.6 1 .2  

0.04 0 .05 0.07 

0.05 * 0.02 

0 .03 - 0.04 

0.39 * 0.16 

0.91 0.80 0 .33  

1 .9  1 . 6  0.81 

4.7 Y 1 . 2  

39 31 10.5 

128 73 25 

Wide 

NaI CsI BGO 

5.0 3.7 1 .9  

2.0 1.5 0.85 

1 .0  0 .87  0 .65  

0 .02 0.03 0.04 

0.05 * 0 .03  

0.12 * 0 . 1 3  
- - 
- - - 

- - - 

22 17 5.6 

122 70 23 

The comparison can be  put in more  quant i ta t ive  t e r m s  
if t h e  C-factors in Table 18.3 a r e  compared. These figures 
represent  t h e  number of pa r t s  per  million (or  percentage in 
t h e  case  of potassium) required t o  produce one count  per  
second for  e a c h  radioelement  in t h e  appropr ia te  energy 
window. Thus, using t h e  s tandard windows, C U  for  NaI, CsI, 
and BGO de tec to r s  a r e  39, 31 and 10.5 respectively,  which 
indicates  t h a t  BCO is 3.7 t imes  a s  sensit ive t o  uranium a s  
NaI(T1). Even CsI(Na) i s  1.26 t imes  a s  sensit ive a s  NaI(T1). 
The  thorium window proportionality constant  CTh for t h e  
th ree  de tec to r s  shows improvements over  NaI(T1) by a f ac to r  
of 1.75 t imes  and 3.1 t imes  for CsI(Na) and BGO respectively. 
For t h e  wide windows the  improvement f ac to r s  for uranium 
C U  a r e  1.3 and 3.9 fo r  CsI(Na) and BCO, and for  thorium 
C T ~  t h e  improvement f ac to r s  over  NaI(T1) a r e  1.74 and 5.3 
for  CsI(Na) and BGO respectively.  Thus a similar improve- 
ment  is observed for both 'standard'  and 'wide' windows. 

Sta t is t ica l  Errors  in  Uranium Determinat ions  

Wide 
Windows 

NaI CsI BGO 

0.81 0.72 0.39 

0.93 0.83 0.39 

1.06 0.94 0.39 

Concentration 
Rat io  U/Th 

10 

1 . O  

0 .1  

What e f f e c t s  do these  improvements  in count  r a t e  and 
changes in the  stripping f ac to r s  have on t h e  determination of 
uranium concentra t ions  in a mixed U-Th environment? Using 
t h e  calibration f ac to r s  in Table 18.3 and the  s ta t i s t ica l  
analysis described below w e  can arr ive  at some  conclusions 
about  the  degree  of improvement  over  NaI(T1) which i s  
possible with CsI(Na) and BGO detectors .  

Values given a r e  e r ro r  l imits (one s tandard deviation) in 
t h e  uranium computations normalized t o  t h e  NaI standard 
windows for e a c h  radioelement concentration ratio. 
Clearly, t he  smaller t he  re la t ive  er ror ,  t h e  be t t e r  t he  
detector ' s  performance. 

Standard 
Windows 

Nal CsI BGO 

1-00 0.90 0.51 

1.00 0.91 0.47 

1.00 0.93 0.42 

Ignoring t h e  contribution of K, which would b e  
negligibly small  even in a low g rade  uranium o r e  zone, we c a n  
extend equation (2) t o  t h e  c a s e  of a mixed U-Th zone by 
writing the  equations 

where  GU is uranium grade, IU is t he  gamma ray intensity in 
t h e  unstripped uranium window, is thorium grade and GTa  IT^ is  t h e  g a m m a  ray intensity in t e unstripped thorium 
window; a and a a r e  stripping f ac to r s  described earlier.  
Solving equations ( 3 )  and (4) fo r  IU and ITh w e  g e t  
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a. 256 channel gamma ray spectrum (12 keV per channel) 

recorded in 350 ppm thorium model ore zone using a 
19 x 76 mm Nal(T1) detector. 

b. Same as (a) but using a 19 x 76 mm Csl(Na) detector. 
Note that at the high energy end of  the spectrum the 
count rate does not drop to zero as in the Nal(T1) 
spectrum (a). This is due to the implanted 2 4 ' A m  source, 
as explained in text .  

c .  Same as (a) but using a 19 x 76  mm BGO detector. 

Figure 18.1 

Using these  equations i t  is possible t o  compute  t h e  expected 
count r a t e  in a given spect ra l  window for a specified con- 
centra t ion of uranium and thorium. We a r e  concerned he re  
with t h e  s ta t i s t ica l  er rors  in t h e  uranium window count  ra te ,  
a f t e r  stripping. The count r a t e  in t h e  stripped uranium 
window Ius is (ignoring potassium) 

The standard dev ia t ion0  of t h e  s t a t i s t i ca l  noise in the  
stripped U window is (e.g. Chase  and Rabinowitz,  1968): 

K a = (I + "ITh) u (8) 

and thus  t h e  re la t ive  er ror  E in t h e  uranium determinat ion is 

If desired, E may be  multiplied by 100 t o  give percentage 
error.  The re la t ive  e r ro r s  for t he  th ree  de tec to r s  were 
computed f rom equation (9) for t h ree  U/Th ratios,  10:1, 1:1, 
and 1:lO. These results a r e  given in Table 18.4, normalized 
t o  t h e  er ror  for t h e  N ~ I ( T I )  de t ec to r  (standard windows) for 
each U/Th ratio.  

0 0.5 1.0 1.5 210 215 3.0 

E (MeV) 
Figure 18.2. 256 channel spectrum recorded in 950 ppm 
uranium model ore zone using 

a. Nal(T1) detector, 

b. CsI(Na1 detector and 

c .  BCO detector 



Figure 18.3. Plot o f  gamma ray intensity as a function o f  
depth using the standard uranium spectral window and three 
different detector materials, as indicated. 

Several  conclusions can  b e  drawn f rom Table 18.4 for  
t h e  19 x 76 mm de tec to r  size. 

I. The wide windows a r e  b e t t e r  than the  s tandard windows 
for  a l l  3 de tec to r  mater ia ls  for  U/Th ra t ios  of 10:l and 
1:I. For BGO the  wide windows a r e  also b e t t e r  for  t h e  
1:10 U/Th ratios, but this is  not  t rue  for NaI(T1) or  
Csl(Na). 

2. CsI(Na) exhibits a re la t ive  er ror  improved by about 10% 
compared t o  NaI(T1) with t h e  s a m e  window widths. 

3. BGO produces an  improvement in re la t ive  e r ro r  on t h e  
order  of 50  per c e n t  or  more  under all  conditions. 

Conclusion 

Note t h a t  t h e  results obtained in these  t e s t s  a r e  
dependent on probe character is t ics ,  de t ec to r  size,  and bore- 
hole conditions. It may b e  expected t h a t  t h e  observed 
advantages  of BGO will in general  dec rease  with increasing 
de tec to r  size. 
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I t  i s  c l ea r  t h a t  BGO is  t h e  bes t  of t h e  t h r e e  de tec to r  
mater ia ls  tes ted  for  slim hole gamma ray spect ra l  logging. 
BGO's improved ruggedness compared with NaI(T1) is also an  
advantage. A t  present  t h e  pr ice  of BGO is on t h e  order  of 
double t h e  pr ice  of t h e  o the r  de tec to r  materials,  however, 
this pr ice  differential  is  s t i l l  not high enough t o  rule ou t  t he  
use of BGO in spect ra l  logging, considering i t s  g r e a t  
advantages  in slim probes. 
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Abstract 

Field study of the predominantly terrestrial Tertiary Reindeer Formation in the Caribou Hills 
was undertaken to resolve variance in use of the name "Reindeer Formationf1 in the Beaufort- 
Mackenzie basin. Consequently, beds from the lower and upper parts of the formation have been 
reassigned after consideration of the observed lithologic divisions, refinements in stratigraphic 
correlation, and previous nomenclatural usage. The section is now divided into the Paleocene Moose 
Channel Formation ( 6 4  m)  made up of sandstone, pebbly sandstone, and minor dark claystone 
interbeds; the revised Paleocene-Early Eocene Reindeer Formation (657 m)  comprising carbonaceous 
claystone and shale, lignite, and lesser amounts of  sand and pebbly sandstone; an unnamed white-clay 
unit (40 m), tentatively dated Oligocene, composed of silty and sandy kaolinitic claystone with minor 
gravelly sand, carbonaceous clay, and lignitic beds; and the Beaufort(?) Formation (439 m), of 
probable Miocene age, consisting of poorly exposed limonitic gravels or conglomerates and 
sandstones with minor lenses of whitish claystone. 

Significant stratigraphic relationships in the section include: Tertiary overstep of Cretaceous 
rocks; conformity between the Paleocene Moose Channel Formation and the Paleocene-Eocene 
Reindeer Formation; unconformity between the Reindeer Formation and the white-clay unit; and a 
rapid northward thickening of the Reindeer Formation. 

Introduction beds were  assigned t o  t h e  Reindeer Format ion and named the  

The Caribou Hills lie along t h e  eas tern  margin of t he  
Mackenzie Del ta  within the  Beaufort-Mackenzie basin 
(Young et al., 19761, t h e  s i t e  of ac t ive  petroleum exploration 
and geological investigation fo r  more  than two decades. The 
hills offer numerous bu t  poorly exposed outcrops (Fig. 19.1) of 
weakly indurated Ter t iary  shale, claystone, si l tstone, 
sandstone, conglomerate,  and lignite, a s  well a s  Cretaceous  
shale  exposed only a t  t h e  south end of t h e  hills. The sequence 
a t t a ins  importance a s  a standard fo r  subsurface comparison 
and a s  the  s i te  of the  s t r a to type  for  t he  Reindeer Formation 
e rec t ed  by Mountjoy (1967). The importance of these rocks 
coupled with developing inconsistency in use of t h e  t e r m  
"Reindeer Formation" has  precipitated a need fo r  clarifi-  
ca t ion of t h e  litholigic sequence and standardization of t h e  
nomenclature applied. Thus, in August of 1978, a detailed 
geological investigation of the  Caribou Hills was carr ied  out  
a s  pa r t  of t h e  Survey's on-going Mackenzie-Beaufort project.  
The preliminary results of this field study a r e  presented here. 

History of t h e  Use of t h e  Name "Reindeer Formation" 

Mountjoy (1967, p. 10) proposed the  name "Reindeer 
Formation" for  t h e  "non-marine silty shales, si l tstones,  coa r se  
sands, conglomerates  and coalll exposed on the  southwestern 
f a c e  of the  Caribou Hills, designating two sections (3  and 4 of 
his report;  32 and 15 of this paper,  s ee  Fig. 19.1, 19.2) a s  
representa t ive  of i t s  lithology. Palynological evidence led 
Mountjoy (op. cit., Fig. 2, p. 11) t o  assign a Paleocene-Eocene 
a g e  t o  t h e  formation. Also, Mountjoy (op. cit., p. 8) 
established the  Moose Channel Formation, defined f rom 
exposures of loosely consolidated sandstone outcropping along 
Big Fish River on the  west  side of t he  Mackenzie Delta. He 
considered (op. cit., p. 10) t h a t  t he  Moose Channel extended 
northeastward ( f rom i t s  t ype  locality) beneath t h e  Del ta  and 
t h a t  i ts  upper par t  was an equivalent of t he  lower Reindeer.  
Young (1975, p. 11-15) examined the  type Moose Channel 
Formation in more  deta i l  and established two members,  a t  
t h e  same  t ime  excluding f rom the  Moose Channel Formation 
coaly beds which outcrop along Aklak Creek. The excluded 

Aklak  emb be; of t h e  Reindeer Formation. The lower 
member  of Young's revised Moose Channel Formation was  
named "basal sandstone member"; t h e  upper unit was named 
"Ministicoog Member", composed predominantly of mudstone. 

Young et al. (1976) presented t h e  f i r s t  comprehensive 
repor t  on t h e  stratigraphy of t h e  Beaufort-Mackenzie basin. 
They mapped t h e  "Reindeer Formation" ( in terpre ted a s  
Paleocene to  Eocene in age) extensively in t h e  subsurface of 
t h e  Mackenzie Delta and Tuktoyaktuk Peninsula. In the  
Mackenzie Delta,  they (op. cit., Table 1) indicated t h a t  t h e  
"Reindeer Formation" was underlain by t h e  L a t e  Cretaceous  
Tent Island Formation and overlain in succession by an 
informal "Eocene shale unit", unnamed Paleogene and 
Neogene units, and t h e  ?Beaufort Formation. The Moose 
Channel Formation, a t  t h a t  t ime  dated a s  Maestrichtian,  was  
repor ted  t o  be  overlain by t h e  Reindeer Format ion in t h e  
neighbouring Yukon Coasta l  Plain and t o  be a fac ies  
equivalent of an  upper pa r t  of t h e  Tent Island Formation in 
t h e  subsurface of t h e  Mackenzie Delta. It is important  t o  
no te  t h a t  pa r t  of t h e  s t ra t igraphic  scheme  of Young et al. 
(1976) has  been revised; t h e  Moose Channel Formation is now 
da ted  a s  Paleocene and is not considered t o  be  a fac ies  
equivalent of t he  upper pa r t  of t he  Tent  Island a s  depicted 
(op. cit., Table I), but ra ther  (Young and McNeil, in press) t o  
extend widely through t h e  Mackenzie De l t a  as a d iscre te  unit 
between t h e  "Reindeer Formation" and t h e  Tent  Island 
Formation. In the  Caribou Hills, Young e t  al .  (op. cit., p. 35) 
divided t h e  Reindeer Formation in to  a basal mudstone 
member ,  a medial  arenaceous  member,  and an  upper peli t ic 
member.  They fur ther  s t a t ed  t h a t  (in t h e  Caribou Hills) t h e  
"Reindeer Formation is overlain abruptly,  and probably 
unconformably, by l i thic gravel and sand of probable Neogene 
age", thus  restricting Mountjoy's concept of t h e  format ion by 
excluding t h e  gravel t h a t  outcrops along t h e  northernmost 
pa r t  of t h e  Caribou Hills escarpment.  The gravel and sand 
were  assigned questionably t o  the  Beaufort  Formation 
(originally described f rom t h e  northwestern coas ta l  a r e a  of 
t h e  Arct ic  Archipelago by Tozer, 1955). 



Figure 19.1. Index map for locations to measured sections 1 t o  38 and abandoned wells in the Caribou Hills and environs. 
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Figure 19.2. Generalized composite type sect ion of the  Reindeer 
Format ion and associated units in the  Caribou Hills. In general,  s i l t s tones  
and sandstones a r e  recessive re la t ive  t o  c lays tones  and bocannes, as 
indicated by profile on r ight  side of column. For locations of measured 
sections,  s e e  Figure 19.1. 

Brideaux and Myhr (1976) described t h e  
s t ra t igraphy and palynology of t h e  Parsons N-10 
well, assigning interval "?I00 - 5005 fee t "  t o  
t h e  Reindeer Formation da ted  Paleocene t o  
Middle Eocene, overlying t h e  Tent  Island 
Formation and overlain by Quaternary  sand and 
gravel.  Also in 1976, Doerenkamp e t  al. 
repor ted  on t h e  palynology and stratigraphy of 
the  Caribou Hills applying t h e  name Reindeer 
Formation in t h e  sense of Mountjoy (1967). 
They recognized a lower member  of sand, brown 
shale,  l ignite and coal dated Paleocene t o  
Eocene and a n  upper member  of coa r se  and 
conglomeratic sands with r a re  grey shales  dated 
Miocene t o  Recent.  

Young (1978a, p. 52) recounted the  studies 
of Mountjoy (1967) and Doerenkamp et al. 
(1976) and presented a five-fold l i thogenetic 
division of t h e  exposed Ter t iary  succession in 
t h e  Caribou Hills: 

e. upper gravel  unit 

d. upper nonmarine unit 

c. medial shallow marine  unit 

b. lower nonmarine unit 

a. basal sandstone and shallow marine unit 

Citing palynological and lithological evidence, 
Young (1978a, p. 53-57) assigned units (d) and 
(e) t o  t h e  Beaufort  Formation, consistent with 
an  ear l ier  modification of t h e  format ion 
introduced by Y o u n g e t a l .  (1976), but 
eliminating t h e  upper nonmarine unit a s  well a s  
t h e  upper gravel unit f rom the  Reindeer 
Formation. In t h e  same  publication, Young and 
Norris (1978, p. 6) presented a composite 
s t ra t igraphic  column for  t h e  Mackenzie Del ta  
i l lustrating t h e  "Reindeer Formation" overlying 
t h e  Moose Channel Formation and overlain in 
turn  by t h e  "Eocene shale unit". They identified 
two  members  in t h e  Reindeer:  t h e  Aklak, 
consisting of various nonmarine sediments and 
coals overlain by t h e  "Taglul' member  (Shawa, 
19781, consisting of sandstone interbedded with 
mudstone, and minor conglomerate  and 
containing major hydrocarbon reserves. In tha t  
context ,  Young (1978b, p.38-39) fu r the r  
described t h e  "Reindeer Formation" in a 
summary of t h e  Ter t iary  of t h e  Mackenzie 
Del ta  and i l lustrated the  format ional  sequence 
(Moose Channel, Reindeer,  unnamed Eocene 
shale,  etc.)  in a correlation of subsurface 
sections. 

The Proposed Revision 

The historical  sketch summarizes  pro- 
gressive res t r ic t ion of t h e  Reindeer Formation 
(see  also Table 19.1) by exclusion of t h e  upper 
gravels  or  conglomerates  (Young e t  al., 1976) 
and by exclusion of t h e  "upper nonmarine unit" 
(Young 1978a). We support t he  modifications t o  
t h e  upper boundary introduced by Young et al. 
(1976) and Young (1978a) and, fur thermore ,  
recognize t h e  Moose Channel Formation in t h e  
Caribou Hills (see Fig. 19.2). Retent ion of t h e  
name  "Reindeer Formation1'  is  justified by usage 
c i t ed  in t h e  historical review, although s t r i c t  
in terpre ta t ion of t h e  North American Code of 
St ra t igraphic  Nomenclature would call  for  
e i ther  i t s  abandonment or i ts  elevation to  group 
rank. 



Table 19.1 

History of nomenclature f o r  t h e  Reindeer Formation and associated units in the  Caribou Hills and the  Yukon Coasta l  Plain 

The Revised Section 

Units and Thickness of t h e  Section 

YUKON 

M o u n t  joy, 
1967, Fig. 2 

MOOSE 
C H A N N E L  

FORMATION 

? 

not 
e x a m i n e d  

Note  t h a t  Moutjoy 

The Tertiary sequence in t h e  Caribou Hills is he re  
divided in to  four units (Fig. 19.2): a basal, coarse-grained 
unit (64 m) assigned t o  t h e  Moose Channel Formation; a 
claystone, si l tstone, sandstone, conglomerate,  and lignite unit 
(657 m) consti tuting the  revised Reindeer Formation; an  
unnamed, sandy, white-clay unit (40 m); and an  upper unit  
(439 m) assigned questionably t o  t h e  Beaufort  Formation 
comprising gravel o r  conglomerate  with minor lenses of white 
claystone. Tota l  thickness of t he  Tertiary sect ion is 
es t imated a t  1200 m. The composite type section for t he  
Caribou Hills was constructed largely by di rect  correlation of 
beds  between t h e  outcrop sect ions  shown in Figure 19.2. 
Where beds could not definitely be  correlated, t h e  measured 2 
degree  northwestward dip was used for reconstruction, 
modified slightly by in terpre ted faul ts  in the  section. Care  
was  taken to  distinguish between t rue  and apparent  dips and 
i t  was  concluded tha t  t he  escarpment  is essentially a dip 
sect ion on t h e  northwest flank of Campbell Uplift. 

Ter t iary  rocks in the  Caribou Hills. It is c lear ,  however, f rom his f igure  2 (partly reproduced 
here) t h a t  he in terpre ted the  "Reindeer" a s  a Paleocene-Eocene arenaceous  unit bounded by 
massive unconformities and a s  a partial  equivalent of t h e  Moose Channel Formation. 

CARIBOU H I L L S  

In outcrop, t he  combined thickness of t h e  Moose 
Channel and Reindeer format ions  has been measured a t  
721 m. This contras ts  markedly with 1615 m which was  
measured fo r  t he  equivalent units in t h e  Ikhil 1-37 well. Ikhil 
1-37, however, is located 5.0 km nor theas t  of sect ion 32 
(Fig. 19.1) and correlations based on well-log d a t a  indicate 
t h a t  t he  Reindeer Formation and, t o  a lesser degree,  t he  

COASTAL PLAIN 

Young ,  
1975, Tab. 1 

Moose Channel Formation almost double in thickness north- 
ward f rom Reindeer A-01 t o  Ikhil 1-37. Figure 19.3 i l lus t ra tes  
th is  a s  well a s  t h e  s t ra t igraphic  overs tep  of Ter t iary  rocks on 
Cretaceous.  In t h e  subsurface,  t h e  unconformable 
Cretaceous-Tertiary con tac t  dips t o  t h e  northwest a t  just less 
than 4 degrees.  The dip of t he  overlying Ter t iary  sediments 
becomes progressively less upsection f rom t h e  unconformity, 
decreasing a s  t h e  sequence progressively th ickens  north- 
northwestwards.  

Mountjoy, 
Fig. 

z 
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W 
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The  preliminary thickness e s t ima tes  (2500 m) for  t he  
exposed Tertiary sequence c i ted  by Ioannides and McIntyre 
(1980) were  based on an extrapolation through t h e  Ter t iary  of 
t h e  4 degree  dip of t h e  Cretaceous-Tertiary c o n t a c t  and, 
therefore ,  should now be  revised downward t o  correspond 
with t h e  present determinat ions  (1200 m). 

1967 
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--- 

A k l a k  
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sandstone 

member 

Moose Channel Formation 

Young el al., 
1976. Fig. 14 

Neogene 
sand & gravel 

TENT 
I S L A N D  

FORMATION 

(1967, p. 10) 

The Moose Channel Formation consists of sandstone, 
pebbly in places or with minor dark clay interbeds. The lower 
c o n t a c t  is not exposed, but t h e  format ion may overlie 
unconformably Late  Cretaceous  shales of t h e  Tent  Island 
Formation. The upper con tac t  is drawn a t  t h e  top  of a pebbly 
sandstone unit overlain by l ignite at t h e  base of t h e  Reindeer 
Format ion exposed in sect ion 5 (Fig. 19.2). The Moose 
Channel Formation in t h e  Caribou Hills is comparable  
lithologically t o  the  basal sandstone member  of t h e  type 
Moose Channel. Shaly beds within t h e  upper par t  of t he  
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Figure 19.3. Diagrammatic  cross-section showing postulated Ter t iary  ove r s t ep  of Cretaceous  s t r a t a  in t h e  Caribou Hills 
subsurface.  See Figure 19.1 for locations along line of section. 

formation, however, may b e  the  f ea the r  edge of t h e  
Ministicoog Member or  a f ac i e s  equivalent of t h e  Ministicoog 
based on the  occurrence of Cyclammina coksuvorovae 
Ushakova in both t h e  type Ministicoog and in t h e  upper Moose 
Channel of t he  Caribou Hills. Palynomorphs recovered f rom 
t h e  Moose Channel Formation a r e  indicative of t h e  Paleocene 
(Ioannides and Mclntyre, 1980). A compat ib le  age is 
suggested by C. coksuvorovae which is known t o  range f rom 
t h e  Campanian t o  the  Paleocene in t h e  West Siberian 
Lowlands of t h e  Soviet Unit (Subbotina, 1964). 

Reindeer Formation 

The revised Reindeer Formation consists of a lower par t  
comprising carbonaceous claystone and shale, lignite, and 
lesser amounts of sand and pebbly sandstone and an upper 
par t  of similar lithologies but  with proportionately less coal. 
Oxidation of many of the  carbonaceous and lignitic beds has  
c rea t ed  prominent reddish bocanne units which dip gently 
northward across t h e  f a c e  of t h e  escarpment.  The upper p a r t  
of t h e  Reindeer is also largely argil laceous and sandy, but  
with proportionately less l ignite and bocanne. Its higher beds 
a r e  distinguished by numerous coarsening upward cycles,  
diminishing in thickness f rom 30 m in the  lower par t  t o  one t o  
t w o  m e t r e s  in t h e  upper pa r t ,  consisting of lignite, shale, and 
pebbly sandstone. Many shales and f ine  grained sands or  
sandstones contain ferruginous concretions and concretionary 
layers; distinctive U-shaped burrows a r e  preserved in one of 
these  layers near the  top of the  unit. Marker beds a r e  scarce  
in the  Reindeer Formation, but a persistent,  rusty-weathering 
bentoni te  occurring near  t h e  middle of t h e  format ion is  
t r aceab le  f rom outcrop locality 1 4  t o  locality 20, a distance 
of 8 km. 

Many sandstones sca t t e red  through t h e  lower par t  of 
t h e  format ion a r e  conglomeratic,  containing c h e r t  pebbles 
and cobbles and, less commonly, blade-shaped qua r t z i t e  
boulders up  t o  25 cm in length. Most sandstones shed copious 
gravel  s c ree  masking recessive units below. Some 
conglomeratic sands show s t eep  crossbedding and a r e  
superficially indistinguishable f rom counterpar ts  in the  Moose 
Channel and in the  upper par t  of t h e  Reindeer. 

Rich assemblages of Paleocene to  Early Eocene 
palynomorphs occur in t h e  Reindeer Formation. Preliminary 
results of a concurrent palynological study of t h e  Ter t iary  
sequence in t h e  Caribou Hills have been published by 
Ioannides and McIntyre (1980). Although t h e  Reindeer is 
largely of ter res t r ia l  origin (probably de l t a  plain), occasional 
mar ine  sedimentation is indicated by r a r e  occurrences  of t h e  
foraminifer ,  Trochammina sp. (= Haplophragmoides 4 106 of 
Staplin, 19761, probably signifying brackish-water 
sedimenta t ion,  and by the  occurrence  of nearshore marine t o  
e s tua r ine  dinoflagellates of t h e  genus Wetzeliella in t h e  
upper pa r t  of t h e  formation. 

The upper con tac t  of t h e  Reindeer Formation is 
unconformable, drawn in outcrop sect ion 32 (Fig. 19.1, 19.2; 
sect ion 4 of Mountjoy, 1967) a t  t h e  top  of a thin carbonaceous 
clay and sil t  unit in terpre ted a s  a regolith. The uppermost 
beds of t h e  Reindeer Formation conta in  t h e  genera  
Wetzeliella and Apectodinium, suggesting an Early Eocene 
age. A seven m e t r e  thick conglomerate  with a whitish-grey- 
weathering c lay  matr ix  overlies t h e  regolith and marks  t h e  
base of t h e  unnamed sandy white-clay unit. The white-clay 
unit has  yielded a palynomorph assemblage da ted  post- 
Eocene. A hiatus, representing a t  least  Middle and La te  
Eocene t ime,  s epa ra t e s  t h e  Reindeer Format ion f rom t h e  
sandy, white-clay unit. In t h e  subsurface t o  t h e  northwest,  
t h e  Reindeer Formation is not a f f ec t ed  t o  such an extent ,  if 
at all, by this unconformity. Hence, a much m o r e  complete  
de l t a i c  sequence t h e r e  comprises  t h e  Reindeer  Formation 
conformably overlain by t h e  "Eocene shale unit". 

W hite-Clay Unit 

The  sandy, white-clay unit (Fig. 19.21, 40 m thick, 
consists of silty and sandy kaolinitic claystone with 
conglomeratic sandstone, carbonaceous claystone, and lignitic 
beds. Conglomerate with greyish-white-weathering clay 
matr ix  occurs  a t  t h e  base and diminishes upwards into a 
distinctive,  white, sandy c lays tone unit  about  1 5  m thick. 
The upper part  of t h e  unit consists of claystone, sandy 
conglomerate ,  and l ignite and is  capped by a n  ochrous 
sandstone. The whi te  kaolinitic clay of this unit  contras ts  
markedly with t h e  brownish grey claystones or shales of t h e  
Reindeer Formation, possibly signifying contrasting 
environments of deposition (fluvial-lacustrine versus de l t a  
plain). The con tac t  with the  conglomerate  of t h e  Beaufort(?) 
Formation is  covered. The palynology of t h e  white-clay unit  
has  been outlined by Ioannides and Mclntyre (1980) and a 
t en ta t ive  Oligocene age  has been determined. 

The white-clay unit and t h e  overlying Beaufort(?) 
Formation have some  lithologic similarity,  a lbei t  one  is  clay- 
dominant,  t h e  o ther  sand and gravel dominant.  Further 
research may prove they a r e  members  of t h e  Beaufort 
Formation. For t h e  present,  however, an  apparent  Oligocene 
a g e  for t h e  white-clay unit raises t h e  possibility t h a t  t h e  unit 
is  s epa ra t e  f rom t h e  Beaufort  Formation, da t ed  by Hills e t  al .  
(1974, p. 67) a s  probable Early t o  Middle Miocene on Banks 
Island. 

Beauford?)  Formation 

The conglomerates  overlying t h e  white-clay unit have 
been assigned questionably t o  t h e  Beaufort  Formation. 
Gravel  s c ree  of t h e  Beaufort(?) blankets much of t h e  
escarpment  north of outcrop locality 32. The conglomerates  
a r e  poorly exposed, limonitic, sandy, and in ter  bedded with 
minor lenses of whitish claystone. Normal-graded, horizontal  



bedding and crossbedding were  observed. The  Beaufort(?) is  
in terpre ted  t o  b e  of fluvial, probably braided s t r eam,  origin 
with t h e  lenses of whi te  c lays tone  representing channel fill. 
Neither foramini fers  nor palynomorphs were  recovered f rom 
t h e  outcrops sampled. In t h e  subsurface t o  t h e  north 
(Richards Island area) ,  however,  sections of Beaufort  
Formation intertongue with marine shales and yield 
foramini fers  and palynomorphs which fo r  t h e  most  pa r t  
indica te  a Miocene a g e  (Young and McNeil, in press). 
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Introduction 

AGE AND Sr  ISOTOPIC COMPOSITION OF THE PYROXENITE CREEK ULTRAMAFIC COMPLEX, 
SOUTHWESTERN YUKON TERRITORY: AN ALASKAN-TYPE ULTRAMAFIC INTRUSION 

David L. ~ t u r r o c k ' ,  Richard Lee  ~ r m s t r o n g ~ ,  and R.B.   ax well' 
Cordil leran Geology Division, Vancouver 

Sturrock, David L., Armstrong, Richard Lee, and Maxwell, R.B., Age and Sr isotopic composition of  
the Pyroxenite Creek Ultrarnafic Complex, southwestern Yukon Territory: An Alaskan-type 
ultrarnafic intrusion; Current Research, Part B, Geological %rvey of Canada, Paper 80-lB, 
P. 185-188, 1980. 

Abstract 

The ultramafic rocks of the Pyroxenite Creek Alaskan-type ultramafic complex are late Early 
Cretaceous in age (K-Ar hornblende 124 i 4 Ma, K-Ar biotite 113 + 4 Ma. Rb-Sr biotite 116 + 4 Ma). 
The initial " ~ r / ' ~ S r  isotope ratio for pyroxenite, 0.7027, is identical to  values for mid-ocean ridge 
basalts indicating an origin direct from alkali-depleted mantle. Gabbro-diorite has a higher initial 
ratio, 0.7037, indicating a contaminated or hybrid origin and ruling out any simple magmatic 
fractionation relationship between the pyroxenite core and the younger surrounding gabbro-diorite 
bodies of the complex. 

The Pyroxenite Creek  Ul t r amaf i c  Complex is  located  
approximately 19 km due west of Haines Junction,  Yukon 
Terri tory,  in t h e  f ront  ranges of t h e  Saint  Elias Mountains 
(Fig. 20.1). The body lies 8 km north of t h e  confluence of t h e  
Kaskawulsh and Dezadeash rivers which combine t o  form t h e  
Alsek River.  Relief in t h e  a r e a  mapped (Fig. 20.2) is 1500 m. 
Access is provided by a gravel  road branching off t h e  Alaska 
Highway at Bear Creek, and by helicopter.  

The  complex was  mapped by t h e  senior author  while 
par t ic ipa t ing  in Operation Saint  Elias (Campbell  and Dodds, 
1975, 1978) in t h e  summer  of 1974. A more  detailed r epo r t  
on t h e  geology, petrography, and preliminary geochronometry  
was submit ted  a s  an honours thesis t o  t h e  University of 
British Columbia (Sturrock, 1975). The Sr isotope study was  
completed  l a t e r  by Maxwell and Armstrong. 

Geological  Set t ing  

The Dalton Faul t  s epa ra t e s  Cre t aceous  rocks, intruded 
by t h e  Ul t ramaf ic  Complex, f r o m  Paleozoic  rocks  t h a t  l ie t o  
t h e  west  (Fig. 20.2). In t h e  mapped a r e a  t h e  faul t  is  a shear  
zone  about  1 km wide striking 150". On a larger s ca l e  th is  
f au l t  is par t  of t h e  Denali f au l t  sy s t em (Eisbacher, 1975; 
Campbell  and Dodds, 1978). The Mush Lake Group (Read and 
Monger, 19751, which lies west of t h e  Dalton Faul t ,  is 
composed of andes i te  flows and pyroclastic rocks, l imestone,  
and che r t  with complex s t ruc ture .  Fossils f rom a reas  f a r the r  
south range f rom Ordovician t o  Devonian, but similar 
appearing rocks t o  t h e  north a r e  da t ed  a s  Permian-Triassic 
(Muller, 1967). 

The Dezadeash Group, which l ies e a s t  of t h e  Dalton 
Faul t ,  is  p a r t  of t h e  Gravina-Nutzotin Belt (Berg et al., 1972) 
which conta ins  sedimentary  and volcanic rocks of L a t e  
Jurassic t o  Early Cretaceous  a g e  (Eisbacher, 1975). The 
Dezadeash rocks near  t h e  Pyroxenite Creek  complex a r e  f ine  
grained volcanic-fragment greywacke sandstone with a f e w  
graded beds and l imestone lenses. Prehnite-pumpellyite 
grade  regional metamorphism and multiple s tages  of folding 
and fault ing obscure s t ra t igraphic  deta i l s  in t h e  Dezadeash 
Group surrounding t h e  complex. A f ew bedding a t t i t udes  
observed near  t h e  intrusive c o n t a c t  a r e  parallel  in s t r i ke  t o  
t h e  con tac t  and dip  s teeply  towards  it. 

Intrusion of t h e  u l t ramaf ic  body has  produced a c o n t a c t  
metamorphic  aureole  approximately 30 m wide. Rocks at t h e  
con tac t  were  heated  t o  about  800°C at a pressure of abou t  
3 x lo5  kPa* (Sturrock, 1975). 

The  Pyroxeni te  C r e e k  Complex 

Ul t ramaf ic  rocks, discontinuously r immed by gabbro- 
diori te,  f o r m  a n  oblong body 6.5 k m  long and 2.5 k m  wide, 
or iented  with long dimension northwest-southeast  (Fig. 20.2). 
Aeromagnet ic  d a t a  suggest  t h a t  t h e  body extends,  unexposed, 
fur ther  southeas t  under t h e  Dezadeash River. 

1 0  Pyroxenite \ 
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Table 20.1 

K-Ar Data  

Rock Type %K Radiogenic Ar 
Sample & Location Mineral (ccSTpx1O6) % radiogenic Date  (Ma) 

DS 12C Hornblende Pyroxenite Hornblende 1.071 5.35 94.0 124 i 4 
137"47.9'W, 60°43.5'N 

DS 36 Biotite Pyroxenite Bioti te 6.68 30.32 90.9 113 4 
137048.1tW, 60°43.4'N 

K is determined in duplicate by a tomic  absorption using a Techtron AA4 spect rophotometer  
and Ar by isotope dilution using an AEI MS - 10 mass spect rometer  and high purity 3 8 ~ r  spike. 
Errors reported a r e  for one standard deviation. The constants  used are:  

KX = 0.581 x 10 - lOa- l ,  KA - 4.962 x 10-' 'a-', 4 0 ~ / ~  = 0.01167 a tom per cent.  e B - 

Anorthosite dykes and l a t e  pyroxenite 
dykes a r e  t h e  youngest igneous phases of t h e  

QUATERNARY complex. 
45'  

Outwash  and The Pyroxenite Creek  Ul t ramafic  Complex 
Alluvium is t h e  nor thernmost  member  of a 700 km long 

CRETACEOUS belt  of intrusive complexes (Fig. 20.1) best  
Gabbro - Diorite known for  examples  studied in Alaska 

(Taylor, 1967; Irvine, 1973). 
Pyroxenite 

Deradeash Group Age of t h e  Complex 

LOWER PALEOZOIC Both K-Ar (Table 20.1) and Rb-Sr 

M u s h  Lake 
(Table 20.2) da t e s  for  t h e  pyroxenite body ag ree  

Group on an Early Cre taceous  age. Bioti te K-Ar and 
Rb-Sr (Table 20.2) d a t e s  a r e  concordant  

+ K-Ar Dating 
Sample Location at 113 ? 4 and 116 t 4 Ma, respectively.  

Hornblende K-Ar is slightly older 124 + 4 Ma. 
M1I.S ( - These indicate  emplacemen t  closely following - deposition of t h e  Dezadeash Group. Lanphere 

O Kilometers and Eberlein (1966) reported K-Ar da te s  of 
137 45'  102 to  112 Ma for  severa l  complexes in Alaska. 

Figure 20.2. Geological map of the  Pyroxenite Creek Ult ramafic  Complex. The Sr isotope d a t a  fo r  b iot i te  and pyroxene of 
t h e  Haines Complex ($200 km south-southeast  
of Pyroxenite Creek)  repor ted  by Lanphere 

The Western t o  cen t r a l  interior of t h e  pyroxenite body (1968) give a ca lcula ted  Rb-Sr d a t e  of 120 f 9 Ma. The 
is composed of f ine  grained magnet i te  ~ ~ r o x e n i t e  (85 Per Pyroxenite Creek and Haines complexes  a r e  e i ther  somewhat 
Cent diopsidic augite,  15  per Cent intersti t ial  magnet i te  (with older,  o r  have been less subject  t o  la ter  heating and Ar loss 
exsolved h e r c ~ n i t e ) ,  and one or  two  Per c e n t  olivine and than t h e  Alaskan complexes f a r the r  t o  the  south. Irvine 
horriblende, while t h e  eas tern  third of t he  exposed interior (1973) postulated an association of the  ~ l a s k a n - t y p e  ultra- 
( the  t o ~ o g r a ~ h i c a l l ~  and structurally lower Part of  t he  body) maf ic  bodies with a discontinuous volcanic bel t ,  t h e  Bridget 
is coarse grained olivine pyroxenite (85 per cen t  diopsidic Cove volcanics of t h e  l a t e  Early Cretaceous  age. The 
augite,  5 t o  25 per cen t  serpentinized olivine, and minor volcanic rocks show augite-magnetite-olivine phenocrysts in 
intersti t ial  biotite). Hornblende pyroxenite forms a border a n  alkalic t r achy te  matrix.  The original composition is 
zone about 15 m thick separating t h e  co re  ~ ~ r o x e n i t e s  f rom inferred t o  b e  a picrit ic ankaramite .  The s t ra t igraphic  a g e  of 
surrounding rocks. The modal composition is variable bu t  t hese  volcanic rocks, a ] a t e  accumulation in the  Gravina- 
averages  50 Per c e n t  d i o ~ s i d i c  augite,  35 Per c e n t  hornblende Nutzotin bel t  of Berg e t  al. (1972), is in accord with t h e  
and 15 per c e n t  magnetite.  isotopic da te s  t h a t  a r e  mostly Albian with t h e  K-Ar horn- 

Cabbro-diorite occurs discontinuously around the  ultra- blende (Armstrong, 1978). 
maf ic  body. The larges t  exposure lies on the  northwest side 
of t he  complex, a narrow band occurs north of Pyroxenite sr Isotopic Composition 
Creek, and a small  body is si tuated on t h e  southeas t  s ide  of 
t h e  u l t ramafic  core. Numerous gabbro dykes c u t  t h e  ultra- Mineral s epa ra t e s  and whole rock samples  of pyroxenite 
mafic rocks and of pyroxenite and sedimentary rock a r e  in close ag reemen t  on an  init ial  8 7 ~ r / 8 6 ~ r  isotope r a t io  of 
occur the gabbro-diorite. ~h~ gabbro-diorite is a 0.7027 which is remarkably low for igneous rocks intruded 
texturally and compositionally variable mixture of euhedral away f rom mid-ocean ridges. This is t he  s a m e  ra t io  a s  for  
hornblende, pyroxene (diopsidic augite mos t ly  to mid ocean ridge basalt  (0.7024 for  f a s t  spreading Paci f ic  
hornblende), and biotite with interstitial p~agioclase ridges according t o  Har t ,  1971 and 0.7027 for Juan de  Fuca 

(Anss to  Ans2,  extensively saussuritized). Accessory Ridge basalts according t o    edge and pe te rman ,  1970) and 
minerals are interstitial potassium feldspar, euhedral much less than volcanic a r c  o r  ocean island igneous rocks 

magnetite,  and euhedral pyrite. (typically ~ 0 . 7 0 3 7  according t o  Pushkar, 1968; Pe te rman  and 



Table 20.2 

Sr Isotope Data  

Material Observed Initial 
Sample Rock Type Analyzed ppm Rb ppm Sr Rb/Sr s r f a 6 s r  8 7 s r / 8 6 s r  

I DS 16 Gabbro Whole Rock 34 1407 0.048 0.7039 0.7037 1 
1 DS 29 Pyroxenite Whole Rock 1 9 2 0.010 0.7026 0.7026 1 

DS 12C Hornblende Hornblende 3 575 0.005 0.7026 0.7026 
Pyroxenite 

1 DS Bi Biotite Pyroxenite Whole Rock 7 210 0.033 0.7029 0.7027 1 
1 DS 36 Biotite Pyroxenite Pyroxene s 0.1 95 0.001 0.7028 0.7028 1 
1 DS 36 Biotite Pyroxenite Biotite 112 84 1.34 0.7092 0.7028 1 

Calculated biotite da te  116 + 4 Ma, using O 7 R b ~  = 1.42 x 10-'la-'. 

Rb and Sr concentrations were determined by replicate analysis of pressed powder pellets using X-ray 
fluorescence. U.S. Geological Survey rock standards were used for calibration; mass absorption coefficients 
were obtained from Mo K a  Compton scat ter ing measurements. Rb/Sr ratios have a precision of 2% or 
k0.3 ppm (I a). Sr isotopic composition was measured on unspiked samples prepared using standard ion 
exchange techniques. The mass spectrometer  (60' sector ,  30 cm radius, solid source) is of U.S. National 
Bureau of Standards design, modified by H. Faul. Data aquisition is digitized and automated using a NOVA 
computer. Experimental da ta  have been normalized to  a 86Sr/88Sr  ratio of 0.1194 and adjusted so tha t  the  
NBS standard S r C 0 3  (SRM987) gives a 8 7 S r / 8 6 ~ r  ratio of .71022 + 2 and the Eimer and Amend Sr a ra t io  of 
0.70800 i 2. The precision of a single 87Sr/86Sr  ratio is 0.00013 (1 a). 

Hedge, 1971; and Gill and Compston, 1973). The conclusion 
tha t  this leads t o  is of a completely uncontaminated, 
depleted mantle origin for the  pyroxenite magma. The 
gabbro-diorite initial ratio, 0.7037, is distinctly higher than 
the  pyroxenite ra t io  suggesting an origin involving contami- 
nation with crustal material,  perhaps hybridization of 
pyroxenite magma with wall rocks in crustal magma 
chambers below the  present level of exposure. Sr isotopic 
measurements for Alaskan complexes ( ~ a n p h e r e ,  1968) 
indicate a sca t t e r  of initial ratios (0.7026 t o  0.70681, some a s  
low a s  t h e  value we obtained. 
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Abstract 

In the Kluane Ranges, southwestern Yukon Territory, a small zoned pluton, the Bock's Brook 
Stock, intrudes volcanic and sedimentary rocks of the late Paleozoic Skolai Group and Upper Triassic 
Nikolai Greenstone. The stock, a medium grained, biotite diorite with a narrow gabbroic border, is 
intruded by feldspar-porphyritic dykes probably related to Wrangell Lavas; many similar dykes intrude 
the adjacent Skolai Group and Nikolai Greenstone. Major element chemistry indicates a high- 
alumina, volcanic-arc tholeiite series classification for both the Bock's Brook Stock and Station Creek 
volcanics of the Skolai Group, in contrast with a calc-alkaline classification for the Neogene Wrangell 
Lavas that have been studied by J.G. Souther farther t o  the west. Concordant isotopic dates for the 
stock of 13.3 ? 0.5 Ma (K-Ar, biotite), 12.8 ? 1.5 Ma (Rb-Sr mineral isochron) and 14.3  r 1.2 
(fission track, apatite) indicate a mid-Miocene t ime o f  emplacement and rapid cooling, within the 
time span of eruption of Wrangell Lavas. e 7 ~ r / 8 6 ~ r  initial ratios of 0.70414 ? 0.00007 for the stock 
and 0.7031 + 0.0004 for the volcanics of the Skolai Croup are within the normal range for circum- 
Pacific volcanic arcs. 

Introduction Geological Set t ing 

During the  summer of 1977 t h e  senior author  mapped The Bock's Brook Stock occurs  in a region being mapped 
and col lec ted samples f rom a small  stock and i t s  country rock by the  Geological Survey of Canada in Operation Saint Elias 
a t  t h e  head of Bock's Brook, in t h e  Kluane Ranges  of t h e  (Read, 1976; Read and Monger, 1976; Campbell  and Dodds, 
Saint Elias Mountains. Petrographic,  chemical,  and isotopic 1978). The stock itself covers  about  2 km2. I t s  local 
studies of t h e  mater ia l  t h a t  had been collected provided t h e  geological se t t ing is shown on Figure 21.1. The surrounding 
basis fo r  an  honours thesis submit ted  t o  The University of rocks a r e  p a r t  of t h e  Taku-Skolai t e r r ane  (Berg et al., 1972), 
British Columbia (Downey, 1978). bounded on the  nor theas t  and southwest  by t h e  Denali and 

The study was  suggested by Pe te r  Read, who 
f i rs t  examined the  stock in 1975 and reported i t  t o  be 
L a t e  Tertiary,  apparently intrusive in to  Wrangell Lavas. A 
specimen col lec ted by Read produced discordant and 
contradic tory  K-Ar da te s  (R.K. Wanless, wri t ten  
communication t o  P.B. Read, 1977). Our objective was a 
more comple te  description of t h e  stock and an  in-depth 
geochronometric study. 

Duke River faults,  respectively. The t e r r ane  consists of l a t e  
Paleozoic a r c  volcanic and sedimentary  rocks (Skolai Group) 
overlain by thick Upper Triassic tholeii t ic basalts 
(Nikolai Greenstone), followed by Triassic through 
Cretaceous  carbonate  and elastics, and overlain by Ter t iary  
sediments (Amphi theat re  Formation) and volcanic rocks 
(Wrangell Lavas) (Jones  et al., 1977; Read, 1976; Eisbacher, 
1975). The s t r a t a  a r e  intruded by Cretaceous  and Ter t iary  
grani t ic  rocks. 

Enclosing S t r a t a  
139 00' The  Station Creek and Hasen Creek 

formations of t h e  Skolai Group surround t h e  
northern half of t h e  stock (Fig. 21.1). The 
Station Creek is  composed of plagioclase 
(Anso) > augi te  porphyrit ic volcanic rocks 

Bock's Brook ~ ~ b b ~ ~  ranging f rom andesi te  t o  basalt  in 
U P P E R  T R I A S S I C  TO composition and f rom massive flow t o  

LOWER C R E T A C E O U S  pyroclastic breccia  in depositional character .  
Dezadearrh and M C C ~ , ~ ~ ~  A weak subgreenschist  or low greenschist  

Formatlonr grade regional metamorphism has  been 
U P P E R  T R I A S S I C  imposed on t h e  volcanic rocks. Near the  

N I C O I ~ I  Greenstone and stock c o n t a c t  metamorphism produced a dark 
aasocieted grey hornfels and bioti t ic alteration. rocks 

U P P E R  PALEOZOIC The Hasen Creek Formation in con tac t  
with t h e  s tock is  a well bedded siliceous 
argillite. Con tac t  metamorphism has 

SYMBOLS produced a dark black t o  light grey, layered 
cordierite-quartz hornfels. 

Nikolai Greenstone surrounds t h e  
southern half of t h e  stock. The flows 
and breccias  of dark t o  medium green 

Figure 21.1. Geological map o f  the Bock's Brook Stock and i ts  and maroon basal t  show greenschist  facies 
surroundings (af ter Read, 1976). metamorphism. 
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Table 21.1 

Chemical Analyses 

Station Creek Formation Bock's Brook Stock 

36-MD-I 39-MD- 1 55-MD-1 22-MD-3 24-MD-2 29-MD-2 38-MD-I 
Sample Andesite Andesite Andesite Gabbro Diorite Diorite Diorite 

S i02  58.61 56.05 58.76 53.90 61.88 60.14 62.15 

T i 0 2  1.83 0.20 1.66 1.60 0.89 1.68 0.87 

A1203 16.47 16.98 16.32 17.27 17.25 16.58 18.86 

Fez03  3.20 4.10 3.69 2.52 1.80 2.15 1.47 

FeO 5.04 6.46 5.81 6.41 4.60 5.49 3.74 

MgO 1.45 1.97 1.77 3.37 0.90 1.39 0.94 

CaO 4.38 6.83 4.73 8.79 3.80 5.05 4.39 

NazO 5.89 5.13 4.81 4.67 5.35 5.33 4.62 

K 2 0  2.94 2.07 2.28 1.29 3.35 2.02 2.81 

p 2 o s  0.19 0.21 0.17 0.18 0.18 0.17 0.15 

L.0.I. 0.22 0.94 0.09 -0.07 -0.04 0.37 1.58 

Major elements a re  reported a s  weight per cent  on a volatile f ree  basis recalculated t o  100%. 

Analyses by XRF following the procedure of Norrish and Hutton (1969). Procedural details a re  reported 
in Armstrong and Nixon (1980). 

Table 21.2 

K-Ar and Fission track data  for Bock's Brook stock 

Material %K Radio enic ' O A ~  % Radiogenic Date Ma** P Sample Dated xlO cc STP 

38-MD-1 Biotite 6.69 3.482 36.5 13.3 + 0.5 

Total tracks* grains counted average t rack density (cm-') 
s i s I s i s/i  

38-MD-1 Apatite 205 537 150 125 3.137x104 9.862x104 0.318 14.3 + 1.2 

*spontaneous = s; induced = i. @ = 7.53 + 0.12~10' '  n cm-2 

**One sigma errors a r e  given. 

K analysis supervised by K. Scott, Ar analysed by J.E. Harakal. K is determined in duplicate by atomic 
absorption using a Techtron AA4 spectrophotometer and Ar by isotope dilution using an  AEI MS -10 mass 
spectrometer and high purity 3 8 ~ r  spike. Apatite e tch for fission tracks was 30 seconds in 7% HNO a t  22OC. 
The constants used are: KAe = 0.581 x 1 0 - ' ~ a - ' ,  KAb = 4.962 x 1 0 - ' ~ a - ' ,  ' O K / K  = 0.01167 atom per cent,  
A f  = 7.00 x 10-"a-'. 

Wrangell Lavas 

Wrangell lavas a re  exposed on the southwest side of the  
a rea  studied, where they form one limb of a broad syncline. 
Flows, I to  10 m thick, vary from light t o  dark grey or brown 
in colour; the rocks a r e  andesite porphyry with plagioclase 
phenocrysts (An52 t o  up t o  5 rnm long. The majority of 
specimens a re  vesicular or amygdaloidal with calci te  and 
quartz fillings. Alteration is slight, with only local 
conversion of glassy matrix t o  epidote bearing assemblages. 
The base of the volcanic section is composed of breccia 
with volcanic clasts up t o  2 m in diameter. Rhyolite 
t o  andesite dykes cut the Wrangell lavas and breccias. 
Some a re  presumably feeders for stratigraphically higher 
eruptive units. 

The Bock's Brook Stock 

The Bock's Brook Stock is nearly cylindrical, with a 
diameter of 1.5 km and is exposed for a vertical distance of 
500 m. It is concentrically zoned with a narrow gabbroic 
border 50 m thick surrounding an  interior of intermediate 
composition. Contacts a re  generally sharp and dykes of the 
plutonic rock cut  the surrounding s t ra ta ,  including Wrangell 
volcanic rocks. 

The basic border is a dark grey, medium t o  fine grained 
subophitic gabbro composed of plagioclase (An6 0 t o  An5 3 ) ,  

and augite, with minor orthoclase, apatite,  spinel, and opaque 
minerals. The gabbro is metamorphosed by the interior of 
the stock, producing secondary biotite plus epidote near the 
contact  and epidote plus chlorite far ther  away. 



Table 21.3 

Sample location and Rb-Sr d a t a  

Sample 
numbers Description Latitude Longitude PPm Sr PPm Rb Rb/Sr ' 7Sr/86Sr  

Station Creek Formation of Skolai Group 

36-MD-I Meta-andesite 61 .200° 138.94" 443 57.8 0.131 0.7040 
breccia 

39-MD-1 Meta-andesite 61.196" 138.91" 672 33.8 0.050 0.7040 
flow 

55-MD-2 Meta-andesite 61.204" 138.91" 426 24.2 0.057 0.7042 
breccia 

Bock's Brook Stock 

24-MD-2 Augite-biotite- 61.202" 138.91 450 63.3 0.141 0.7043 
hornblende 
diorite 

22-MD-3 Gabbro, basic 61.201" 138.90" 512 16.7 0.033 0.7041 
border of pluton 

38-MD-I Biotite 61.198" 138.92" 694 49.1 0.071 0.7042 
W.R. diorite 

38-MD-1 Plagioclase 830 16.9 0.020 0.7041 
Plag 

38-MD-I K-feldspar . 451 154 0.342 0.7043 
K ~ P  

38-MD-I Biotite 84.0 232 2.76 0.7056 
B i 

38-MD-1 Apatite 190 1.2  0.006 0.7042 
*P 

Rb and Sr concentrations were determined by replicate analysis of pressed powder pellets using X-ray 
fluorescence. U.S. Geological Survey rock standards were used for calibration; mass absorption coefficients were  
obtained from Mo Ka Compton scattering measurements. Rb/Sr ratios have a precision of 2% (1 o) and 
concentrations a precision of 5% ( I  a). Sr isotopic composition was measured on unspiked samples prepared using 
standard ion exchange techniques. The mass spectrometer  (60' sector,  30 c m  radius, solid source) is of U.S. National 
Bureau of Standards design, modified by H. Faul. Data  aquisition is digitized and automated using a NOVA computer.  
Experimental da ta  have been normalized t o  a B 6 S r / 8 8 ~ r  ratio of 0.1 194 and adjusted so t h a t  the  NBS standard S r C 0 3  
(SRM987) gives a 87Sr/86Sr  ratio of 0.70122 t 2 and the Eimer and Amend Sr a ra t io  of 0.70800 f 2. The precision 
of a single 8 7 ~ r / ' 6 ~ r  ra t io  is 0.00013 ( I  o). Rb-Sr dates  a re  based on a Rb decay constant of 1.42 x 10-'la-' . The 
regressions a r e  calculated according t o  the  technique of York (1969). 

The core  of the  stock is a medium t o  light grey 
equigranular hypidiomorphic biotite diorite containing plagio- 
c lase  (An5c t o  An25), orthoclase, quartz,  biotite, and augite 
with minor apa t i t e  and opaque minerals. Alteration consists 
of slight chloritizxation of biotite, saussuritization of plagio- 
clase, and uralization of augite. Grain s ize  increases toward 
the  cen t re  of the  pluton. 

Dykes 

Diorite dykes I m thick with narrow (1-2 mm) chilled 
margins c u t  the  basic border and surrounding s t ra ta .  

Late  granitic dykes c u t  both the  core  and border zones. 
These a r e  thin (5 cm) hypidiomorphic granular granite 
(K-feldspar, quartz,  biotite, and sodic plagioclase) with 
microgranite chilled margins. 

A variety of dykes ranging from aphanitic rhyolite t o  
basalt occur in the  map area. Andesite porphyry is 
particularly common and was observed cutting both the  stock 
and t h e  Wrangell lavas. 

Chemistry 

Three samples of diorite and one of gabbro from t h e  
stock and three  of Station Creek volcanic rocks were 
analyzed by XRF for purposes of classification and 
description (Table 21.1). On a n  alkali-silica plot t h e  stock 
samples a r e  mildly subalkaline, t h e  Station Creek volcanics 
transitional subalkaline t o  alkaline in character.  On a n  AFM 
plot the  stock shows moderate iron enrichment (tholeiit ic 
field) and the  volcanics fairly strong iron enrichment.  Silica 
compared t o  FeO/MgO (Miyashiro, 1974) indicates a tholeiitic 



cha rac te r  fo r  both sui tes  but  on A1203 vs normat ive  plagio- 
clase both sui tes  plot in t h e  calc-alkaline field of Irvine and 
Baragar (1971). These chemical character is t ics  indicate an  
affinity of both suites with a r c  tholeii tes a s  defined by Jakes  
and Gill (19701, with slight alkali enrichment in t h e  volcanics. 
The likely tec tonic  se t t i ng  for  a r c  tholeii tes is  a n  ens imat ic ,  
juvenile volcanic island arc.  

The Wrangell Lavas a r e  more typically calc-alkaline 
than t h e  rocks analyzed in this study. Souther (1977 and 
unpublished da ta )  shows t h a t  t h e  Wrangell lavas a r e  
subalkaline t o  transit ional alkaline-subalkaline on an  alkali- 
si l ica diagram, show almost no iron enr ichment  on an  AMF 
diagram, and a r e  relatively low in silica re la t ive  t o  
Feo*/MgO s o  tha t  most samples plot in the  tholeii t ic field on 
Miyashiro's (1974) silica vs. FeO*/MgO diagram. The most 
striking contras t  is  t h e  g rea te r  iron enr ichment  shown in t h e  
Bock's Brook Stock. 

1 B o c k ' s  B r o o k  S t o c k  

Figure 21.2. Mineral Isochron for the diorite (38-MD-1) of 
Bock's Brook Stock. Sample 38-MD-1 and its mineral 
separates are shown as circular spots and samples of country 
rock as squares. 
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Figure 21.3. Cooling history for Bock's Brook Stock as 
given by mineral dates of this study and closure temperatures 
specified by Harrison et  al. (1979). 

Age of t h e  Stock 

Three  di f ferent  techniques used t o  d a t e  the  stock all 
ag ree  on an age  of about 13  Ma. All mineral s epa ra t e s  da ted  
c a m e  f rom one sample  of hypidiomorphic b iot i te  d ior i te  
(38-MD-I). A K-Ar d a t e  of 13.3 k 0.5 Ma was obtained fo r  a 
b iot i te  s epa ra t e  (Table 21.2). A Rb-Sr mineral isochron 
(Table 21.3, Fig. 21.2) gives a concordant d a t e  of 
12.8 + 1.5 Ma. This result  is dominated by t h e  Rb-enriched 
bioti te.  A fission t r ack  d a t e  of 14.3 ? 1.2 fo r  a p a t i t e  
(Table 21.2) completes  t h e  geochronometry.  The a p a t i t e  was  
relatively low in U and young, s o  t h a t  t r ack  density was  low. 
Abundant crys ta l  de fec t s  added t o  t h e  counting difficult ies.  

Because the  th ree  di f ferent  da t e s  represent  cooling 
of t h e  sample  through di f ferent  closure t empera tu res  
(Wagner et al., 1977; Harrison et al., 1979), a cooling history 
(Fig. 21.3) is  obtained. In this c a s e  of concordance of a l l  
t h ree  da te s  t h e  cooling must have been rapid ( I  Ma t o  reach 
<IOO°C) and final. This is consistent with high level 
emplacement  and an  uncomplicated geologic history. 

K-Ar da te s  for  Wrangell lavas  range f rom 17.3 t o  
1.6 Ma (Denton and Armstrong, 1969; Bingham and Stone, 
1976; Eisbacher and Hopkins, 1977; unpublished University of 
British Columbia d a t a  cf .  R.L. Armstrong and J. Souther). 
This, and t h e  geological evidence, a r e  consis tent  in 
corre la t ing t h e  s tock with lower pa r t s  of t h e  Wrangell 
volcanic succession. 

Sr Isotopic Composition 

The mineral isochron init ial  r a t io  of 0.70414 is in 
agreement  with two o the r  whole rock 8 7 ~ r / 8 6 ~ r  analyses of 
t h e  s tock (Table 21.3). This is  similar t o  t h e  average r a t io  of 
0.7041 for six Wrangell lavas analyzed a t  t h e  University of 
British Columbia (R.L. Armstrong and J. Souther, unpublished 
data)  and within t h e  range of values typical of modern 
volcanic a r c s  (Faure  and Powell, 1972; Gill and 
Compston, 1973). 

The Sta t ion Creek volcanic rocks had a 8 7 S r / B 6 ~ r  r a t io  
of 0.7041 1 3  Ma a g o  and 0.7031 + 0.0004 in t h e  L a t e  
Paleozoic. A t  t h e  t i m e  of intrusion both stock and country 
rock isotopic compositions were  identical ,  so  t h a t  assimila- 
t ion-contamination of t h e  magma cannot  be quant i ta t ively  
evaluated using Sr isotopes. In Skolai t i m e  t h e  init ial  r a t io  
was  relatively low for  a volcanic a rc ,  a ra t io  of 0.7030 being 
a s  low a s  can  b e  found in modern circum-Pacific volcanic 
regions. A r a t io  of 0.7037 is more  typical. Only a primitive 
magma source  and ensimat ic  t ec ton ic  se t t ing would be  
compatible with large-volume magmat ism producing such low 
ratios. Low ra t ios  also occur  in a r e a s  of slow subduction and 
anemic  volcanism within Phanerozoic sial  - such  as t h e  
Garibaldi Volcanic Belt of British Columbia (Green, 19771, 
over mant le  hot spots such a s  t h e  Anahim Volcanic Belt of 
B.C. (Bevier, 19781, and a t  r i f t  zones, ocean ridges, and some  
ocean islands (Peterman and Hedge, 1971; Hedge, 1978), but  
these  a r e  all unlikely analogs for  t h e  Skolai ter rane .  
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CEOCHRONOLOGY AND PETROLOGY O F  THE TKOPE RIVER BATHOLITH IN THE 
SAINT ELIAS MOUNTAINS, NORTHWESTERN BRITISH COLUMBIA 
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of the Tkope River Batholith in the Saint Elias Mountains, northwestern British Columbia; & 
Current Research, Part B, Geological Survey of Canada, Paper 80-18, p. 195-206, 1980. 

Abstract 

The informally named Kaskawulsh group (mainly Paleozoic) in the Saint Elias Mountains is 
intruded by the Tkope River batholith,. a composite, epizonal pluton consisting of six phases 
ranging from gabbro t o  granophyre. 

Major element chemistry shows a calc-alkaline trend for all the phases, starting with 
gabbro on the calc-alkaline-tholeiitic boundary of the AMF triangle. A first stage of 
fractionation removing amphibole, pyroxene, and calcic plagioclase can explain the trend from 
quartz diorite to  granophyre. The large compositional gap between gabbro and quartz diorite and 
the very large volume of gabbroic magma that would be needed t o  produce the quartz diorite 
through granophyre suggest that two primary magmas may be involved. 

The batholith was emplaced epizonally by a combination of assimilation, magmatic stoping, 
and forceful injection. 

Isotopic dates of 26.9 + 0.9 Ma (K-Ar,  hornblende), 24.7 i- 0.9 Ma (K-Ar, biotite), 
26.6 + 0.7 Ma and 25.6 i- 0.8 Ma (Rb-Sr, mineral isochrons), 28.8 2 1.9 Ma (Rb-Sr, whole rock 
isochrons, including some contaminated samples), 25.2 i- 2.8 Ma (fission track, zircon), 
and 14.5 + 1.5 Ma (fission track, apatite), indicate an Oligocene age, and fairly rapid cooling 
t o  <200 C ,  followed by gradual uplift at a rate of 0.3 mm/year to  present exposure. 

Low initial e 7 ~ r / 8 6 ~ r  ratios (0.7031) for two gabbros and several felsic phases suggest an 
indirect or direct mantle source for the magma. Variations in initial 8 7 ~ r / e 6 S r  ratios reflect 
contamination of some rocks by radiogenic strontium from crustal rocks such as argillite of the 
Kaskawulsh group ( 8 7 S r / 8 6 ~ r  = 0.7078 today). 

Introduction 

During t h e  summer of 1978, geologic mapping was 
carr ied  ou t  by t h e  Geological Survey of  Canada (Operation vl I K O N  I36 

Saint Elias) in t h e  Saint Elias Mountains in t h e  Tatshenshini 
map a rea  (114 P) in ex t r eme  northwestern British Columbia 
(Campbell  and Dodds, 1979). Tkope River batholith was  
suggested a s  a B.Sc. thesis problem by R.B. Campbell. By describing, dating, and analyzing t h e  pluton, i t s  age ,  origin, 
and mode of emplacement  were  determined. The thesis 
(Jacobson, 1979) contains detailed petrographic descriptions 
of rock units, chemical analyses, norms, and modes t h a t  a r e  
not included in this summary. 

The Tkope River batholith underlies 160 km2 of upland, 
bounded on the  southwest by t h e  Tkope River valley, and t o  
t h e  north and eas t  by t h e  O'Connor River valley (Figure 22.1). 
'The a rea  studied l ies between 590211 and 590401N and 136'45' 
and 137O05'W. 

Access was  by helicopter. The nearest  road l ies 20 km 
t o  the  eas t  a t  Chilkat Pass, milepost 90 of t h e  Haines Road. 
Field work in the  batholith took place during t h e  f i r s t  two  
weeks of August. The rugged ter ra in  and extensive glacier 
cover l imited sampling and mapping t o  traversable ridges. 
The valleys a r e  all  glacier-filled, but  glaciation has  c rea t ed  
excel lent  exposure on cirque walls. 

Enclosing Rocks 

The Tkope River batholith occurs within t h e  informally 
named Kaskawulsh group, which is pa r t  of t h e  Alexander 
Terrane of Berg e t  al. (1972). The Kaskawulsh group is 
bounded on the  northeast  by t h e  Denali and Duke River Fault  
sys t ems  and on the  southwest by t h e  Art Lewis or Hubbard Rgure 22.1. Terrane bounding faults in the Saint Elfas 
Faul t  (Fig. 22.1). Both t h e  Duke River and Denali Faults a r e  Mountains. 
believed t o  be  major ri h t  l a t e ra l  t ranscurrent  f au l t s  
(Campbell  and Dodds, 19787. Read and Monger (1976) and 
Campbell  and Dodds (1978) described the  Kaskawulsh group. 

' ~ e p a r t m e n t  of Geological Sciences, The Lniversity of British Columbia, Vancouver, B.C., V6T lW5 





The group is dominated by greywaclte-argillite and l imestones present t o  t h e  eas t ,  north, and west. The youngest rocks in 
ranging in age  f rom Ordovician t o  Triassic. Local accumula- con tac t  with t h e  batholith a r e  interlayered andesi te  and 
tions of basic volcanics a r e  also present and in par t  a r e  andesi te  flow breccia  t h a t  occur t o  t h e  southeast .  
Cambrian t o  Ordovician in age.  These a r e  qui te  commonly All t h e  enclosing rocks show c o n t a c t  metamorphism 
pillowed and brecciated. Kaskawulsh group rocks are extending up t o  50 m f rom the batholith, Argillite near the 
intruded and 'Ontact PIutons ranging in contact is hornfels. Intense deformation of argi]]ite has 
age  f rom latest  Paleozoic to  Tertiary.  They have undergone t igh t  similar folds (50 cm with  sheared polyphase deformation, but regional metamorphism is axial  surfaces.  Far ther  f rom t h e  intrusive con tac t ,  argil l i te generally no greater  than lowest greenschist  grade. grades  in to  less metamorphosed limy slates.  

Within the  study a rea  (Fig. 22.2), Kaskawulsh group Recrystall ized Devonian (?) l imestone along t h e  north- 
l imestone of possible Devonian age  and Ordovician-Silurian western and eastern contacts of the batholith is dark grey to 
argillite-shale occur  in con tac t  with t h e  batholith a t  i t s  black in colour with areas of intense similar No nor theas tern  and southern margins. In addition a younger distinction was made between the deformation caused by 
layered and possibly water -reworked volcaniclastic unit intrusion and preexisting regional deformation. 
containing breccia,  tuf f ,  and poorly-sorted sandstones is 

The age  of layered breccia  and tuff 
)QbJ Glac ia l  d r i f t ,  und iv ided (Tbr) developed near  t h e  batholith margins is 

controversial .  Campbell  and Dodds (1979) 
CENOZOIC s t a t ed  t h a t  t he  breccias  and tu f f s  a r e  

OLIGOCENE (25.6 - 28.8 m.y. ) extrus ive  components of t h e  Tkope River 
Dykes, ande r i t e ,  d a c i t e  batholith and the re fo re  Cenozoic. The 

volcaniclastic units comprise  water-reworked 
layers containing l imestone, si l tstone, 

Granophyre volcanic rock, and dior i te  clasts.  Such 
diverse  c las t  lithologies a r e  difficult  t o  
explain if t he  volcaniclastic unit was an  apron 

Gran i t e  - qua r t z  monzonite surrounding a volcanic centre .  An a l t e rna te  
in terpre ta t ion is t h a t  t h e  volcaniclastic unit 

indicate is  much older and par t  of t h e  Kaskawulsh 
Granodior i  t e  observed i n t r u s i v e  group. 

r e l a t i o n s h i p s ,  At t h e  con tac t  with t h e  intrusion, lime- 
p o i n t i n g  from 

Granodior i te  porphyry s tone  c las ts  in t h e  breccia  have been a l tered 
younger phase t o  grossularite,  epidote,  diopside, and sphene, 
towards i n t ruded  which suggests hornblende hornfels f ac i e s  

Quartz d i o r i t e  host  r ock  metamorphism. Other  c las ts  a r e  silicified 
and partially recrystall ized. One-half kilo- 
m e t r e  f rom the  contact ,  thin sections of tuff 

Microgabbro - gabbro show abundant subangular t o  angular 
f ragments  of plagioclase, quar tz i te ,  volcanic 
rock, d ior i te  and microgabbro in an aphanitic,  

Andesite f l ows  iron oxide stained matrix.  All t he  f r agmen t s  
a r e  a l tered,  with plagioclase conver ted  t o  

CENOZOIC OR PALEOZOIC se r i c i t e  and epidote. 
Brecc ia  The andesi te  flows and flow-top 

PALEOZOIC breccias  (Ta) occur  a s  layers 5 t o  6 m thick. 
DEVONIAN? Flat tened,  vesicle-rich andesi te  occurs  near 

Skarfl, l imestone t h e  top of the  flows. The fresh na tu re  of this 
sequence suggests t h a t  these  a r e  extrusive 

ORDOVICIAN - SILURIAN 

A r g i l l  i t e ,  minor 1 imestone 

Greenstone w i t h  l imestone 

S Y M B O L S  

---... Contracts (de f i ned ,  approximate, assumed) 

- Faul ts  (approximate) 

2 Bedding a t t i t u d e  

a Foss i l  l o c a t i o n  

] Glacie r  

-,- L i m i t  o f  mapping 

Sample l o c a l i t y  f o r  geochronometry 

Contour i n t e r v a l  2500 f e e t  

Figure 22.2. Geologic map of the Tkope River Batholith. 

eq"ivalents of intrusive phases of t h e  Tkope 
River batholith. 

Plutonic Rocks 

Microgabbro-gabbro (Tgb) 

The outer  margin of much of t h e  
batholith and t h e  tops  of t h e  ridges in i t s  
c e n t r e  consist of dark grey t o  black 
microgabbro t o  gabbro (Fig. 22.2). In volume 
and a rea l  ex ten t ,  this phase is only exceeded 
by t h e  granite-quartz monzonite. This initial 
phase intrudes the  breccias,  l imestone, and 
argil l i te with sharp, discordant contacts.  
Neither screens  of country rock nor xenoliths 
were  observed in t h e  gabbro. 

Gabbro outcrops a r e  ext remely rugged, 
closely f rac tured,  and black weathering. 
Texture  is variable f rom subophitic in coarser 
varieties,  t o  ophitic in microgabbro, t o  
gabbro pegmatite.  Plagioclase (An7 5-4 s), 



0 1 Vertical exaggeralion r 1.67 

Figure 22.3. Cross sections of the Tkope River Batholith. 

+ ielsic dykes 

Xgranophyre 

O g r a n i t e  

A g r a n o d i o r i  te 
O g r a n o d i o r i  te porpl lyry 

.quartz d i o r i  tr 
v g a b b r o  

Figure 22.4. A F M  diagram for the six intrusive phases and one dyke phase in 
the Tkope River Batholith. 

augi te ,  and hypers thene  a r e  t h e  principal 
primary minerals. Secondary ac t inol i t ic  
hornblende, bioti te,  and chlor i te  a r e  
common. Many of t h e  dark grey,  massive 
aug i t e  crys ta ls  have  urali t ized outer  
margins. Hypers thene  shows a g rea t e r  
amount  of ura l i t ic  a l te ra t ion .  Al tera t ion  
is manifest  with chlorit ized maf ics  and 
f ine  grained, f e l t ed  secondary bioti te.  
The more  ca l c i c  co re s  of plagioclase 
feldspars a r e  saussurit ized.  Generally,  
t h e  f a r the r  a sample  is f rom a con tac t  
with a l a t e r  phase,  t h e  less a l te ra t ion  is 
evident.  

Q u a r t z  d ior i te  (Tqd) 

An e longate  (3000 by 500 m) body of 
q u a r t z  d ior i te  occu r s  in t h e  nor thwest  
corner  of t h e  bathol i th  (Fig. 22.2). This 
body has  a southern  c o n t a c t  t h a t  dips 
under t h e  grani te-quar tz  monzoni te  and a 
s teeply  dipping unexposed nor thern  
c o n t a c t  with t h e  breccia.  

The qua r t z  d ior i te  is massive, 
medium grained, and whi te  t o  l ight g rey  
on weathered and f r e sh  surfaces.  I t  is not 
res is tant  t o  erosion and f o r m s  rounded 
ridges. 

The q u a r t z  d ior i te  is  hypidiomorphic 
and composed of quar tz ,  plagioclase 
(An3 5-5s,  with An1 rims), or thoclase ,  
b io t i te ,  and hornblende. Al tera t ion  
consists of chlorit ized maf ics  and 
saussurit ized plagioclase cores. 

Granodiorite porphyry (Tgdp) 

Massive, grey,  medium grained 
granodior i te  porphyry occurs  a s  t h r e e  
bodies; o n e  is e longa te  (100 by 1000 m), 
another  is c i rcular  (1500 m diameter) ,  and 
t h e  third is  slightly elongated.  They 
underlie t he .  ridge-capping microgabbro- 
gabbro  phase wi th  sha rp  c o n t a c t s  and a 
narrow, poorly developed chill zone.  This 
sugges ts  l i t t le  t e m p e r a t u r e  con t r a s t  at 
t h e  t i m e  of emplacement .  Phenocrysts 
(up t o  5 mm) of coa r se  grained 
plagioclase (An4 5-2 0) and coa r se  grained 
anhedral  q u a r t z  (up t o  4 mm)  occur  in a 
very f ine  grained groundmass of 
plagioclase, or thoclase ,  quar tz ,  bioti te,  
and  chlorite.  There  is a bimodal 
plagioclase phenocryst  s i ze  distr ibution 
with t h e  larger  phenocrysts having highly 
corroded margins. Q u a r t z  occurs  as 
highly anhedra l  phenocrys ts  and f ine  
grained anhedral  groundmass grains. 

In t h e  groundmass, f i ne  grained 
f e l t ed  b io t i te  and ch lo r i t e  exis t  in a n  
equigranular a l lo t r iomorphic  mosaic of 
q u a r t z  and orthoclase.  Phenocrys ts  a r e  
embayed by ma te r i a l  of t h e  groundmass. 
Chlor i te  a l t e r a t ion  of t h e  f i ne  grained 
groundmass is  extens ive;  plagioclase is 
commonly saussurit ized.  



Granodiorite (Tgd) 

Massive, dark grey, heterogeneous granodiorite occurs 
in t h e  co re  of t h e  batholith a s  a 20 t o  40 m thick layer 
underlying the  granodiorite porphyry and overlying t h e  
grani te-quar tz  monzonite (Fig. 22.3, cross-section, 0-B, 
Fig. 22.2). 

At contacts  with the  overlying gabbro and granodiorite 
porphyry, t he  granodiorite contains rounded xenoliths of both 
phases. Contacts  a r e  sharp, with a narrow, weakly chilled 
margin. Euhedral plagioclase phenocrysts (An50-27) occur  in 
a fine grained t o  graphic groundmass of orthoclase and qua r t z  
with bioti te,  chlorite,  abundant anhedral hornblende, and 
sparse  augite. 

The groundmass var ies  f rom very f ine  grained graphic 
quar tz  and orthoclase t o  f ine  grained, anhedral, a lmost  
graphic quar tz  and orthoclase.  The graphic groundmass 
appears  t o  radia te  f rom t h e  plagioclase phenocrysts, but t h e  
abrupt change in relief in thin section suggests t h e  graphic 
feldspar is chemically distinct f rom t h e  plagioclase. 

Clay a l tera t ion of orthoclase,  saussuritization of 
plagioclase, f ine  grained penninite a f t e r  hornblende, minor 
uralization of sparse  augite,  and a l tera t ion of urali t ized 
augi te  t o  chlorite occur throughout t h e  unit. 

Granite-Quartz Monzonite (Tqm) 

The co re  of t he  batholith consists of a homogeneous, 
pink, medium grained granite-quartz monzonite (or simply 
grani te  in t h e  I.U.G.S. Classification). This phase intrudes all  
other phases of t h e  pluton excep t  t h e  granophyre. A t  
con tac t s  t he re  is a reduction in grain s ize  and rounded, 
recrystall ized xenoliths of surrounding phases a r e  very 
common. In contras t  t o  most previously described phases, t h e  
grani te  has no visible lower contact .  

Euhedral, white,  medium grained plagioclase (An2 5-1 0) 

crys ta ls  s i t  in a f ine  t o  medium grained groundmass of 
anhedral crys ta ls  of light pink or thoclase  and grey qua r t z  
with minor hornblende and bioti te.  Accessory minerals a r e  
apa t i t e ,  sphene, and magnet i te .  The common t ex tu re  is 
hypidiomorphic granular, but i t  becomes porphyritic where  
anhedral  qua r t z  and orthoclase,  in partially graphic 
intergrowth, surround coarser grained, euhedral plagioclase. 

Alteration is weak, with potassium feldspar a l tered t o  
clay and plagioclase t o  saussurite. 

Granophyre (Tgp) 

Light pink, f ine  grained granophyre occurs only at t h e  
e x t r e m e  northwest corner of t h e  pluton where  a 1000 by 
500 m body intrudes t h e  gabbroic phase. The con tac t  with 
t h e  microgabbro-gabbro is sharp, with a narrow chill zone. 
A few xenoliths of microgabbro-gabbro occur in the  
granophyre. Medium grained, euhedral plagioclase (An1 8-1  0) 
is surrounded by, and in some sect ions  appears  t o  b e  resorbed 
by, t he  much more  abundant fine grained graphic or thoclase  
and quar tz .  Biotite, magnet i te ,  and epidote comprise 5 per 
cen t  of t h e  groundmass. Miarolitic cavi t ies  lined with qua r t z  
and magnet i te  a r e  ubiquitous. 

Alteration consists of minor replacement of or thoclase  
by clay, and biot i te  by chlorite.  

Dykes (Td) 

Diabase and feldspar quar tz-eye porphyry dykes c u t  all  
t h e  intrusive phases in t h e  batholith. The dykes a r e  up t o  3 m 
wide, have well-developed chilled margins, and weakly 
developed a l tera t ion zones  in the  surrounding rock. 

The relationship of t he  dykes t o  the  batholith is  unclear. 
The dykes do not f i t  the  basic t o  acidic magma trend. They 
a r e  not simply end-phase crystall ization, and may be 
distinctly younger. 

Intrusive Sequence 

The intrusive sequence was  deciphered using observed 
con tac t  relationships, deg ree  of a l tera t ion,  texture ,  and t h e  
general trend f rom older basic t o  younger acidic phases with 
t ime. 

The oldest phase, microgabbro-gabbro, occurs e i ther  a s  
pendants on the  highest ridges or a s  massive bodies near t h e  
pluton boundary. All o ther  phases, excep t  t he  qua r t z  diorite,  
c u t  t h e  gabbroic phase and contain xenoliths of it. 

The qua r t z  diorite is perhaps t h e  second phase 
emplaced. Intruded only by grani te ,  i t s  sequential  position is 
poorly defined. On the  basis of a lesser degree  of 
d i f ferent ia t ion,  t h e  qua r t z  d ior i te  is  placed before  t h e  
granodiorite porphyry and granodiorite in order of intrusion. 

The granodiorite prophyry and granodiorite a r e  very 
distinctive in t h e  field and crosscut t ing relationships a r e  
clear.  Both phases underlie t h e  microgabbro-gabbro and 
contain abundant gabbroic inclusions. The granodiorite 
postdates  t h e  granodiorite porphyry and a t  t h e  con tac t s  
between these  two phases, abundant granodiorite porphyry 
xenoliths exist  in t h e  granodiorite. The grani te  crosscuts all  
t h e  previously mentioned phases; xenoliths of a l l  of t h e  more  
maf ic  phases occur in it. 

The las t  phase is presumably t h e  granophyre, but it only 
cu t s  t h e  gabbro. The granophyric t e x t u r e  and miaroli t ic 
cavi t ies  suggest rapid cooling in contras t  t o  t h e  slower, 
deeper ,  and presumably earlier cooling hypidiomorphic 
granite.  

Many character is t ics  of t h e  batholith f i t  Buddington's 
(1959) c r i t e r i a  for  high level emplacement .  

Major Element  Chemist ry  

Major e lement  analyses for six intrusive phases and two  
dykes were  provided by R.G. G a r r e t t  of t h e  Geochemistry 
subdivision of t h e  Geological Survey of Canada. 

An AFM plot (Fig. 22.4) i l lus t ra tes  t h e  typical thole i i t ic  
and calc-alkaline fields a s  suggested by Irvine and Baragar 
(1971). The samples fall in two  distinct groups. Granophyre 
t o  qua r t z  d ior i te  l ie well within t h e  calc-alkaline field. Three 
gabbro samples  plot on t h e  calc-alkaline-tholeiitic dividing 
line. 

In Figure 22.5a, si l ica versus t h e  to t a l  iron t o  MgO ra t io  
is plotted wi th  t h e  dividing line between t h e  tholeii t ic and 
calc-alkaline fields f rom Miyashiro (1974). Normative 
plagioclase composition versus A1203 weight per c e n t  a r e  
plotted on Figure 22.5b. The iron and magnesium depleted 
granophyre to  qua r t z  d ior i te  samples  plot in t h e  calc-alkaline 
f ie lds  bu t  show a nearly horizontal  (tholeiitic) f rac t ionat ion 
t rend in Figure 22.5a. The gabbros a re  iron and magnesium 
rich and plot on or close t o  the  transit ion between calc- 
alkaline and thole i i t ic  fields in a l l  plots. 

Ringwood (1974) outlined t h e  di f ferences  between t h e  
tholeii t ic and calc-alkaline trends. If the  gabbro evolved t o  
qua r t z  d ior i te  with l i t t l e  iron enr ichment ,  this is a typical 
calc-alkaline suite.  The s t rong iron enrichment trend f r o m  
qua r t z  d ior i te  t o  granophyre may result  f rom relatively 
shallow closed-system fract ionat ion without magnet i te  
removal. 



Harker variation diagrams (Fig. 22.6) show a smooth 
decrease  in CaO, FeO, and MgO, with differentiation 
for  a l l  phases. This is not observed in t h e  A1203 versus 
Si02 diagrams, because the  gabbros plot off t h e  qua r t z  
d ior i te  to granophyre trend. K 2 0  increases with differen- 
t ia t ion,  especially during la ter  stages.  In all variation 
diagrams, the  gabbros a r e  qui te  sepa ra t e  f rom the  qua r t z  
d ior i te  t o  granophyre series. 

In the  Tkope River batholith, Na/K and Ca/Na ratios in 
the  gabbro differ f rom those of t he  qua r t z  diorite. Green and 
Ringwood (1968) pointed ou t  t h a t  amphibole f rac t ionat ion 
alone could not a l t e r  t he  Na/K ra t io  of t h e  residual melt. 
Because the  Na/K ra t io  in t h e  Tkope River batholith varies 
f rom the  gabbro t o  qua r t z  diorite,  e i ther  pyroxene and 
plagioclase were  also involved in ear ly  f rac t ionat ion or t h e  
t w o  magmas had independent origins. 

A triangular plot of normat ive  quartz-plagioclase- 
or thoclase  (Figure 22.7a) again shows the  gabbro distinctly 
separa ted f r o m  t h e  rest  of t h e  phases. This figure also 
suggests a curved crystall ization path f rom the  gabbros t o  
granophyres. The end product of t he  f rac t ionat ion curve, t h e  
granophyres and granites,  lies in the  thermal  valley very near 
the  grani te  minimum. 

Feldspars make up a large  percentage of all  phases. 
The nor mat ive  anorthite-albite-orthoclase ternary  diagram is 
shown in Figure 22.7b. Each mel t  in t h e  ternary  diagram 
should be in equilibrium with plagioclase crys ta ls  if t h e  
melt  is on t h e  plagioclase side of t h e  co tec t i c  trough. 
By es t imat ing t h e  anor thi te  content  of plagioclase crys ta ls  
in equilibrium with t h e  melt ,  t h e  trend in me l t  composition 
caused by plagioclase f rac t ionat ion can be  shown. The  gabbro 
samples  a r e  in equilibrium with plagioclase crys ta ls  of 
An75 ( C l )  composition (Fig. 22.7b). Fractionation drives t h e  
me l t  towards  granodiorite. The granodiorite me l t  is in 
equilibrium with plagioclase crys ta ls  of Arise composition 
(C2). Continued plagioclase f rac t ionat ion drives t h e  compo- 
sition of t h e  me l t  by way of paths P2 and P3 t o  the  co tec t i c  
trough which corresponds t o  t h e  granophyre composition. At 
this s t age  potassium feldspar fo rms  simultaneously with 
plagioclase and t h e  mel t  follows t h e  co tec t i c  trough to  i ts  
minimum. Magma evolution of t h e  Tkope River batholith can 
b e  largely explained by this simple system. 

In the  granodiorite porphyry, t h e  coarse  grained plagio- 
c lase  phenocrysts a r e  mot t led  and embayed, whereas  thei r  
r ims and f ine  grained plagioclase crystaIs a r e  normally zoned. 

Figure 22.5. 

a )  Si02 (wt.%) versus FeOX/MgO diagram. 

b) A120 3 (wt.%) versus normative plagioclase 
diagram. 
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+ f e l  s i c  d y k e s  0 g r a n i t e  m q u a r t z  d i o r i  t e  

The coarse  grained plagioclase a r e  probable re l ic t  
crys ta ls  ( res t i te  of White and Chappell, 1977) 
formed much deeper than t h e  epizonal level. The 
mot t led  cores  would have formed in a deep magma 
chamber  and the  margins a t  a higher level with 
lower t empera tu re  and pressure. 

The chemical  d a t a  a r e  consistent with a 
magma evolution similar t o  Northcote 's  (1968) 
model for t h e  Guichon batholith. Separation of 
hornblende, pyroxene, and calc ic  plagioclase in t h e  
deeper  magma chamber  would drive the  gabbroic 
liquid t o  a qua r t z  diorit ic liquid. Later  this qua r t z  
d ior i te  magma with minor maf i c  and dominant 
plagioclase segregation would produce t h e  qua r t z  
diorite t o  granophyre series. The a l t e rna te  view is 
t h a t  two sepa ra t e  magmas f rom the  mant le  formed 
t h e  batholith. The very large  volume of gabbroic 
magma necessary t o  g e n e r a t e  grani t ic  magmas 
makes  t h e  two magma in terpre ta t ion a t t rac t ive .  

Ceochronometry 

The a g e  of emplacemen t  was  sought using 
Rb-Sr, K-Ar, and fission t r ack  techniques. 
Conventional procedures fo r  sample  preparation 
and analyses a re  summarized in the  Tables 22.1 t o  
22.4. Locations of all  samples  discussed a r e  
i l lustrated on Figure 22.2 and precise geographic 
coordinates  a r e  given in Table 22.1. 

Rb-Sr Dates  

Data  for  mineral isochrons and numerous 
Rb-Sr whole rock analyses a r e  given in Tables 22.1 
and 22.2. 

The mineral isochron samples (granite 178-1) 
and qua r t z  diorite 172-1) were  chosen to  represent 
d i f ferent  rock types  with minimum al tera t ion,  and 
convenient crys ta l  s ize  and mineral abundance f o r  
sample  preparation. The qua r t z  d ior i te  phase 
appears  t o  b e  t h e  second phase emplaced, whereas  
t h e  grani te  was next t o  last. An a g e  di f ference  
between the  two samples might have been 
measurable. 

The mineral isochrons give  da te s  of 
26.6 + 0.7 Ma and 25.6 + 0.8 Ma (Fig. 22.8). The 
older d a t e  was f rom t h e  white,  medium grained, 
pink, hypidiomorphic, inequigranular granite.  Both 
isochrons show minimal sca t t e r ,  with bioti tes 
having high Rb/Sr ra t ios  t h a t  control  t h e  slopes and 
calcula ted  dates. 

For a whole rock isochron, a wide range of 
rock types  in randomly sca t t e red  collecting s i t e s  
were  used. The whole rock Rb-Sr isochron gave 
28.8 ? 41.9 Ma, for  a regression using all points 
(Fig. 22.9). Sca t t e r  of t h e  whole rock points about 
t h e  calculated isochron is much g rea te r  than 
analytical  er ror ,  and could be  explained several 
ways. Metamorphic redistribution of radiogenic 
s t ront ium in a partially r e se t  older pluton might b e  
suspected. The parent magma could have been 
inhomogeneous. Perhaps t h e  bes t  explanation is 
variable contamination with radiogenic strontium. 
The only argil l i te sample  analyzed gave a high 
8 7 S r / 8 6 ~ r  ra t io  and would be a likely contaminant.  

x g r a n o p h y r e  A g r a n o d i o r i t e  v g a b b r o  
o g r a n o d i o r i t e  p o r p h y r y  

Figure 22.6. Harker variation diagrams. 



The gabbros, with thei r  low 8 7 ~ r / 8 6 S r  ratios, cannot b e  
great ly  a f f ec t ed  by s t ront ium contamination. Combining 
these  low gabbro ra t ios  with two g ran i t e  samples (184-1, 
191-1) having low "SI - / ' ~S~  ra t ios  re la t ive  t o  thei r  Rb/Sr 
ratios,  a younger isochron of 28.0 + 41.2 Ma is attained. This 
is a maximum a g e  for  those samples whether or not they a r e  
contaminated.  

Samples thought t o  be  contaminated (granites 177-1, 
277-1, 178-1; ,granophyre 169-1; and qua r t z  d ior i te  173-1) 
range in l o c a t ~ o n  f rom the  batholith boundary (173-1, 169-1, 
178-1) t o  i t s  co re  (191-1, 227-1). There appears t o  be  no 
correlation with the  amount of contamination and t h e  
closeness to  country rock. There is a general lack of country 
rock xenoliths. 

The country rock sample (argil l i te 214-1) plots with a 
much higher 87Sr /86Sr  ra t io  of 0.7078 (Figure 9). By 
assumin the  batholith intruded country rock with a 
similar ' S r ~ ' ~ s r  ra t io  a s  the  argil l i te,  t h e  degree of contam- 
ination can be  calcula ted  (taking in to  account the  relative 

s t ront ium concentrations).  Assimilation of 10 per cen t  
argi l l i te  would account for  t h e  observed radiogenic s t ront ium 
contamination if gabbro sample  196-1, contaminated qua r t z  
d ior i te  173-1, and t h e  argil l i te a r e  used fo r  t h e  calculation. 

All samples  of t h e  same  rock t y p e  plot in groups on t h e  
whole rock isochron diagram. Each rock t y p e  has  
similar 8 7 ~ r / 8 6 ~ r  and Rb/Sr ra t ios  excep t  for  one  g ran i t e  
sample  (227-1) t h a t  has  ra t ios  in termedia te  t o  t h e  qua r t z  
d ior i te  and grani te  clusters. Assimilation of gabbro may have 
modified this sample  because i t  is only 10 m f rom a gabbro 
body and abundant gabbro xenoliths surround t h e  sample  site.  

K-Ar Dates  

Two samples were  picked for  K-Ar dat ing (Table 22.3). 
Hornblende, f rom f i rs t  phase gabbro, was  separa ted because 
i t  has a high blocking t empera tu re  fo r  Ar diffusion and should 
give the  oldest mineral d a t e  fo r  t he  batholith.  Biotite, f rom 
t h e  second phase qua r t z  diorite,  has  a much lower blocking 

t empera tu re  and should give a younger age  
.imit for t he  feldspathic rock series. 

+ f e l s i c  dykes 
Hornblende f rom t h e  medium grained, 

Quartz 
x granophyre jubophitic, .in equigranular gabbro (196-1) gave 

A 
g r a n i t e  a 26.9 + 0.9 Ma d a t e  and biot i te  f r o m  t h e  

A g ranod io r i t e  medium grained, hypidiomorphic, equi- 
granular qua r t z  d ior i te  (172-1) gave a 

0 g ranod io r i t e  porphyry d a t e  of 24.7 + 0.9 Ma (Table 22.3). 

quartz d i o r i t e  The gabbro f rom which t h e  hornblende 
v gabbro was  separa ted was  a l tered,  with f ine  grained 

act inol i t ic  hornblende a f t e r  pyroxene. If t h e  
intensity of t h e  a l tera t ion caused by la ter  
intrusive phases was  g r e a t  enough, t h e  
26.9 + 0.9 Ma d a t e  could be  a t i m e  of 

Gran i te  minimum rese t t ing and alteration. - 
from T u t t l e  and 
Bowen (1958, 

F ig .  23) Fission Track 
Zircon and a p a t i t e  (Table 22.4) were  

separa ted f rom t h e  coarser  grained qua r t z  
d ior i te  because of thei r  larger  crys ta l  size. 
Bioti te f rom t h e  same  rock specimen was  
dated by K-Ar and Rb-Sr. 

/ .  \ 
~ l a ~ i o y l a s e  Orthoclase 

The zircon fission t rack d a t e  is  
25.2 + 2.8 Ma. The l a rge  er ror  ref lec ts  t he  
l imited number of grains t h a t  were  suitable fo r  
counting in t h e  irradiated grain mount, but 
nevertheless the  result  is similar t o  K-Ar and 
Rb-Sr da te s  for t he  same  rock. In contras t  t he  
a p a t i t e  da t e ,  14.5 + 1.5 Ma is only half t h e  
o the r  d a t e s  fo r  coexisting minerals. 

In terpre ta t ion of Ceochronometry  

Age of Emplacement  

Da tes  of 26.9 + 0.9 Ma (K-Ar, horn- 
blende), 24.7 ? 0.9 Ma (K-Ar, biotite), 
26.6 + 0.7 Ma and 25.6 + 0.8 Ma (Rb-Sr, 

'Otectic from mineral isochrons), 25.2 i 2.8 Ma (fission 
T u t t l e  and t r ack ,  zircon), a l l  indicate  a n  Oligocene a g e  

) fo r  t h e  Tkope River batholith.  

This is  not a unique L a t e  Cenozoic 

B )  
intrusive event.  Christopher (1973) da ted  
biot i te  a t  26.0 t o  26.7 Ma f r o m  t h e  Cork 
Molybdenum property,  which is  a qua r t z  l a t i t e  

Ab 0 r porphyry stock within t h e  nearby Taku-Skolai 
Terrane. Read and Monger (1976) obtained a 

a)  Normative quartz-plagioclase-orthoclase diagram. biotite K-Ar d a t e  of 26.0 Ma f rom qua r t z  
b) Normative anorthite-albite-orthoclase diagram. l a t i t e  porphyry dykes intruding t h e  Taku- 

Figure 22.7 Skolai Terrane,  southwestern Yukon Territory.  



Table 22.1 

Rb-Sr analyses, Sr isotopic compositions, and whole rock isochron for  t h e  Tkope River Batholith 

Date  
Initial 87Sr /8  6Sr 

Sample Number 
Description 

N Latitude 
W Longitude 
PPm Sr 
PPm Rb 
Rb/Sr 
8 7 ~ b / 8 6 S r  
87Sr/86Sr  

Sample Number 
Description 

N Latitude 
W Longitude 
PPm Sr 
PPm Rb 
Rb/Sr 
8 7 ~ b / 8 6 ~ r  
8 7 S r / 8 6 ~ r  

All whole rock d a t a  Selected subset of whole rock d a t a  
28.2 i 1 .9  Ma 28 .0  i 1.2  Ma 

0.70346 + 0.0002 0.70306 + 0.0002 0 

196-1 198-1 203-1 172-1 173-1 177-1 
Gabbro Microgabbro Gabbro Quar t z  Quar tz  Grani te  

Diorite Diorite 

59O34.4' 59'34.45' 59'35.4' 59'37.0' 59'37.4' 59'36.5' 
136'53.1' 136'54.5' 136'53.2' 177'1.75' 137'2.4' 137'1.75' 

275 263 278 250 238 64.2  
13 .6  11.8 39.5  42.1 62.1  134 

0.0443 0.0445 0.1417 0.1679 0.2602 2.093 
0.1426 0.1287 0.4097 0.4856 0.7521 6 .055 
0.7031 0.7031 0.7036 0.7038 0.7039 0.7067 

178-1 184-1 191-1 227-1 169-1 214-1 
Grani te  Grani te  Grani te  Grani te  Granophyre Argillite 

59'35.6' 59O33.5' 59'32.9' 59'31.75' 59'36.0' 59'34 .O' 
137'2.0' 136'57.5' 136'50.8' 136"51.2' 137'4.25' 136'49.7' 

52.9 44.5 41.9 118 25.2 106 
155 145 165 110 165 48.5  

2.940 3.262 3.948 0.9263 6 .57  0.4545 
8.507 9.437 11.42 2.679 19.02 1.315 
0.7072 0.7069 0 .7075 0.7050 0.7113 0.7078 

Analytical techniques: 

Rb and Sr concentrations were  determined by repl ica te  analysis of pressed powder pellets 
using X-ray fluorescence. U.S. Geological Survey rock s tandards  were  used for calibration: mass 
absorption coefficients were  obtained f rom Mo KaCompton  scat ter ing measurements.  Rb/Sr ratios have 
a precision of 2 per cent  ( lo)  and concentrations a precision of 5 per cen t  (lo). Sr isotopic composition 
was  measured on unspiked samples prepared using standard ion exchange techniques. The mass 
spect rometer  (60' sec tor ,  30 c m  radius, solid source) is of U.S. National Bureau of Standards design, 
modified by H. Faul. Data  acquisition is digitized and automated using a NOVA computer.  Experimental 
d a t a  have been normalized to  a 8 6 ~ r / 8 8 ~ r  ra t io  of 0.1194 and adjusted s o  t h a t  t h e  NBS s tandard S rC03  
(SRM987) gives a 8 7 ~ r / 8 6 ~ r  r a t io  of 0.71022 ? 2 and t h e  Eirner and Amend Sr a ra t io  of 0.70800 + 2. The 
precision of a single 8 7 S r / 8 6 ~ r  r a t io  is 0.00013 (lo). Rb-Sr da te s  a r e  based on a Rb decay constant  of 
1.42 x 10- ' la- ' .  The regressions a r e  calculated according t o  the  technique of York (1967). 

Table 22.2 

Rb-Sr da ta  for mineral isochrons 

Tkope River Batholith Quar t z  Diorite Suite 

Da te  26.6 ? 0 . 7  Ma 
Initial 8 7 ~ r / B 6 ~ r  = 0.7036 + .0001 

Sample Number 172-1 
Description Whole Rock Plagioclase Biotite 

PPm Sr 250 276 28.4 
PPm Rb  42.1 65.4  309 
Rb/Sr 0.1679 0.0236 10.90 
8 7 ~ b / 8 6 ~ r  0.4856 0.0684 31.56 
8 7 ~ r / 8 6 ~ r  0.4856 0.0684 31.56 

Tkope River Batholith Grani te  Mineral Suite 

Da te  25.6 ? 0 . 8  Ma 
Initial 8 7 ~ r / 8 6 ~ r  = .7044 + .0002 

Sample Number 178-1 
Description Whole Rock Orthoclase Hornblende and Plagioclase Biotite 

Bioti te 

PPm Sr 52 .8  52.6 10.0 81.6  13.6  
PPm Rb 155 297 100 94.9  58 5 
Rb/Sr 2.940 5.643 10.24 1.163 43.30 
8 7 ~ b / 8 6 ~ r  8.507 16.33 29.65 3.363 125.8 
8 7 ~ r / 8 6 ~ r  0.7072 0.7013 0.7151 0.7059 0.7510 



Table 22.3 

K-Ar d a t a  and da te s  

Sample 172-1 196-1 
Description Quar tz  Gabbro 

Diorite 

Minerals Present Bioti te and Hornblende and 
minor chlor i te  minor pyroxene 

K ( % I  4 .21,  4.19 0.494, 0.476 
Ark'* cc /gm 4 4.054 0.5120 
Ark '*/total ~ r '  '* 77.8% 29.3% 
Da te  24.7 + 0.9  Ma 26.9 + 0.9  Ma 

K was determined in duplicate by a tomic  absorption 
using a Techtron AA4 spect rophotometer  and Ar by isotope 
dilution using an AEI MS - 10 mass spect rometer  and high 
purity 3 8 A r  spike. Errors reported a r e  for one standard 
deviation. The constants used are:  

KX = 0.381 x 1 0 - ' ~ a - '  
E 

, I<X - 4.962 x 10-' 'a-', 
B - 

' O K / K  = 0.01 167 a tom per cent .  

In t h e  Yakutat-Saint Elias area ,  south-central  Alaska, 
Hudson et al. (1977) have dated a Cenozoic  intrusive sui te  
t h a t  ranges f rom 30.6 t o  24.1 Ma. Hudson (personal 
communication, 1979) da ted  Upper Oligocene epizonal t o  
hypabyssal grani te  t o  porphyry s tocks  70 km eas t  of 
Ketchikan in southwestern Alaska. 

The Oligocene was  a t ime of widely sca t t e red  plutonic 
emplacement  in southern Alaska and the  Saint Elias region. 

Cooling Curve 

Harrison et al. (1979) const ructed cooling curves  - da tes  
plotted against  blocking t empera tu re  fo r  d i f ferent  dating 
methods applied t o  one rock. Using Harrison's blocking 
temperatures ,  t h e  various da te s  for t h e  Tkope River batholith 
were  plotted t o  const ruct  a cooling curve  (Fig. 22.10). 

There  was  approximately a 500°C t empera tu re  drop in 
1.5 Ma a f t e r  emplacement.  Such a s t e e p  cooling curve  is 
consistent with high level emplacemen t  and lack of 
metamorphic resett ing. The a p a t i t e  d a t e  of 14.5 Ma l ies  
almost exact ly  on a s t ra ight  line between t h e  end of init ial  
cooling and present day surface  t empera tu re  (Fig. 22.10). 
The simplest interpretation is linear cooling a t  a r a t e  of 7 t o  
8OC per/Ma. Given a geothermal  gradient  of 26"C/km 
(Mathews, 19721, this t rans la tes  t o  an average uplift r a t e  of 
0.3 mm/year over the  last  25 Ma. 

Geologic evidence of recent  uplift is 
provided by distortion of mid Ter t iary  erosion 
su r faces  and uplifted mid t o  upper Ter t iary  
sedimentary  and volcanic rocks. Coal  seems 

0.751 - a t  Amphi theat re  Mountain and Sheep Creek 
indicate  a low-elevation, subtropical c l ima te  

4~ about  20 Ma ago  (Muller, 1967). Uplift of t h e  
Saint Elias region f r o m  t h e  low relief t o  

0.718 - exceptional a l t i t ude  (>5 km) is  thought t o  have 
occurred largely during t h e  past  10 t o  15 M a  
(Eisbacher and Hopkins, 1977). If this is t rue ,  
t h e  cooling curve  of Figure 22.10 would 

0.716 - require modification t o  a sigmoidal shape - 
somewhat  s teeper  (uplift >0.3 mm/year)  in t h e  

87 last  10 Ma and f l a t t e r  f rom 10 t o  20 Ma 
S, I ' " ~ r  (uplift  (0.3 mmfyear).  This is entirely 

0.714 - consistent with our data .  

Init ial  7Sr/86Sr Rat ios  

0.712 - Grani tes  can  f o r m  by differentiation 
of a basal t ic  parent  magma, o r  by 
grani t iza t ion and par t ia l  mel t ing of crus ta l  
rocks. The init ial  87Sr /86Sr  r a t io  of a 

0.710 - mantle-derived magma or par t ia l  mel t  of 
lower c rus t  will b e  low (<0.7040), whereas  
a grani te  derived even par t ly  f rom older 
crus t  will have a higher init ial  e7Sr /86Sr  

I +lo ra t io  (<0.7050). Magma derived f r o m  t h e  
0.708 - b = b i o t i t e  u per mant le  could have a high init ial  

f = f e l d s p a r  "Sr/"Sr r a t io  if contaminated by radiogenic 
h = hornb lende s t ront ium from assimilated wall  rocks. 
r = whole  rock  

The ' Tkope River bathol i th  init ial  
87Sr /86Sr  ra t ios  were  all  low a t  0.7035 ? 
0.0002 and 0.7031 + 0.0002 io r  t he  whole rock 

A GRANITE 178-1 
isochrons, 0.7036 t 0.0001 for  a qua r t z  d ior i te  
minera l  isochron and 0.7044 2 0.0002 for  a 
g ran i t e  mineral isochron. The  di f ferences  
between these  init ial  r a t io s  could be explained 

~b / Sr through e r r a t i c  contaminat ion by radiogenic 

I s t ront ium a s  t h e  magmas rose in t h e  crust. 
0.7020 ' a 

1 2 3 4  5 6  7 8 9 1 0 1 1 1 2  f 43 

Figure 22.8. Mineral isochrons. 
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Figure 22.9. Rb-Sr whole rock da ta  and isochrons. All t h e  whole-rock gabbros c lus ter  at a low Rb/Sr r a t io  
on t h e  whole rock isochron. Their 8 7 ~ r / 8 6 S r  r a t io  is  much 
less than 0.7040, suggesting t h e  magma had a deep  crus t  or 
upper mant le  origin. Le Couteur  and Tempelman-Kluit (1976) 

Table 22.4 outlined a decrease  in init ial  8 7 ~ r / 8 6 ~ r  southwestward across 

Fission t rack.  d a t a  and d a t e  t h e  Yukon Crystall ine Terrane,  across a transit ion zone f rom 
i l u t o n s  derived f r o m  or  contaminated with old crus t  with high 

Sample 172-1 7 S r / 8 6 ~ r  t o  plutons freshly derived f r o m  t h e  man t l e  or 
derived f r o m  young and/or oceanic  crus t  or  contaminated 

Total  grains counted Total  Ps/P. Da te  and Std.  with this s ame  young and/or oceanic crus t  with low 87Sr/86Sr.  

t r ack  to taf  D e v . e r r o r  The Saint Elias rocks a r e  on t h e  low 8 7 ~ r / 8 6 ~ r  side of this 

counted transit ion zone. 

zircon 3 203 2 .33  25.2 + 2 . 8  Ma 
a p a t i t e  50i, 75s 253 14.5 1 . 5  Ma Concbsion 

The Tkope River batholith is a composite,  epizonal 
Analytical  Techniques: pluton t h a t  intrudes argil l i te,  l imestone, and breccia  units of 

t h e  Kaskawulsh group (Paleozoic). During t h e  Oligocene, six 
The techniques used in t h e  preparation and dating of intrusive phases, distinguished on t h e  basis of textura l ,  

a p a t i t e  and zircon by t h e  fission t r ack  method a r e  outlined chemical ,  and mineralogical d i f ferences  and mapped 
by Naeser (1976). SRM 962 fission t r ack  glass s tandards  contacts ,  were  emplaced. Rela t ive  ages  were  established on 
were  used t o  ca l ibra te  t h e  neutron flux f rom t h e  U.S.G.S. t h e  basis of xenoliths, position in t h e  pluton, deg ree  of 
TRIGA reac to r  in Denver, Colorado. The zircon sample  was  a l tera t ion,  chilled contacts ,  texture ,  and the  general  basic t o  
e t ched  for 48 hours a t  205-210°C in a eu tec t i c  mix of acidic trend. 
NaO-KOH. Its muscovite detector  was e tched for  1 3  minutes 
in 48% HF. Tracks were  counted under 1600X (zircon) and Evolution of t h e  calc-alkaline magma was  probably by 
8 0 0 ~  (apatite). ~~~~i~~ grains (spontaneous and induced) f rac t ional  crystall ization and multiple intrusion f rom one or 
were  etched 30 seconds in 7% at 2 5 0 0 ~ .  age t w o  parenta l  magmas. If f rac t ionat ion of hornblende, 

equation used t o  ca lcula te  da te s  is a s  follows: pyroxene, and calc ic  plagioclase drove t h e  mel t  f rom a 
gabbroic t o  qua r t z  d ior i t ic  composition, only one magma 

T = (6.446 x 10') In (1 + 9.322 x 10-l8 (Ps/Pi)O) would be required. The res t  of t h e  f rac t ionat ion ser ies  can b e  
0 zircon = 1.80 x l o L 4  n/cm2 explained by plagioclase removal. 

0 a p a t i t e  = 3.08 x 10' n / cm2  Emplacement appears  t o  be a combination of 
assimilation, magmat ic  stoping and forceful  injection. 

XF = 7.00 x lo-' 7 /year  
K-Ar, Rb-Sr and fission t rack da te s  indicate on 

X = 1.55125 x 10-''/year 
D Oligocene age. The Tkope River batholith i s  one of severa l  

u ~ ~ ~ / u ~ ~ ~  = 137.88 Oligocene plutons t h a t  a r e  widely sca t t e red  throughout 
southern Alaska and t h e  Saint Elias region. 



The cooling curve, with i t s  rapid init ial  drop in 
temperature ,  supports high level batholith emplacement .  
Since emplacement  and initial cooling, fur ther  cooling has  
been a t  an average r a t e  of 7-8"C/Ma, corresponding t o  an  
uplift r a t e  of 0.3 mm/year.  

Low initial e 7 ~ r / 8 6 ~ r  ra t ios  indicate  an  indirect or 
d i r ec t  upper mant le  magma source, with variations in initial 
ratios reflecting di f ferent  amounts of radiogenic strontium 
contamination by assimilation of Paleozoic crus t  relatively 
rich in radiogenic-strontium. 
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Abstract 

A suite of volcanic and volcaniclastic rocks in the northwest Toodoggone map area (94E)  was 
investigated during part o f  the 1979 field season. These rocks were correlated previously with the 
Permian Asitka Group on the basis of lithology but fossil evidence gives a Mississippian age for a t  
least part o f  the sequence. Five stratigraphic units have been recognized, and are, from oldest t o  
youngest, (1) feldspathic chlorite schist, (2) phyllite, sericite and calcareous sericite schist, 
(3) massive rhyolite, chert and sericite schist, (4 )  carbonate and (5) upper feldspathic, chlorite schist. 
The rocks are complexly folded and have undergone at least two phases of  deformation. They are 
predominantly calc-alkaline with minor alkaline members. Two plutonic bodies, considered to  be 
early Jurassic in age intrude the formation. Relations t o  other Paleozoic and Mesozoic rocks in the  
map area are not known. The sequence is similar in many respects t o  rocks o f  the 'Kutcho formationf 
which host massive sulphide deposits in southeastern Cry Lake map area. 

Introduction 

Geological mapping in the  1975 field season 
(Gabrielse et al., 1976) revealed a large  a r e a  in nor thwest  
Toodoggone map a rea  underlain by predominantly low grade 
metamorphic chlorit ic and ser ic i t ic  schist, phyllite and 
carbonate.  The a g e  of these  rocks was  unknown and they 
were  tenta t ively  corre la ted  with t h e  Upper Paleozoic Asitka 
Group on the  basis of lithology. Another possible correlation 
was  suggested on t h e  basis of lithological similarity with 
rocks of t h e  'Kutcho formation'  in southeastern Cry Lake map 
a r e a  (Monger and Thorstad, 1978). The schist  t e r r ane  was  
re-examined in 1979 with t h e  objective of defining t h e  
stratigraphy and age  of the  sequence. 

Regional Geology 

Rocks in northwest Toodoggone map a r e a  a r e  separa ted 
from t h e  crystall ine t e r r ane  of t h e  Omineca Crystall ine Belt, 
p a r t  of t h e  continental  margin, by a probable extension of the  
Kutcho f au l t  mapped in t h e  Cry Lake map a r e a  t o  t h e  
northwest (Fig. 23.1). Mesozoic rocks including t h e  Upper 
Triassic Takla and lower Jurassic Hazelton formations a r e  
near  but  nowhere in c o n t a c t  with t h e  schist  t e r r ane  
(Fig. 23.2). 

Early Jurassic qua r t z  monzonite and ear ly  Jurassic 
d ior i te  plutons intrude and locally metamorphose volcani- 
c l a s t i c  rocks in northwest Toodoggone map area.  

Stratigraphy 

Distinct lithological subdivisions can  b e  recognized in 
rocks in northwest Toodoggone map area .  An ex t r eme  degree  
of deformation and consequent s t ructura l  repet i t ion of units, 
however, make i t  difficult  t o  establish a succinct  
s t ra t igraphic  sequence. Estimation of s t ra t igraphic  thickness 
i s  also precluded by s t ruc tu ra l  complications. 

Five units in probable s t ra t igraphic  sequence f rom 
oldest  t o  youngest are:  lower feldspathic, chlor i te  schist  
(Fig. 23.3, unit  1); phyllite, s e r i c i t e  and calcareous  ser ic i te  
schist  (unit  2); massive rhyolite, c h e r t  and ser ic i te  schist  
(unit  3); ca rbona te  (unit  4) and upper feldspathic,  chlor i te  
schist  (unit  3).  

Unit I 

The feldspathic,  chlor i te  schist  is predominantly 
volcaniclastic with transposed layering and abundant 
f ragmental  textures.  The rocks weather  dark t o  moss green 
t o  grey and a r e  resistant,  forming ridges o r  knobs on ridges 
character ized by massive t o  blocky talus. 

Fragmental  rocks range f rom ash fa l l  t o  lapilli tuff  and 
include f ine  t o  moderately coarse  breccia. Lenses of ser ic i te  
schist  and che r t ,  most abundant in t h e  upper p a r t  of t h e  unit, 
have gradational con tac t s  with underlying greenstone. 
Ser ic i te  schist  commonly contains abundant l imonite,  and 
upper con tac t s  a r e  generally sharp. Minor interlayered 
phyllite is  also present.  A layer of pillow basal t  2 m thick 
occurs  in chlor i t ic  schist  in the  northern p a r t  of t h e  area.  
Pillows a r e  highly f l a t t ened  in t h e  foliation, having f ine  
grained, dark green, recessive weathering rims. 
Amygdaloidal pillow co res  a r e  filled with epidote. 
Amygdules dec rease  in s i ze  outward f rom t h e  c e n t r e  of t h e  
core,  and increase in concentration on t h e  s t ructura l  "tops" 
side. Overlying t h e  pillowed uni t  is  chlor i te  tuff and thinly 
laminated grey-black che r ty  tuff.  

Figure 23.1 
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Figure 23.2. Geologic sketch map showing distribution and major structural elements o f  
Upper Paleozoic rocks and relations t o  other rocks in the northwest Toodoggone map area. 



Interlayered with ser ic i te  schis t  and generally near  t h e  
con tac t  with overlying schists of t h e  silicic unit  a r e  thin, buff 
t o  orange weathering, dolomite beds I t o  2 m thick 
containing abundant crinoidal debris. 

In one location an upper phyllite and chlor i te  schist  
member grades  into coa r se  conglomerate  o r  breccia  which i s  
overlain by phyllite and possible metagreywacke. 

In thin section ser ic i te  with lesser chlorite,  and f ine  
grained feldspar and quar tz  dominate. 

Unit 3 
Chert ,  rhyolite, quartzofeldspathic sandstone and 

ser ic i te  schis t  appear t o  overlie, and b e  in tercala ted  with, 
phyllite and ser ic i te  schist, of uni t  2. In places t h e  unit  res ts  
directly on chlorit ic schist  of unit I .  It is character ized by 

high sil ica content ,  brown t o  buff weathering, locally rusty, 
res is tant  knobs and ridges and very  blocky talus. The c h e r t  is  
massive, commonly hemat i t ic  and pink weathering. 

Rhyolite ranges from massive t o  well  foliated. It i s  in 
pa r t  flow banded, and laminated. The roclts weather  white, 
green, grey, pink and maroon. Some sil icic rhyolit ic tuff 
occurs  a s  pink laminae with chlor i t ic  partings less than 
one  mm thick. 

Ser ic i te  schist  with varying degrees  of competency a r e  
generally white t o  pale green and may conta in  brilliant red t o  
yellow gossans. 

Intercalated with pink rhyolite and c h e r t  a r e  rocks 
similar t o  feldspathic chlor i te  schis ts  of unit  I .  They a r e  
distinguished by t h e  general  presence of qua r t z  and abundant 
coa r se  feldspar, by thei r  blue-green weathering a s  opposed t o  
t h e  character is t ic  moss green of uni t  I ,  and by t h e  
predominance of ser ic i te  over negligible amounts  of chlorite.  

GEOLOGICAL SKETCH MAP OF 

NORTllWEST TOODOGGONE MAP-AREA 

Feldspar Chlorite Schist (chloritic tuff); 
lithologically similar to 5 

Carbonate, generally crystalling some dolomitic 
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Silicic volcanic flows, tuffs and breccia, lesser 
chert and volcanic sandstone I 
Interlayered phyllite, calcareous phyllite 
white sericite schist with dolomite I 
Chlorite and feldspathic, chlorite schist, very 
minor sericite schist and dolomite I 

bm UNDIVIDED 

7 1 - 1  OTHER UNITS 
u 

GEOLOGIC SYMBOLS AS ON Fiq.23.2 

Figure 23.3. Geological sketch map showing distribution of units within the U p p e r  Paleozoic sequence. 



The  lower pa r t  of uni t  t h r e e  includes a f e w  ca rbona te  weathering,  sucros ic  l imestone,  showing l i t t l e  foliat ion in 
beds s imi lar  t o  those  of uni t  2. hand s ~ e c i m e n  t o  well foliated.  in ter lavered l imestone  and 

White t o  t a n  weathering si l icic tuf f ,  sandstone  and 
calcareous,  tuf faceous  sandstone a r e ,  also interlayered with 
massive rhyolite and cher t .  The  rocks a r e  commonly well 
layered and variably foliated. 

Hemat i te ,  both a s  specular i te  and red hemat i te ,  is  
abundant and impar t s  a red hue t o  many of t h e  rocks. 
Specular i te  commonly c o a t s  f r a c t u r e  su r f aces  and hema t i t i c  
blebs giving some  c h e r t  and rhyolite a cha rac t e r i s t i c  spot ted  
appearance .  

In thin sec t ion  c h e r t  consists of f i ne  crys ta l l ine  qua r t z  
with disseminated opaques. Rhyolite t ex tu re s  a e  no t  signifi- 
cant ly  d i f ferent ,  but  t h e  presence of feldspar and se r i c i t e  
with qua r t z  give t h e  mineralogy and composit ion of rhyolite. 
Se r i c i t e  schist  is largely f ine  s e r i c i t e  with abundant f ine  
qua r t z  and feldspar grains. 

Unit  4 

Ca rbona te  of uni t  4, s t ruc tura l ly  overlies and is 
gradat ional  with si l icic rocks of uni t  3 .  Gradational c o n t a c t s  
a r e  a lso  evident  a t  i t s  upper c o n t a c t  with overlying basa l t ic  
rocks of uni t  5. The ca rbona te  ranges  f rom massive, grey  

I A B 

calcareous  chlor i t ic  schist. Buff t o  ' orange weathering,  
dolomitic layers and lenses a r e  common throughout.  No 
fossils have been found in t h e  carbonate .  Assuming no  
s t ruc tu ra l  thickening t h e  thickness of t h e  l imestone  i s  
thought t o  b e  about  25 m. 

Unit  5 

Rest ing  on, and gradat ional  with, t h e  c a r b o n a t e  is a 
feldspathic,  ch lo r i t e  schist  t h a t  is  similar t o  rocks of uni t  I .  
Rocks of uni t  5 wea the r  dark green, form res is tant  outcrops  
and a r e  typified by very coa r se  feldspar f r agmen ta l  rocks  in 
which f l a t t ened ,  whi te  feldspar crys ta ls  and c rys t a l  
agg rega te s  2 t o  20  mm long occur  in a chlor i t ic  matrix.  
Chlor i te  schis ts  a r e  a lso  common. Rocks a r e  genera l ly  well 
foliated bu t  l i t t l e  layering i s  evident.  

Th ree  dolomitic members  in t h e  middle pa r t  of 
t h e  sequence  conta in  abundant crinoid debr is  and 
Mississippian (Visean) conodonts (M.  Orchard ,  personal 
communication,  1979). 

Chlorite Schist 

Q u a r t z - c a r b o n a t e  vein 

So = primary layering, 
S1 = first foliation, 
S2 = second foliation 

A,B: Contrast in fold styles between more 
competent silicic unit " X u  and 
interlayered quartz-sericite schist. 
Note boudinage isolated fold hinges and 
more concentric style of folding in " X u  
in contrast to chevron style folding in 
sericite schists. Secondary cleavage is 
well developed in sericite schists in 
contrast t o  a coarse fracture cleavage 
in "Xfl 

C :  Folding in competent rhyolite t u f f .  A 
very poorly developed second foliation 
is superimposed on a folded first 
foliation and refolded primary layering. 

D: Concentric folding in quartz-carbonate 
vein parallel with SI contrast with 
chevron type folds in chlorite schist. 

Figure 23.4. Contrasting fold styles in 
rocks o f  the Upper Paleozoic sequence. 



Figure 23.5a. AFM diagram for rocks of the Upper 
Paleozoic sequence. 

St ruc tu re  

Rocks in t h e  northwest pa r t  of Toodoggone map  a r e a  
show evidence for  a t  l ea s t  t w o  phases of deformation. 
Pr imary layering (S ) i s  transposed t o  parallelism with a 

0 penetra t ive  foliation (SJ. This foliation is  folded and a 
second, somewhat  less penetra t ive  foliation overprints t h e  
f i rs t  foliation. Folds re la ted  t o  t h e  f i r s t  deformation a r e  
isoclinal a s  evidenced by transposed layering. Folds re la ted  
t o  t h e  second deformation vary t o  some  degree  a s  a function 
of lithology but  a r e  commonly isoclinal t o  t ight,  overturned 
upright s t ructures .  In schistose rocks folds range f rom t ight  
isoclines t o  e n  echelon chevron, both generally with a wel l  
developed axial  planar c leavage ( see  Fig. 23.4A,B,D,E). In 
contras t ,  more  competent  silicic rich rocks generally form 
open isoclines t o  concentr ic  folds with limbs and hinges 
commonly boudinaged resulting in f rac tured hinge zones and 
discontinuous s t ructures  ( see  Fig. 23.4A,B,C). Larger sca l e  
folds observed in t h e  field mimic t h e  small  sca le  structures.  

Two predominant fold axes  directions and foliation 
or ienta t ions  a r e  evident. One t rends  roughly north-south, 
ranging f rom 150' t o  020' with modera t e  t o  s t eep  wester ly  
dips of foliations. The other  has west-northwesterly trends,  
ranging f rom 090' t o  130" with shallow t o  moderately 
southwesterly dips of foliation (Fig. 23.2). It is  difficult  t o  
ascer ta in  which s t ructura l  trends a r e  oldest, al though t h e  
second crenulation cleavage generally parallels west -  
northwesterly t rends  suggesting these  t rends  may represent  
t h e  l a s t  event.  

Chemist ry  

A limited number of chemical  analyses were  obtained 
for  t h e  Mississippian rocks in t h e  Toodoggone map a r e a  
(Fig. 23.5a,b). Plots  of this d a t a  on "AFM" and "Alkalis 
versus Silica" diagrams suggest t he  volcanic assemblage has  
both  alkaline and calc-alkaline whereas  more  basic, chlor i t ic  
schists a r e  alkaline. 

Plutonic  Rocks 

An ear ly  Jurassic qua r t z  monzonite body and an  ear ly  
Jurassic diorite intrude rocks in t h e  northwest Toodoggone 
map  area.  Rocks a r e  locally metamorphosed and veined. 

Figure 23.56. Alkalis vs .  silica Diagram for rocks of the 
Upper Paleozoic sequence. 

Intrusion of t h e  qua r t z  monzoni te  predates  at l eas t  one  
deformation even t  a s  evidenced by helicit ic ga rne t  observed 
within t h e  c o n t a c t  metamorphic  aureole. 

Metamorphism 

Volcanic and volcaniclastic rocks a r e  variably meta-  
morphosed generally having mineral assemblages of t h e  lower 
greenschist  f ac i e s  bu t  locally a t ta in ing higher grades  near  
con tac t s  with intrusive bodies. 

Chlorite,  epidote,  feldspar,  carbonate  and lesser 
ser ic i te  dominate  t h e  mineralogy of basic t o  in t e rmed ia t e  
rocks whereas  sericite,  quar tz ,  ca rbona te  and feldspar a r e  
t h e  predominant minerals in more  silicic members. Local 
development of garnet ,  bioti te,  and s taurol i te  is observed 
close t o  c o n t a c t s  wi th  intrusions. 

Summary 

Rocks in t h e  nor thwest  Toodoggone map  a r e a  can  b e  
divided in to  fairly persistent c rude  s t ra t igraphic  units. The 
prominent ca rbona te  unit  (unit  4) evident  in t h e  nor thern  p a r t  
of t he  map a r e a  is absent  in t h e  south and uni t  5 i s  also 
apparently absent  in southern exposures, suggesting nondepo- 
si t ion o r  erosion. 

Rocks a r e  highly deformed, showing evidence fo r  a t  
l ea s t  two phases of deformation. Fossils suggest a 
Mississippian a g e  fo r  t h e  assemblage. Chemically and 
lithologically t h e  rocks resemble  island a r c  derived volcanic 
suites. 
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Abstract 

Part of a pluton of the Tertiary Coryell Intrusions of southern British Columbia has been 
mapped at a scale of 1:50 000. Preliminary measurements by portable gamma ray spectrometer show 
that the abundant Coryell syenite contains up t o  13 ppm uranium, which may account for local high 
heat flow. 

Introduction 

The western plutons of t h e  Coryell  Intrusions a r e  
exposed over an  a r e a  of about 1000 km2 in the  Monashee 
mountain range, cen t r ed  a t  approximately 1 18"301W, 49"2O8N, 
near Grand Forks, British Columbia (Fig. 24.1). They a r e  in 
con tac t  with t h e  Valhalla Intrusions t o  t h e  north and west,  
t he  Nelson Intrusions and Anarchist Group t o  the  south,  and 
a r e  separa ted on t h e  e a s t  by a f au l t  f rom t h e  Monashee and 
Grand Forks groups. 

The a r e a  was  f i rs t  mapped by L i t t l e  (1957), who 
described t h e  Coryell Intrusions a s  a group of relatively 
young (Eocene or la ter )  batholiths, s tocks  and plugs. 

The purpose of t h e  study is t o  determine t h e  heat -  
producing potential  of a pluton of the  Coryell Intrusions. 
These intrusions were  chosen for  investigation because hea t  
flow measurements  in the  vicinity a r e  above normal, and 
severa l  hot springs flow from t h e  grani t ic  and metamorphic  
rocks surrounding them (Lewis e t  al., 1979). The study 
therefore  consists of mapping a pluton, measuring i t s  radio- 
ac t iv i ty  and studying i t s  mineralogy and petrology. 

Geologic mapping was conducted over a 100 km2 a r e a  
between Granby River and Burrell Creek (Fig. 24.1). 

Description of  Format ions  

Nelson Intrusions 

Li t t le  (1957) described t h e  dominant phase of t he  
Nelson Intrusions as a nonporphyritic granodiorite. A 
porphyritic grani te  phase is common in t h e  nor theas t  pa r t  of 
t h e  Ke t t l e  River map area.  The granodiorite in t h e  study 
a r e a  is a coarse  grained, hypidiomorphic-granular rock 
consisting of andesine, orthoclase,  qua r t z  and bioti te.  Less 
abundant a r e  augi te  and hypersthene. Grani te  is a medium 
grained, allotriomorphic-granular rock consisting of 
orthoclase,  a lb i te  and quartz.  Less abundant a r e  chlorit ized 
bioti te and magnetite.  Both granodiorite and grani te  a r e  
foliated. The a g e  relation between t h e  granodiorite and 
grani te  is  uncertain.  The Nelson Intrusions a r e  intruded by 
the  Coryell Intrusions. 

Coryell Intrusions 

L i t t l e  (1957) described t h e  Coryell  Intrusions a s  largely 
syenite,  but  with some grani te ,  shonkinite and monzonite. 
The Coryell rocks in t h e  map  a r e a  range f rom f ine  grained t o  
coarse  grained, porphyritic t o  nonporphyritic and reddish t o  
pale buff. The syenite consists of orthoclase,  albite,  qua r t z  
and chlorit ized biotite. The feldspar is commonly a l tered t o  
carbonate  and ser ic i te  and or thoclase  replaces aplite.  Quar t z  
and orthoclase a r e  graphically intergrown. Less abundant a r e  
hornblende and augite. Shonkinite, a medium grained dark  

rock, consists of much augite,  bioti te,  hornblende and 
hypersthene, and less orthoclase,  per th i te ,  a lb i te  and quar tz ,  
with some  graphically intergrown or thoclase  and quartz.  
Diorite is porphyritic, with phenocrysts of plagioclase in a 
matr ix  of perthite,  bioti te,  hypersthene and augite.  Gabbro 
is a medium grained hypidiomorphic-granular rock with 
abundant plagioclase, bioti te and augite.  Also present i s  
minor per th i te ,  hypersthene, and magnetite.  Porphyry dykes 
occur throughout t h e  map a rea ,  but a r e  concentra ted  in a few 
a reas  designated in Figure 24.1. The rock consists of 
phenocrysts of b iot i te  and/or potassium or plagioclase 
feldspar embedded in a groundmass of quar tz ,  feldspar, 
carbonate ,  bioti te,  chlor i te  and opaques. Feldspar 
phenocrysts a r e  mostly chlorit ized. Small  grains of a p a t i t e  
and bioti te a r e  la ter  than t h e  groundmass. The relations 
between t h e  di f ferent  phases of t h e  Coryell  Intrusions a r e  
uncertain.  

Phoenix Volcanic Group 

According t o  L i t t l e  (1957), t hese  rocks consist of 
andesit ic and t rachyt ic  flows with interbedded sedimentary  
rocks and tuffs.  In the  map a rea ,  they consist of andesite,  
tuff and breccia.  Phenocrysts of b iot i te  mostly a l tered t o  
zoisite,  chlor i te  and ca rbona te  a r e  embedded in a groundmass 
of feldspar, carbonate ,  b io t i te  and opaques. The format ion 
has  been folded or  t i l ted; dips up t o  60" have been recorded. 
The volcanics appear  t o  overlie t h e  Coryell  but  t h i s  relation- 
ship has  not yet  been proved. 

Aplite 

Grani te  apl i te  is abundant everywhere  in t h e  map area .  
I t  occurs  a s  shee t s  and dykes intruding a l l  of t h e  above 
format ions  and i s  thus  t h e  youngest format ion in t h e  area .  I t  
is a fine- t o  medium-grained allotriomorphic-granular rock 
with abundant orthoclase,  plagioclase and quar tz .  Or thoclase  
and qua r t z  a r e  graphically intergrown. 

Radioactivity 

Radioactivity was  measured in t h e  field using a 
portable gamma ray spect rometer .  Gamma ray 
measurements  were  converted t o  ppm thorium and uranium 
and weight per cen t  potassium (Fig. 24.2). Preliminary 
results on a few samples show low values of uranium and 
thorium for  t h e  Nelson Intrusions. Coryell  syenite is high in 
thorium and uranium with other  phases showing a var ie ty  of 
values. The  Phoenix Volcanic Group is low in thorium and 
uranium. Aplite shows high thorium values with 
correspondingly lower uranium values. However, uranium 
values for  apl i te  a r e  higher than t h e  Nelson Intrusions and t h e  
Phoenix Volcanic Group. Coryell syeni te  shows consistently 
higher weight percentages  potassium than other  formations.  

Depar tment  of Geological Sciences, University of British Columbia, Vancouver, 
British Columbia, Canada V6T 204 
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Abstract 

The Atan Group was known only f rom general  descriptions until  1978 when the  wri ter  proposed 
a type sect ion fo r  t he  upper (carbonate) p a r t  of t he  group. The upper p a r t  is now assigned t o  the  
Rosella Formation (new), and  the  lower p a r t  t o  t h e  Boya Formation (new). The Rosella Formation 
(690 m) is  composed of l ight coloured l imestone and subordinate si l tstone, whereas  the  Boya 
Formation (400 m) is composed of si l tstone and interbedded qua r t z i t e .  

The Rosella Formation co r re l a t e s  with the  Sekwi Formation in the  Mackenzie Mountains, and 
t h e  Boya Formation co r re l a t e s  with map uni t  13 and  probably p a r t  of map uni t  12 of Blusson's Sekwi 
Mountain map a rea .  In correlating format ions  of t h e  Atan Croup with format ions  of t he  Gog Group in 
t h e  Mount Robson a rea ,  t h e  Rosella Formation is  equated with t h e  Mural, Mahto, and Hota (Peyto) 
format ions  and the  Boya Formation is  corre la ted  with t h e  Mc Naughton Formation. 

Introduction 

The Atan Group was f i rs t  used by H. Gabrielse in 1954 
on t h e  legend of a geological map of t h e  McDame a r e a  and in 
accompanying marginal notes  which s t a t e :  "Fossiliferous 
rocks of t h e  Atan group (I), comprising over  14 000 f e e t  
(4300 m) of sedimentary rocks, occupy a northwesterly 
trending, complex anticlinorium, and t h e  southwest l imb of a 
large syncline". In the  legend t h e  group is  repor ted  t o  
contain "White and pink quar tz i te ,  l imestone, dolomite,  s la te ,  
red shale,  argillite". Gabrielse la ter  (1963, p. 26) g rea t ly  
res t r ic ted  t h e  thickness of t h e  group t o  "more than 
3000 f ee t "  (915 m), and divided i t  into two informal map 
units. Map unit 3 (lower) was reported t o  b e  composed of 
qua r t z i t e  and map unit 4 (upper) was described a s  limestone. 
No type  sect ion was given for t h e  group or i t s  map units, but 
two  reference  a reas  were  suggested (Gabrielse, 1963, p. 27) 
by the  s t a t emen t ,  "Excellent exposures occur in t h e  
mountains north and south of French River and near Atan 
Lake...". A generalized section 2700 f e e t  (823 m) thick was  
described (op. cit., p. 29) from outcrops northwest of Atan 
Lake. Mansy and Gabrielse (1978, p. 9) helped t o  define t h e  
base of t h e  Atan Group by reporting t h a t  "The Stelkuz 
Formation is in sharp  con tac t  with t h e  basal sandstone of t h e  
overlying Atan Group ...'I in t h e  Cassiar and Omineca 
mountains. 

Six s t ra t igraphic  sections f rom t h e  Atan Group have 
been described by t h e  wri ter  (Fritz,  1978a, Text-fig. l a ,  Ib,  
sec t ions  I t o  6) .  Of t h e  six, section I was  designated a s  t h e  
type sect ion for  t h e  upper (carbonate) p a r t  of t h e  Atan 
Group. A suggestion was also made t h a t  sect ion I should b e  
extended downward t o  include t h e  lower, c l a s t i c  pa r t  of t h e  
group, and thus  allow section I t o  se rve  a s  t h e  type  sect ion 
for  t h e  whole of t h e  Atan Group. In 1979 th is  lower p a r t  
(Fig. 25.2, sec t ion la, units IB t o  5B) was  studied in t h e  field 
and t w o  additional sect ions  (Fig. 25.2, sec t ions  7, 8) in t h e  
Atan Group were  measured. In t h e  present  paper sect ion I i s  
designated t o  se rve  as type  sect ion for  t h e  Atan Group, and 
t h e  carbonate  and c las t ic  par ts  of t h e  Atan Group in 
sect ion 1 a r e  designated t o  se rve  a s  type  sect ions  for  t h e  
Rosella Formation and Boya Formation, respectively. 

A faul t  has removed the  upper s t r a t a  of t h e  Atan Group 
in section 1 and no nearby section containing these  s t r a t a  
could be  found. These s t r a t a  a r e  probably present in 
section 5 (Fr i tz ,  1978a, Text-fig. 3.lb, units 6, 7), located 
46 km southeas t  of section I .  No beds or s t ra t igraphic  units 

can be  physically t r aced  between sect ions  1 and 5 because of 
complex s t ructura l  displacements.  The upper pa r t  of 
section 5 (units 6R, 7R) is he re  designated as t h e  r e fe rence  
sect ion for t h e  youngest s t r a t a  in t h e  Atan Group and in t h e  
Rosella Formation. This par t  of sect ion 5 is reproduced f rom 
Fr i t z  (1978a) and is shown on Figure  25.2. These s t r a t a  in 
sect ion 5 a r e  del ibera te ly  assigned t o  a re fe rence  r a the r  than 
a type  section. This ensures t h a t  if at some  fu tu re  d a t e  t h e  
upper s t r a t a  in r e fe rence  sect ion 5 (units 6R, 7R) a r e  equated 
with pa r t  of t ype  sect ion I ,  t h e  author  of t h e  new corre la t ion 
will not b e  confronted with two  type  sect ions  for  those  s t r a t a  
t h a t  a r e  (in his belief)  common t o  t h e  t w o  sections. 

Map co-ordinates fo r  sect ions  1, 7, 8, and t h e  upper 
par t  of sect ion 5 a r e  given in Figure  25.2 t o  t h e  neares t  
15 seconds which is t h e  approximate  l imi t  of accuracy for  t h e  
available maps (1:250 000). A local and more  deta i led  map  
(1:50 000) of t h e  a r e a  surrounding sect ion I permits  more  
accura t e  location of t h a t  sect ion which is given in t h e  t ex t .  
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Boya Format ion (Type Sect ion l a ,  Units I B  t o  JB, 400.5 m) 

Name and Location 

This lower format ion of t h e  Atan Group is named for 
Boya Lake, which is  centred 13  km nor theas t  of t h e  type 
section. Although t h e  lake  is  unnamed on t h e  present  
1:250 000 topographic shee t  (McDame sheet ,  104P, 
3rd edition), t h e  n a m e  is  scheduled t o  appear  on t h e  nex t  
edit ion (oral  communication, Pe rmanen t  Commi t t ee  on 
Geographical Names, EMR) and is  presently shown on t h e  
geological map  (Gabrielse, 1963). 

The type  sect ion is located (Fig. 2 5 . 1 ~ ~  segment  l a ;  
PI. 25.1, fig. 5) southeas t  of Highway 37  (Stewar t  Highway). 
The dis tance  f r o m  a point on t h e  highway where  i t  passes 
along t h e  northwest shore  of Good Hope Lake t o  t h e  midpoint 



of t h e  type  section is 2.7 km. The base of 
la t i tude  59'1 7'06", longitude 129" 12'33" 
la t i tude  59' 16'51", longitude 129'1 3'04". 

t h e  format ion is a t  
and t h e  top  is  a t  

A r e fe rence  sec t ion  fo r  t h e  Boya Format ion is  present 
a t  sec t ion  7 on t h e  nor thwest  slope of One  Ace Mountain 
(Fig. 25.lb; Fig. 25.2; PI. 25.1, fig. I). There  t h e  lithology i s  
known f rom qua r t z i t e  outcrops,  and is  infer red  f rom f loa t  
originating f rom interbedded s i l t s tone  and thin bedded 
quar tz i te .  A t  One Ace Mountain t h e  base  of t h e  format ion is  
a t  la t i tude  59°50'45ff, longitude 129O36'45" and t h e  top  i s  a t  
la t i tude  59'50'1 511, longitude 129O36'15". 

Lithology 

A typical  r idge underlain by t h e  Boya Format ion is  
mainly covered with f l oa t  t h a t  wea the r s  dark  brown. The 
upper and middle pa r t s  of t h e  format ion consist  of s i l t s tone  
and minor interbedded qua r t z i t e  t h a t  underlie a saddle 
be tween  t h e  overlying res is tant  l imestone  of t h e  Rosella 
Format ion and t h e  underlying lower p a r t  of t h e  Boya 
Formation,  which has a higher qua r t z i t e  t o  s i l t s tone  ratio.  
The base  of t h e  format ion i s  t h e  base  of a res is tant  qua r t z i t e  
t h a t  is  nearly white,  but is  typically cove red  by dark  grey  
lichen. The Ste lkuz  Format ion underlying t h e  Boya 
Format ion wea the r s  medium brown t o  o range  brown. 

Map l'al' gives locations for Lower Cambrian Map "c" locates lower segment ( l a )  and upper segment ( l b )  of 
sections shown in Figure 25.3; Whitehorn section 1, which contains type sections for Boya Formation, 
Mountain-Cinnamon Peak section (W-C) Rosella Formation, and Atan Group. 
near Mount Robson (MR), Ospika River 
section (OR) ,  Mount Lloyd George section 
(LG), type section for Atan Group ( A ) ,  and 
composite section for west-central 
Mackenzie Mountains (MM). Area outlined 
in north-central British Columbia is area 
shown in map "b". 

Map "bl' locates Atan sections described in this 
report (solid circles) and those described earlier 
(Fritz, 1978a; open circles). 

Figure 25.1. Locality maps (a-c) for stratigraphic sections 
shown in Figure 25.2. 
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At  t h e  type  sect ion t h e  basal Boya s t ra t igraphic  unit  
(unit 18 ,  94.5 m) is composed of th ick  beds of whi te  
weathered and unweathered quar tz i te .  The qua r t z i t e  is 
medium grained and is poorly or indistinctly crossbedded. In 
t h e  uppermost 23 m of the  unit t he  white qua r t z i t e  is 
interbedded with some  dark grey weathering and f resh  shale  
and sil tstone, and also with much light g rey  orange t o  rust  
weathering qua r t z i t e  t h a t  is light orange brown on fresh 
surface .  All of t h e  qua r t z i t e  in the  upper 23 m is fine 
grained. 

S t r a t a  in t h e  next  overlying unit (2B, 88.5 m) consist 
mainly of rust  t o  greenish grey, brownish g rey  weathering 
qua r t z i t e  in thin and very thin beds. The qua r t z i t e  is medium 
dark grey on fresh surface  and is very f ine  grained. Half of 
t he  basal 11 m of the  unit is orange brown t o  rust  weathering 
qua r t z i t e  in thin and medium beds with crossbeds 12 c m  high. 
Fresh surfaces  a r e  l ight brown and f ine  grained. The 
remaining half of t h e  basal 11 m is  composed of orange brown 
weathering and fresh shale. S t r a t a  in t h e  interval I 1  t o  I 8  m 
above t h e  base a r e  covered, deeply recessive, and probably 
consist of shale. 

More than one half of t h e  s t r a t a  in t h e  third unit 
(3B, 49.5 m) a r e  light greenish grey, l ight brownish orange 
weathering qua r t z i t e  in thin t o  thick beds. The qua r t z i t e  is  
medium grey t o  light brown on fresh surface.  I t  is in pa r t  
planar laminated and in par t  highly burrowed, and some of 
t h e  bedding surfaces  a r e  marked by microripples. Ball and 
pillow s t ruc tu res  up t o  0.3 m thick a r e  present in t h e  
qua r t z i t e  10 m above t h e  base  of t h e  unit. Rust  weathering 
sil tstone and shale  t h a t  a r e  dark  grey on f r e sh  surfaces  a r e  
interbedded with t h e  quar tz i te .  

Rust weathering s i l t s tone t h a t  is dark grey on fresh 
su r face  predominates in t h e  four th  s t ra t igraphic  unit 
(4B, 93.5 m). Minor (one-eighth) amounts  of interbedded light 
brown t o  orange brown weather ing qua r t z i t e  in thin interbeds 
a r e  also present. The qua r t z i t e  is l ight brown on fresh 
surface  and is very f ine  grained. A subunit 74.5 t o  83.5 m 
above t h e  base is  half thin t o  thick bedded qua r t z i t e  and half 
si l tstone. S t r a t a  t h a t  a r e  highly burrowed a r e  present 34 m 
above t h e  base. 

Unit f ive  (58, 74.5 m)  is one half l ight orange brown 
weathering qua r t z i t e  in thin,  platy beds. The qua r t z i t e  has 
s o m e  laminae t h a t  parallel  t h e  bedding and some t h a t  a r e  
inclined at a low angle. Fresh surfaces  a r e  greenish l ight 
brown and a r e  f ine  grained. The o the r  half of unit  5B is 
composed of interbedded s i l t s tone t h a t  is  medium greenish 
grey on fresh and weathered surfaces.  Burrows a r e  present  
20 m above the  base and cross ripples and burrows a r e  
present  52 t o  74.5 m above t h e  base. 

Below t h e  whi te  qua r t z i t e  at t h e  base  of t h e  Boya 
Format ion (181, t h e  upper Stelkuz Format ion (upper 70 rn) i s  
composed of two  thirds rust  weathering s i l t s tone t h a t  is  
medium dark grey on fresh surface  and one third interbedded 
light brown weathering and fresh qua r t z i t e  in thin and 
medium beds. The qua r t z i t e  is  f ine  and very f ine  grained. 
Burrows a r e  present in at leas t  t h e  upper severa l  hundred 
me t re s  of t h e  Stelkuz Format ion (PI. 25.1, fig. 6). 

Both the  basal and upper con tac t  of t h e  Boya Formation 
a r e  abrupt.  The light brown qua r t z i t e  and interbedded 
s i l t s tone of t h e  underlying Stelkuz Formation di rect ly  
underlie t h e  white, thick bedded qua r t z i t e  of t h e  lower Boya 
Format ion with no interfingering of t h e  two  lithologies. A t  
t h e  upper con tac t ,  nonlimy s i l t s tone and interbedded 
qua r t z i t e  of t he  Boya Formation a r e  abruptly overlain by a 
thick (1.2 m) bed of limy, crossbedded sandstone of t h e  
Rosella Formation. Observations suggesting t h a t  t h e  Boya- 
Rosella con tac t  represents  a minor disconformity a r e  given in 
t h e  description of t h e  Rosella Formation. 



The Boya Formation a t  section 7 resembles t h e  type 
section a t  section 1, and has a similar qua r t z i t e  unit  (85 m) a t  
t h e  base. At sect ion 7, however, white qua r t z i t e  i s  present in 
t h e  interval 167 t o  262.5 m above the  base and in two-thirds 
of t h e  interval 262.5 t o  309.5 m above t h e  base. A t  both 
sect ions  the  predominant lithologies a r e  rust  t o  medium 
brown weathering sil tstone and f ine  grained quartzite.  

A minimum age  for t he  type Boya Formation is 
provided by fossils in t h e  lower beds of t h e  overlying Rosella 
Formation. There the  boundary between Lower Cambrian 
Nevadella and Fallotaspis zones lies in t h e  interval 1.5 m t o  
1.6 m above t h e  top of t h e  Boya Formation. Burrows in t h e  
Boya and upper Stelkuz formations a r e  t h e  only fossils found 
thus f a r  below t h e  Rosella Formation. Pending fur ther  work, 
t he  Precambrian-Cambrian boundary is tenta t ively  placed in 
the  upper par t  of t he  Stelkuz Formation. 

Rosella Format ion (Type Section la-b, Units I R  to 5R, 
358.2 rn; Re fe rence  Section 5, Units 6R, 7R, 334.7 rn) 

Name and Location 

The upper formation in t h e  Atan Croup is named for 
Rosella Creek, which is 23 km northwest of t h e  closest  point 
on the  type section. The type  section for t he  lowest par t  of 
t h e  formation is in the  upper pa r t  of t h e  lower segment  
(section l a ,  units I R  to  3R) in section I. The next pa r t  of t h e  
type sect ion is in t h e  upper segment  (section lb ,  
units 4R, 5R) of section 1, which is located 2 km t o  t h e  eas t -  
southeas t  and along s t r ike  with t h e  s t r a t a  in t h e  lower 
segment.  The distances measured in a northwesterly 
direction from t h e  lower ( l a )  and upper ( Ib )  segments  of t h e  
type  section 1 to  a point on Highway 37 near the  north- 
western  edge of Good Hope Lake is 2.7 km and 4.2 km 
respectively. A photo locating segments l a  and Ib  of t ype  
section I is  provided on P la t e  25.1 (fig. 51, and segment  I b  i s  
also shown in an earlier publication (Fritz,  1978a, PI. 3.1, 
fig. 1). The base of t h e  formation in segmen t  la is at 
la t i tude  59°16'5111, longitude 129°13'04" and t h e  top of t h e  
segment  (top of unit R3) i s  a t  la t i tude  59" 16'48", longitude 
129°13'0811. The base of segment  Ib  (base of uni t  4R) is a t  
lati tude 59"16'46", longitude 129°10'5211 and t h e  top of t h e  
segment  ( top of u n i t 5 R )  is a t  lati tude 59,"16'37", 
longitude 129' 10'55". 

The upper par t  of t h e  Rosella Formation is located in 
reference  sect ion 5 in t h e  upper middle (unit R6) and upper 
(unit R7) segments  of t h a t  section. The upper middle 
segment  is  located 4 km northwest of t h e  Major Har t  River 
and 0.2 km south of point "a" in a photo (Fritz,  1978a, PI. 3.2, 
fig. 4) showing pa r t  of sect ion 5. The upper segment  is  
located 5 km northwest of t h e  Major Har t  River on a 
southwest facing dipslope, and downslope from a point on t h e  
ridge midway between points "b" and "d" in another  photo 
(Fritz,  1978a, PI. 3.2, fig. 3) i l lustrating sect ion 5. The 
midpoint of t h e  upper middle segment  is  at la t i tude  
58°55'3011, longitude 128O26'15" and t h e  midpoint of t h e  upper 
segment  is at lati tude 58"55'45", longitude 128'26'45". 

Lithology 

Resistant,  light grey, thick bedded t o  massive l imestone 
dominates typical exposures of this formation. Subordinate 
intervals containing thin bedded limestone or s i l t s tone and 
shale a r e  generally covered. 

A t  t h e  type  locali ty t h e  lowest s t ra t igraphic  unit 
(Fig. 25.2, unit IR,  16 m) contains limy shale  t h a t  is light 
brown on weathered and fresh surfaces,  and some  
(10 per cent)  l imestone in thin,  wavy interbeds and nodules. 

The l imestone weathers  medium brown and f resh  surfaces  a r e  
medium grey and bioclastic. A basal subunit  (5 m) is more  
resistant than t h e  overlying shale  and is composed of a lower 
orange brown, limy qua r t z  sandstone (1.2 m) t h a t  is coarse  
grained; a l ight brown weather ing and f resh  very fine grained 
sandstone (1.2 t o  2.6 m)  in thin,  wavy beds; and a medium 
light grey weathering l imestone (2.6 t o  5 m)  in thin and 
medium wavy beds. Fresh surfaces  of t h e  l imestone a r e  light 
grey to  light brown and a r e  coarse  grained and bioclastic. 
Sparse grains of glauconite a r e  present. 

Medium dark grey weathering l imestone in thin, wavy 
beds predominates in t h e  second unit (2R, 34 m). On f resh  
su r face  t h e  l imestone is dark grey and finely crystalline. 
A subunit 4.2 t o  17 m above t h e  base  contains some  
(one th i rd )  light brown weathering and fresh shale. 
Archaeocyathid bearing l imestone mounds up t o  1 m high a r e  
present in the  lower par t  of t he  subunit where  they a r e  
isolated or a r e  locally concentra ted  in bioherms up t o  3 m 
high. Penecontemporaneous slump s t ruc tu res  and breccia  a r e  
present  in unit  2 of t h e  Rosella Format ion a t  section 5 
(see extended sect ion in F r i t z ,  1978a, Text-fig. 3.lb). 

Unit 3 (3R, 76.5 m) is  composed of medium light grey 
weathering l imestone in thick to  thin beds. Fresh surfaces  
a r e  medium grey and a r e  finely crystall ine or  fine- t o  coarse- 
grained. Medium dark grey l imestone in thin beds is present 
24.6 t o  31.6 m and 66.5 t o  76.5 m above t h e  base. These  beds 
a r e  medium dark grey on f resh  surface  and fine- t o  coarse- 
grained. Archaeocyathids a r e  present in t h e  upper half of t h e  
unit. 

Shale t h a t  weathers  khaki (0 t o  31.6 m), orange 
(40 t o  43.6 m), and medium brown (43.6 t o  55 m) a r e  
responsible for t h e  recessive nature  of unit 4 (4R, 55 m). 
About 5 per c e n t  thin interbedded limestone is present in t h e  
lower part  of t he  unit, and one subunit containing orange 
weathering and light grey weathering l imestone is present 
31.6 t o  40 m above t h e  base. Archaeocyathids a r e  associated 
with t h e  light grey l imestone. 

Unit 5 (5R, 176.7 m) is composed of thick t o  thin 
bedded limestone t h a t  is  in pa r t  medium light grey 
weathering and fresh and in par t  medium grey weathering and 
fresh. The l imestone is both finely crystall ine and fine- t o  
coarse-grained. Archaeocyathids a r e  present  in t h e  lower 
52.7 m. A faul t  a t  t h e  top  of t h e  type sect ion t e rmina te s  
unit 5, but a s  the  thickness he re  is  somewhat  more  than in 
sect ion 4 and somewhat  less than in sect ion 5 (Fritz,  1978a; 
Text-fig. 3.la-b), probably most of t h e  unit  i s  present. 
No favourable exposures of units 6 and 7 a r e  present  near  t h e  
type  sect ion of t h e  Rosella Formation, and the re fo re  these  
uni ts  a r e  described below from notes taken a t  section 4 and 
r e fe rence  section 5 (Fr i tz ,  1978a). 

At reference  sect ion 5, unit  6 (6R, 86.2 m) consists of a 
lower subunit (0-32 m) containing light brown weathering and 
f resh  shale, medium light grey weathering and fresh shale, 
and about  1 5  per c e n t  orange weathering, medium grey f resh  
l imestone in thin t o  thick interbeds.  Thick, irregular beds of 
l imestone a r e  present  8.2 t o  10.6 m above t h e  base. The 
overlying subunit (32-86.2 m) comprises two  thirds medium 
light grey weathering l imestone in thin t o  thick beds tha t  a r e  
medium grey and finely crystall ine on fresh surface  and one 
third shale t h a t  is  medium light grey t o  orange weathering 
and light grey t o  medium brown fresh. A t  sect ion 4 t h e  shale  
in unit  6 is  covered, and a l l  of t h e  l imestone outcrops  a r e  thin 
bedded. This l imestone weathers  medium grey and f resh  
surfaces  a r e  e i ther  dark  grey and finely crystall ine o r  
medium grey and fine- t o  coarse-grained. 

S t r a t a  in unit  7 a r e  slightly a l tered in a par t ia l  exposure 
a t  section 4 (78.5 m, s e e  Fr i tz ,  1978a) and moderately a l tered 
a t  a complete  exposure a t  r e fe rence  sect ion 5 (7R, 248.5 m). 



At section 4, t he  basal 56 m of the  unit is composed of thin 
and medium bedded limestone with a medium blue grey and 
medium light grey mot t led  weathering surface.  Fresh 
surfaces  a r e  medium grey and finely crystalline. One half of 
t h e  overlying 22.5 m (below a covered top) is  like t h e  
l imestone just described, t h e  o ther  half being medium light 
grey l imestone in thick beds tha t  a r e  dark grey on fresh 
surface.  At section 5 t h e  unit is  mainly a l tered t o  c ream or  
light brown weathering dolomite in thick and medium beds. 
Fresh surfaces  a r e  medium dark grey, medium grey or  c ream,  
and a r e  finely or  medium crystalline. The upper 53.6 m is 
comprised of medium blue grey weathering l imestone in thick 
beds t h a t  changes laterally t o  c ream weathering dolomite 
similar t o  t h a t  below. Fresh l imestone surfaces  a r e  medium 
grey and finely crystalline. 

As mentioned earlier,  t he  Rosella-Boya formational 
con tac t  a t  t ype  sect ion 1 i s  abrupt,  with nonlimy s i l t s tone 
and interbedded sandstone of t h e  Boya Formation below and a 
thick (1.2 m) bed of limy sandstone of t h e  Rosella Formation 
above. A t  section 7, local f loat  suggests t h a t  t h e  basal bed in 
the  Rosella Formation is 1 5  cm thick and comprises qua r t z  
c las ts  up t o  0.5 cm in d iameter .  A t  section 8 the  basal 
con tac t  is overlain by 0.8 m of fine t o  coarse  qua r t z  sand- 
s tone  with gr i t  sized c las ts  near  the  base. 

A t  sect ions  3 and 4 medium light grey, greenish grey 
and pink weathering l imestone immediately overlies typical 
s i l t s tone and qua r t z i t e  of t h e  Boya Formation, and a t  
section 5 similar Boya beds a r e  overlain by limy s i l t s tone of 
the  Rosella Formation. The base of t he  Rosella Formation is 
not exposed a t  section 2. The abrupt change in lithology plus 
t h e  coa r se  qua r t z  sand or  gr i t  a t  t he  base of t h e  Rosella 
Formation a t  t h r e e  sect ions  suggests t h a t  some  erosion may 
have taken place a f t e r  t h e  deposition of t h e  Boya Formation 
and before  deposition of t h e  Rosella Formation. No evidence 
of channeling or  angularity was noted a t  t h e  formational 
contact .  

A t  s e c t i o n 6  (Fr i tz ,  1978a) the  basal Rosella 
format ional  con tac t  differs f rom tha t  in the  sect ions  just 
discussed. Here  f ine  grained qua r t z i t e  and interbedded 
s i l t s tone t h a t  belong t o  t h e  Boya Formation o r  older s t r a t a  
a r e  overlain by approximately 26 m of white, f i ne  grained 
Rosella quar tz i te .  The nex t  Rosella unit  consists of 21.3 m 
of si l tstone t h a t  contains Olenellus, and thus is t h e  s a m e  a g e  
or younger than unit 4 in sect ions  1, 2, 4, 5, 7, and 8 t o  t h e  
northwest (unit 4 a t  section 3 not exposed). Because d a t a  a r e  
s t i l l  meagre  a t  sec t ion 6 and in the  surrounding a rea ,  t he  
in terpre ta t ion of t h e  con tac t  a t  section 6 is open t o  question. 
One explanation is t h a t  c las t ics  belonging t o  t h e  Boya or  a n  
older format ion were  uplifted and in pa r t  eroded, and t h a t  
t he  white qua r t z i t e  represents  t h e  initial phase of a Rosella 
transgression. A modification of this concept  t h a t  is  equally 
likely, is t h a t  older Rosella beds (upper Fallotaspis and 
Nevadella Zone) were  deposited over the  Boya or older s t r a t a ,  
and t h a t  these  lower Rosella beds were  uplifted and eroded 
before  deposition of t h e  whi te  quar tz i te .  

The top of t h e  format ion a t  sec t ion 5 is  placed a t  a 
sharp and conspicuous lithological change. Below t h e  
Rosella-Kechika (Atan Croup-Kechika Croup) con tac t  a r e  
thick, resistant beds composed of medium blue grey 
weathering l imestone t h a t  in places has been a l tered t o  
c r e a m  weathering dolomite. Above the  con tac t  i s  recessive 
s i l t s tone t h a t  weathers  medium rus t  brown and is rus t  brown 
t o  medium grey on fresh surface.  Elsewhere t h e  Rosella- 
Kechika con tac t  was  found t o  be  erased by faulting excep t  
for a reported (Fr i tz ,  1978a, PI. 3.1, fig. 5, point "a") 
exposure tha t  lies t o  t h e  eas t  and across t h e  Rapid River 
f rom section 4. The lithologies on e i ther  s ide  of t h e  con tac t  
at this locali ty a r e  the  s a m e  as  those a t  section 5. 

At type section 1 t h e  Rosella Formation conta ins  s t r a t a  
belonging t o  t h e  Lower Cambrian Fallotaspis, Nevadella, 
and Bonnia-Olenellus zones. The boundary between 
t h e  Fallotaspis and Nevadella Zone is between 
CSC locali t ies 96897 and 95178 which a r e  1.5 m and 1.6 m 
above the  base of t h e  formation, respectively. 
GSC loc. 96897 contains Fallotaspis sp., and Hyolithes sp., 
and GSC local i ty95178 contains Keeleapis sp. and 
Holmiella sp. 

The  boundary between t h e  Nevadella Zone and the  
Bonnia-Olenellus Zone is  near t h e  base  of uni t  4R. In 
segmen t  I b  i t  is between GSC loc. 95182, which contains 
Nevadella 6 m below t h e  base, and local f loa t  locali ty 
GSC IQC. 95183, which contains Olenellus sp. 9 m above t h e  
base. The zone boundary is closely located below reference  
sect ion 5 where i t  is  in t h e  interval 3 m t o  7.3 m above the  
base  (extended sect ion 5 in Fritz,  1978a, Text-fig. 3.1 b, 
between GSC loc. 95219, 95220). A t  sect ion 8 t h e  boundary 
is  between GSC loc. 96890, located 1.5 m below t h e  base of 
unit  4R, and GSC loc. 96891, which is in local  f loa t  2.5 m 
above. The boundary a t  sec t ion 7 is between GSC loc. 96881 
and 96882 which a r e  6.5 m below and 1.0 m above t h e  base of 
unit 4R, respectively. 

Some of t h e  youngest fossils col lec ted in t h e  Rosella 
Formation a r e  f rom t h e  Lower Cambrian Bonnia-Olenellus 
Zone located in unit 5R of sect ion I b  (GSC loc. 95187, 95188) 
and in unit  6R of sect ion 5 (GSC loc. 95221, 95222). 
The collections in unit 5 contain Proliostracus sp., indicating 
a medial  position in t h e  zone. Collections in unit 6R contain 
Olenellus sp., a genus t h a t  ranges throughout the  zone. 

No fossils were  found in unit 7R a t  r e fe rence  section 5 
o r  in unit  7R elsewhere,  and none were  found in t h e  overlying 
Kechika Group. A speculation a s  t o  t h e  a g e  of uni t  7R can  be  
made  by tenta t ively  corre la t ing th is  unit  in t h e  Cassiar 
Range with unit Z a t  sec t ion 6 (Fritz,  1978a, Text-fig. 3.lb) 
in t h e  Kechika Range. There  GSC loc. 95228 in the  lower 
pa r t  of unit Z contains tr i lobite f ragments  with a Wanneria- 
l ike pa t t e rn  and Bonnia pygidia with more  than one pair of 
spines. These f ea tu res  a r e  typical of t h e  medial pa r t  of t he  
Bonnia-Olenellus Zone. If t h e  lithological correlation 
between unit  7R and unit  Z is  valid, and if t h e  unit  is  not  
appreciably diachronous, t hen  t h e  lower pa r t  of unit  7R can  
be assumed t o  belong t o  the  medial pa r t  of t h e  Bonnia- 
Olenellus Zone. As this zone is known t o  be  thick elsewhere,  
i t  would be reasonable t o  assume tha t  a t  l ea s t  t h e  lower half 
of uni t  7R belongs t o  t h e  Bonnia-Olenellus Zone. In this 
paper t h e  top  of t h e  Atan Group (top of unit  7) is  tenta t ively  
equated with t h e  top  of t h e  Bonnia-Olenellus Zone and 
the re fo re  t h e  top  of t h e  Lower Cambrian. 

The reported presence of t h e  Upper Cambrian tri lobite 
Hedinaspis sp. a short  d is tance  above the  Atan-Kechika 
con tac t  (Gabrielse, 1963, p. 39; Fr i tz ,  1978a, p. 7) is not  
s t rong evidence for  placing the  Lower-Middle Cambrian 
boundary a t  a lower horizon. It is  important  t h a t  this locali ty 
f i rs t  b e  re located and i t s  position assessed in relation t o  local 
faults,  unconformities, s tarved basin deposition, etc. 

Regional Correlation 

A correlation between the  Atan Croup and four o ther  
widely spaced Lower Cambrian s t ra t igraphic  sections is 
shown in Figure 25.3. These sect ions  a r e  briefly discussed, 
s t a r t i n g  f rom t h e  south,  in order t o  r e l a t e  t h e  lithology and 
s t ra t igraphic  names t o  t h e  Atan Croup, and, when 
appropriate,  t o  t h e  Boya and Rosella formations.  The 
locations for t h e  various sections a re  shown in Figure 25.la. 
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Figure25.3. Stratigraphic sections showing correlation between Atan Group (Boya and 
Rosella Formations) and Lower Cambrian s t rata  in Rocky Mountains and Mackenzie Mountains. 
Sections a re  located in Figure 25.la. 

The first section (redrafted from Fritz and Mountjoy, 
1975) represents the Lower and early Middle Cambrian s t ra ta  
exposed between Whitehorn Mountain and Cinnamon Peak in 
the  Mount Robson area. There the  entire Lower Cambrian is 
assigned t o  the  Gog Group, which is predominantly quartzite,  
but which contains some archaeocyathid bearing limestone 
well down in the  section (Mural Formation) and some lime- 
stone a t  the top (Hota Formation=Peyto Formation). 

consistently above the  other. As i t  is the  dual presence of 
the carbonate (Rosella Formation) and underlying clastics 
(Boya Formation) that  characterizes the  Atan Group, there is 
good reason not t o  extend the  group into the regions occupied 
by the  first three sections, where these two components a re  
not distinctly separated. 

The northernmost (fifth) section shown in Figure 25.3) 
is generalized from many sections (Fritz, 1976, 1978b, 1979b) 
in the west-central Mackenzie Mountains. There the 
carbonate and clastic lithological components a r e  in the  same 
relative position and are  of the same age as  those of the Atan 
Group in the Cassiar Mountains. The Mackenzie Mountains 
clastic succession has been assigned (Blusson, 1971) t o  map 
unit 13 and the upper part of map unit 12, and the  carbonate 
succession to the Sekwi Formation (Handfield, 1968). The 
similarities between the fourth and fifth sections provide 
reason for suggesting the use of the Atan Group in the 
Mackenzie Mountains. However, i t  is presently doubtful that  

The next section (redrafted from Gabrielse, 1975, 
section 4) is on the Ospika River and located northeast of 
Williston Lake. There the  Lower Cambrian is probably 
thinner (base covered) than in the  first section, but the ratio 
and distribution of quartzite t o  minor limestone is approxi- 
mately the same. The third section (redrafted from 
Gabrielse, 1975, section 1; Fritz, 1979a, section I) shows that  
the clastic-carbonate ratio continues into the Mount Lloyd 
George region, but within the clastic fraction more siltstone 
is present than t o  the  south. 

this would be practical, as  the white-quartzite marking the In contrast to  the three sections to the south, the Atan base of the group in the Cassiar Mountains may not be Group (fourth section) in the  Cassiar Mountains contains two traceable into the Mackenzie Mountains. It should also be distinct lithologies in the Lower Cambrian, one of which is pointed out that the Sekwi Formation undergoes rapid facies 



changes over a short  la tera l  d is tance  (Fritz,  1979b, fig. 41, 
and i t  contains only a small  amount of light coloured, thick 
bedded limestone t h a t  is so typical of t h e  upper Atan Group 
(Rosella Formation) in t h e  Cassiar Mountains. 

Additonal correlations for t h e  Upper pa r t  of t h e  Atan 
Group have been given in a previous paper (Fr i tz ,  1978a, 
p. 14, 15). 
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Abstract 

In this paper the  feasibil i ty of compiling regional radiogenic hea t  production contour  maps  
f rom reconnaissance airborne gamma ray spect rometr ic  survey da ta  is  demonstra ted .  Such hea t  
production maps clearly display the  pa t t e rn  of la tera l  variations in heat  production and delineate 
anomalous areas.  Quant i ta t ive  information on the  levels of h e a t  production in the  bedrock a re  
obtained if t he  map  values a r e  increased by a f ac to r  which co r rec t s  f o r  ef fects  of overburden, 
vegeta t ion and surface  wa te r s  on t h e  airborne radiometric measurements.  

A regional h e a t  production map  covering 40 000 km2 in t h e  nor thwestern  pa r t  of t h e  
Precambrian Canadian Shield shows t h a t  large  la tera l  variations in surface  hea t  production exist. 
A number of large  belts of unusually high (>20 hgu or 8 w/m3) hea t  production a r e  outlined on 
the  map. 

Introduction Applications of Regional H e a t  Production Maps 

Heat  production in t h e  earth 's  crus t  is an  important  (a) Heat  Flow Studies 
f ac to r  necessary in heat flow studies and investigations of Heat  production determinat ions  a r e  essential  t o  hea t  
geothermal potential, and may have in the flow studies and interpretations of crustal  structure. 
modellinn of o re  nenesis. The maior source of hea t  
production in the  crust  is t h e  r a d i o a c t i ~ e ' d e c a ~  of 'OK, and Birch e t  al. (1968) found tha t  la tera l  variations in hea t  
t h e  radioactive nuclides in t h e  uranium and thorium decay flow in New England and New York corre la ted  with 
series. Radiogenic hea t  production can b e  calcula ted  f rom radioactivity of plutonic rocks in which t h e  hea t  flow 
potassium, uranium and thorium analyses of surface  rocks. measurements  were  made according t o  t h e  following relation: 

Over the  past I0 years,  t h e  Geological Survey of Q = a + b A  Canada has  conducted extensive reconnaissance airborne 
gamma ray spect rometr ic  surveys over t h e  Canadian Shield. where  Q is hea t  flow a t  surface  The presentation of survey results in units of concentra t ion of A is radiogenic heat  production of surface  bedrock radioelements was  made possible by using calibrated airborne a is  hea t  flow from lower crus t  and upper mant le  
systems. The purpose this paper is the and b is the thickness of the  heat producing layer of 
feasibility and utility of compiling surface  hea t  production su r face  bedrock. contour maps f rom the  reconnaissance airborne data.  There  
a r e  both advantages and limitations t o  this technique. The 
main advantage is t he  illustration of regional variations in the  
distribution of heat-producing elements.  The l imitation is t he  
quant i ta t ive  accuracy of t h e  resulting heat  production values. 

Because t h e  airborne determinat ions  of radioelement 
concentration r e l a t e  t o  t h e  upper few t ens  of cen t ime t re s  of 
t he  surface,  which is generally some mixture of outcrop, 
overburden, vegetation and surface  waters,  t h e  airborne 
measurements  usually result in computed radioelement 
concentra t ions  which a r e  lower than t h e  ac tual  concen- 
t ra t ions  in bedrock. Consequently, a hea t  production map  
corhpiled f rom airborne d a t a  establishes a lower l imit  on hea t  
production in t h e  bedrock. Considerable work has  been 
carr ied  out  over a period of years t o  quantify t h e  relation 
between airborne and ground measurements.  Comparison 
with ground measurements indicates airborne measurements  
a r e  lower by a f ac to r  of about  two t o  th ree  over t h e  range of 
radioelement concentrations normally found in rocks. 

What is produced f rom airborne spect rometr ic  d a t a  is  a 
map which shows spatial  variations in 'apparent' h e a t  
production. Such a map clearly indicates areas  of anomalous 
hea t  production, and permits t he  estimation of the  regional 
hea t  production in the  upper crust. 

However, determinat ion of representa t ive  hea t  produc- 
tion values of ten  presents a problem. Roy e t  al. (1968) 
pointed out  t h a t  many heat  flow determinat ions  in t h e  Basin 
and Range province of southwestern United S ta t e s  for 
example,  made  in holes drilled fo r  economic purposes, were  
less than sa t is fac tory  due t o  t h e  possibility t h a t  hea t  
production values were  taken f rom unrepresenta t ive  regions 
of plutonic bodies. Similarly, Jessop and Lewis (1977) 
indicated t h e  problem of determining representa t ive  hea t  
production values a t  hea t  flow measurement  s i tes  in t h e  
Superior Province of t h e  Canadian Shield. Regional hea t  
production maps, which can be  compiled f rom airborne 
gamma ray survey da ta ,  c a n  be  used t o  de te rmine  whether 
t h e  hea t  production is representa t ive  and might also b e  used 
advantageously in se lec t ing sui table  s i tes  for  making hea t  
flow-heat production measurements.  

(b) Geothermal  Potential  

One requirement for t h e  economic ext ract ion of 
geothermal  energy f rom hot dry grani tes  is t h a t  t h e  rock 
must reach a sufficiently high t empera tu re  at a reasonably 
shallow depth.  Considering t h e  geothermal  potent ia l  of 
Caledonian grani tes  in Britain, Brown e t  al. (1979) identified 



EQUIVALENT URANIUM IN BEDROCK (PPM) 
Figure 26.1. Rela t ionsh ip  b e t w e e n  g a m m a  r a y  s p e c t r o -  
m e t r i c  d e t e r m i n a t i o n s  of u ran ium c o n c e n t r a t i o n ,  f r o m  
a i r b o r n e  d a t a  a n d  f r o m  in  s i t u  m e a s u r e m e n t s  on o u t c r o p ,  f o r  
4 a r e a s  of t h e  C a n a d i a n  Shield.  S q u a r e s  r e p r e s e n t  a n  a r e a  
n o r t h  of G r e a t  S l a v e  Lake ;  o p e n  c i r c l e s  - Baff in Island n o r t h  
of F u r y  a n d  H e c l a  S t r a i t ;  sol id c i r c l e s  - n o r t h  of Elliot L a k e ,  
Ontar io ;  t r i a n g l e s  - Mont Laur ie r ,  Q u e b e c .  

t h r e e  f a c t o r s  which f a v o u r  high g e o t h e r m a l  g r a d i e n t s  in t h e  
upper c rus t .  These  a r e  high background h e a t  flow, high h e a t  
p roduct ion ,  and l a r g e  in t rus ive  vo lumes  ind ica ted  by n e g a t i v e  
Bouguer grav i ty  anomal ies .  Examina t ion  of reg iona l  h e a t  
p roduct ion  maps,  in conjunc t ion  wi th  reg iona l  g r a v i t y  
a n o m a l y  maps ,  could  b e  t h e  f i r s t  s t e p  in s e l e c t i o n  of a r e a s  
having  high g e o t h e r m a l  po ten t ia l .  

(c) Mineral  Depos i t s  

Richardson and  Oxburgh (1979), in conclusions regard ing  
t h e  h e a t  flow field in Bri tain,  sugges ted  t h a t  g r a n i t e s  a t  t h e  
t i m e  of intrusion m a y  h a v e  in i t i a ted  l a r g e  s c a l e  c o n v e c t i v e  
c i r c u l a t i o n s  of w a t e r  within t h e  c r u s t ;  t h e s e  c i rcu la t ions ,  
sus ta ined  by e l e v a t e d  h e a t  p roduct ion  in t h e  gran i tes ,  could 
r e d i s t r i b u t e  t h e  hea t -producing  e l e m e n t s  a s  well  a s  o t h e r  
e l e m e n t s  and u l t i m a t e l y  c o n c e n t r a t e  t h e m  in o r e  deposits .  
Fehn  e t  al. (1978) e s t i m a t e d  t h e  m a g n i t u d e  of h y d r o t h e r m a l  
c o n v e c t i o n  c e l l s  and f low r a t e s  a s s o c i a t e d  w i t h  r a d i o a c t i v e  
plutons,  and conc luded  t h a t  fluid convec t ion  is  p robably  
s u f f i c i e n t  t o  deve lop  h y d r o t h e r m a l  uran ium o r e  deposits .  T h e  
c l o s e  assoc ia t ion  of h y d r o t h e r m a l  uran ium depos i t s  w i t h  
uran i fe rous  g r a n i t e s  is n o t  uncommon (e.g. Brauer ,  1970; 
Ganglof f ,  1970), and  Richardson  and  Oxburgh (1979) found a 
w e a k  c o r r e l a t i o n  b e t w e e n  a r e a s  of high h e a t  flow a n d  exposed  
z o n e s  of e p i g e n e t i c  minera l iza t ion .  Thus in format ion  f r o m  
h e a t  production m a p s  could b e  incorpora ted  i n t o  t h e  
modell ing of o r e  genes i s  and u l t i m a t e l y  b e  applied a s  a guide  
t o  a r e a s  of p o t e n t i a l  minera l  deposi ts .  

Airborne Gamma Ray Spectrometric Data 

Since  1970 t h e  Geologica l  Survey  of C a n a d a  has  b e e n  
conduct ing  high-sensi t ivi ty a i r b o r n e  g a m m a  r a y  s p e c t r o -  
m e t r i c  surveys  over  C a n a d a .  F r o m  1975 t o  1978 under  t h e  
Federa l -Provinc ia l  Uranium Reconnaissance  P r o g r a m ,  
e x t e n s i v e  c o n t r a c t  surveys  w e r e  conducted ,  and presen t ly  
a p p r o x i m a t e l y  2 000  000  k m 2  of C a n a d a ,  p r imar i ly  o v e r  t h e  
Canadian  Shield, h a v e  b e e n  surveyed.  

T h e  surveys  w e r e  c a r r i e d  o u t  s y s t e m a t i c a l l y  t o  un i form 
s tandards ,  using approximate ly  50  L of NaI(T1) d e t e c t o r s  
f lown a t  a t e r r a i n  c l e a r a n c e  of 122  m, w i t h  5 km f l i g h t  l ine 
spacing.  This spac ing  was  found t o  b e  s u i t a b l e  for  
d e t e r m i n i n g  reg iona l  r a d i o e l e m e n t  d i s t r ibu t ion  p a t t e r n s  in t h e  
C a n a d i a n  Shield ( C a m e r o n  e t  al., 1976). T h e  s p e c t r o m e t e r  
s y s t e m s  w e r e  c a l i b r a t e d  ( G r a s t y  and  Darnley,  1971; G r a s t y ,  
1976) a n d  resu l t s  w e r e  compi led  in un i t s  of c p n c e n t r a t i o n  of 
K, e U  a n d  eTh a s  r e c o m m e n d e d  by t h e  I n t e r n a t i o n a l  A t o m i c  
Energy Agency  (IAEA, 1976). In addi t ion  t o t a l  g a m m a  r a y  
c o u n t  r a t e s  over  t h e  r a n g e  of 0.41 t o  2.81 MeV w e r e  compi led  
in 'units  of r a d i o e l e m e n t  c o n c e n t r a t i o n ' .  T h e  IAEA (1976) 
r e c o m m e n d e d  t h i s  new uni t ,  t h e  'ur'  o r  'unit  of r a d i o e l e m e n t  
concent ra t ion ' ,  fo r  t o t a l  c o u n t  g a m m a  r a y  s p e c t r o m e t e r  o r  
s c i n t i l l o m e t e r  results .  T h e  uni t  is d e s c r i b e d  a s  fol lows:  "A 
geologica l  s o u r c e  w i t h  1 unit  of r a d i o e l e m e n t  c o n c e n t r a t i o n  
produces  t h e  s a m e  i n s t r u m e n t  response  (e.g. c o u n t  r a t e )  as a n  
i d e n t i c a l  s o u r c e  conta in ing  only I p a r t  p e r  million uran ium in 
r a d i o a c t i v e  equilibrium". The  'ur'  h a s  b e e n  f u r t h e r  discussed 
by Kil leen (1979). 

C h a r b o n n e a u  e t  al. (1976) r e p o r t e d  on  t h e  re la t ionsh ip  
b e t w e e n  c o n t o u r e d  a i r b o r n e  m e a s u r e m e n t s  of r a d i o e l e m e n t  
c o n c e n t r a t i o n ,  and  va lues  m e a s u r e d  in overburden  and 
bedrock  o n  t h e  ground.  Addit ional  d a t a  subsequent ly  a c q u i r e d  
h a v e  b e e n  incorpora ted  w i t h  t h e  prev ious  d a t a  and  a r e  
p r e s e n t e d  in F igure  26.1. This d i a g r a m  shows t h e  a v e r a g e  
bedrock  c o n c e n t r a t i o n  of e q u i v a l e n t  u ran ium f o r  ground 
s t a t i o n s  l o c a t e d  wi th in  t h e  var ious  c o n t o u r  i n t e r v a l s  of t h e  
a i r b o r n e  d a t a ,  f o r  four  a r e a s  of t h e  C a n a d i a n  Shield. O v e r  
t h e  n o r m a l  r a n g e  of u ran ium c o n c e n t r a t i o n s  in rocks,  t h e  
c o n c e n t r a t i o n  of u ran ium in bedrock  is a b o u t  t w o  t o  t h r e e  
t i m e s  t h e  va lue  ind ica ted  by t h e  a i r b o r n e  method .  R e s u l t s  
for  thor ium a n d  potassium a r e  s imi la r .  T h e  poin ts  on  F i g u r e  I 
ind ica ted  by s q u a r e  boxes  r e p r e s e n t  t h e  c e n t r a l  p a r t  of t h e  
survey  a r e a  t o  b e  d i scussed  (Fig. 26.2, 26.3). This a r e a  is  
c h a r a c t e r i z e d  by a higher p e r c e n t a g e  of o u t c r o p  t h a n  t h e  
o t h e r  a r e a s  r e p r e s e n t e d  in F i g u r e  26.1, and  t h e  d a t a  sugges t  
t h a t  a f a c t o r  of a p p r o x i m a t e l y  t w o  should b e  used t o  c o n v e r t  
' apparen t '  h e a t  p roduct ion  va lues  on  F i g u r e  26.2 t o  bedrock  
h e a t  p roduct ion .  

Compilation of Contour Maps 

Figure  26.2 is  t h e  ' a p p a r e n t '  h e a t  p roduct ion  m a p  
cover ing  a n  a r e a  of a b o u t  40  000 k m 2  b e t w e e n  F o r t  S m i t h  and 
P o r t  R a d i u m ,  Nor thwes t  T e r r i t o r i e s  compi led  f r o m  reconnais -  
s a n c e  a i r b o r n e  g a m m a  r a y  s p e c t r o m e t r i c  d a t a .  This s u r f a c e  
h e a t  p roduct ion  w a s  c a l c u l a t e d  using convers ion  f a c t o r s  f r o m  
Roy et al. (1968). H e a t  p roduct ion ,  A, in h e a t - g e n e r a t i o n  
uni t s  (hgu) is  c a l c u l a t e d  a s  

A = 0.23 x (K%) + 0.62 x (U pprn) + 0.17 x ( ~ h  pprn) (2) 

assuming  a rock  dens i ty  of 2.67 g / c m 3 .  A h e a t  g e n e r a t i o n  
uni t  ( lo - '  3 c a l / c m 3  s e c )  is  e q u a l  t o  0.418 w / m 3 .  

For compar i son ,  t h e  t o t a l  c o u n t  c o n t o u r  m a p  of t h i s  
s a m e  a r e a  is  shown in F igure  26.3. T h e  r e l a t i v e  cont r ibu t ions  
of K, U, Th t o  t h e  t o t a l  c o u n t  h a v e  b e e n  discussed by G r a s t y  
(1977); f o r  t h e  a i r b o r n e  s u r v e y  d a t a  used  t o  p r o d u c e  t h e  
c o n t o u r e d  va lues  in F igure  26.3. 

T C  (ur)  = 3. x (K%) + I .  x (U pprn) + 0.5 x (Th ppm) (3) 

T h e  a b o v e  e q u a t i o n s  i n d i c a t e  t h a t  h e a t  p roduct ion  is 
m o r e  s e n s i t i v e  t o  uran ium and  t o t a l  c o u n t  is m o r e  s e n s i t i v e  t o  
po tass ium.  When potass ium,  uran ium and  thor ium o c c u r  in 
t h e i r  n o r m a l  c r u s t a l  r a t i o s  (1.2 x 104/1/3.7,  r e s p e c t i v e l y )  
t h e i r  r e l a t i v e  c o n t r i b u t i o n s  t o  h e a t  p roduct ion  and  t o  t o t a l  
c o u n t  will b e  t h o s e  shown in Table  26.1. 



Figure 26.2. Regional heat production map compiled from airborne gamma ray spectrometric data for 
northwestern part of the Canadian Shield. 
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Figure 26.3. Total count gamma ray contour map compiled from reconnaissance airborne surveys over 
northwestern part of the Precambrian Shield. 



Table 26.1 

Relative contributions of potassium, uranium and thorium to  
hea t  production (A) and to t a l  gamma ray count r a t e  (TC) 

Normal Crustal  Radioelement Rat io  
K/U/Th = 1.2 x 104/1/3.7 

The strong influence of potassium on t h e  to t a l  count 
map is evidenced by t h e  similarity between Figure 26.3 and 
t h e  previously published potassium map  of the  a rea  (Killeen 
and Richardson, 1978). While t h e  to t a l  count map appears  
adequate  to  indicate areas  of anomalously high hea t  produc- 
tion, a more  quant i ta t ive  e s t ima te  of surface  heat production 
can obviously be derived f rom the  heat  production map. 

Discussion 

The level of 'apparent '  regional hea t  production over 
much of a r e a  shown in Figure 26.2 is between 2 and 4 hgu 
(0.836-1.67 v w / m 3 ) .  Conversion of this t o  bedrock hea t  
production (increase by factor  of 2 a s  described above) gives 
values of 4 t o  8 hgu (1.67-3.34 ~ / m  ), a range encompassing 
t h e  hea t  production of t h e  "continental crust" which was  
es t imated by Heier and Rogers (1963) t o  be 4.4 hgu, and 
comparable t o  Jessop and Lewis' (1978) values for t h e  
Superior Province of t h e  Canadian Shield. 

Prominent f ea tu res  on both Figures 26.2 and 26.3 a r e  
a reas  of high heat  production and radioactivity,  respectively,  
which extend over severa l  thousands of square  kilometres. 
These include t h e  western  edge of t h e  survey a r e a  between 
Lac La Mart re  and Port  Radium (coincident with the  G r e a t  
Bear Batholith), an  a rcua te  zone in the  middle of t he  survey 
a rea  (coincident with the  Carp Lake Granite), an  a r e a  on t h e  
north shore of McLeod Bay (underlain by grani t ic  rocks) and a 
north-south trending a rea  southeast  of Grea t  Slave Lake (over 
t h e  highly thoriferous, granitoid Fort  Smith Belt). Within 
these  areas,  'apparent' regional hea t  production values 
exceed 4 hgu (1.67 w/m3)  and reach values in excess  of 
10 hgu (4 p w/m3) .  Applying the  conversion factor  t o  these  
values indicates bedrock hea t  production comparable t o  t h e  
highest values reported by Roy et al. (1968) for 38  locali t ies 
in the  United States.  The northwestern par t  of t he  Canadian 
Shield contains some of the  highest potassium, uranium and 
thorium contents  found within t h e  two  million square  
kilometres of t h e  Canadian Shield t h a t  have been surveyed by 
airborne gamma ray spect rometry .  

Conclusion 

This paper demonstra tes  the  feasibility of compiling 
regional hea t  production contour maps f rom reconnaissance 
airborne gamma ray spect rometr ic  survey data .  Such a hea t  
production map clearly displays - t h e  pa t t e rn  of la tera l  
variations in heat  production and delineates anomalous areas.  
However t o  obtain more  quant i ta t ive  information on t h e  
levels of h e a t  production in t h e  bedrock, t h e  map  values must 
be  increased by a f ac to r  which co r rec t s  for  e f f ec t s  on t h e  
airborne measurement of overburden, vegetation and surface  
waters.  This fac tor ,  which depends on t h e  re la t ive  
percentages of outcrop in a given region, c a n  b e  determined 
by comparison of ground and airborne measurements.  

A regional hea t  production map covering 40 000 km2 in 
t h e  northwestern par t  of t h e  Canadian Shield shows t h a t  large  
la tera l  variations in surface  hea t  production exist. These 
f ea tu res  must be taken into account in any in terpre ta t ion of 
crus ta l  s t ruc tu re  and genesis. 
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Abstract 

Two cogenetic monzonitic laccoliths, one hosting uraniferous actinolite-apatite-magnetite 
veins, were selected for  a comparative petrochemical study. An unbalanced nested sampling design 
was adopted to estimate variability a t  four statistical levels within each laccolith and also between 
them. The laccoliths are  roughly equal in area, approximately 2.5 km2, and a r e  represented by 53 and 
59 samples. The data  available to  date  are  for  uranium and thorium contents of the samples, specific 
gravity, and gamma ray spectrometer readings a t  the  sample sites. The mean contents of uranium 
and thorium in the two se t s  of samples a r e  6.02 and 6.35 ppm U and 27.53 and 27.85 ppm Th. The 
corresponding means from the spectrometer readings a r e  very close t o  these means. An analysis of 
variance shows that most of the variations in the contents of these elements occur a t  local rather  
than regional level in each of the laccoliths, and the variance between them is negligible. Specific 
Gravity ranges from 2.62 t o  2.73. The two laccoliths a re  thus statistically very similar, and the  
present data  suggest that  uranium in the veins may have been derived from suitable country rock 
rather than the host intrusion. 

Introduction 

A string of more than 20 laccolithic intrusions of 
diorite-monzonite composition extends along the 225 km 
length of the  East Arm of Great Slave Lake (Fig. 27.1). Their 
regional geology has been described by Stockwell ( 1936), 
Barnes (1953), Hoffman (1968, 1969, 1977), and 
Hoffman e t  al. (1977). Hoffman e t  al. (1977) recognized two 
compositionally distinguishable sets of laccoliths; those east  
of 110°30'W are  predominantly monzonitic and those to  the,  
west of i t  a r e  predominantly dioritic with more acidic dykes 
and veins a t  their borders. Badham (1978) presented 
chemical analyses of 17 samples from seven laccoliths, 
showing their subalkaline character and calc-alkaline dif- 
ferentiation trend. 

Three Iaccoliths host veins of coarse actinolite, apat i te  
and magnetite, carrying minor amounts of pitchblende and 
t races of copper sulphides (Lang e t  al., 1962; Badham, 1978). 
These veined laccoliths a r e  a t  Regina Bay and Labelle 
Peninsula (Fig. 27.1). The veins a re  believed t o  be 
genetically related to  the laccoliths (Lang e t  al., 1962; 
Badham, 1978; Gandhi, 1978; Bloy, 1979). The veins are  more 
numerous, more extensive and a r e  bet ter  explored a t  the 
Regina Bay laccolith than a t  the two other laccoliths on 
Labelle Peninsula. The Regina Bay Iaccolith therefore was 
selected for a detailed petrochemical study t o  determine 
chemical variation within i t  and possible significance of t h e  
variation to  the origin of the uraniferous veins. For the 
purpose of a comparative study, another laccolith of approxi- 
mately equal area (about 2.5 krn2) located a t  Meridian Lake 
(Fig. 27.1), which has no known uraniferous actinolite- 
apatite-magnetite veins associated with it, was selected. 

Field observations by the  writers show that  the two 
laccoliths a r e  very similar in composition and texture. They 
a r e  predominantly monzonitic, medium to coarse in grain 
size, with well developed crystals of plagioclase approxi- 
mately I cm long. Hornblende is the main mafic mineral, and 
biotite and quartz a r e  encountered in minor amounts locally 
in both the laccoliths. The laccoliths a r e  surrounded by 
brecciated sediments, mainly red shales, marl and limestone 
of the Stark Formation of Aphebian age. No contact  
metamorphic effects  in the sediments were observed, not 
even in the sediments lying within the areas of the laccoliths. 

On the  other hand, angular fragments of monzonite occur in 
the breccia along the  margin of the  laccoliths, indicating tha t  
brecciation postdates, a t  least in part, the emplacement of 
the laccoliths. These contact relations have been noted by 
previous workers in these and the other laccoliths. The mode 
of emplacement of the  laccoliths, their relations to  regional 
stratigraphy and structure, and brecciation of the  sediments 
a r e  discussed by Hoffman e t  al. (1977). Available K-Ar 
isotopic data  on samples from the  laccoliths and Pb-U 
isotopic data  on samples from the uraniferous veins hosted by 
them, indicate a t ime range of 1850 t o  1700 Ma for the 
emplacement of the intrusions as  well as  the veins (Hoffman, 
1969; Gandhi, 1978; Bloy, 1979). 

The present study was undertaken a s  a part of 
'Canadian Granite Study' for an international collaborative 
research project on granites sponsored by Nuclear Energy 
Agency/International Atomic Energy Agency. 

Sampling 

A multi-stage stratified sampling design, a s  illustrated 
in Figure 27.2, was adopted for both the  laccoliths in order t o  
reasonably, assure an unbiased selection of samples, t o  
optimize the number of samples in each laccolith, and t o  
apply a multi-level analysis of variance (Baird e t  al., 1967; 
Cameron e t  al., 1979; Garrett ,  1979; Garret t  and Goss, 1980). 
The successive levels of variation in chemical composition, 
from lower t o  higher levels of hierarchy, are: 'within 
outcrop', 'between outcrops', 'within a primary square' 
representing a large part of laccolith, 'between the primary 
squares' in a Iaccolith, and finally between the laccoliths. 
Analytical precision was estimated by splitting 10 per cent  of 
the  samples collected. 

The area of each laccolith was divided into 19 primary 
squares as  shown in Figures 27.3 and 27.4. This number of 
squares is regarded adequate for a reasonable estimate of 
variance, following Garret t  (1979, p. 199) who pointed out 
that  a sample population of 15 may be considered the 
minimum desirable a s  a compromise between precise values 
for mean and standard deviations and the  costs of sample 
collection and analysis. The primary square size selected 
also provided a good chance for a pair of samples a t  the  
tertiary level (Fig. 27.2) t o  come from different outcrops. 
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Figure 27.1. General geology of the East Arm of Great Save  Lake and location of the 
Meridian Lake and Regina Bay laccoliths. 

d i f f e r e n t  o u t c r o p s ,  t h e  s a m p l e  s i t e s  being 
L E V E L  4 - p~~~~~~ S O U A R  E 50 t o  6 0  m a p a r t .  T e n  per  c e n t  of t h e  
( 2 0 0  m l  t o t a l  s a m p l e  s i t e s  w e r e  c h o s e n  randomly  
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L E V E L  3 d i s t a n c e  (A and  B) t o  e s t i m a t e  'within 
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*--- T E R T I A R Y  ' +  Both t h e  l a c c o l i t h s  h a v e  a high or- t o p o g r a p h i c  re l ie f  w i t h  r e s p e c t  t o  t h e  
sur rounding  s e d i m e n t s .  Overburden  is  

A and B S A M P L E S  s p a r s e ,  and  e x p o s u r e s  a r e  good t o  
A  B l w ~ l h ~ n  o u l c r o p l  e x c e l l e n t  in t h i s  g l a c i a t e d  t e r r a i n .  T h e s e  

f e a t u r e s  f a c i l i t a t e d  sampl ing  of f r e s h  
* R E P L I C A T E  rock.  Approximate ly  I t o  2 kg of 

A N A L Y S I S  m a t e r i a l  w a s  c o l l e c t e d  f r o m  o n e  s ~ o t  f o r  
e a c h  s a m p l e ,  and  c a r e  w a s  t a k e n  t o  avoid Figure 27.2. Hierarchical sample design for sampling of the two laccoliths in the inclusions and vein material, At  each East Arm of Great Slave Lake. s a m p l e  s i t e ,  r a d i o m e t r i c  read ings  of o n e  
m i n u t e  d u r a t i o n  w e r e  t a k e n  w-ith a 4- 

c h a n n e l  g a m m a  r a y  s p e c t r o m e t e r  (Model  
Each  of t h e  p r i m a r y  s q u a r e s  w a s  divided i n t o  f o u r  M c P h a r  Spectra-44D).  Readings  w e r e  r e p e a t e d  a t  4 s a m p l e  

s e c o n d a r y  squares ,  t w o  of which w e r e  s e l e c t e d  randomly.  s i t e s  and  o n e  background read ing  s i t e  f o r  a d u r a t i o n  of four  
O n e  s a m p l e  w a s  c o l l e c t e d  f r o m  o n e  of t h e  t w o  s e l e c t e d  m i n u t e s  t o  c h e c k  if t h e  c o u n t s  p e r  m i n u t e  d i f f e r e d  
squares .  T h e  o t h e r  s q u a r e  w a s  f u r t h e r  divided i n t o  f o u r  s ign i f ican t ly  f r o m  t h e  r e a d i n g s  t a k e n  f o r  o n e  minute .  T h e  
t e r t i a r y  squares ,  and  t w o  of t h e s e  w e r e  s e l e c t e d  randomly ,  d i f f e r e n c e s  e n c o u n t e r e d  w e r e  wi th in  t h e  i n s t r u m e n t a l  
and  sampled .  This  pa i r  of s a m p l e s  w a s  c o m m o n l y  f r o m  prec is ion  leve ls  ( *  I p p m  for  U and  ? 2.5 ppm f o r  Th). 

E leva t ions  w e r e  r e a d  w i t h  a b a r o m e t e r .  



Figure 27.3. Meridian Lake laccolith and sample locations. Primary squares marked b y  small 
diamond a t  their centre. 

R E G I N A  B A Y  

Figure 27.4. Regina Bay laccolith and sample locations. Primary squares marked by  small diamond 
a t  their centre. Uraniferous actinolite-apatite-magnetite veins represented b y  short heavy lines. 



Discussion o f  R e s u l t s  (Mi l le r  and  Bunker, 1976) a n d  a p lu ton  in S t e v e n s  County.  

T h e  resu l t s  ob ta ined  t o  d a t e  inc lude  s p e c t r o m e t e r  Washington (Nash,  1977); t h e s e  c o n t a i n  11.2 a n d  12.0 ppm u 
readings  f o r  U, Th, and  K, s p e c i f i c  g r a v i t y  of samples ,  respec t ive ly .  T h e  Darby  pluton h a s  a Th/U r a t i o  of 5. 

u ran ium c o n t e n t  d e t e r m i n e d  by de layed  n e u t r o n  count ing  and  Analysis  of v a r i a n c e  using UANOVA program 
thor ium c o n t e n t  d e t e r m i n e d  by X-ray f luorescence .  T h e s e  ( G a r r e t t  and  Goss, 1980) w a s  p e r f o r m e d  on  t h e  d a t a  
d a t a  a r e  p r e s e n t e d  in T a b l e  27.4. T h e  d a t a  w e r e  t r e a t e d  ( T a b l e  27.4) t o  e s t i m a t e  d e g r e e  o f  v a r i a n c e  a t  4 leve ls  of  
s t a t i s t i c a l l y  and t h e  r e s u l t s  a r e  g iven  in Tables  27.1, 27.2, h ie ra rchy  a s  i l lus t ra ted  in F i g u r e  27.2. This  p r o g r a m  w a s  
and  27.3. C h e m i c a l  a n a l y s e s  and  p e t r o g r a p h i c  s t u d y  of  t h e  w r i t t e n  f o r  c a r r y i n g  o u t  ANOVA o n  unbalanced  n e s t e d  
s a m p l e s  a r e  underway.  sampl ing  design,  l ike  t h e  o n e  a d o p t e d  f o r  t h i s  s tudy .  

Analysis  of v a r i a n c e  is  sens i t ive  t o  t h e  homogenei ty  of 
v a r i a n c e s  of populat ions a s  wel l  a s  t o  t h e  n o r m a l i t y  of t h e  
populat ion.  T h e  d a t a  o n  t w o  laccol i ths  w e r e  c h e c k e d  f o r  
t h e  homogenei ty  of v a r i a n c e  using Burr -Fos te r  Q t e s t  
(Anderson  and McLean,  1974). This  showed t h a t  a t  0.95 
c o n f i d e n c e  l imi t ,  t h e  v a r i a n c e  of t h e  t w o  laccol i ths  a r e  
homogeneous.  T h e  Box-Cox p a r a m e t e r s  (Box a n d  Cox,  1964) 
for  o p t i m a l  t r a n s f o r m a t i o n  of t h e  r a w  d a t a  t o  n o r m a l i z e  
t h e m  w e r e  ca lcu la ted .  I t  w a s  found t h a t  t h e r e  w a s  no  
a d v a n t a g e  in any  t r a n s f o r m a t i o n ,  t h e r e f o r e  t h e  ANOVA 
(ana lys i s  of variance) w a s  p e r f o r m e d  on  t h e  r a w  d a t a .  

T h e  r a n g e  a n d  t h e  m e a n  va lues  of t h e  uran ium a n d  
thor ium c o n t e n t s  a r e  v e r y  s i m i l a r  f o r  t h e  t w o  laccol i ths ,  
as s e e n  in Tables  27.4 a n d  27.1. T h e  m e a n  uran ium c o n t e n t s  
of  t h e  t w o  laccol i ths  a r e  6.02 and  6.35 p p m  (based  on  
d e t e r m i n a t i o n s  b y  de layed  n e u t r o n  counting),  and  t h e i r  m e a n  
thor ium c o n t e n t s  a r e  27.53 and  27.85 ppm (based  on  
d e t e r m i n a t i o n s  b y  X-ray f luorescence) ,  and  t h e  cor responding  
m e a n  ThXRF/U r a t i o s  a r e  4.85 and 4.73. T h e  m e a n  of 
c o n t e n t s  of 81% e l e m e n t s  a s  d e t e r m i n e d  by t h e  
s p e c t r o m e t e r  a r e  v e r y  c l o s e  t o  t h e  a b o v e  means .  T h e  
a v a i l a b l e  d a t a  o n  t h e  uran ium and  thor ium c o n t e n t s  of 
i n t e r m e d i a t e  igneous  rocks  in var ious  p a r t s  of t h e  world a r e  
s u m m a r i z e d  by Nishimori  et al. (1977, p. 7). T h e s e  r o c k s  
c o m m o n l y  c o n t a i n  2 ppm U, 7 ppm Th and  2 per  c e n t  K. Thus 
t h e  t w o  laccol i ths  in t h e  E a s t  A r m  a r e  d i s t i n c t l y  high 
in t h e i r  m e a n  uran ium a n d  thor ium c o n t e n t s ,  c o m p a r e d  t o  
t h e s e  g loba l  compi la t ions .  Examples  of q u a r t z  m o n z o n i t e  
d i s t inc t ly  e n r i c h e d  in uran ium a r e  Darby pluton in Alaska  

I t  c a n  b e  s e e n  f r o m  T a b l e  27.2 t h a t  m o s t  of t h e  
v a r i a t i o n  in uran ium a n d  t h o r i u m  c o n t e n t s  in t h e  t w o  
l a c c o l i t h s  o c c u r s  local ly r a t h e r  t h a n  regionally,  viz. a t  
o u t c r o p  leve l  a n d  b e t w e e n  o u t c r o p  l e v e l  r a t h e r  t h a n  a t  l eve ls  
involving g r e a t e r  d i s tances .  S p e c i f i c  g r a v i t y  shows a 
negligible v a r i a n c e  a round t h e  mean .  

When t h e  t w o  l a c c o l i t h s  a r e  c o m p a r e d ,  t h e  p e r c e n t a g e  
of  t o t a l  v a r i a n c e  in t h e  uran ium and  thor ium c o n t e n t s  a t  a 
5 t h  leve l  o r  i n t e r l a c c o l i t h  level ,  is neg l ig ib le  a s  s e e n  in 
T a b l e  27.3. Only t h e  s p e c i f i c  g r a v i t y  shows a s t a t i s t i c a l l y  
s ign i f ican t  var ia t ion  at t h i s  level .  T h e  t o t a l  v a r i a n c e  of 
s p e c i f i c  g r a v i t y  h o w e v e r  i s  s o  s m a l l  t h a t  t h e  p e r c e n t a g e  
v a r i a n c e s  a r e  q u a n t i t a t i v e l y  n o t  s ign i f ican t .  

Very s m a l l  var ia t ion  in s p e c i f i c  g r a v i t y  wi th in  e a c h  
laccol i th  and  b e t w e e n  t h e m  r e f l e c t s  c l o s e  s i m i l a r i t i e s  in 
compos i t ion  of m a g m a  and  l i t t l e  c r y s t a l l i z a t i o n  
d i f f e r e n t i a t i o n  in s i t u  of t h e s e  intrusions.  

T h e  Regina  Bay laccol i th ,  a l though i t  hos t s  u ran ium-  
bear ing  veins,  d o e s  p o t  d i f f e r  f r o m  t h e  Mer id ian  L a k e  
laccol i th  in t e r m s  of overa l l  u ran ium a b u n d a n c e  a n d  
d is t r ibu t ion .  T h e  p r e s e n t  d a t a  t h e r e f o r e  r a i s e  ques t ions  
regard ing  t h e  hypothes i s  t h a t  t h e  in t rus ion  i s  t h e  s o u r c e  of 
u ran ium in t h e  veins.  Possibi l i ty of a n  e x t e r n a l  s o u r c e  of 
u ran ium c a n n o t  b e  ruled o u t  and  i t  i s  c o n c e i v e a b l e  t h a t  
u ran ium w a s  leached  f r o m  s u i t a b l e  c o u n t r y  rock  by 
g r o u n d w a t e r  c i r c u l a t i n g  in c o n v e c t i o n  c u r r e n t s  g e n e r a t e d  by 
h e a t  of  t h e  intrusion.  F u r t h e r  discussion o n  g e n e s i s  of t h e  
v e i n s  will fol low addi t iona l  p e t r o c h e m i c a l  s t u d i e s  underway.  

T a b l e  27.1 

S o m e  s t a t i s t i c a l  p a r a m e t e r s  of t w o  s a m p l e  popula t ions  l i s ted  in T a b l e  27.1 

** 'Variance around mean' est imated by t h e  UANOVA program ( G a r r e t t  and Goss, 1980) which takes i n t o  
account the  sampling design. 

***Calculated us ing  SPSS ( S t a t i s t i c a l  Package f o r  Soc ia l  Sciences), where a1 1 samples were considered 
t o  have equal weight,  and the  uneven d i s t r i b u t i o n  of samples imposed by t h e  sampling design have 



Table 27.2 

Analysis of variance in uranium and thorium contents and specific gravity in the 
Meridian Lake and Regina Bay laccoliths 

Variable '  

Total Variance 

Percentage of 
t o t a l  variance a t -  

Level 4 
(200 m squares)  

Level 3 
(100 m squares)  

Level 2 
(50 m squares)  

Level 1 
(outcrop) 

MERIDIAN' LAKE LACCOLITH REGINA BAY LACCOLITH 

I ' Variables as in  Table 27.1 
I 

***Significant a t  a = 0.001; ** s i g n i f i c a n t  a t \ a  = 0.01, and * s i g n i f i c a n t  a t  a = 0.05 where 
a represents  level  of s ign i f icance  

N Not s i g n i f i c a n t  

Table 27.3 

Analysis of variance in uranium and thorium contents and specific gravity 
between the Meridian Lake and Regina Bay laccoliths' 

1 l ~ i m b o l s  and abbrev ia t ions  a s  in  Tables 27.1 and 27.3 1 

Variable 

Total Variance 

Percentage of 
t o t a l  variance 

a t  - 
Level 5 

(between laccol  i t h )  

Level 4 
(200 m squares )  

Level 3 
(100 m squares )  

Level 2 
(50 m squares)  

Level 1 
(ou tc rop)  

%NC 

2.554 

0 . 2 8 ~  

9.91' 

0 . 0 0 ~  

42.7gN 

47.02 

T h ~ ~ ~  

15.564 

0 . 0 0 ~  

1 0 . 1 4 ~  

8 . ~ 6 ~  

0 . 0 0 ~  

81.60 

'SPEC 

6.270 

0 . 0 0 ~  

1 5 . 8 7 ~  

0 . 8 3 ~  

66.74** 

16.56 

ThSpEC 

12.566 

3 . 0 3 ~  

9 . 1 6 ~  

3.38N 

3 5 . ~ 4 ~  

49.19 

Sp. Gr. 

0.0008 

17.89** 

25.51* 

~ . 7 7 ~  

0 . 0 0 ~  

53.82 



Tab le  27.4 

Uranium and thor ium c o n t e n t s  and  spec i f i c  gravi ty  of samples  f r om t h e  Meridian Lake  and  
Regina  Bay Laccoli ths,  Eas t  Arm of G r e a t  S lave  Lake,  D i s t r i c t  of Mackenzie  

NOTES: UDNC : Uranium determinat ion us ing  delayed neutron count ing method, by Atomic Energy of Canada L imi ted,  Ottawa 

ThXRF : Thorium determinat ion us ing  X-ray f luorescence method by Bondar-Clegg and Company L im i ted ,  Ottawa 

USpEC : 
Uranium determinat ion by gamma r a y  spectrometer (McPhar Spectra 44-0 Model) i n  the  f i e l d  ho ld ing  probe 
i n  contact  w i t h  outcrop sur face 

ThSpEC and KSpEC : AS i n  UsSpEC 

ThSpEC 
USpEC 

3.9 
3.2 
4.1 
4.1 
5 • 3 
5 0 
3.3 
5 8 
5.8 
4.2 
4.0 
4.2 
3.0 
3 . 6 
6.1 
4 6 
5.4 
504 
3.9 
9 1 
4.1 
3.5 
407 
8. 8 
5 • 5 
8 8 
4.5 
4.3 
3.2 
7.0 
2.9 
4.4 
4.1 
6.2 
4.0 
8 m6 
6. 1 
4.0 
7.2 
4.4 
3 . 8 
4.2 
3.2 
3. 0 
6.2 

15.3 
5.2 
4.9 
9.0 
5 .3 
7 6 
3 .? 
3 07 

-1 evat ion 

Metres 

3 70 
3 52 
3 46 
335 
363 
3 72 
3 58 
3 6b 
3 64 
3 55 
3 67 
3 67 
3 81 
3 93 
3 49 
322 
3 76 
3 73 
378 
3 67 
3 73 
3 67 
3 61 
3 73 
3 67 
3 64 
370 
370 
3 43 
3 52 
3 49 
3 83 
3 86 
3 92 
3 76 
376 
373 
3 67 
3 55 
3 58 
3 58 
3 58 
3 58 
3 58 
3 67 
3 52 
3 58 
3 46 
3 58 
3 40 
328 
3 46 
3 46 

SP. Gr. 

(gmlml) 

2.73 
2.73 
2.71 
2.72 
2.72 
2.69 
2.69 
2.72 
2.70 
2.68 
2.71 
2.69 
2.72 
20 69 
2.69 
2.72 
2.72 
2.72 
2.70 
2.72 
2.73 
2.70 
2.69 
2.71 
2.70 
2.69 
2.67 
2.68 
2.62 
2.65 
2.68 
2.75 
2.66 
2.66 
2.66 
2.69 
2.69 
2.70 
2.67 
2.64 
2.69 
2.64 
2.71 
2.65 
2.64 
2.70 
2.68 
20 60 
2.70 
2.63 
2.67 
2.69 

. 2.70 

Sample 
Number 

1 
2 
3 
4 
5 
6 
7 
8A 
8 B 
9 

10 
11 
12  
13  
14 
15  
1 6A 
16B 
1 7  
1 8  
1 9  
2 0 
2 1 
22 
2 3 
24 
2 5 
2 6 
2 7 
2 8 
2 9 
3 0  
3 1 
32 
33A 
338 
34  
35 
36  
3 7  
3 8 
3 9 
4 0A 
4 08 
4 1 
42 
43  
4 4 
45 
4 6  
4 7 
4 8A 
48B 

(Total 53)  

T h ~ ~ ~  

5.1 
5 0 4  
3.5 

14.3 
405 
5.4 
5.5 
4.8 
3.6 
4 0 
4 2 
4 l 7 
4 . 4 

11.2 
3 e7 
3.3 
4 . 8 
4.7 ' 

4.5 
5.2 
4.7 
5.1 
5.6 
4.9 
3.7 
3 - 8  
3 . 9 
5.3 
5 0 4  
3.9 
5 07 
5.4 
3 a? 
4.6 
5.3 
5 05 
4.8 
5.2 
5 m7 
3.4 
4.5 
2.7 
3.4 
5 1 
3.8 
3.7 
3.9 
6.5 
3.7 
3 • 9 
5.2 
3.2 
4 *8  

LAKE 

T h ~ ~ ~ ~  
ppm 

27.1 
25.4 
29.4 
29.9 
30.1 
28.4 
24.0 
35.1 
35.1 
28.2 
26.2 
29.6 
24.9 
26.8 
32.9 
27.9 
35.4 
34.1 
26.8 
30.0 
23.4 
28.7 
27.5 
29.0 
27.4 
30.9 
26.0 
26.2 
27.1 
30.0 
22.6 
24.0 
27.9 
29.9 
27.9 
29.4 
34.9 
29.0 
26.8 
23.5 
30.4 
28.8 
34.0 
32.5 
36.0 
29.0 
22.9 
26.9 
31.6 
28.4 
31.3 
29.7 
29.7 

U~~~ 
P P I ~  

5.1 
5.2 
6.8 
2.1 
6.4 
6.8 
4.9 
6.2 
6.1 
6.8 
5.2 
6.2 
5.5 
2.4 
6.4 
7.0 
5.2 
4.9 
6.2 
6.3 
5.1 
6.5 
4.5 
5.5 
7.0 
7.9 
6.2 
6.6 
6.1 
6.7 
5.3 
5.0 
5.9 
6.3 
5.8 
5.8 
5.6 
6.2 
5.6 
7.0 
5.1 

10.3 
7.1 
6.1 
7.1 
6.0 
6.b 
5.4 
6.4 
7.2 
6.3 
7.3 
6.0 . 

LACCOLITH 

%PEC 
per  cent 

2.2 
2.2 
2.1 
2.5 
1.8 

- 3  
1.8 
2.0 
2.0 
1.1 
1.6 
1.7 
1.7 
2.0 
1.1 
2.8 
2.4 
2.8 
1.9 
2.4 
1.7 
1.9 
2.3 
2.1 
2.6 

a8 
2.2 

05  
2.0 
2.6 
3.4 
1.9 
1.6 
1.5 
1.4 
2.1 
2.1 
1.3 

- 2  
.5 

2.0 
1.3 
2.5 
2.0 
1.1 
2.1 
2.2 
• 5 

2.1 
1.5 
2.0 
2.4 
2.4 

T h ~ ~ ~  
P P ~  

26.0 
28.0 
24.0 
30.0 
29.0 
37.0 
27.0 
30.0 
22.0 
27.0 
2200 
29.0 
24.0 
2700 
24.0 
23.0 
25.0 
23.0 
28.0 
33.0 
24.0 
33.0 
25.0 
27.0 
26.0 
30.0 
24.0 
35.0 
33.0 
26.0 
30.0 
27.0 
2200 
29.0 
31.0 
32.0 
27.0 
32.0 
32.0 
24.0 
23.0 
28.0 
24.0 
31.0 
27.0 
22.0 
25.0 
35.0 
24.0 
28.0 
33.0 
23.0 
29.0 

M E R I D I A N  

1 

U~~~~ 
ppm 

7.0 
7.9 
7.2 
7.3 
5.7 
5.7 
7.2 
6.1 
6.1 
6.7 
6.5 
7.0 
8.3 
7.4 
5.4 
6.0 
6.5 
6.3 
6.8 
3.3 
5.7 
8.3 
5.9 
3.3 
5.0 
3.5 
5.8 
6.1 
8.4 
4.3 
7.9 
5.5 
6.8 
4.8 
7.0 
3.4 
5.7 
7.2 
3,7 
5.3 
8.0 
6.9 

10.5 
10.8 
5.8 
1.9 
4 4  
5.5 
3.5 
5.4 
4.1 
8.1 
8.1 



Table 27.4 (cont'd) 

Prec is ion  - USpEC : * 1 ppm UDNC : * 5 p e r  c e n t  a t  10 ppm l e v e l  a t  0.95 conf idence l i m i t  

ThSpEC : * 2.5 ppm ThXRF : * 1 ppm 

KSpEC : ' 0.2 ppm 
239 

Eleva t ion  
Metres 

2 55 
2 44 
2 64 
2 83 
2 93 
2 96 
2 96 
2 96 
2 76 
2 97 
2 32 
2 51 
2 77 
2 59 
2 74 
2 87 
2 87 
280 
3 14 
337 
329 
334 
331 
3 31 
337 
334 
326 
3 19 
3 19 
3 17 
326 
277 
280 
2 77 
2 55 
3 34 
326 
2 83 
2 85 
302 
305 
2 13 
2 23 
2 35 
2 58 
279 
2 82 
277 
2 74 
302 
283 
2 83 
2 (18 
2 76 
2 76 
2 77 
323 
323 
290 

Sample 
Number 

1 
2 
3 
4 
5 
6A 
68 
7 
8 
9 

1 0  
11 
12 
13 
14 
15A 
15B 
16 
17 
1 8  
1 9  
20 
2 1 
22 
2 3 
2 4 
2 5 
2 6A 
26B 
27 
28 
29 
3 0 
3 1  
3 2 
3 3 
34 
35 
3 6 
3 7A 
37B 
3 8 
39 
4 0 
4 1 
4 2 
43 
44 
4 5 
4 6 
4 7A 
47B 
4 8 
4 9 
5 0  
5 1  
5 2 
5 3 
54 

, (Tota l  59) 

ThXRF 
UDNC 

4.5 
3.3 
4.0 
5.3 
5.0 
6.0 
5.6 
4.2 
5 2 
5.0 
3.3 
2.8 
3.7 
3.5 
2 a7 
3.3 
3.7 
3 8 
4.4 
4 1 
3 0 
3.9 
4.6 
3.7 
6.8 
3.7 
7.0 
5.3 
5.8 
5.6 
4.8 
3 07  
3 1 
5 03  
5 0 6  
7.7 
7.6 
407 
3.2 
4.8 
6.2 
4.8 
6.6 
4.5 
2 8 
2.7 
40 3 
3.5 
4.0 
7 a0 
8.8 
4. 1 
6.3 
5.8 
5.5 
2.8 
4.3 
7.8 
3 8 

ThSpEC 
USpEC 

2.2 
3.1 
3 0 
4.7 
2.6 
2.7 
3.6 
3.6 
3 8 
3.4 
3.9 
4 . 1  
3.2 
3.5 
3.4 
2.9 
2.9 
3.7 
3 0 9  
3.6 
2.0 
5.2 
307 
3.3 
5 1 
3.9 
6.4 

l l a i  

7.4 
5.2 
9.1 
3.3 
3.8 
3 07 
8.7 

14.3 
48.8 

6.3 
4.6 
3.6 
5.8 

15.0 
11.0 

3.4 
4.9 
5.9 
4.2 
6.7 
4.8 
7.0 
4.7 
4.2 
6.3 
6.4 
4 • 4 
3.4 
1.6 
4.2 
5.6 

UDNC 
PPm 

5.5 
7.5 
7.8 
5.3 
6.2 
5.0 
5.9 
6.5 
5.2 
4.6 
7.6 
8.9 
7.1 
7.9 
7.9 
8.1 
8.7 
8.1 
6.6 
6.8 
7.7 
6.7 
5.9 
7.0 
4.0 
7.3 
4.0 
4.5 
5.5 

. 4.8 
6.0 
7.3 
8.1 
5.7 
6.3 
3.9 
3.7 
6.4 
9.2 
6.0 
4.5 
5.4 - 

e.1 
6.0 

10.0 
7 
6.9 
7.5 
7.5 
3.7 
3.5 
7.5 
4.6 
4.5 
5.8 

1 
6.1 
3.7 
7.1 

T h ~ ~ ~  
P P"' 

25.0 
25.0 
31.0 
28.0 
31.0 
30.0 
33.0 
27.0 
27.0 
23.0 
25.0 
25.0 
26.0 
28.0 
21.0 
27.0 
32.0 
31.0 
29.0 
28.0 
23.0 
26.0 
27.0 
2 6 c Q  
27.0 
27.0 
28.0 
24.0 
32.0 
27.0 
29.0 
27.0 
25.0 
30.0 
35.0 
30.0 
28.0 
30.0 
29.0 
29.0 
28.0 
26.0 
27.0 
27.0 
28.0 
2100 
30.0 
26.0 
30.0 
26.0 
30.0 
31.0 
29.0 
26.0 
32.0 
33.0 
26.0 
29.0 
27.0 

"SPEC 
P Pm 

14.8 
8.6 
9.1 
5.6 
8.9 
7.5 
8.5 
5.4 
4.8 
7.6 
6.8 
6.9 
6.5 
7.2 
8.7 

10.9 
10.3 

7.6 
7.1 
6.8 

11.5 
4.6 
6.8 

10ab 
5.0 
6.2 
4.0 
2.5 
3.7 
5.0 
3.3 

10.2 
9.3 
8.6 
3.b 
1.9 

a6 
5.0 
6.2 
7.1 
4.9 
1.6 
2.9 
7.4 
6.2 
5.0 
6.1 
4.6 
6.2 
4.2 
6.3 
6.5 
4.3 
5.2 
7.0 
9.6 

17.9 
6.4 
4.6 

LACCOLITH 

K~~~~ 
p e r  cen t  

1.4 
a8 

1.2 
0 2  
09 

. 0 9  
0 9  

0 
07  

1.1 
2.7 

, 2.7 
0 6  

2.5 
2.1 
1.9 
2.3 

. 0 8  
1.0 
1.7 
1.5 
1.6 
1.4 
1.5 

0 6  
1.2 
1.2 
1.7 
2.3 
1.8 
2.2 
3.4 
3.4 
2.8 
2.7 
2.0 

0 7  
4.0 

a5 
2.2 
2.9 
3.1 
1.5 
1.6 
1.9 
2.9 
2.3 
2.6 
2.3 
3.2 

0 
01 

1.5 
3.0 
1.8 
2.1 
l a 7  
l a 9  
2.0 

REGINA BAY 

T h ~ ~ ~ ~  
ppm 

32.8 
26.9 
27.4 
26.5 
23.5 
20.6 
30.7 
19.6 
18.2 
25.9 
26.3 
28.5 
21.0 
24.9 
29.6 
31.6 
30.0 
28.1 
27.9 
24.4 
22.8 
23.7 
25.1 
3b.7 
25.7 
24.1 
25.6 
27.8 
2 7 0 2  

. 26.0 
30.0 
33.4 
34.9 
32.1 
29.7 
27.1 
29.3 
31.3 
28.5 
25.9 
28.5 

. 24.0 
31.8 
25.1 
30.5 
29.6 
25.6 
30.9 
29.7 
29.3 
29.6 
27.2 
27.1 
33.2 
30.9 
32.6 
28.5 
26.6 
25.9 

Sp. G r ,  

(gm/ml) 

2.69 
2.68 
Pa69 
2.64 
2.66 
2.66 
2.67 
2.64 
2.65 
2.67 
2.68 
2.65 
2.66 
2.67 
2.70 
2.68 
2.68 
2.67 
2.65 
2.68 
2.71 
2.67 
2.67 
2968 
2.65 
2.69 
2.66 
2.65 
2.66 
2.66 
2.68 
2.66 
2.64 
2.72 
2.69 
2.65 
2.66 
2.69 
2.65 
2.63 
2.69 
2.66. 
2.67 
2.67 
2.67 
2-69 
2.71 
2.69 
2.69 
2.66 
2.65 
2.66 
2.68 
2.69 
2.65 
2.69 
2.67 
2.64 
2.69 



Conclusions 

Samples  collected f rom t h e  two  cogenet ic  monzonitic 
laccoli ths using a hierarchical  sampling design, totall ing 53  
and 59 in number, yielded mean con ten t s  of uranium and 
thorium of 6.02 and 6.35 ppm U and 27.53 and 27.85 ppm Th 
respectively.  An analysis of var iance  a t  d i f ferent  levels 
shows t h a t  most of t he  variances in t h e  con ten t s  of t hese  
e l emen t s  occur  a t  local, viz. a t  outcrop and between outcrop 
levels, r a the r  than a t  regional levels in each  of t h e  two  
laccoli ths,  and t h e  variances between them a r e  insignificant. 
Specific gravi ty  shows a very smal l  range  in variations within 
each  laccoli th and between them.  These  d a t a  r e f l ec t  
s ta t i s t ica l ly  overall  composit ional s imi lar i t ies  of t h e  two  
laccoliths. 
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Abstract 

Canada may have contained s i tes  favourable t o  deposition of mar ine  phosphates during long 
periods of t h e  past  when, according t o  paleopole calculations, nor thern  North America lay  a t  
tropical t o  subtropical latitudes. The most favourable periods appear t o  have been between l a t e  
Hadrynian and Triassic times. 

Introduction d e v e l o ~ e d  about 1906 (see  Telfer.  1933). P h o s ~ h a t i c  beds a t  
scatte;ed locali t ies i n -cen t r a l  and eas t e rn  cal;ada had been 

Sedimentary ~ h o s p h a t e  rock, or phosphorite, of Ter t iary  recognized earlier, but none approached useful thicknesses or Holocene ages  evidently formed a t  tropical t o  subtropical 
and grades (de Schmid,  1916). la t i tudes  and it seems c lear  t h a t  t he  ~ a l e o l a t i t u d i n a l  

distribution of ancient  phosphorites similarly must fall  within 
a f e w  t ens  of degrees  of t h e  equator.  Thus the  paleolati tudes 
of sedimentary basins may be useful in determining 
probabili t ies for presence of phosphorite or in establishing 
t a rge t s  for a phosphate search. 

This paper is one of a series prepared by t h e  Geological 
Survey of Canada on Canadian bedded phosphates and 
explores t h e  use of published information on paleolati tudes in 
Canada. I t  begins with a brief review of phosphate genesis, 
occurrences ,  and the  present s t a t e  of t h e  industry in order t o  
provide background for  discussion of paleolati tudes a s  a 
potential  prospecting tool. 

Canada has a well developed phosphate industry but a t  
present produces no phosphate ore;  t h e  'phosphate rock'  
required is imported, mainly f rom t h e  United States.  The 
discovery and development of domest ic  phosphate deposits 
can  be  viewed a s  a prime goal in Canadian mineral policy. 

Phosphate Ores  and Phosphate Rocks 

The most widely used phosphate ore  (more  than 
80 per cen t  of world production) is sedimentary phosphate 
rock, or  phosphorite. Other phosphate ores  include: 
phosphatized l imestone, sandstones,  shales, and igneous rocks; 
guano; and igneous and metamorphic  apat i te .  

Phosphorites a r e  indistinctive whi te  t o  dark brownish 
grey, mainly light-coloured rocks; they a r e  of ten  fea ture less  
and easily overlooked. Some aids t o  recognition a r e  t h e  
rounded, s t ructure less  pellets or nodules t h a t  a r e  
character is t ic  of ce r t a in  phosphorites, or,  for some o the r  
deposits, t he  presence of phosphatized bone f ragments ,  f eca l  
pellets, and fish tee th .  Glauconite may be an accessory 
mineral. O the r  clues a r e  a bluish whi te  'bloom' on weathered 
surfaces,  and a bituminous odour produced on striking t h e  
(commonly) organic-rich phosphorite with a hammer. Marine 
phosphates usually contain small  amounts  of uranium and 
outcrops,  samples,  and drill cores  can be scanned for  gamma 
ray act iv i ty  using a scinti l lometer or a gamma ray 
spectroscope. Chemical t e s t s  must be  used a s  controls or t o  
conf i rm t h e  presence of phosphate. Gamma ray level can  be 
used in places t o  obtain approximate  P205  value, but is not 
always a reliable guide (Hale, 1967). 

Phosphorite in Canada 

Sedimentary phosphate deposits of possible economic 
grade and s ize  were  recognized in t h e  southern Canadian 
Rockies shortly a f t e r  t h e  Western S t a t e s  phosphate field was  

Phosphatic beds of a wide range of ages  have been 
repor ted  in Canada f rom Proterozoic  to  Cretaceous  in age. 
Mainly Cambrian, and some Ordovician, phosphate beds a r e  
known in t h e  Maritimes: Matthew (1893) noted phosphate 
nodules in t h e  Cambrian of southern New Brunswick; 
phosphatic nodules occur  in a bed overlying Cambrian 
manganiferous deposits in Avalon Peninsula, Newfoundland 
(British Sulphur Corporation, 1971); phosphatic beds were  
noted in Ordovician l imestones on t h e  west coas t  of 
Newfoundland (British Sulphur Corporation, 1971); and 
coprolit ic phosphate has  been reported f r o m  Upper Cambrian 
l imestones in C a p e  Breton and in Antigonish County, Nova 
Scotia (Spence, 1920). The phosphatic, hydrocarbon-rich 
shale  of t h e  Albert  Format ion of New Brunswick is ear ly  
Mississippian in age  (Greiner,  1962; R. Shaw, personal 
communication, 1979). 

In Quebec, black phosphatic nodules have been 
repor ted  in Cambrian l imestone a t  Rivi&-e Ouelle on t h e  
lower St. Lawrence River, and in Ordovician sandstone a t  
Al lumet te  Rapids and a t  Grenville, both on t h e  O t t a w a  River 
(Spence, 1920). 

Phosphatic nodules in Ordovician l imestone a lso  a r e  
reported a t  Hawkesbury and a t  Lochiel, Ontar io  (Spence, 
1920). In t h e  course of uranium exploration of Proterozoic  
beds, apa t i t i c  sediments have been discovered a t  several  
locali t ies in t h e  Canadian Shield. An example  of such 
sediments  . occurs in t h e  Aphebian Wollaston uranium 
subprovince, south  of t h e  Athabasca Basin in Saskatchewan 
where  l ight  green qua r t z i t e s  with disseminated uranium 
mineralization in places contain phosphates (Tremblay, 1978, 
p. 432). Whether the  a p a t i t e  is in all  ca ses  sedimentary  in 
origin, however, is not clear.  

Phosphatic nodules have been noted in beds of l a t e  
Triassic (Schei Point Formation) and early Jurass ic  (Wilkie 
Point, Borden Island format ions)  ages  in t h e  Arct ic  Islands 
(Tozer, 1963, p. 368; Tozer and Thorsteinsson, 1964, 
p. 121-130). 

Phosphorite occurs in beds of Proterozoic,  Cambrian, 
Ordovician, Mississippian, Permian, Triassic, Jurassic,  and 
Cretaceous  ages  in western  Canada;  these  occurrences  were  
reviewed by Chris t ie  (1979). In addition, phosphatic beds of 
Devonian a g e  have recent ly  been repor ted  in t h e  west 
(McIlreath, personal communication). The most promising 
deposits found t o  da te ,  those  of basal Jurassic beds in t h e  
Fernie  synclinorium of southeas tern  British Columbia, have 
been explored in termit tent ly  severa l  decades,  but  none has  
proven t o  be economically viable. 



Phosphorite Deposition and Lat i tude 

Some of t h e  f ac to r s  t h a t  a f f e c t  t he  format ion of 
phosphorite are:  c l imate ;  ocean currents;  basinal 
configuration; r a t e  of downsinking and influx of c las t ic  
sediment;  bottom chemical  conditions and act iv i ty  levels of 
physical processes a t  t he  bot tom;  and organic activity.  
Latitude a t  the  s i t e  of deposition a f f ec t s  several of t hese  
factors.  Hence, t h e  paleolati tudes of exposed sedimentary 
basins may be  a key t o  t h e  discovery of ancient  phosphorites. 

Knowledge of paleogeographic and li thofacies 
relationships in sedimentary basins, in t h e  light of 
sedimentological models for phosphate deposition, has  led t o  
discovery of phosphate deposits in Turkey and Peru 
(see McKelvey, 1963; Sheldon, 196413). The 'Phosphoria model' 
has  similarly proved useful in t h e  discovery of new 
deposits in' Saudi Arabia, Australia, India, and Colombia 
(Sheldon e t  al., 1967). 

Origin of Phosphorite 

From the  observed abundance of organic remains  in 
many phosphorites a biological phase in t h e  format ion of 
sedimentary  phosphate seems  necessary.  Furthermore,  a 
biogenic origin in a reducing environment is indicated by t h e  
chemical character is t ics  of phosphorites: t h e  association of 
t h e  e lements  Si-P-C and t h e  strong - t h a t  is, low - C' 'signal' 
( 6  C' 3 ) '  in phosphatic sediments (Kolodny, 1979). A 
widespread consensus now is t h a t  upwelling of cold, 
phosphate-rich seawater  a t  favourable s i tes  (such a s  adjacent  
t o  a broad, s table  marine platform) allows development of 
prolific biota, mainly phytoplankton, and t h a t  phosphate is  
leached f rom t h e  organic remains during anoxic destruction 
of the  dead organisms. A complex sequence of d iagenet ic  
phosphatization and upgrading of sediments through 
reworking finally produces ecoriomic phosphorite deposits 
(see Cook, 1976; Wang and McKelvey, 1976; Riggs, 1979). 

Paleolati tudes of Phosphorite 

The paleolati tudes of ancient  (early Tertiary and older) 
phosphorities were  determined by Sheldon (1964a), f rom 
selected paleomagnetic results, t o  l ie within 40" of t h e  
equator .  Sheldon used 'virtual geomagnet ic   pole^'^, t aken  
f rom published lists, t h a t  most closely correspond t o  t h e  ages  
of some  1 9  phosphorites. Both economic deposits and 
'occurrences' were  considered. In a recent  re-evaluation of 
paleolati tudes and phosphorites Cook and McElhinny (1 979) 
confirmed Sheldon's results and proposed new tectonic  models 
fo r  phosphate deposition. The new models t a k e  into account 
oceanic  circulation and pla te  tectonics.  

The recent  compilation by Cook and McElhinny (1979) is 
based on paleolati tudes for  162phosphorites f rom t h e  
Phanerozoic, among which a r e '  72 major deposits. The 
paleolati tudes of a l l  deposits range f r o m  about 0" t o  70°, but 
a histogram shows a maximum within 20" of t h e  
paleoequator. D a t a  f rom large  deposits appear t o  form a 
peak, or preference, between 10" and 20" f rom t h e  equator.  
Fur ther  analysis shows that:  a )  phosphate deposition may be  
favoured a t  sub-equatorial (10'-20") ra ther  than equator ia l  
(0"-10") lati tudes; b) t he re  may b e  a second favoured 
la t i tude  a t  about  40". 

Much of t h e  Canadian landmass may have lain a t  
favourable la t i tudes  a t  t imes  in t h e  past. A lati tudinal bel t  
favouring phosphate deposition is assumed, for  purposes of 
this discussion, t o  lie between 30°N and 30°S, and t h e  
position of Canada a t  d i f ferent  t imes  is represented by t h e  
paleopositions of a c e n t r e  point (60°N, 100°W) arbi t rar i ly  
chosen t o  be  near  t h e  midpoint of t h e  country. If this point 
were  a t  la t i tude  30" or  less, much of t h e  landmass would l ie 
in c l imat ic  zones favouring phosphate format ion,  and some  
par t ,  a t  least ,  of any  major Canadian sedimentary  basin t h a t  
lay poleward would be close t o  t h e  possible t e m p e r a t e  (40") 
la t i tude  favouring phosphate deposition. The azimuthal  
or ienta t ion of the  continent need not, therefore ,  be 
considered here. 

A favourable la t i tude  alone, of course,  will not  result  in 
t h e  format ion of major phosphate deposits. F rom t h e  ear l ier  
remarks  on the  origin of phosphorite i t  is c lear  t h a t  one or 
more  of t h e  following conditions a lso  must occur: 

favourable mar ine  site,  with cu r ren t s  bringing nutrient-  
r ich wa te r  f r o m  oceanic  depths;  
favourable c l imat ic  conditions (rainfall, pH and salinity of 
t h e  shel tered mar ine  terrace);  
favourable paleogeography - low hinterland possibly with 
topographic barriers t o  prevent  influx of terrigenous 
sediment ;  
favourable tec tonic  conditions: s t ab le  crus t ,  with periodic 
small  changes  of s ea  level result ing in reworking of t h e  
phosphorites; 
favourable local  s t ruc tu ra l  fea tures :  gen t l e  a rches  or 
'highs' on t h e  mar ine  shelf t h a t  a r e  e i ther  emergen t  or 
fo rm shoals separating depressions fo r  phosphate 
ent rapment .  

The t ec ton ic  f ea tu res  of seaways  t h a t  might favour 
phosphate deposition were  considered by Cook and McElhinny 
(1979, p. 318-323). These authors proposed two pla te  t ec ton ic  
models, 'Spatial Models' A and B, t o  account  for  oceanic  
upwelling and phosphate deposition along t h e  borders of 
seaways  (with t h e  exception of epei r ic  seas). Model A, in 
which l i thospheric plates sepa ra t e  due t o  north-south 
movement,  considers east-west seaways, and ,model 8, in 
which p la t e  movement  is east-west,  considers north-south 
seaways. Upwelling cu r ren t s  (and associa ted  phosphorites) 
will develop a t  both  ear ly  and l a t e  (narrow and wide seaways) 
s t ages  where  cont inenta l  movements  conform t o  model A, 
and a t  l a t e  s t ages  in model 6. The  models se rve  t o  account 
for  many phosphatic deposits of t h e  world; examples  are :  
Cretaceous  phosphorites of t h e  Tethys region - due t o  strong 
westerly currents  in a narrow seaway a t  low lati tude; cer ta in  
Cambrian phosphorites of China - due t o  upwelling along a 
northern boundary of a wide seaway where  the  boundary has 
dr i f ted  in to  t h e  la t i tude  of westerly winds; and Eocene 
phosphorites of West Africa - due t o  upwelling on t h e  e a s t  
s ide  of a seaway broad enough fo r  t h e  development of oceanic  
gyrai  currents.  The models and examples  given by Cook and 
McElhinny demons t r a t e  t h e  interrelationship of phosphorites, 
lati tudinal position, and pla te  t ec ton ic  history. 

Variations in the  ra t io  of C13 t o  c ' ~  a r e  reported a s  values of 6 ~ '  3, in par ts  per  thousand, 
re la t ive  t o  a standard. A strongly negat ive  value for  6 ~ '  is cha rac te r i s t i c  of organic 
m a t t e r  in general (Bender, 1972). 

A virtual geomagnet ic  pole is  a 'spot' pole calculated f o r  a single sample  or si te.  I t  represents  
an  instantaneous geomagnet ic  pole, and contras ts  with a paleomagnetic pole, which 
represents a paleomagnetic field averaged over intervals in t h e  order of 1 0 9 0  10' years 
(McElhinny, 1973, p. 26). 



Figure 28.1. Paleola t i tudes  f o r  a locali ty west of Hudson Bay (GO N, 100 W); a f t e r  Irving, 1979. 

Paleolati tudes and  Paleogeography f o r  Canada been noted by Irving: l a t e  Aphebian - e a r l y  Helikian 
format ions  contain ca rbona te  rocks, hal i te  cas ts ,  and Improved understanding of rock magnetization and redbeds', and Paleozoic units in Canada contain,  in addition, ref inements  in procedures for  t h e  measurement of remanent  abundant reefal and evaporitic rocks. On the other hand, a magnetization have aided in t h e  plott ing of paths of 'apparent precise es t imat ion of paleoclirnate and sedimentary  

polar wandering', and, given cer ta in  assumptions (e.g. t h a t  conditions would require consideration of t h e  re la t ive  t h e  geomagnetic field on average conforms t o  a geocentr ic  positions or nearness of landmasses, and the  direction axial  dipole), i t  has  been possible t o  convert  paleopole results and strengths of winds and ocean currents. Such estimates 
t o  paleolati tudes and paleoazimuths (paleolati tude is t h e  have been made  (e.g. Skevington, 1974; Jackson, 1975) t o  d is tance  in degrees f rom a locali ty t o  the  ~ a l e o e q u a t o r ,  and account fo r  faunal  aff ini t ies  and distribution of certain 

is the between the paleonorth and graptoli tes.  The approach could be profitable in the  search 
present north; Irving, 1979, P. 670-690). The lati tudinal and for phosphorites, but will not be pursued further here, angular positions of Canada ( t h a t  is, centra l ,  s table  parts of 
Canada) have recently been calculated back t o  2800 Ma ago  Canada's positions re la t ive  t o  t h e  'phosphate zone1, 
by Irving (1979) and shown graphically in his ser ies  of figures 30°S t o  30°N la t i tude ,  s ince  ear ly  Proterozoic  t ime  a r e  
(op. cit., Fig. 14-19). Irving's reconstructions for  Phanerozoic reviewed in t h e  following paragraphs and a r e  based on 
t ime  broadly confirm positions for North America in figures Irving's (1979) constructions.  Fac to r s  t h a t  a r e  favourable  t o  
drawn by Smith et al. (1973) using mainly geometr ic  phosphate format ion other  than la t i tudinal  position may also 
techniques based on topographic and tec tonic  da ta  a s  well as be  considered. Some of these  are :  a )  t h e  probable presence 
paleomagnetic da ta  f rom the  ocean floors. of wide, shallow seas; b) t h e  temporal  relationship t o  

recognized phosphogenic periods (Cook and McElhinny, 1979); 

Paleola t i tudes  fo r  Canada and c )  t h e  changes with t i m e  of the  chemical  na tu re  or 
balance  of oceanic  water.  

Canada's present high-latitude position evidently is 
not  typical of much of t h e  t ime  since l a t e  Archean Archean (Irving, 1979, Fig. 14-19). Irving noted t h a t  a r e fe rence  - 
point such a s  tha t  now occupied by t h e  c i ty  of Winnipeg The ancient  nucleus of Canada (Laurentia) passed 
(lati tude 50°N) spent about 45 per cen t  of t h e  t ime  in the  las t  through the  'phosphate zone '  in l a t e  Archean t ime  according 
2300 Ma (Proterozoic and la ter  t ime)  a t  la t i tudes  less t o  t h e  t en ta t ive  reconstructions of Irving. However,  Archean 
than 30'. A plot of t h e  paleolati tudes of a more  cen t r a l  t i m e  appears  t o  have been unproductive f o r  phosphorite: no 
Canadian locality (60°N, 100°W; t h e  'centre '  of t he  country,  deposit of such g r e a t  age  has  been discovered. Cook and 
mentioned ear l ier )  suggests (by measurement)  t h a t  much of McElhinny (1979, p. 326) speculated tha t  before  3400 Ma B.P. 
Canada has been at subtropical t o  t ropical  la t i tudes  for  about  phosphorus was  present in t h e  hydros he re  a t  a level ZP t he  same  proportion of Proterozoic  and Phanerozoic t ime  suff ic ient  t o  fo rm t h e  procaryot ic  fauna cha rac te r i s t i c  of 
(see  Fig. 28.1); t h a t  is, favourably positioned for deposition of the  Archean, but was not abundant enough t o  fo rm 
phosphates. phosphorites. Later  in t h e  Archean and in t h e  ear l ies t  

Proterozoic,  t h e  phosphorus con ten t  increased (derived f r o m  
Paleogeography and Phosphate Possibilities of Canada degassing and weathering of rocks) in both t h e  hydrosphere 

and in t h e  (increasing) biosphere, but a lack of shallow seas, 
The paleoposition of Canada, a s  proposed and figured by an  association with abundant iron, and a relatively smal l  t o t a l  

Irving (1979, Fig. 14-19) has  broad implications fo r  t h e  biomass sti l l  precluded t h e  format ion of phosphorite. 
paleoclimatic history of t h a t  region; indeed, close correlation 
between geological conditions and paleolati tudes for  l a t e  
Aphebian - ea r ly  Helikian and Paleozoic t imes  has  already 

' Evidence and opinions on the  origin of redbeds were  reviewed by Chandler (1980). Although 
the re  is controversy about some points, i t  seems c lear  t h a t  the  red iron oxide (hemat i te)  of 
redbeds is a diagenetic f e a t u r e  relating t o  hot conditions, whether deser t  or humid (op. cit., 
p. 4). 

The blue-green a lgae  and bacter ia ;  these  ce l ls  lack nuclear membrane,  well-defined 
chromosomes, and most components of t h e  eucaryot ic  cells; included a r e  anaerobic forms. 



Proterozoic 

Northern North America occupied tropical t o  t empera te  
la t i tudes  during about 40 per cen t  of Proterozoic t i m e  
(Fig. 28.1). Early Proterozoic phosphorites a r e  known 
elsewhere in t h e  world, and pealts of phosphate 
deposition in la ter  Proterozoic t ime a r e  well defined (Cook 
and McElhinny, 1979). Proterozoic for mations a r e  widespread 
in Canada and thus may be promising t a rge t s  for phosphate 
exploration. 

Aphebian Canada approached t h e  'phosphate zone'  a f t e r  
about  middle Aphebian t ime,  according t o  t h e  paleopolar 
determinations,  and occupied t ropical  lati tudes until t h e  
Hudsonian Orogeny (1700 Ma), a f t e r  which i t  dr i f ted  in to  
high south polar latitudes. The Aphebian, between 
1800 and 2200 Ma, is also the  t ime  of t h e  f i rs t  major 
phosphogenic episode; phosphorites of this age  a r e  known in 
Australia, in Finland, and in Michigan, U.S.A. The 
phosphorite of t h e  Michigan locali ty occurs a s  carbonate-  
apa t i t e  in a che r ty  iron format ion and a s  pebbles in a 
conglomerate.  Both units a r e  par t  of t h e  Aphebian Marquet te  
Range Supergroup of metasedimentary  and metavolcanic 
rocks (Cannon and Klasner, 1976). 

Cook and McElhinny (1979, p. 326) suggested t h a t  
between 2200 and 1800 Ma the  oceans  'overturned1 (perhaps 
triggered by glaciation - upwelling was more  intense because 
of a greater  t empera tu re  differential);  t h e  deep oceanic  
water ,  rich in iron and phosphorus and in a reduced s t a t e ,  
spread across shallow cont inenta l  shelves. Phosphorus at this 
t i m e  precipitated together  with iron t o  fo rm phosphatic iron 
format ions  and a f e w  thin phosphorite beds. Iron deposits 
contain small  bu t  significant amounts of phosphorus 
(0.02 t o  2.63% P 2 0 5  in average compositions listed by Gross, 
1965, p. 13), and the  to t a l  phosphate content  of iron deposits 
is enormous (for quant i ta t ive  e s t ima tes  s e e  Cook and 
McElhinny, 1979, p. 325). This phosphate, mainly in diluted 
form, cannot b e  considered phosphate ore,  although bedded 
a p a t i t e  segregations,  a s  a t  t h e  Michigan locali ty noted 
ear l ier ,  could be  economic. 

Helikian The Canadian nucleus, Laurentia,  was  in a 
state of general  uplift  following t h e  Hudsonian Orogeny and 
occupied relatively high lati tudes,  according t o  'low 
confidence level1 determinat ions  by Irving (1979). Throughout 
much of the  Helikian, however, t he  northern North American 
continental  mass lay a t  tropical and subtopical lati tudes,  well 
within the  'phosphate zone'. Southern high-latitude dr i f t  took 
place  about 1200 Ma B.P., and northern high la t i tudes  roughly 
coincided with t h e  Grenville Orogeny, about  955 Ma ago. 
From age  determinat ions  (admittedly f ew and of uncer ta in  
reliability) i t  appears  t h a t  a phosphogenic episode may have 
commenced a t  about  1600 Ma and ended a t  1200 Ma; this 
episode would be represented by phosphorites a t  Pogoryy and 
Underly in the  Yenisei Ridge dis t r ic t  of t he  U.S.S.R. and 
Rajasthan in India, according t o  Cook and McElhinny 
(1979, p. 317). Low paleolati tudes for Canada in this period 
tend to  be  confirmed, a s  suggested by Irving (19791, by t h e  
occurrence  of redbeds, hal i te  casts,  and carbonates  in some  
Canadian basins of Helikian a g e  (e.g. t h e  Purcell  System of 
t h e  southern Rocky Mountains; s e e  summary by Chandler, 
1980, p. 18). The Purcell  System is represented south of t h e  
International Boundary by t h e  Belt Series (Supergroup), in 
which Culbrandsen (1966) found dark, pelletal  phosphorite. 
The apat i t ic  rock occurs a s  laminae, up t o  2.5 c m  thick, in a 
20 cm thick bed of coa r se  sil tstone in a predominantly redbed 
unit ,  t h e  Spokane Formation, in Montana. 

Helikian basins on t h e  western  Canadian Shield contain 
mainly c las t ic  rocks, but  also s t romatol i t ic  dolomite,  
perhaps indicating a warm c l ima te  favouring production 
of organisms (see  Stocl<well e t  al., 1970, p. 89). St romatol i t ic  
zones a r e  common in the  uppermost beds of t he  Athabasca 
Basin (op. cit., p. 941, and apa t i t e  f o r m s  a matr ix  in c las t ic  
rocks lower in the  section, although i t  is not y e t  c l ea r  
whether t h e  phosphate is a primary sediment  or  due  t o  
la ter  mineralization (P. Ramaekers,  personal communication, 
1980). Redbeds and calcareous cemen t  cha rac te r i ze  par ts  of 
t h e  Dubawnt Group, and a shallow-marine environment of 
deposition under s t ab le  t ec ton ic  conditions is suggested 
for  t h e  upper par t  of t he  sect ion in this basin 
(Stockwell e t  al., 1970, p. 99). 

Helikian sediments in the  Coppermine-Shaler Mountains 
(Victoria Island) region a r e  marked by redbeds and 
s t romatol i te  zones  (op. cit., p. 81); t hese  beds a r e  included in 
a wide sedimentary  province named t h e  Amundsen Basin 
(Christie,  1972). Sedimentary units of this province have 
been corre la ted ,  on t h e  basis of gross lithology and 
s t romato l i t e  assemblages, with Helikian s t r a t a  of t h e  
Mackenzie Mountains (Aitken, e t  al., 197813). A strong 
sequential  similarity of c las t ic  rocks, carbonate  rocks, and 
evapor i tes  is evident,  although correlation of lower 
format ions  is unresolved. 

The Proterozoic  basin of t h e  Mackenzie Mountains is 
character ized by abundant ca rbona te  rocks, s t romatol i t ic  
carbonate  rocks including s t romato l i t e  reefs  and biostromes, 
and a thick gypsum unit. The s t romato l i t e  f o r m s  and 
assemblages a r e  taken,  a s  in t h e  Soviet Union, t o  be  
indicative of Helikian (basal Middle Riphaean, 1350 2 50 Ma) 
and Helikian-Hadrynian (Basal Upper Riphaean, 950 + 50 Ma) 
ages  (Aitken e t  al., 1978a). 

Sediments of Helikian age  f o r m  g r e a t  thicknesses in t h e  
southern Rocky Mountains (Purcell  System) and, although 
ca rbona te  units with s t romatol i t ic  and shallow-water f ea tu res  
a r e  present,  t h e  bulk of t h e  sect ion is terrigenous,  ranging 
f rom qua r t z i t e  t o  argillite. A ca rbona te  shelf origin has  been 
ascribed t o  t h e  Water ton and Siyeh format ions  of t h e  Clark 
Range, and redbeds, mudcracks,  or cas t s  of sa l t  crystals a re  
present in c las t ic  units such a s  the  Grinnell, Sheppard, and 
Gateway Formations (see Chandler,  1980, p. 18). 

The Borden Basin of northern Baffin Island is intruded 
by dykes of Hadrynian age, and probably is itself Helikian in 
a g e  (Blackadar, 1970; Jackson et al., 1978). The lowermost 
and uppermost units of t h e  basin a r e  reddish and orange- 
weathering qua r t z i t e s  and sandstone, whereas  i n t e r v e ~ i n g  
units comprise predominantly dark  t o  l ight grey dolomite,  
shale,  and sil tstone. Shallow-water and/or shelf deposition is 
indicated by a lgal  carbonates  of t h e  Society Cliffs and 
Victory Bay formations,  and these f ea tu res ,  with gypsum beds 
of t h e  Society Cliffs Formation (Celdsetzer ,  1973) may be 
indicative of warm c l ima te  conditions. The Borden Basin, 
therefore ,  can be included among potentially phosphatic 
basins. 

The Thule Basin of Northwest Greenland and Ellesmere 
Island is  another  sedimentary basin of Helikian age  t h a t  might 
be  considered for  phosphorite, although f e w  exposures of 
t hese  rocks occur  in Canada (see  Christie,  1962a,b; 
Frisch et al., 1978; Dawes, 1976, p. 259-262). Carbonate-  
rocks, s t romatol i tes ,  small  reefs ,  redbeds, and gypsum 
suggest a genera l  similarity in sedimentary  conditions t o  
those  of t h e  Amundsen and Cordilleran basins. 

The six Canadian basins described above evidently lay 
at low la t i tudes  during a t  leas t  p a r t  of thei r  histories and may 
be  considered a s  favourable s i t e s  for  phosphate deposition. 
The marine  shelf par ts  of t h e  basins, of course,  a r e  be t t e r  
t a rge t s  for  prospecting phosphate than  some other  f ac i e s  tha t  
s eem t o  suggest f luvial  or  continental  conditions. 



The geochemical character  of oceanic water  may have 
been 'improving' for  phosphate deposition during Helikian 
t ime;  Cook and McElhinny (1979, p. 3271, in thei r  Temporal 
Model C, speculated t h a t  t h e  period f r o m  1800 t o  800 Ma ago 
was  marked by an increase in phosphorus content  of t h e  
hydrosphere, t h a t  t h e  biota,  now including t h e  euca ryo ta l  held 
an  increasing amount  of phosphorus, and t h a t  iron and 
phosphorus were  sufficiently segregated (due t o  oxidizing 
conditions2) t o  allow t h e  format ion of phosphorites. 

Hadrynian Laurentia occupied moderate  t o  low 
la t i tudes  during t h e  la ter  half of Hadrynian, or l a t e s t  
Proterozoic  t ime,  according t o  irving's (1979) calculations. 
(It should b e  noted, however, t h a t  t h e  Hadrynian t rack was  
considered 'very speculative'.) This low-latitude interval 
began a t  about 800 Ma, which coincides with the  beginning of 
a period of about  200 Ma duration, perhaps extending into t h e  
Cambrian, during which phosphogenesis may have been fairly 
continuous. Major phosphate deposits of l a t e  Hadrynian a g e  
a r e  found in China and in the  Volta a rea  of northern Africa,  
and lesser deposits occur in centra l  Siberia, Brazil, 
Mauritania, India, and cen t r a l  Australia (Cook and McElhinny, 
1979, p. 317). No phosphorites of this age  a r e  yet  known in 
Canada. 

Cook and McElhinny (1979, p. 327) suggested tha t  a f t e r  
800 Ma, relatively large amounts of phosphorus were  held in 
t h e  biota, which then included metazoans.  Large phosphorite 
deposits formed a s  a result  of more  productive biotic 
segregation and concentra t ion of t h e  phosphorus, while some 
phosphorus sti l l  was deposited with iron formations.  

Canadian basins of Hadrynian age  a r e  mainly associated 
with t h e  cont inenta l  margins of t h a t  era:  t h e  Cordilleran, 
Franklinian, and Appalachian geosynclines. Hadrynian 
sediments a r e  widely exposed in t h e  western  and northern 
geosynclines, but only a small  a r e a  of l a t e  Precambrian 
sedimentary and volcanic rocks in southern and eas ternmost  
QuCbec represents deposits of t h e  fo rmer  eas tern  continental  
margin of North America (see Williams, 1979, p. 794). 

La te  Precambrian sedimentary and volcanic rocks of 
t h e  Appalachian Orogen a r e  widely exposed in southeastern 
Newfoundland, Cape  Breton Island, and southeastern New 
Brunswick. The Hadrynian and Cambrian rocks of t hese  a r e a s  
a r e  par t  of t h e  Avalon Zone (see Williams, 19791, a 
s t ra t igraphic- tec tonic  zone t h a t  formerly  was  pa r t  of an  
African - European cont inenta l  landmass. This exot ic  
e lement  was a t t ached  t o  the  Canadian nucleus during t h e  
Middle t o  L a t e  Ordovician. 

The geosynclinal sediments  of t h e  Cordilleran and 
Franklinian geosynclines a r e  marine,  and partly shallow-water 
and miogeosynclinal; they form an almost continuous linear 
belt  in the  eas tern  Cordillera,  but t o  the  north a r e  exposed 
only in northern Ellesmere Island in the  Innuitian (Franklinian) 
region. Relatively f e w  fac i e s  types  t h a t  a r e  usually 
associated with phosphate deposition a r e  known: bedded 
cher t -hemat i te  iron format ions  of t he  Rapitan Group in t h e  
Mackenzie Mountains might be  considered to  be favourable.  
Several carbonate  format ions  of miogeosynclinal cha rac te r  
were  deposited in t h e  Franklinian basin, and pisolitic 
l imestone was noted by Kerr  (1967, p. 16). In general,  
however, t he  two Canadian geosynclines were  dominated in 
Hadrynian t ime  by c las t ic  or volcanic rocks; t h e  seas  and 
sedimentary  basins had not ye t  achieved t h e  productivity and 
variety of l ife f o r m s  t h a t  were  t o  mark Paleozoic t ime. 

l Cellular l i fe  o the r  than blue-green a lgae  and bacter ia ;  t h e  
appreciable levels of f r e e  0 2  (Cloud, 1974). 

Paleozoic 

Reconstructions of cont inenta l  positions in ear l ies t  
Paleozoic t i m e  place  Canada in equator ia l  lati tudes,  with 
today's lines of longitude lying subparallel  t o  t h e  paleoequator 
(Irving, 1979; Smith,  et al., 1973). All t h e  Canadian Paleozoic 
basins then lay within 30' of t h e  equator ;  t he  abundant 
carbonates,  evaporites,  and fossil remains (including 
petroleum) of organisms of ear ly  and middle Paleozoic age  in 
this country tend t o  confirm t h e  paleolati tudinal 
reconstructions.  By Permian t ime,  however, northern North 
America had d r i f t ed  in to  t h e  northern hemisphere and by 
la tes t  Triassic t ime  only southern par ts  of Canada lay a t  
30' lati tude. 

Phosphorites, particularly with pel le ta l  texture ,  were  
widely and abundantly deposited in Cambrian and l a t e r  t ime. 
The abundance of phosphorite in Phanerozoic t ime  coincides 
with o ther  geochemical and lithological phenomena: e.g. 
massive format ion of sedimentary  sulphates  (Cloud, 1974, 
p. 319); high phosphorus con ten t  (0.5 t o  1.5%) in Clinton-type 
(Cambrian t o  Devonian) iron o res  (Gross, 1965, p. 123); 
widespread oxidative enrichment of banded iron format ions  
(Cloud, 1974, p. 319); and overall  dominance of pelletal  
t ex tu re  in both phosphorites and iron format ions  (Cook and 
McElhinny, 1979, p. 325). The interrelationships of f ea tu res  
of this sor t  a r e  not clear;  for  example,  a s  noted by Cook and 
McElhinny, t h e r e  a r e  good ma tches  fo r  several peaks of 
deposition of phosphate and iron in the  Phanerozoic 
(Cambrian, Ordovician, Jurassic,  and upper Eocene), but  t he re  
is no phosphate peak t o  ma tch  Devonian iron o r e  format ion 
and no iron peak t o  ma tch  Miocene phosphorite. The authors  
conclude t h a t  phosphogenesis is only indirectly re la ted  t o  
most of t h e  o ther  geochemical - lithological phenomena noted 
(e.g. evapor i t ic  deposition) but t h a t  a l l  a r e  associated through 
p la t e  t ec ton ic  history. Iron and phosphorus, on t h e  other  
hand, a r e  linked because upwelling ocean wa te r  is important  
t o  the  format ion of both. There  appears  t o  b e  a decreasing 
coincidence of phosphate and iron peaks of deposition a f t e r  
ear ly  Paleozoic t ime  (see  Cook and McElhinny, 1979, Fig. 5) ;  
this may b e  due  t o  t h e  increasing dominance and e f f ec t s  of 
t h e  metazoans,  t hese  fo rms  perhaps complicating t h e  early, 
more  d i r ec t  chemical relationship between phosphorites and 
t h e  oceans and atmosphere.  

Phosphorites a r e  known in Cambrian and Ordovician 
pla t formal  and miogeosynclinal beds in t h e  Canadian 
Cordillera (reviewed by Christie,  1979); in t h e  Arct ic  Islands, 
phosphatic matr ix  and oolites have been identified in 
sandstone of t h e  Cambrian Rabbit  Point Formation (U. Mayr, 
personal communication).  

A worldwide hiatus in phosphate deposition marked t h e  
Silurian, Devonian, and ear ly  Carboniferous periods. The 
reasons for  this break in phosphogenesis a r e  not  known, 
although i t  may be relevant t h a t  t h e  hiatus coincided with an 
in terval  lacking glacial  events  (see Cook and McElhinny, 
1979, Fig. 5) and hence, perhaps, unfavourable conditions of 
oceanic  overturning or  circulation. Cook and McElhinny 
noted t h a t  f ew coasts  were  located a t  low, phosphate- 
favourable la t i tudes  during Devonian t o  early Carboniferous 
t imes,  according t o  t h e  reconstructions of t he  continents by 
Smith  et al. (1973). 

The azimuthal  d i rec t ion of North America  changed so  
t h a t  i t s  long axis, which in Ordovician t ime  lay parallel  t o  t h e  
equator ,  by Silurian t ime  lay approximately nor theas t  
(Irving, 1979); such major changes in crus ta l  configuration 
c lear ly  could a l t e r  t h e  location of upwelling currents.  

presence of euca ryo tes  implies 

Iron retained in the  rock weathering profile due t o  the  buildup 
amounts  of fer rous  iron no longer transported to  the  sea  by sul 

of 02 in the  a tmosphere;  large  
- f ace  wa te r s  (Cloud, 1974). 



Carboniferous and Permian t imes  saw t h e  Canadian 
Cordilleran sedimentary basin sti l l  in southern and phosphate- 
favourable lati tudes,  but with northerly trending coastlines. 
Sedimentological confirmation for  this supposition is t h e  
shale  beds of t h e  Mississippian Exshaw Formation between 
the  International Boundary and about 90 km north of t h e  
boundary in the  southern Rocky Mountains. The productive, 
Permian Phosphoria Basin of t h e  western  United S ta t e s  also 
extends  into Canada ( a s  described by Telfer,  1933; also see 
Christie,  19791, but thicknesses and grades  decrease  north- 
ward and the  known deposits a r e  not economic. 

The Mississippian Albert Formation of t h e  Moncton 
Basin in New Brunswick includes dark grey, bituminous 
shales t h a t  contain phosphate nodules (R. Shaw, personal 
communication, 1979). The Albert Formation is charac-  
ter ized by a dominantly lacustrine f ac i e s  t h a t  grades  up- 
sect ion into nonmarine evapor i tes  near a depocentre  in 
southeas tern  New ~ r u n s w i c k :  The sediments a r e  bresumed t o  
have accumulated in a narrow basin t h a t  formed along an 
orogenic 'suture '  between continental  plates. The younger 
Mississippian Windsor Group, higher in t h e  section, conta ins  
anhydrite and sa l t  deposits, f rom which i t  appears  t h a t  a 
warm, arid c l ima te  was  present in Mississippian t ime. The 
phosphate of t h e  Albert For mation evidently was  deposited in 
a nonmarine precurser of an  east-west trending marine  
embay ment  (Greiner,  1962). With t h e  exception of t h e  
Windsor Group, all  t he  Carboniferous and Permian 
sedimentary units of the  region a r e  nonmarine; t h e  Albert 
Formation appears to  be  distinctive and not t o  f i t  t h e  usual 

of southern Saskatchewan and northern United States.  Less 
easily explained a r e  t h e  phosphatic nodules of Jurassic 
format ions  in t h e  high Arctic,  t h e  paleolati tudes of which 
must have been about 65'. 

Phosphatic ironstones of mid-Cretaceous a g e  with P 2 0 5  
values ranging up t o  27 per cen t  occur  in nor thern  Yukon 
Territory and fo rm perhaps t h e  most enigmat ic  phosphate 
deposits in t h e  l ight of thei r  paleogeography; thei r  
paleolati tudinal position was  calcula ted ,  according t o  Irving 
(1979) t o  be  about 75ON, or a t  least  5' higher than a t  present! 
The deposit is distinctive in i t s  iron and manganese 
association (phosphatic bedded ironstone and shale) and in 
being a f ac i e s  equivalent of turbidit ic sandstones and shales 
of t h e  s a m e  basin. The deposits a r e  subeconomic but  have 
a t t r a c t e d  in teres t  because  of excel lent  phosphate mineral 
specimens. At least  four  new mineral species  have  been 
named and described f r o m  t h e  locali t ies (Young, 1977). 

A second Cretaceous  phosphate locality, a layer of 
phosphatic fish remains  of t he  Ashville Group (marine shale) 
of Manitoba, was  formed a t  about i t s  present  la t i tude  of 51". 
This deposit, a thin ( 5 c m )  black organic de t r i t a l  bed, 
evidently resulted f rom a mid-Cretaceous mar ine  trans- 
gression of t h e  broad alluvial plain of t h e  eas tern  par t  of t he  
Western Canada Sedimentary Basin. A warm, cont inenta l  
c l ima te  must have prevailed during t h e  Cretaceous: coal  
beds and dinosaur remains  a r e  found to  the  west. Thicker, 
more  productive phosphate beds may occur  basinward ( to  the  
southwest) in t h e  subsurface.  

models for phbsphate depositon. 
Ter t iary  

Mesozoic 

Canada achieved increasingly higher la t i tudes  during 
Triassic and Jurassic t imes  according to  paleopole 
reconstructions.  By l a t e  Triassic t ime  the  en t i r e  Western 
Canada Sedimentary Basin (The Cordilleran Ceosyncline and 
broad foreland basin onlapping t h e  Canadian Shield) lay at and 
north of la t i tude  30°N. The Cordilleran seaway was  by th is  
t i m e  a tectonically complex region of eugeosynclinal troughs 
and geanticlines. Dark Triassic shales of t h e  eas tern  
Cordillera contain dispersed apa t i t e  and some higher 
concentra t ions  - up t o  30 per cen t  P 2 0 5  (Gibson, 1975, p. 20; 
Telfer,  1933). The Triassic shales appear  t o  have been 
deposited on t h e  basinward side of a n  open marine shelf, with 
source  a reas  mainly t o  t h e  eas t  and northeast .  Deep basinal 
conditions lay t o  t h e  west. Contemporary evaporites,  
redbeds, intraformational conglomerate,  and solution breccias  
suggest evapor i te  conditions in a broad in ter t idal  or  tidal f l a t  
environment (Gibson, 1975, p. 30-33). 

The extensive and volumetrically significant phosphatic 
format ions  of Triassic age  in Canada a r e  anomalous in world 
phosphogenesis: Triassic t ime  is represented elsewhere by an 
important  hiatus in phosphate deposition (Cook and 
McElhinny, 1979, Fig. I). Phosphatic nodules in t h e  Middle 
and Upper Triassic Schei Point Formation in the  Canadian 
Arctic Islands (Tozer,  1963) a r e  also notable;  they formed 
during a phosphogenic 'low' t i m e  and at a high paleolati tude - 
over 40°N. Cook and McElhinny (1979, p. 318) have  noted, 
however, t h a t  40' la t i tude  may be  favoured fo r  ce r t a in  
(usually Jurassic or Cambrian) phosphate deposits. 

Canada occupied t empera te  la t i tudes  (above 40°N in 
t h e  western Canada Sedimentary Basin) in Jurassic t ime.  
This should not be a favourable period for phosphate  
deposition according t o  t h e  rule of thumb adopted in this 
paper, ye t  t h e  Jurassic Fernie  Formation of southeas tern  
British Columbia is one of t h e  more  phosphatic (though sti l l  
economically marginal)  units in Canada. A warm, cont inenta l  
c l imate  must have prevailed, this apparently confirmed by 
evaporites in an adjacent  cra tonic  basin, t h e  Williston Basin 

Northern North America now s tands  relatively high 
compared t o  sea  level and the  f e w  inland seas  a r e  a rc t i c  or 
subarctic.  There  appears  t o  be  l i t t l e  likelihood t h a t  
substantial  phosphate deposits formed during t h e  Tertiary,  
when t h e  c l imate ,  though warm (deciduous t r e e s  grew and 
coal  formed on northern El lesmere  Island), was  sti l l  
t e m p e r a t e  and continental .  Only a f e w  me t re s  of Paleocene 
marine  sediments  a r e  known in t h e  Interior Plains ( the  
Cannonball Sea), and up t o  1800 m of c las t ic  marine 
sediments on t h e  Pacific Continental  Shelf a r e  interbedded 
with nonmarine sands and shales (Stott ,  1970, p. 479). Up t o  
3000 m of sandstone, shale  and coal  of t h e  ear ly  Cenozoic 
Eureka Sound Formation occur  in s c a t t e r e d  basins in t h e  
Arct ic  Islands. Both nonmarine and marine  depositional 
environments a r e  represented,  but  t h e  general  molassic 
cha rac te r  of t h e  unit, together  with i t s  high la t i tude ,  
precludes promise of significant phosphate deposits. 

Miocene phosphorites occur  along t h e  eas t  coas t  of t he  
United S t a t e s  a s  f a r  north as about l a t i t ude  35", and some of 
these  have been reworked in Holocene t ime. This cont inenta l  
shelf province could extend in to  offshore Nova Scotia 
( la t i tude  44O), but t h e  probability of finding substantial  
deposits t he re  seems slight. 

Conclusions 

Calcula ted  paleopositions for  Canada a r e  approximate  
and t h e  reliability for  some d a t a  is  low, a s  suggested by Irving 
(1979). In spi te  of these  difficulties, i t  may be const ruct ive  
t o  consider possibilities for  phosphate deposition in t h e  
r emote  past in the  l ight of ca lcula ted  paleolatitudes. 

Tentatively,  i t  can be  s t a t ed  that:  

I .  Canada now occupies a t ec ton ic  and geographic position 
t h a t  is  unfavourable for  phosphate deposition. This 
position has prevailed since l a t e  Triassic or Jurassic t ime,  
although phosphatic beds of these  and younger ages  a r e  
known in t h e  country. 



2. Canada lay periodically in t h e  'phosphate zone'  (with 
Canada's approximate cen t r e  between 30°N and 30"s  
lati tudes) between l a t e  Hadrynian and Triassic t i m e  
(Fig. 28.1). If o the r  f ac to r s  also were  favourable t o  
phosphate deposition then rocks of these  ages  should be 
t a rge t s  for a phosphate search. 

3. Hadrynian to Triassic rocks a r e  widespread in Canada and, 
given t h a t  phosphorites a r e  easily overlooked or  mis- 
identified, i t  seems possible t h a t  substantial  phosphate 
deposits remain t o  be  discovered. 
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OXIDATION CHARACTERISTICS O F  SOME SHEARED COAL SEAMS O F  THE 
MIST MOUNTAIN FORMATION, SOUTHEASTERN CANADIAN CORDILLERA 

R.M.  ust tin' 
Ins t i tu te  of Sedimentary and Petroleum Geology, Calgary  

Bustin, R.M., Oxidation characteristics o f  some sheared coal seams of  the Mist Mountain Formation, 
southeastern Canadian Cordillera; 5 Current Research, Part B, Geological Survey of Canada, 
Paper 80- lB,  p .  249-254, 1980. 

Abstract 

Tectonically deformed coal seams of the Mist Mountain Formation at Tent Mountain in the 
southeastern Canadian Cordillera are locally oxidized, even far from present weathering horizons. 
Oxidation, promoted by the fine grain size of the sheared coal, has resulted in a loss of coking power, 
a decrease in vitrinite reflectance, an increase in oxygen and decrease in carbon sulphur and 
hydrogen. Infrared spectroscopic analysis suggests a progressive decrease in alkanes and an increase 
in oxidation and aromaticity of the coal with increased weathering. Petrographically, the oxidized 
coal is characterized by the development o f  dark rinds and micropores and microfissures on vitrinite. 
The inertinite macerals show evidence of oxidation only in pervasively weathered coals. The 
oxidation tracks of the analyzed samples are nearly linear when plotted on a ternary C-H-0 diagram, 
but they are oblique to  those previously reported. Both the use of  oxidation tracks and selective 
measurement of vitrinite reflectance may prove useful in predicting fresh coal characteristics from 
analysis of weathered samples, particularly when characteristic oxidation. tracks and trends in 
vitrinite reflectance are established within the area of investigation. 

Introduction 

In t h e  southeas tern  Canadian Cordillera, coal  seams of 
t h e  Mist Mountain Formation (formerly t h e  Coal Bearing 
Member of t h e  Kootenay Group; Gibson, 1979) were  in pa r t  
sheared and comminuted during L a t e  Cretaceous  and Ter t iary  
tectonism. In many a reas  of ac t ive  coal  mining and explora- 
tion t h e  sheared coal  seams a r e  extensively oxidized even 
when f a r  from t h e  present day weathering (soil) horizon. 
Oxidation of coal in such deposits is  t he  result  of t he  f ine  
granular cha rac te r  of t he  tectonically sheared coal  together  
with faul ts  and f rac tures  in the  coal  and adjacent  s t r a t a ,  
which have faci l i ta ted  deep weathering accompanied by 
penetra t ion of a tmospher ic  oxygen and circulation of 
oxygenated wa te r s  (Bustin, 1979). 
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Oxidation markedly a l t e r s  t h e  physical and chemical  
character is t ics  of coal,  result ing in poor f lo ta t ion properties 
and lower than  normal coking and calorific values 
(van Krevelan and Schuyer, 1957; Berkowitz, 1979; 
Crelling et al., 1979). Recognition and predic t ion of t h e  
distribution of even incipiently oxidized coal  i s  t he re fo re  
important  during exploration and exploitation of coal  
deposits. 

This paper documents  some  of t h e  chemical  and petro- 
graphic character is t ics  of oxidized coals  f rom tectonically 
sheared coal  deposits a t  Tent  Mountain, and t h e  depth  of 
oxidation from present weathering horizons, and suggests 
methods of recognition of oxidized coal  and prediction of 
fresh coal  composition f rom oxidized coal  samples. 

Figure 29.1. No. 6 seam adit. Variation in Free Swelling Index (FSI), elemental analysis (dmmf),  and 
vitrinite reflectance with increasing distance from the modern weathering surface. Oxygen 
determined by difference. Replicate analyses are shown for carbon, hydrogen and nitrogen. The 
mean ( ) and standard deviation (u) of the maximum reflectance values are shown. 
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Figure 29.2 

Figure 29.3 

Photomicrograph o f  highly weathered 
coal particles. In this sample the 
vitrinite (V) is pervasively oxidized, and 
dark oxidation rinds are developed along 
the periphery and fractures of the 
macrinite (M). 

Photomicrograph o f  highly weathered 
vitrinite showing the development of 
microfractures and micropores. The 
more highly reflecting macrinite (M) 
shows little evidence o f  oxidation. 

Previous  s t u d i e s  of oxidized c o a l  of t h e  Mist  Mountain 
F o r m a t i o n  include t h e  s t u d i e s  of Wachowska et al. (1974) a n d  
Nandi et al. (1976) on  t h e  p r o p e r t i e s  of l a b o r a t o r y  oxidized 
c o a l s  of t h e  Balmer  S e a m  and  t h e  s t u d i e s  of Pearson  a n d  
Kwong (1979) on  t h e  low t e m p e r a t u r e  ash  a n d  a s s o c i a t e d  
proper t ies  of na tura l ly  oxidized c o a l  s e a m s  of t h e  C r o w s n e s t  
Coal f ie ld .  Van Kreevlan  and  Schuyer  (1957), Berkowi tz  
(1979) a n d  Crel l ing et a l .  (1979) h a v e  s u m m a r i z e d  many of 
t h e  c h a r a c t e r i s t i c s  a n d  p r o p e r t i e s  of na tura l ly  a n d  a r t i f i c i a l l y  
oxidized coal .  

M e t h o d s  

S a m p l e s  of w e a t h e r e d  c o a l  w e r e  c o l l e c t e d  f r o m  
r o a d c u t s  and  t r e n c h e s ,  a n d  u n w e a t h e r e d  ( f resh)  c o a l  w a s  
c o l l e c t e d  f r o m  a d i t s  at T e n t  Mountain,  n o r t h  of Corb in ,  
Bri t ish Columbia,  on  t h e  British Columbia-Alber ta  border .  
T h e  s a m p l e s  w e r e  c o l l e c t e d  f r o m  t h r e e  d i f f e r e n t  s e a m s ,  
local ly r e f e r r e d  t o  a s  t h e  No. 2, No. 4, a n d  No. 6. O n e  a d i t ,  

d r iven  a long  t h e  f o o t w a l l  of t h e  No. 6 s e a m ,  w a s  s a m p l e d  in 
g r e a t e r  d e t a i l  f o r  m o r e  c o m p r e h e n s i v e  ana lys i s .  T h e  r o a d c u t ,  
t r e n c h ,  a n d  No. 6 s e a m  a d i t  s a m p l e s  w e r e  c o l l e c t e d  
i n c r e m e n t a l l y  a w a y  f r o m  t h e  p r e s e n t  w e a t h e r i n g  hor izon  t o  
e s t a b l i s h  var ia t ion  in  c o a l  p r o p e r t i e s  w i t h  d i f f e r e n t  d e g r e e s  
of wea ther ing .  All t h e  s a m p l e s  w e r e  c o l l e c t e d  f r o m  s e a m s  
which  w e r e ,  a t  l e a s t  in p a r t ,  t e c t o n i c a l l y  s h e a r e d .  

T h e  s a m p l e s  w e r e  e x a m i n e d  microscopica l ly  using a 
r e f l e c t i n g  l igh t  microscope .  M e a n  m a x i m u m  v i t r i n i t e  
r e f l e c t a n c e  w a s  d e t e r m i n e d  by m e a s u r e m e n t  of 50  g r a i n s  p e r  
s a m p l e ,  using es tab l i shed  t e c h n i q u e s  (I.C.C.P., 1971). T h e  
a s h  w a s  s e p a r a t e d  f r o m  a l l  s a m p l e s  by using h e a v y  liquid 
s e p a r a t i o n  t e c h n i q u e s  and  f r o m  s o m e  s a m p l e s  using a low 
t e m p e r a t u r e  (p lasma)  f u r n a c e .  T h e  a s h  minera logy  w a s  
d e t e r m i n e d  by X-ray d i f f r a c t o m e t r y .  In f ra red  s p e c t r o s c o p y  
of t h e  No. 6 s e a m  a d i t  s a m p l e s  w a s  d e t e r m i n e d  using a 
double-beam g r a t i n g  in f ra red  s p e c t r o p h o t o m e t e r  and  wi th  
p e l l e t s  p r e p a r e d  u s i n g  a m i x t u r e  of 1.5 m g  c o a l  per  
300  m g  of KBr. 



Resul ts  

General Character is t ics  

Near t h e  present weathering horizon the  coal is finely 
granulated and commonly permeated by roots of pine, spruce,  
or  shrubs. Between 20 and 50 c m  below t h e  weathering 
horizon t h e  size-consist of t he  coal coarsens and progres- 
sively grades t o  blocky coal a t  depths of I m. The 
tectonically sheared coal is  e i ther  completely comminuted, 
consisting entirely of f ragments  less than 5 t o  10 mm, or  
consists of a bimodal distribution of blocky f ragments  of coal  
up  t o  7 c m 3  and finely comminuted coal  along shear  zones. 

The samples se lec ted for analysis varied f rom 
pervasively weathered non-caking coals near  t h e  weathering 
horizon t o  normal (unweathered) coal with free-swelling 
indexes (FSI) between 4 and 8. All roadcut and t rench 
samples were  non-caking down t o  depths sampled, whereas 
t h e  fresh ad i t  samples had FSI's of 4 t o  6, depending on t h e  
particular seam and local ash  content.  The No. 6 seam adi t  
samples varied systematically f rom non-caking coal  adjacent  
t o  the  weathering horizon t o  an  FSI of 8 a t  a dis tance  of 10 m 
(Fig. 29.1). Beyond 10 m t h e  FSI vaired between 6 and 8. 

Petrography 

Petrographic s tudies  of t h e  weathered coal  revealed a 
character is t ic  micros t ructure  consisting of a granular mosaic 
of micropores, and microfissures (Fig. 29.2) similar t o  those 
repor ted  f rom experimentally and naturally weathered coals 
by Chandra (1962, 1975), Crelling e t  al .  (1979), and others.  
Vitrinite shows evidence of weathering in almost all  samples 
examined; in only slightly weathered coal (as between 5 and 
10 m in Fig. 29.11, evidence of weathering is res t r ic ted  t o  t h e  
periphery of the  coal f ragments  and along f rac tures ,  whereas 
fresh surfaces  showed no signs of weathering. The coarser  
blocky coal  from areas  of shearing similarly show no evidence 
of weathering; however, oxidation is commonly pronounced in 
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t h e  finely comminuted coal  along t h e  shea r  planes. In t h e  
more  highly weathered coals  t h e  oxidation rinds have 
progressed throughout t h e  grains, result ing in a darkish t i n t  
and high relief. The iner t in i te  macerals  show l i t t l e  evidence 
of oxidation with t h e  exception of pervasively weathered 
coals proximal t o  weathering horizons, where  d is t inct  
oxidation rinds a r e  developed (Fig. 29.3). Under oil  
immersion, t h e  oxidation rinds observed in th is  s tudy have 
high relief and a r e  darker  than t h e  in ternal  portion of t h e  
particle,  similar t o  naturally oxidized coals  depic ted by 
Crell ing et al. (1979), bu t  unlike t h e  br ighter  oxidation r ims 
observed in coals oxidized at e levated t empera tu res  by 
Chandra  (1975), Nandi et al. (19761, and others.  

Vitrinite Ref l ec t ance  

The mean maximum vi t r in i te  r e f l ec t ance  (RO rnax) of 
t h e  No. 6 seam ad i t  samples  a r e  shown in Figure 29.1, and 
roadcut and t rench samples  in Figures 29.4 and 29.5. In 
a lmost  a l l  t h e  studied profiles R b m a x  decreases  with 
proximity t o  t h e  weathering horizon. The dec rease  in Ro rnax 
ranges from a s  much a s  0.20% in profile F of Figure 29.4 t o  
less than 0.05% in ~ r o f i l e  D of Fiaure  29.4. In some  orofiles 
(Fig. 29.4-E, Fig. 29.5) t h e  variaGon in r e f l ec t ance '  is  not 
entirely consistent with proximity t o  t h e  weathering horizon; 
however, t he  overall  trend is t o  lower ref lec tances .  The 
Rb max of individual grains of vitrinite in a particular sample  
was found t o  be  inversely proportional t o  grain size. This 
relationship is demonstra ted  from analysis of two  samples 
(Fig. 29.4-B a t  2 m and Fig. 29.5 a t  0.8 m), both of which 
were  spli t  in to  less than and g rea te r  than I mm fract ions  
prior t o  analysis. The less than I mm fract ion in both 
samples  has a R a m a x  lower by 0.05% than t h e  coarser  
fraction. Similarly large  f ragments  of coal  col lec ted f rom 
highly weathered zones which were  crushed prior t o  analysis 
had a correspondingly higher reflectivity than the  associated 
f iner  grained coal. 

Rb max % 
0.8 0.9 1.0 1.1 
7 

RCI rnax % 
0.7 0.8 0.9 1.0 1.1 

Figure 29.4. Variation in vitrinite reflectance with distance from the modern weathering surface of 
roadcut and trench samples of No. 4 and No. 2 seams from various locations at Tent Mountain. The 
mean ( 0 and standard deviation (u) of  the maximum reflectance values are shown. Samples 
denoted b y  1 are o f  fresh (normal) coal from adits. 
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Figure 29.5. No. 4 seam roadcut profile. Variations in elemental composition (dmmf) and vitrinite 
reflectance with increasing distance from the modern weathering surface. Oxygen determined by 
difference. Replicate analyses are shown for carbon, hydrogen and nitrogen. The mean ( ) and 
standard deviation (u) of the maximum reflectance values are shown. Sample denoted by 1 .  is a 
fresh (normal) coal. 

Chemistry and which fu r the r  suggests t h a t  t h e  nonaromat ic  portion is 

Ul t imate  analysis of two  trench samples f rom No. 4 more  susceptible t o  a t t a c k  and breakdown through oxidation 

seam a t  Tent  Mountain a r e  shown in Figure 29.5 and for  t h e  (van Krevelen and Schuyer, 1957). - 
No. 6 seam adi t  samples in Figure 29.1. In all  of t h e  analyzed 
samples a n  excel lent  correlation exists between t h e  Ash Mineralogy 
e lementa l  analysis, deg ree  of weathering a s  determined by The ash mineralogy of t h e  oxidized samples as FSI, and proximity t o  the  weathering horizon. There i s  a determined by X-ray diffraction consists predominantly of consistent decrease  in carbon and hydrogen, and a cor- qua r t z  and kaolinite, with minor amounts  of poorly-ordered 
responding increase in oxygen. Sulphur and nitrogen content  illite. Bassinite (CaSo,, . was found in the ash of 
appear,  f rom the  analyzed samples, t o  be  variable. oxidized coal samples of t h e  No. 6 seam adi t  samples,  

The infrared spec t r a  of t h e  No. 6 seam adi t  samples which were  separa ted using a low t empera tu re  (plasma) 
(Fig. 29.6) also show a progressive change with increasing asher,  bu t  not  present in ash  sepa ra t e s  prepared by heavy 
proximity t o  t h e  weathering horizon. The spect ra ,  which liquid separation. Such results concur with ear l ier  s tudies  of 
were  obtained from samples of vitrain-rich Pearson and Kwong (1979), who demonstra ted  t h e  ubiquitous 
coal,  were  collected f rom t h e  s a m e  
s t ra t igraphic  horizon within the  seam; the  
variation in the  spec t r a  is therefore  WAVELENGTH, micrometres 
principally t h e  result  of weathering, t he  3 4 5 6 7 8 9 10 12 
only exception being t h e  pronounced I I I I I I 

absorption near 1000 cm-', which is 
a t t r ibu ted  t o  t h e  presence of ash  (Greenslade, 
1975). In general, t h e  absorption bands a r e  
broad; however, progressive changes a r e  
evident in the  absorption bands in t h e  
regions of 2920 cm-'  t o  2860 cm-' ,  near 
1700 crn-' and 1600-'. The absorption bands 
between 2920 cm-' and 2860 cm-' which is 
assigned t o  t h e  alkanes (Baker, 1971) (n 
decreases  with proximity t o  t h e  weathering W 
horizon, whereas the  absorption band near  V, 

1700 cm-'  which is assigned t o  C-0 increases. w 
The most pronounced change in absorption is K 
t he  increase in the  1600 cm- '  band with 0 
increasing proximity t o  the  weathering - 
horizon. This absorption band in coal  is  
generally a t t r ibuted t o  a romat i c  C=C bonds, 0 
although some  contribution t o  t h e  absorption 
may result  from oxygen-containing functional 8 
groups (Tschamler and De Ruiter,  1963; K 
Greenslade, 1975). 

The infrared spec t r a ,  considered in 
aggregate  together  with t h e  u l t imate  analysis, a 
indicates t h a t  t he re  is  a progressive decrease  
in t h e  alkanes and ,an increase in oxidation and 
aromat ic i ty  with increasing weathering. Such 
results a r e  similar t o  previous studies of 
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coals oxidized a t  elevated temperatures ,  in 
which i t  was found t h a t  t he  re la t ive  

WAVENUMBER, cm-' 
aromat ic i ty  increases with oxidation, Figure 29.6. Infrared spectrum of the No. 6 seam adit examples shown in 

Figure 29.1. Refer t o  text  for explanation. 



Figure 29.7. C-H-0 diagram showing the  shi f ts  in e lementa l  
composition of coal with progressive oxidation. Lines A-B 
a n d  C-D a r e  typical oxidation t r acks  of pure  hydrocarbons 
(modified f rom Francis,  1961). Normal coal  samples  a r e  
expected t o  plot within Seyler's band of 'normal coal' and 
progressively shi f t ,  with oxidation, along t r acks  parallel  t o  
t h a t  of pure  hydrocarbons and  towards  oxygen a s  shown by 
Francis  (1961). Plot ted  a r e  t h e  No. 6 ad i t  samples  ( 1; t h e  
adjacent  numbers  indicate  distance,  in meters ,  f rom the  
modern weathering surface .  

occurrence  of bassinite in oxidized samples of t h e  Balmer 
Seam of t h e  Mist Mountain Formation in t h e  Crowsnest 
Coalfield. The absence of bassinite in ash  sepa ra t e s  prepared 
by heavy liquid separa t ion fur ther  substant ia tes  t h e  
suggestion by Miller e t  al .  (1979) tha t  bassinite forms during 
t h e  plasma ashing process, although apparently i t s  format ion 
is  res t r ic ted  to t h e  ash  of oxidized coal. 

Discussion and Conclusions 

The results of this study generally concur with previous 
studies of naturally oxidized coal.  Oxidation can be  readily 
recognized and character ized f rom both chemical  and 
physical character is t ics  of t h e  coal. The presence of 
bassinite in ash  sepa ra t e s  prepared by low t empera tu re  
(plasma) ashing also indirectly a t t e s t s  t o  oxidation of t h e  
coal. The petrography of t h e  oxidized coal  is  distinct;  even 
incipient oxidation can be recognized, particularly in the  f ine  
f rac t ion of t h e  sheared coals  by t h e  presence of micro- 
fissures, micropores, and oxidation rinds. The iner t in i te  
macerals  petrographically appear  much more  res is tant  t o  
oxidation, although they too a r e  oxidized in highly weathered 
coals. In this study, FSI was found t o  be  a more  sensit ive 
indicator of oxidation than ref lec tance ,  a s  previously 
concluded by Pearson and Kwong (1979). However, 
ref lec tance  appears  t o  b e  more  responsive than repor ted  by 
them,  showing variations of up t o  0.2% Ro max. The inverse 
relationship observed between ref lec tance  and grain s ize  is  
considered t h e  result  of t h e  progressive centr ipeta l  oxidation 
of t h e  coal  particles;  viz., t h e  centra l  portion of larger  
grains a r e  less oxidized than t h e  cen t r a l  portion of smal ler  
grains. In less extensively weathered and sheared coals,  
evidence of oxidation is  res t r ic ted  t o  t h e  f ine  f rac t ion 
o r  along f rac tures  in t h e  coarser coal  f ragments .  

In t h e  No. 6 seam, which is  partly sheared partly sheared, 
t he  maximum depth of oxidation is  about  9 m. I t  i s  unlikely, 
however, t ha t  any absolute depth of oxidation exis ts  which 
can be  extrapolated t o  adjacent  areas ;  t h e  susceptibil i ty of 
coal  t o  oxidation varies with rank and mace ra l  content  
(Berkowitz, 1979) and such f ac to r s  a s  topography, c l ima te  
(Leythaeuser,  1973), and particularly,  a s  found in this study, 
with par t ic le  s ize  of t h e  coal. 

Predicting Fresh Coal Composition 

In a reas  where  fresh,  unoxidized coa l  i s  not readily 
available for  analysis, i t  may be desirable t o  predic t  t h e  f resh  
coal  composition. Methods fo r  es t imat ing f resh  coal  
composition from oxidized samples have been proposed by 
Francis (1961) and Berkowitz (1979), based on t h e  
predictabili ty of e lementa l  shifts in oxygen, carbon, and 
hydrogen during oxidation. Naturally and artif icially oxidized 
coal  and pure hydrocarbons were  shown by Francis  (1961) t o  
progressively change composition along predictable t rends  
when plotted on a ternary  diagram with oxygen, carbon and 
hydrogen a s  end members.  Berkowitz (1979) has suggested 
t h a t  fresh coal  composition can be  e s t ima ted  by plott ing t h e  
composition of analyzed oxidized samples  on such a diagram 
and extrapolating a l ine  parallel  t o  established oxidation 
t racks ,  back t o  t h e  coal  band of Seyler (Fig. 29.7). 

In Figure 29.7 the  analyzed samples  f rom the  No. 6 
seam ad i t  a r e  plotted.  With the  exception of t h e  sample a t  
9 m from t h e  weather ing horizon, t h e  analyzed samples  
def ine  a relatively s t ra ight  oxidation t r ack  (Fig. 29.7). The 
oxidation t r ack  defined by t h e  No. 6 seam ad i t  samples i s  
oblique t o  t h a t  reported by Francis  (1961) but  clearly 
demonstra tes  progressive change in chemis t ry  with oxidation. 
Inasmuch a s  t h e  e x t e n t  of oxidation is a t  leas t  in par t  a 
product of coal  rank and t h e  maceral  composition, i t  is  likely, 
and expected,  t h a t  d i f ferent  coals  will give di f ferent  
oxidation tracks.  Nevertheless,  such a method of predicting 
f resh  coal  composition f rom analysis of weathered samples 
could provide a good e s t ima te  of t h e  fresh coal  composition, 
particularly if t h e  individual oxidation t r acks  of d i f ferent  
s eams  a r e  established in t h e  a r e a  of investigation. 

An additional method of es t imat ing f resh  coal  composi- 
tion from oxidized outcrop samples, based on measurement  of 
v i t r in i te  ref lec tance ,  has been proposed by Chandra (1958). 
In laboratory experiments,  Chandra  (1958) found essentially 
n o  change in r e f l ec t ance  of coals oxidized at t empera tu res  of 
11 0°C and 1 50°C and normal coals, which led him t o  suggest 
t h a t  i t  may be  possible t o  predic t  f resh  coal  properties by 
measurement  of vitrinite ref lec tance .  The results of this 
study, however, show a notable reduction in r e f l ec t ance  with 
progressive natura l  oxidation. Because oxidation is 
centr ipeta l  and most  pronounced in t h e  finely sheared coal, 
c loser  approximations t o  fresh coa l  proper t ies  should b e  
possible by selectively sampling larger  coal  f ragments  f rom 
oxidized zones and performing measurements  only on fresh 
surfaces.  
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Abstract 

Ulsterian Ostracoda are highly endemic in the Appalachian Orogen. Based on distinctive taxa, 
they have been divided morphologically and paleogeographically into 'northern' beyrichiid-large 
palaeocopid and 'southern' bdlliid-small palaeocopid-podocopid assemblages. This was interpreted as 
a result of paleogeographic endemism within the Appalachian Orogen during the Cayugan and 
Helderbergian but occurrences of the 'southern' assemblage in northeastern United States, New 
Brunswick and eastern Gaspd, Qu6bec indicate that at that time water depth and substrate lithology 
were prime factors in the distribution of these facies controlled faunas. 

Introduction The 'marlstone'  fac ies  os t racode fauna t h a t  occurs a t  

The Lower Devonian Upper Gasp6 Limestone (Subgroup) 
exposed on Forillon Peninsula, Gaspi ,  Qukbec comprises t h e  
lower Forillon, middle Shiphead and upper Indian Cove 
formations,  in all  about 500 m thick (Lespirance ,  in press). 
The Forillon and Indian Cove formations a r e  monotonous 
sequences of siliceous l imestone whereas t h e  s t r a t a  of t h e  
intervening Shiphead Formation a r e  generally less siliceous, 
heterogeneous, a n d ,  have a higher content  of terrigenous 
material ,  especially in thei r  upper part .  This mudstone 
contains a sparse,  low diversity faunal assemblage of brachio- 
pods, molluscs, tr i lobites and ostracodes,  t h a t  const i tu te  a 
distinctive community. In particular,  t h e  os t racode fauna is 
remarkable because cer ta in  of i ts  t axa  have been recorded 
only from widely separa ted a reas  of eas t e rn  North America 
in argillaceous ca lc i lu t i te  of l a t e  Silurian and Early Devonian 
age. The os t racode fauna of this 'marlstone'  lithology is 
character ized bv diagnostic b o l l i i d - ~ a l a e o c o ~ i d  and o o d o c o ~ i d  

intervals throughout Upper Silurian and Lower Devonian 
rocks of t he  Appalachian Orogen has  been described by Roth  
(1929), Coryell and Cuskley (1934) and Lundin (1968) from t h e  
Haragan Format ion of Oklahoma, by Wilson (1935) f rom t h e  
Birdsong Shale of Tennessee,  by Bassler (1941) and Swain 
(1953) f rom t h e  Camden Cher t  of Tennessee,  by Lundin and 
Petersen (1974) f rom t h e  Rockhouse Format ion of Tennessee, 
by Ulrich and Bassler (1913) f rom t h e  Shriver Cher t  ( therein 
t e rmed  the  Oriskany Formation) of Maryland, by Swartz  
(1932, 1936) f rom t h e  Shriver Cher t  of Pennsylvania, by 
Berdan (undescribed; personal communication) from t h e  
Kalkberg t o  Glenerie format ions  of New York and by 
Copeland (1962) f rom t h e  Dalhousie beds of nor thern  New 
Brunswick. The present  occurrence  of th is  fauna in t h e  upper 
par t  of t h e  Shiphead Format ion extends  i t s  geographic l imi ts  
some  300 km fa r the r  nor theas t  t o  t h e  e x t r e m e  eas tern  par t  
of Gasp6 Peninsula, ~ u i b e c .  

gene ra  of t h e  HealGiacea and ~ h i i ~ s u r a c d a  ( ~ u n d i n ,  19Yl) Because this distinctive bolliid-podocopid os t racode 
whereas  os t racodes  of this age  f rom more  calcareous  assemblage is  presently recorded only sporadically throughout 
lithologies a r e  predominantly palaeocopid gene ra  of t h e  Lower Devonian s t r a t a  of t h e  Appalachian Orogen, t h e  
Beyrichiacea (Copeland and Berdan, 1977). os t racode fauna of t h e  upper Shiphead Format ion can  only be  

Table 30.1 

Occurrence  of Ostracoda in th ree  collections of t h e  upper Shiphead Formation, 
Forillon Peninsula, Gaspi ,  Qu6bec 

Previous C a p  ~ a s p 6  Anse-aux-Sauvages 
Ostracode species occurrence  (73F7) (73F29A) (73F28) 

Palaeocopida 
Kloedeniopsis sp. * X X X 
Bollia sagi t taformis  Shriver X 

Swartz,  1932 
Bollia ungula Jones,  1889 Shriver X X 
Bollia sp. cf.  Shriver X 

B. zygocornis Swartz,  1936 

Podocopida 
Ranapel t i s  typicalis X 

Bassler, 1941 
Thlipsorothella cooperi  

(Bassler), 1941 
Strepul i tes  bispinosus 

(Bassler), 1941 

*This species  will be  described later.  

Camden 

Camden 

Camden 

Depar tement  de  ~ i o l o g i e ,  universit.6 de  Montrdal, Montrkal, ~ u 6 b e c .  



dated generically a s  Early Devonian of mid-Helderbergian t o  
ear ly  Onesquethaw a g e  and most similar specifically t o  forms 
f rom t h e  Shriver Cher t  (mid Deerparkian) of Pennsylvania 
and Camden Cher t  (early Onesquethaw) of Tennessee. Based 
on i ts  megafauna, however (Lespdrance, in press), correlation 
of t h e  upper Shiphead Format ion with t h e  Shriver Cher t  
appears more plausible a s  both a r e  contained within t h e  
Deerparkian Rensselaeria "zone" whereas the  megafauna of 
the  Camden Cher t  lies within t h e  younger Etymothyris "zone" 
of Onesquethaw age. 

Occurrence  of t h e  Shiphead Format ion Ostracoda 

Three collections of ostracodes a r e  reported here. All 
were  obtained by LespCrance in 1973 from mudstone and very 
f ine  grained argil laceous sandstone beds of t h e  upper 
Shiphead Formation. One (73F7) occurs a t  C a p  Gaspd, 
28.5-29.2 m below t h e  con tac t  with t h e  Indian Cove 
Formation; two  a r e  from the  brook enter ing Anse-aux- 
Sauvages (Indian Cove) 3000 m northwest of Cap  Gasp6 near 
t h e  shore  of Baie d e  Gaspd. The Anse-aux-Sauvages brook 
occurrences  a r e  15.5 m (73F29A) and 40.5 m (73F28) west-  
northwest of t h e  highway t o  C a p  Gasp&, 3 m and 6 m 
respectively below t h e  c o n t a c t  with t h e  Indian Cove 
Formation. Most of t h e  specimens f rom t h e  Anse-aux- 
Sauvages collections a r e  preserved in sandstone a s  cas t s  and 
molds. The beyrichiid os t racode specimens f rom C a p  Gaspd 
occur  in si l ty limestone; t he i r  shells a r e  usually f rac tured and 
readily spa11 off leaving well preserved s te inkerns  of 
disarticulated valves. Only a specimen of Thlipsorothella 
cooper i  (Bassler) is  preserved a s  a carapace. 

Paleogeographic Considerations 

Lundin (1971, p. 865) sought t o  explain t h e  apparent  
endemism of distinct 'southern' bolliid-podocopid (Bolliidae- 
Healdiacea-Thlipsuracea) and 'northernr palaeocopid 
(Beyrichiacea-Kloedenellacea): faunas within t h e  Appalachian 
Orogen by paleogeographic separation and possibly by 
ecological barriers such a s  t empera tu re  and salinity. Even 
with t h e  complex pic ture  of large  scale  polar wandering 
through 15" of lati tude (1500 km) between t h e  L a t e  Silurian 
and Early Devonian (Kent and Opdyke, 1978) no appreciable 
c l imat ic  change should be expected. Also, t h e  appearance of 
t h e  'southern' fauna throughout the  Appalachian Orogen f rom 
Oklahoma t o  Qudbec would d i c t a t e  against  permanent paleo- 
geographic separation of t h e  faunas during t h e  Early 
Devonian. 

These 'southern' and 'northern' Appalachian os t racode 
assemblages may be  more  readily explained by other  means. 
Berdan (1964, p. B16), f rom s tudies  in eas t -centra l  New York, 
observed t h a t  a closely re la ted  beyrichiacean assemblage of 
large  palaeocopid os t racodes  predominated in t h a t  a r e a  
throughout deposition of t h e  ear ly  Helderbergian Manlius and 
Coeymans limestones. This shallow wa te r  'northern' 
assemblage was replaced in t h e  l a t e  Helderbergian and 
Deerparkian Kalkberg t o  Glenerie format ions  (Berdan, 
unpublished; personal communication) by a n  assemblage of 
small, deeper  water  bolliid-podocopid os t racodes  in general  
generically similar t o  faunas  f rom t h e  southern Appalachian 
Haragan, Birdsong and Camden format ions  of Oklahoma and 
Tennessee. Fauna. of t hese  southern Appalachian s t r a t a  
developed di rect ly  f rom taxonomically similar older 
assemblages of t h e  L a t e  Silurian Henryhouse and Rockhouse 
format ions  of t he  same  a rea ,  giving rise t o  t h e  'southern' 
Appalachian appellation used by Lundin and herein. All 
occurrences  of this fauna in the  southern Appalachians a r e  in 
che r ty  or  si l ty l imestone and marlstone. These lithologies 
a r e  the  same  as  those  containing t h e  sporadic 'southern' 
os t racode fauna in t h e  Shriver, Kalkberg t o  Glenerie (Berdan, 
personal communication), Dalhousie and Shiphead s t r a t a  f rom 
West Virginia t o  Qudbec within t h e  northern Appalachians. 

PLATE 30.1 (GSC 202599-2) 

Figure I. Bollia sagi t taformis  Swartz.  
Impression of r ight  valve, x 40, 
locality 73F29A, hypotype, GSC 64453. 

Figure 2. St repul i tes  bispinosus (Bassler). 
Rubber c a s t  of impression of l e f t  valve, 
x 30, locality 73F29A, hypotype, GSC 64454. 

Figure 3. Bollia sp. cf.  B. zygocornis Swartz.  
Lef t  valve, x 40, locality 73F29A, hypotype, 
GSC 64455. 

Figure 4. Thlipsorothella cooperi  (Bassler). 
Right view of carapace ,  x 30, locality 73F7, 
hypotype, GSC 64456. 

Figure 5. Bollia ungula Jones. 
Lef t  valve, x 40, locality 73F29A, hypotype, 
GSC 64457. 

Figure 6. Bollia ungula Jones. 
Cas t  of lef t  valve, x 40, locality 73F28, 
hypotype, GSC 64458. 

Figure 7. Ranapel t i s  typicalis Bassler. 
Right valve, x 40, locali ty 73F28, hypotype, 
GSC 64459. 

Figure 8. Bollia sagittaforrnis Swartz .  
Rubber cast of impression of right valve, 
x 40, locali ty 73F29A, hypotype, GSC 64460. 

Figure 9. Bollia ungula Jones. 
Le f t  valve, x 40, locali ty 73F28, hypotype, 
GSC 64461. 

Figures 10-19. Kloedeniopsis sp. (all specimens x10). 

10. Le f t  view of heteromorph, locali ty 73F29A, 
figured specimen, GSC 64462. 

11. Right view of tecnornorph, locali ty 73F29A, 
figured specimen, GSC 64463. 

12. Right view of tecnomorph, locali ty 73F29A, 
figured specimen, GSC 64464. 

13. Right view of heterornorph, 
locality 73F29A, figured specimen, 
GSC 64465. 

14. Le f t  view of tecnomorph, locality 73F28, 
figured specimen, GSC 64466. 

15. Right view of tecnomorph, locality 73F28, 
figured specimen, GSC 64467. 

16. Right view of tecnomorph, locality 73F7, 
figured specimen, GSC 64468. 

17. L e f t  view of heteromorph, locali ty 73F7, 
figured specimen, GSC 64469. 

18. Le f t  view of tecnomorph, local i ty73F28,  
figured specimen, GSC 64470. 

19. Le f t  view of tecnomorph, locali ty 73F7, 
figured specimen, GSC 6447 1. 
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It seems more reasonable, therefore,  t o  explain these  
'southern' and 'northern' L a t e  Silurian-Early Devonian 
os t racode faunas a s  controlled by facies  and depth ra ther  
than by endemism. Increase in water  depth  in t h e  northern 
Appalachian Orogen during t h e  l a t e  Helderbergian- 
Deerparkian s tages  terminated t h e  high carbonate  deposition 
of the  early Helderbergian and introduced less pure, che r ty  
and argil laceous carbonate  subst ra ta  deposition. The 
combination of deeper water  and mud subst ra te  favoured the  
migration of t h e  possibly infaunal, small  bolliid and podocopid 
ostracode fauna already well established in t h e  southern 
Appalachians. In t h e  northern Appalachians th i s  Early 
Devonian assemblage appears  t o  have diversified slowly, 
presenting difficulty in exact  correlation among t h e  various 
isolated ostracode occurrences f rom West Virginia to  Gaspd. 
This may b e  overcome when studies a r e  completed of t h e  
os t racode faunas  f rom continuous sequences of impure Lower 
Devonian l imestone and shale such a s  those f rom New York 
and Pennsylvania. 
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Abstract 

A site with 27 nonsorted circles in well sorted fine silty sand was investigated. The 
features have a late summer concave frost table, water available for ice lensing in the active 
layer, and a ftlooseu arrangement of soil particles (high void ratio, low total unit weight) 
compatible with disturbance by the annual freeze-thaw cycle. This suggests that the features 
result from heave (in winter) and subsidence (in summer) associated with ice tensing leading t o  
the development of an upward cell circulation in the active layer similar t o  a model proposed for 
the growth and maintenance of hummocks in the western Arctic. 

Surface and frost table topography and drainage conditions in and around the site are such 
that artesian or hydrostatic pressure cannot be generated where these nonsorted circles occur. 

Similar grain-size distributions, void ratios, and total unit weights of undisturbed samples, 
obtained along a vertical axis within circles, indicate that diapiric expulsion of a lower layer of 
saturated mud at the surface through an upper carapace, by loading, such as occurs in some 
Keewatin mudboils, is not present. 

Introduction extensive,  well vegeta ted ,  f l a t  a r eas  of poorly t o  moderately 
drained marine and ,shallow-water lacustrine silty sand, Recent  studies (Shilts, 1973, 1974, 1978; Nicholson, despite only a sporadic cover of nonsorted circles, also 1976; M a c k a ~  and MacKa~ ,  1976; 1977; Egginton, exhibit unstable soil conditions. Both the till described by 1978; Egginton and Shilts, 1978; MacKay, 1979) present field Shilts and the silty sand considered here became Mquickl l  when 

observations and measurements  concerned primarily with t h e  disturbed. A quick condition exists a cohesionless soil 
genesis of a type  of pat terned ground classified by Washburn is subjected to a water condition that results in zero (1973) a s  sorted and nonsorted circles. These f ea tu res  have effective stress, the strength of the soil then becomes zero,, 
been given a variety of names,  derived f rom c r i t e r i a  a s  varied (Lambe and Whitman, 1969, p. 263). The. application of a a s  inferred origin, association with perennial frost ,  and shock t o  t h e  ground surface,  such a s  jumping severa l  t imes  at morphology; this has led to a confusing terminology discussed the same location, is sufficient in most cases to induce a by Shilts (1978). quick condition in these  Keewatin sediments.  

This paper describes nonsorted circles developed in well 
sorted,  f ine  silty sand in north-central  District  of Keewatin,  
and discusses t h e  models commonly invoked t o  explain thei r  
formation and t h a t  of re la ted  fea tures .  The t e r m  'nonsorted 
circle1 is retained t o  avoid addition t o  t h e  already complex 
nomenclature.  The following models a r e  considered: 
( I )  ar tes ian  and loading models proposed by Shilts (1974, 1978) 
t o  account for mudboils (sorted and nonsorted circles) in 
cen t r a l  and southern District  of Keewatin and ( 2 ) a n  
equilibrium model based on frost  heave and subsidence 
proposed by Mackay (1979) for  t he  growth and maintance  of 
hummocks (nonsorted circles) on Garry Island, Northwest 
Territories,  together  with observations f rom Mackay and 
MacKay (1976). Models derived f rom cryosta t ic  pressures a r e  
given less a t tent ion due t o  a lack of field studies in Dis t r ic t  
of Keewatin based on this concept.  

Sorted and nonsorted c i rc les  a r e  widespread in t h e  
unconsolidated sediments of north-central  District  of 
Keewatin (Fig. 31.1) and a r e  considered indicative of unstable 
soil conditions; mudboils largely on tills (diamicton) in centra l  
and southern Keewatin display such unstable conditions 
(Shilts, 1973, 1974, 1978). Mudboils commonly form a dense 
network (predominantly sor ted  circles) on t i l l  surfaces,  but 
nonsorted c i rc les  on marine  and shallow-water lacust r ine  sil t  
and silty sand occur  in c lus ters  or a s  isolated features.  Field 
work during summer 1976 a t  four locations in north-central  
Dis t r ic t  of Keewatin (Fig. 31.1, A-D) and observations f rom 
other  locations throughout t h e  map  a r e a  (R.D. Thomas, and 
F.M. Nixon, personal communication, 1979) have shown t h a t  

To gain some insight into the  conditions leading t o  the  
development of nonsorted c i rc les  in silty sand, a small a r e a  
(Fig. 31.2) of lacustrine silty sand covered by 5 t o  10 c m  of 
moss and grass and containing 27 nonsorted c i rc les  was  
examined (Fig. 31.3). The ba re  soil pa tches  a r e  circular t o  
subcircular,  more  rarely ellipsoida1,'and rarely exceed I m in 
d iameter .  Surface  elevation and depth  t o  f ros t  table  ( the  
surface  t h a t  represents  t h e  level  t o  which thawing of t h e  
seasonally f rozen ground has  penetra ted  a t  anyt ime in spring 
and summer) were  recorded a t  178 locations. Because of t h e  
sandy texture ,  probing t o  t h e  f ros t  table  provided accura t e  
depth measurement  (Mackay, 1977). The 178 observations 
points, while adequate  for surface  topography, were  not 
considered sufficient for a sa t is fac tory  contour map of the  
f ros t  table,  and consequently only se lec ted profiles (Fig. 31.3) 
a r e  shown for t h e  f ros t  table  configuration. Thirty-two 
samples  collected f rom pits dug t o  t h e  'irost t ab le  outside and 
within nonsorted c i rc les  and in boreholes drilled through 
c i rc les  below t h e  f ros t  table  were  analyzed t o  determine 
some  volume and weight phase relationships. Grain-size and 
( t o  a lesser ex ten t )  mineralogical distributions were  used in 
t h e  in terpre ta t ion of these  relationships. 

Fros t  Table  and Pe rmaf ros t  

In general  t h e  f ros t  t ab le  ref lec ts  surface  topography 
and at t h e  t ime  of this investigation (mid August 1976) was a t  
about  30 c m  depth.  The depth  of thaw was  thinnest over i ce  
wedges and thickest in t h e  c e n t r e  of nonsorted circles. 
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Figure31.1. Map of  a portion of  north-central 
District of Keewatin; detailed field work was 
conducted at sites A,  B ,  C and D; dashed line is the 
proposed Polar Gas pipeline route. Dotted line 
denotes southern limit of continuous permafrost 
zone. 

The bare  soil c i rc le  a c t s  a s  a window through t h e  
vegetation m a t  and contr ibutes  t o  a local lowering of the  
frost  table. The depression in t h e  frost  table  under each 
c i rc le  is bowl-shaped with the  deepest point d i rec t ly  under 
t h e  cen t r e  of the  circle.  The f ros t  table  under c i rc les  8, 22, 
and 23 is 33% t o  50% lower than in t h e  a r e a  surrounding t h e m  
(Fig. 31.4) and a s  much a s  90% lower under larger  c i rc les  
(e.g. 7). The diameters  of depressions in t h e  f ros t  table  a r e  
4.5 t o  7.8 t imes  those  of bare  soil patches. Thus even though 
t h e  surfaces  patches  a r e  d iscre te  fea tures ,  t h e  depressions in 
t h e  f ros t  table  form an  interconnecting network resulting in 
an  overall  g rea t e r  depth  of thaw under and around these  
features.  This is i l lustrated by profiles C-D and E-F 

Distance (m) 

Figure 31.2. Distribution of surficial materials in the 
vicinity of site D (Fig. 31.1).  The profile A-B (below) shows 
the topographic and frost table profiles for mid August, 1976. 

(Fig. 31.3) in t h e  vicinity of c i rc les  4 t o  8. Depth of thaw 
measured in t h e  c e n t r e  of e a c h  c i rc le  (Fig. 31.5) increases 
exponentially with t h e  a r e a  of t h e  bare  soil patch. This 
corre la t ion is highest in t h e  36 t o  46 c m  depth  range, and the  
d a t a  approximate  a s t ra ight  line on log-log paper. Although 
maximum depth  of thaw varies from year to  year,  t h e  d a t a  
indicate  that ,  for this particular s i t e  and t ime  in t h e  thaw 
season, t h e  depth of thaw under large  c i rc les  approaches  a 
maximum (55-60 cm). 

Figure 31.6. shows t h e  stratigraphy and natura l  water  
(ice) con ten t s  f rom four  boreholes drilled in t h e  centi-e of 
c i rc les  5, 14, 15, and 22 (Fig. 31.3). A t  c i rc les  5 and 14 both 
holes bot tomed in foliated ice. Ice  a t  t h e  69-98 c m  level of 
c i rc le  5 is probably aggradational in origin; i t  lacks a foliated 
s t ructure ,  is  c lear ,  conta ins  elongated ver t ica l  bubbles, and 
t runca te s  t h e  underlying foliated ice. In c i rc le  14, contor ted  
bands of unweathered light grey sand mixed with rusty brown 
weathered sand and finely disseminated organic ma t t e r  
between 57 and 78 cm,  and the  lack of aggradat ional  i ce  over 
t h e  i ce  wedge suggest a maximum former depth  of thaw of 
78 cm. Ground i c e  in c i rc les  15 and 22, a t  some  dis tance  
f rom i ce  wedges, is mainly in the  form of thin horizontal  i ce  
lenses. 

Sediments below t h e  f ros t  table  do not d i f fer  in t ex tu re  
f rom those  above i t  (cf. Fig. 31.7, 31.8) f ine  sand' and coarse  
s i l t  being t h e  dominant s i ze  fractions.  

Physical Character is t ics  of t h e  Silty Sand 

The silty f ine  sand in the  study a rea  showed a lack of 
plasticity,  and t h e  large  amount of fine sand and coarse  sil t  
made i t  difficult  t o  perform reliable liquid l imit  tests.  
Hence, i t  is assumed t h a t  t he  plasticity index is close t o  0. 
This property is character is t ic  of cohesionless soils*. 
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Figure 31.3. Detailed map of site D (Fig. 31.1, 31.2) showing topography, ice wedge polygons, borehole and sample 
locations, and 27 nonsorted circles. Stippled areas in profiles show depressed parts of the frost table resulting from 
increased depth of thaw under closely spaced circles. Contour interval 10 crn; map based on 178 topographic 
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Volume and weight phase relationships obtained from 
undisturbed samples collected both within and outside Depth to frost table (cm) 

nonsorted circles at the site are given in Table 31.1. Figure 31.5. Depth to frost table measured in the centre of 
void ratios for material outside the circles are each circle versus surface area of a bare soil patch on a 

higher than those from within circles, suggesting that the circle for the 27 circles; 2, 25 and 26 are anomalous. 
material is under greater confining pressure within circles or 
that the two sets of samples differ in texture and/or particle 
shape. The difference in texture must be rejected, however, o n  the other hand, high pore pressures, if present, will cause 
given the between grain-size curves for both sets poor interlocking between individual grains leading to a 
of samples ( ~ i ~ .  31.8). sediments f rom within the circles are behaviour similar to that of a naturally llloosel' soil. The site 

slightly drier than those outside (see mean saturation (S), lacks conditions capable of generating artesian pressures (see 
Table 31.1). Water content of saturated soil (S = 100%) was discussion hence the loose arrangement of the 

computed to estimate the amount of water to be added to particles possibly is due to other factors including: (1) a 
field water content (w) in order to f i l l  all pore spaces and small range of particle size (Fig. 31.8), (2) small particles, 

probably to induce a quick condition in the active layer. l.e., very fine sand and coarse silt, and (3) particle shape. A 
grain count (1013 grains) on sample D-17-2 (28-36 cm depth) 

Void ratio and porosity values both within and outside resulted in 17.2% of sheet-like minerals (biotite, muscovite, 
circles are typical of cohensionless soils in the "loose" state. and vermiculite grains) in the silty sand. Micaceous sand in 
Several factors contribute to a loose arrangement of soil the loose state generally produces the highest void ratio and 
particles: "The smaller the range of particle sizes present porosity values of all cohesionless soils (Lambe and Whitman, 
(i.e., the more nearly uniform the soil), the smaller and the 1969, p: 31). The annual freeze and thaw cycle may prevent 
more angular the particles, the smaller the minimum density the soil from reaching a "normal" consolidation thus 
(i.e., the greater the opportunity for building a loose maintaining a loose arrangement of soil particles. 
arrangement of particles)" (Lambe and Witman, 1969, p. 31). 
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Figure 31.6. Logs for  boreholes drilled in the centre of circles 5 ,  14, 15, and 22. Note high water (ice) 
content immediately below the frost  table. 

Models Invded to Explain Sorted and Nonsorted Circles 

General 

Sorted and nonsorted circles in unconsolidated 
sediments a re  widespread throughout the  Canadian Arctic, 
but the best descriptions are from District of Keewatin and 
western Arctic. Shilts (1974, 1978) applied the term 
"mudboils" to  sorted and nonsorted circles on glacial and 
marine mud of central and southern District of Keewatin. 
The features are  described as  "round t o  elongate, 1-3 cm 
diameter bare soil patches that  form on perennially frozen 
till, marine clayey silt, colluvium or other poorly sorted 
sediments (muds) with significant silt and (or) clay content" 

(Shilts, 1978, p. 1053). Allowing for variations in local soil 
and climatic conditions, the  structural components of a 
mudboil can include: ( I )  an outer turf or stone ring; (2) a 
thawed mud substrate (TMS) lying between the permafrost 
table and a rigid surface layer; (3) a carapace, a semi-rigid, 
sandy, desiccated layer averaging 30 t o  40 cm thick; and (4) a 
diapir, in the case of act ive mudboils, which marks a zone of 
intrusion of mud f rom the TMS through the  carapace. 

The soil properties responsible for mudboil formation 
a r e  identified as  a low liquid limit (20%), low plasticity index 
(<lo%),  and natural moisture content* very near the liquid 
limit, so that slight changes in moisture content or slight 
changes in internal or external stresses cause the mud t o  



Table 31.1 

Volume and weight phase relationships obtained for silty sand in the study area 
- -- - 

Sample Depth Specific Total unit Void Porosity Degree of Natural Natural water  
no. (see crn gravity weight (yt) ratio (n) saturation water content a t  
Fig. 31.3) (GI g/cm ( 4  96 6) content (w) S = 100% 

% % % 

Samples outside nonsorted circles 

D - - 1  15-23 2.75 1.78 .98 49.0 79.0 28.3 35.6 
D-11-2 25-33 2.75 1.93 .67 40.0 72.0 17.5 24.4 
D-12-1 10-18 2.75 1.97 .72 41.9 88.8 23.3 26.2 
D-12-2 26-34 2.75 1.91 .72 41.9 74.9 19.7 26.2 
D-13-1 13-21 2.75 1.89 .83 45.0 86.0 26.1 ' 30.2 
D-14-1 16-24 2.75 1.91 .78 44.0 84.0 23.8 28.4 
D-15-1 15-23 2.75 1.92 .8 1 45.0 90.6 26.7 29.5 

x = 1.90 i = .78 x = 43.8 i = 81.9 i = 23.6 j; = 28.6 

Samples within nonsorted circles 

D-16-1 1-9 2.75 1.93 .66 39.0 71.4 17.3 24.0 
D-16-2 20-28 2.74 1.94 .66 39.0 74.3 17.9 24.0 
D-16-3 31-39 2.76 1.85 .80 44.0 72.0 20.9 29.0 
D-17-1 1-9 2.75 2.04 .57 36.5 80.4 16.8 20.7 
D-17-2 28-36 2.75 1.93 .69 41 . O  76.0 19.1 25.1 

2 = 1.94 i = .68 x = 39.9 i = 74.8 x = 18.4 j; = 24.6 
.- . 

PHI VALUE 
- 3 - 2 - 1 0 1 2 3 4 5 6 7 8 9 1 0  

Sample no. Depth (cm) 050 M~ u6 

D-9-4 90-100 3.85 3.80 1 1 1  

D-10-2 57 -67 4.30 4.25 135 

x= 4.10 403 123 

Figure 31.7. Grain-size distribution for  sediments below the frost  table under nonsorted circles 14  
(0-10-2) and 15 (D-9-4) (see Fig. 31.3 for locations). 
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Sample no. Deplh(cm) 050 M@ 3 
0-16-2 20-28 4.15 4.45 .88 
0-16-3 31-39 4.0 4.10 1.28 
0-17-2 28-36 4 8 0  5.0 2.0 

Sample no. Depth(cm) 050 d 7 
0-11-2 25-33 4.0 4 45 1.75 
0-14-2 22-30 4.0 4.45 1.85 
0-14-3 15-17 4.35 4.25 1.05 

8 4 2 I 0.5 0.25 0.125 0.062 0.031 0.016 0.008 0.004 0.002 0.001 

mm 
Figure 31.8. Grain-size distribution for sediments above the frost table and within ( A )  
(circles 8 and 23) and outside ( B )  nonsorted circles (see Fig.  31.3 for locations). 
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Figure 31.9. Equilibrium model proposed f o r  t h e  growth and maintenance of hummocks, Garry  Island, Northwest 
Territories.  Heave resul ts  f rom ice  lensing a t  t h e  base  and top of t h e  ac t ive  layer,  and  subsidence f r o m  the  thawing of 
t h e  i c e  lenses (af ter  Mackay, 19791. 

liquefy and flow readily. Mudboils a r e  created or maintained 
when the  s t resses  cannot be  relieved by downslope movement,  
causing mud t o  burst through a rigid surface  layer or  
carapace .  This diapirism may result  f rom ar tes ian  or  
hydrostatic pressure on a slope, f rom excess porewater  
pressure due t o  rain or thawing of i ce  lenses, or f rom ex te rna l  
loading. 

Artesian pressure may also result f rom conditions 
analogous t o  tha t  of t he  inclined, confined aquifer model 
(Shilts, 1974). Essentially, t h e  model requires an  inclined 
surface ,  a lower impervious layer (frost table), an  upper 
impervious layer ( the  rigid surface  carapace),  and a n  
in termedia te ,  confined, mobile mater ia l  (liquefied mud). 

Jahn (1968) suggested a mechanism whereby injection of 
mater ia l  towards the  surface,  or diapiric action, could t ake  
place without having an inclined plane t o  gene ra t e  
hydrostatic pressure or without cryosta t ic  s t resses  t o  f o r c e  
t h e  fluid mater ia l  upwards. .He noted t h a t  tundra  c r a t e r s  
(mudboils) were  found in sediments consisting of si l t  covered 
with a layer of sand or rock debris -s imi lar  t o  the  ca rapace  
over mud described by Shilts (1973). Jahn observed pillars of 
si l t  a t  t he  surface  which had emerged through the  upper crus t  
of sand and rock debris and a t t r ibu ted  t h e  process t o  a 
d i f ference  in specific gravity between t h e  upper layer of 
gravel  and sand and t h e  lower sil t  layer. The load applied by 
t h e  upper layer increases pore pressure in t h e  bot tom one and 
fo rces  mater ia l  upwards through points of weakness in the  
upper crust .  

Some authors (Crampton, 1977; Nicholson, 1976) 
a t t r ibuted the  formation of. sor ted  and nonsorted c i rc les  t o  
c ryos ta t i c  pressures. The theory r e s t s  on t h e  basis t h a t  t h e r e  
is  an  upward injection of uniform mater ia l  confined between 
t h e  ground surface  and a lower impermeable surface  by 
progressive downward freezing tha t  genera tes  large 
hydrostatic pressures in pockets of such mater ia l  (Gray e t  al., 
1972, p. 169). Cryosta t ic  pressures a r e  most likely t o  develop 
in relatively coarse  grained soils t h a t  a r e  not f ros t  

susceptible;  downward f reezing can then lead t o  porewater 
expulsion and a sa tura ted ac t ive  layer a t  depth,  particularly 
if t h e r e  is  some groundwater movement  (Mackay, 1979). 

An equilibrium model was  proposed by Mackay (1979) 
for t h e  growth and maintenance of hummocks (nonsorted 
circles) on Carry  Island, Northwest Territories.  Repeated 
cycles  of winter f r eeze  and summer thaw cause  heave and 
subsidence, t h e  end resul t  being a slow cell-type internal 
movement  of soil par t ic les  (Fig. 31.9). Heave resul ts  f rom 
i c e  lensing normal t o  t h e  f reezing plane both at t h e  top and 
at t h e  base  of t h e  ac t ive  layer,  and subsidence results from 
t h e  thawing of t h e  i ce  lenses. The Garry Island hummocks 
and a large  proportion of Mackenzie Valley hummocks have a 
l a t e  summer f ros t  table  t h a t  is a mirror image of the  ground 
surface.  

Application of Models to Nonsorted Circ les  at the Study Site 

A hydrostatic head cannot account for t h e  development 
of t h e  nonsorted c i rc les  a t  t h e  study s i t e  in north-central  
District  of Keewatin; in f ac t ,  t h e  part  of t h e  s i t e  where  they 
a r e  t h e  most numerous is a lso  t h e  highest ground in t h e  
immedia t e  a r e a  (Fig. 31.3, c i rc les  4 t o  11). The f ens  located 
north,  ea s t ,  and south  of t h e  s i t e  a r e  t h e  only sources  of 
water  t o  cause  a hydrosta t ic  head. Figure 31.2 shows tha t  
t h e  f ros t  table  within the  s i t e  in mid-August 1976 was  higher 
than the  surface  of t h e  fen  t o  t h e  eas t ,  making i t  impossible 
for l a t e  summer drainage conditions t o  c r e a t e  a hydrostatic 
head. To sa tu ra t e  t h e  ac t ive  layer under t h e  c i r c l e s  would 
require a t  leas t  a 30 c m  l a t e  season rise of water  level in t h e  
fen. On t h e  other  hand, t h e  wa te r  level in t h e  f e n s  is higher 
in ear ly  summer  than in l a t e  summer. By a t t r ibut ing 
format ion of nonsorted c i rc les  solely t o  a hydrostatic head in 
t h e  ac t ive  layer,  t h e  most likely t i m e  of format ion would thus 
b e  l imited t o  a short  period in early summer or l a t e  spring. It 
is  probable t h a t  a sufficient water  head cannot exis t  a t  this 
t i m e  because  t h e  f ros t  t ab le  ear ly  in t h e  thaw season is 
shallow. 



Both t h e  loading and inclined confined aquifer models 
require t h e  presence of a rigid upper carapace ,  which is  
absent f rom t h e  nonsorted c i rc les  studied here. The 27 
c i rc les  a r e  in sediments t h a t  do not show significant ver t ica l  
d i f ferences  in to ta l  unit weight and in grain-size distribution 
f rom t h e  ground surface  t o  t h e  f ros t  table  (Table 31.1). Also 
t h e  mater ia l  immediately above t h e  f ro s t  table  was  not fluid, 
a s  is t h e  TMS (thawed mud subst ra te)  of a typical  mudboil. It 
is  suggested,  t he re fo re  t h a t  t h e  most likely mechanism l e f t  t o  
explain t he i r  format ion is associa ted  wi th  f ros t  action.  

Because  t h e  f ine  si l ty sand on which t h e  27 c i r c l e s  
occur,  al though cohesionless, has  a sufficient proportion of 
f ine  par t ic les  t o  be  f ros t  susceptible,  i t  is unlikely t h a t  
c ryos t a t i c  pressures a r e  adequate  t o  explain the i r  formation.  
Mackay and MacKay (1976) have shown t h a t  c ryos t a t i c  
pressures in hummocks of lower Mackenzie Valley during t h e  
f reeze-back period play a minor role in hummock growth. 
The hummock cen t r e s  were  found t o  be  des iccated ,  
overconsolidated,  and immobile r a the r  t han  sa tu ra t ed  and 
mobile. This is a t t r ibuted  t o  wa te r  loss t o  growing i ce  lenses 
at the  top  and bot tom of t h e  ac t ive  layer. The ma te r i a l  in 
t h e  hummocks used fo r  the i r  f ield exper iments  has  about  50% 
of par t ic le  s i ze s  finer than 0.002 mm; thus  t h e  t e x t u r e  d i f fers  
f rom t h a t  of t he  nonsorted c i rc les  studied here. A common 
fac tor  be tween t h e  lower Mackenzie Valley hummocks and 
t h e  si l ty sand nonsorted circles,  however,  is the i r  f ros t  
susceptibil i ty,  and a s  such, the i r  susceptibil i ty t o  ice  lensing. 

Conclusion 

Mackayls (1979) model presents  t h e  most likely 
mechanisms t o  explain t h e  growth and maintenance  of t h e  
nonsorted c i rc les  described here: "The equilibrium model can  
be  applied, with minor changes  t o  t a k e  in to  account  soil t y p e  
and surface  form,  t o  some other  types  of pa t terned ground 
where  t h e  l a t e  summer  f ros t  t ab l e  is concave upwards." 
(Macltay, 1979, p. 166.) The following observations and 
measurements  support  this model: ( I )  t h e  presence of a l a t e  
summer  f ros t  table  t ha t  is concave upwards; (2) a lower void 
r a t i o  (Table 31.1) in samples  within t h e  cen t r e s  of c i r c l e s  
compared wi th  those  outside circles,  which may r e f l ec t  t h e  
s t a t e  of cont rac t ion  l e f t  by winter f r eeze ;  (3) a na tura l  wa te r  
(ice) content ,  immedia te ly  below t h e  f ros t  t ab l e  (probably 
close t o  t h e  permafros t  table  in mid August) of circles,  t h a t  
is well in excess  of t he  natura l  porosity of t h e  thawed soil; 
fur ther  thawing would supply excess  water  available fo r  i ce  
lensing a t  t h e  f ros t  table ;  (4) available water  (Table 31.1) 
within t h e  thawed layer for ice  lensing near t h e  surface;  (5) a 
"looset1 ar rangement  of soil par t ic les  (high void ratio,  low unit 
weight) compat ib le  with disturbance result ing f rom t h e  
annual f r eeze  and thaw cycle,  t hus  prevent ing  t h e  soil f rom 
reaching a "normal" consolidation; (6) t h e  inadequacy of 
ar tes ian  and loading models t o  explain t h e  extrusion of a c t i v e  
layer ma te r i a l  in a diapiric fashion. 

Stable  "typical" Mackenzie Valley hummocks a r e  
commonly found in t h e  Arct ic  Islands and in Dis t r ic t  of 
Keewatin near ac t ive  "typical" Keewatin mudboils. 
Hummocks a r e  res t r ic ted  t o  predominantly clayey cohesive 
soils whereas  mudboils ( those  with a carapace ,  thawed mud 
subst ra te ,  and o ther  s t ruc tura l  components  described above) 
a r e  cha rac t e r i s t i c  of poorly sor ted ,  cohesionless sediments.  
It is suggested t h a t  nonsorted c i rc les  in cohesive, impervious 
f ine  grained soils  with high liquid l imi ts  will more  readily 
re ta in  a convex su r f ace  during t h e  warm season. Despi te  a 
similar mode of c i r c l e  format ion,  summer  precipitation and 
wind ac t ion  likely will prevent t h e  re tent ion  of a convex 
su r f ace  on nonsorted c i rc les  in cohesionless, pervious f ine  
sand and silty sand such a s  present a t  this s i te .  If and when 
doming occurs,  due  t o  ice  lensing, i t  probably disappears 
rapidly with ear ly  summer  thawing of t h e  upper ac t ive  layer  
portion. On t h e  o the r  hand, if significant doming does not 

t a k e  p lace  during winter f r eeze ,  t h e  cell- type internal 
movement  proposed by Mackay fo r  hummocks  likely occurs  
just t h e  s a m e  in t h e  nonsorted c i rc les  described here,  because  
t h e  bowl-shaped summer  f ro s t  t ab l e  causes  movemen t  of t h e  
soil par t ic les  towards  t h e  c e n t r e  of t h e  c i rc le  and eventually 
upwards. 
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SCIENTIFIC AND TECHNICAL NOTES 
NOTES SCIENTIFIQUES ET TECHNIQUES 

REDATED HOLOCENE WHALE BONES FROM 
SOMERSET ISLAND, DISTRICT OF FRANKLIN 

Arthur S. Dyke 
Terrain Sciences Division 

Dyke (1979) presented Holocene emergence curves  for  
Somerset Island based on 36 radiocarbon da te s  on marine  
shells, whale and walrus bones, and driftwood. Of t h e  
th i r teen whale bone samples t h a t  were  dated,  t h ree  were  by 

f a r  t oo  young - t h a t  is, they plotted above the  emergence 
curves. All t h r e e  specimens had lichen and moss growing on 
them a t  t ime  of collection, and this contamination was  
suspected a s  t h e  cause  of t h e  anomalously young a g e  
determinations.  These samples  have s ince  been redated 
(Table I), and t h e  results a r e  briefly discussed in th is  note.  

New Dates 

The new da te s  were  determined a t  t h e  s a m e  laboratory 
as t h e  original da t e s  (Radiocarbon Dating Laboratory of t h e  

Crerwell River 

40- 

northern Somerset Island 

b - southern Somerset Island 

Figure 1 

Holocene emergence curves for 
Somerset Island showing original and 
revised radiocarbon dates. The height 
of  each symbol is the estimated error 
on elevation measurements, and the 
width is 2 sigma error on the 
radiocarbon age determination. 
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Table 1 

Redated Holocene whale bones f rom Somerset  Island 

Original radiocarbon New radiocarbon Age expected according 
Laboratory no. a g e  determinat ion a g e  determinat ion t o  emergence  cu rves  

(field no.) Locat  ion (years B.P.) (years  B.P.) (years B.P.) 

S-1381 Cape  Anne 6140 t 165 9590 ? 115 > S O 0  
(DCA-77-B21) 

5-1386 Cape Anne 4465 i 85 7105 t 90 >6000 
(DCA-77-B12) 

S-1388 Creswell  5205 t 70 8805 i 95 >8700 
(DcA-77-B1) River low- 

land (west )  

National Museums of Canada and the  Saskatchewan Research 
Council). However, an ex t r a  s t ep  was used in t h e  preparation 
of the  samples for  redating: a f t e r  p re t r ea tmen t  with 1N.HCI 
t h e  sof tened mater ia l  was hydrolized in a slightly ac idic  
solution a t  105OC for  16 hours. Then the  collagen was 
dissolved in boiling H z 0  and fi l tered t o  sepa ra t e  the  
impurit ies (J.Wittenberg, wri t ten  communication t o  
W. Blake Jr., January, 1980). The di f ferences  between t h e  
original and new da te s  tes t i fy  t o  t h e  efficiency of t h e  revised 
p re t r ea tmen t  in removing plant and soil contaminants.  

Discussion 

The last  column in Table 1 gives the  ages  expected 
according t o  t h e  emergence curves  const ructed by Dyke 
(1979) and reproduced he re  a s  Figure 1. Because t h e  whales 
could have died in some  depth of water  or on an  ac tua l  beach, 
t he  new da te s  could plot e i ther  below or  on the  curves. In 
f a c t  d a t e  5-1388 plots on t h e  curve,  and t h e  o the r  t w o  d a t e s  
fa l l  below the  curve. Hence no revision of t h e  emergence  
curves is warranted by t h e  new dates.  

Sample S-1381, which yielded an  age  of 9590 2 i 1 5  
years,  may b e  t h e  oldest  Holocene sample  known from 
Somerset  Island, although t h e  a g e  overlaps with t h a t  of t h e  
oldest  Holocene shell sample  f rom t h e  island (GSC-319, 
9380 ? 180 years). Seven other  shell samples and one whale 
bone sample  pertaining t o  t h e  mar ine  l imit  on t h e  north,  eas t ,  
and south coas t  of t h e  island a l l  fall  in t h e  9200 & 100 year 
a g e  range (see  Dyke, 1979, Fig. 34.4); hence, t h a t  s eems  t o  be  
a reasonable d a t e  for deglaciation of t h e  marine l imi t  si tes.  
If S-1381 gives t h e  t rue  radiocarbon a g e  of t h e  whale  bone, 
whales and open water  exis ted  off northern Somerset  Island 
before  deglaciation of most mar ine  l imit  si tes.  
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RADIOCARBON-DATED MUDBOILS, 
CENTRAL CANADIAN ARCTIC 

Project  750071 

Arthur S. Dyke and S.C. zol ta i1  
Terrain Sciences Division 

Introduction 

Mudboils, a type  of sorted o r  nonsorted circle,  a r e  
probably t h e  most common pat terned ground features  in the  
cen t r a l  Canadian Arctic. They a r e  ubiauitous on till and on 
diamictic residual soils formed by weathering of bedrock. 
Related raised, hemispherical forms, referred t o  a s  ea r th  or  
mud hummocks, occur on marine sil ts  and clays in the  cen t r a l  
Arct ic  and on clay-rich tills and colluvium in the  western  
Arct ic  (Mackay and MacKay, 1976; Tarnocai and Zoltai, 
1978). Buried organic mater ia ls  a r e  common in ea r th  
hummocks; most a r e  less than 4500 years  old 
(Zoltai  e t  al., 1978). 

Several workers have discussed the  pat tern  of move- 
ment  of sediments in mudboils and hummocks. Among these,  
Shilts (1978) has shown t h a t  sediment  moves upward a s  
plumes, which he  referred t o  a s  diapirs, in t h e  c e n t r a l  
portions of mudboils and spreads  laterally a t  t h e  surface,  and 
Mackay (1979) has  proposed a n  upward cell-type circulation 
for  ea r th  and mud hummocks of t h e  western  Arctic. Because 
individual mudboils a r e  essentially closed sediment  systems, 
sediment  must move downward a t  o r  near  t h e  edges  of boils. 
Many mudboil edges  a r e  outlined by vegetation o r  turf,  and 
these  organic mater ia ls  a r e  carr ied  under by t h e  subducting 
sediment. Material  can  b e  carr ied  no deeper  than t h e  
permafros t  table,  which marks  t h e  base  of t h e  ac t ive  layer. 

Three  mudboils in till, excavated on Boothia Peninsula, 
Somerset  Island, and cen t r a l  Dis t r ic t  of Keewatin (Fig. l) ,  
had well developed subducted organic  layers. The organic  
mater ia ls  were  sampled fo r  radiocarbon dating t o  de te rmine  
long-term average r a t e s  of subduction of mater ia l  in mudboil 
edges, and t h e  t i l ls  were  sampled t o  measure their  physical 
properties. 

Mudboil I 

Mudboil 1 was excavated a t  71°04'N, 95'36'W on 
Boothia Peninsula on July 19, 1978, in the  early pa r t  of an  
abnormally l a t e  and cold summer. The boil occurred on a l o  
t o  2" well drained slope, with a 50 per c e n t  vegetation cover  
and 5 per c e n t  boulder cover. The vegetation fo rms  nearly 
circular rims around t h e  bare  mudboil centres ,  which 
comprise the  remaining 45 per c e n t  of t he  ground surface.  
The mudboil chosen for study was typical of o thers  in t h e  
a rea ,  except  perhaps in t h a t  i t s  vegetation r im was  more  
distinct than tha t  of most boils. Fros t  table  was  encountered 
a t  50 cm depth,  and the  frozen ground was  excavated t o  a 
depth of 110 c m  with an  e l ec t r i c  jackhammer. 

The pi t  wall t h a t  bisected t h e  mudboil exposed a c o r e  
of t i l l  lined with a mixture of t i l l  and f ine  grained vege ta l  
organic mater ia l  (Fig. 2). The organic content  of t h e  'lining' 
was  10-20 per  cent.  The presence and shape of t h e  organic 
lining clearly demonstra te  t h a t  mater ia l  moves downward at 
t h e  boil edge, and the re  i s  l i t t le,  if any, exchange of sediment  
between t h e  boils and t h e  surrounding soil. Hence t h e  boil is 
a closed system, and mater ia l  must  re turn  t o  t h e  su r face  
through i t s  cen t r a l  part .  

Seven samples of t i l l  were  collected between t h e  
surface  and 110 c m  depth,  including two  samples below t h e  
base of t h e  organic layer. Roughly 20 t o  50 per  c e n t  of t h e  
t i l l  consists of gravel  ( larger  than 2 mm fragments),  and t h e  
matr ix  (less than 2 mm fragments) is highly ca lcareous  silty 

sand. The t w o  samples taken below t h e  organic  layer were  
slightly r icher  in clay (Table 1). This possibly indicates a 
slight depletion of fines f rom t h e  upper till, probably by 
slopewash and deflation. 

The natura l  moisture con ten t s  t ha t  mark t h e  boundaries 
between t h e  solid and plastic and the  plastic and liquid s t a t e s  
of a soil a r e  referred to  a s  the  plastic and liquid At terberg  
limits, which a r e  loosely re la ted  t o  texture .  In Mudboil I t h e  
sample  with t h e  highest clay con ten t  had a plastic l imit  of 
11.8 per c e n t  and a liquid l imit  of 13.0 per c e n t ;  t h e  sample 
with the  leas t  clay con ten t  was too coa r se  for  tes t ing 
(Table I). Hence, t he  t i l l  has a very l imited range of 
plasticity and liquefies a t  low moisture content .  In this 
regard i t  is typical of tills on Boothia Peninsula and Somerset  
Island and similar t o  the  tills of southern Dis t r ic t  of 
Keewatin (Shilts, 1978; Egginton and Shilts, 1978). Natural  
moisture con ten t s  a t  t ime  of excavat ion w e r e  c lose  t o  t h e  
liquid limit, but  t h e  unfrozen sediment  showed n o  tendency t o  
flow. Field observations throughout t h e  region indicate  t h a t  
t i l ls  in well  drained a r e a s  behave a s  solids through most  of 
t h e  summer bu t  a r e  qu i t e  licluid during t h e  period of 
snowmelt. 

Mudboil 2 

Mudboil 2 was  excavated at 72O52'N, 93O37'W on 
Somerset  Island on July 24, 1977, in t h e  middle of a long and 
relatively dry summer. The boil occurred on a 2" t o  3O 
seepage slope with a 30 per c e n t  vegeta t ion cover  and about  
5 per c e n t  boulder cover.  The vegeta t ion outlines elongated 
mudboils with downslope lengths t w o  t o  four t imes  thei r  
widths. Boils of similar shapes  a r e  common on gent le  
seepage slopes in t h e  study area .  The shape indicates  t h a t  
t h e  convection process is accompanied by downslope move- 
men t  of t h e  boils. Fros t  table  was encountered 58 c m  below 
t h e  moss cover a t  t h e  boil edge  and 68 c m  below t h e  
unvegeta ted  boil c e n t r e  (Fig. 3). The f rozen ground was  
excavated t o  a depth  of 180 cm. 

1000 92' 84' 

Figure 1. Locations of radiocarbon-dated rnudboils, centra l  
Canadian Arctic.  
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Table 1 

Properties of t i l l  samples f rom Mubdoils 1, 2, and 3 

'The pi t  wall, which extended l i t t l e  more  than  halfway 
across the  boil and slightly into an  adjacent  boil (normal t o  
long axes  of boils), exposed cores  of till separa ted by a 
mixture of t i l l  and f ine  grained vegeta l  organic material .  
The t i l l  cores  a r e  underlain by an organic rich layer just 
below t h e  f ros t  table.  Another parallel  organic layer occurs  
20 c m  below t h e  f i rs t  and is connected t o  i t  by a ver t ica l  
organic layer. This s t ruc tu re  suggests t h a t  t h e  lower layer  
could have been emplaced by subduction a t  a t ime  when t h e  
base level for subduction, t h e  permafros t  table ,  was f a r the r  
beneath t h e  surface  than i t  is  a t  present.  

Eight samples  of t i l l  were  collected f rom and beneath  
t h e  mudiboil. ~ i a v e l  contents  of t h e  t i l l  samples range f rom 
12 t o  80 per cent ;  t h e  matrix is a moderately calcareous s i l ty  
sand, with sand-silt-clay ratios similar t o  those f rom 
Mudboil I. The detailed grain-size characterist ics,  however, 
differ somewhat f rom those of Mudboil 1 in t h a t  t h e r e  is  a 
distinct peak in t h e  medium sand fraction. This cha rac te r -  
i s t ic  i s  due  t o  t h e  provenance of t h e  till; i t  was  derived f r o m  
sandstone bedrock. 

Plas t ic  
Limit 96 

too  

11.8  

15.4  

Liquid 
Limit 96 

sandy 

13.0 

19.4 

Sample 

Mudboil I 
78-H38 
78-H39 
78-H40 
78-H41 
78-H42 
78-H43 
78-H44 

Mudboil 2 
77-H44 
77-H35 
77-H36 
77-H37 
77-H38 
77-H39 
77-H40 
77-H4 1 

Mudboil 3 
ZS4-Bs 
ZS4-BI, 
ZS4-B3 
ZS4-B2 
254-8, 

Plas t ic  and liquid l imi ts  were  determined for the  
sample  f rom t h e  c o r e  of t h e  mudboil (Table I, Fig. 3). 
Although these  values a r e  sl ightly higher than those  for  
Mudboil I, t h e  mater ia l  st i l l  classifies a s  a silty sand of slight 
plasticity. Samples taken a t  and below t h e  f ros t  t ab le  had 
natura l  moisture contents  considerably in excess  of t h e  liquid 
l imit ,  and t h e  ac t ive  layer a t  t i m e  of excavation was 
sa tu ra t ed  and prone of liquefaction. This mudboil, because of 
i ts  si tuation on a seepage slope, unlike Mudboil 1, i s  probably 
sa tura ted beyond i t s  liquid l imit  during much of t h e  summer. 

Water 
Content  

by weight 

11 
9 

10 
10 
10 
14 
16 

3 8 
4 5 
27 
35 
38 
37 
9 8 

9 
10 
9 
8 

10 

Mudboil 3 

Depth (cm) 

0-5 
35 
50 
60 
7 5 
9 5 

110 

20-30 
58-67 
73-79 
87-95 

100-109 
115-121 
143-152 
167-176 

0-5 
15-18 
23-30 
33-39 
45-50 

Mudboil 3 was  excavated at 63039'N7 95'50'W in cen t r a l  
District  of Keewatin on July 9, 1976. Being in t h e  ear ly  p a r t  
of t he  thaw season, t h e  f ros t  t ab le  was reached by t h e  
excavation, but t h e  pit  rapidly became  flooded with water ,  
preventing deeper  penetration. The low c e n t r e  mudboil 
occurred on a f la t ,  imperfect ly  t o  poorly drained a r e a  t h a t  
had a 75 per c e n t  vegeta t ion cover,  t h e  r e s t  being bare  in the  
cen t r e s  of mudboils. Veaetation and peat  formed a 25 c m  
high ring around the  boir  (Fig. 4). ~ x c a v a t i o n  showed t h e  
presence of peat-covered rocks under t h e  r im but not in t h e  

Figure 2 A  (opposite) centra l  pa r t  of t h e  mudboil. 

% Sand 

5 3 
55 
46 
50 
52 
44 
40 

5 5 
62  
59 
64 
6 2 
52 
7 9 
60 

76 
76 
7 1 
69 
74 

Photograph of a vertical section through Mudboil 1.  In t h e  cen t r a l  par t  of t h e  mudboil thin,  elongated layers 
(GSC-203359-Z) of organic mater ia l  were  found a t  various depths. The 

mater ia l  consisted of comminuted, somewhat  humified 
Figure 2B vegeta l  organic ma t t e r .  The layers appeared t o  be  smeared - 

in to  t h e  m'lneral soil, without sharp  boundaries. One  of the  Sketch of the section shown in Figure 2A.  Stippled areas layers was a of organic matter that appeared to be represent organic-rich material; blank areas represent till connected to the unexcavated r im,  whereas the lower layer with little or no admixed organics; H38, etc. locate till was probably connected to the excavated rim behind the samples; black areas locate radiocarbon-dated organic 
materials; arrows show iriferred pattern of movement of excavated face .  

materials within the mudboil. 
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Five till samples were  col lec ted between the  surface  
and 50 c m  depth. Between 12 and 34 per c e n t  of t he  t i l l  
consists of stones and gravel ( larger  than 2 mm fragments),  
and the  matrix is a noncalcareous silty sand t o  loamy sand 
(Table I). The organic layer was sampled a t  57 c m  below the  
surface,  but  40 cm above t h e  f ros t  table. Another sample  
was taken from beneath t h e  rim a t  57 t o  63 cm below t h e  
surface  and 25 c m  below the  f ros t  table. 

Subduction R a t e s  

In calculating subduction r a t e s  t h e  soil residence a g e  is 
ignored; t h a t  is, t h e  mater ia l  a t  t h e  top of t h e  subducted 
organic column is considered modern, o r  0 radiocarbon years  
old. The dis tance  t h a t  any piece  of organic mater ia l  has  
travelled down t h e  column divided by i t s  radiocarbon a g e  
gives t h e  r a t e  of subduction. 

The e f f e c t  of residence t i m e  of t h e  organic mater ia l  on 
t h e  surface  can  b e  eliminated if t h e  subduction r a t e  i s  
ca lcula ted  between t h e  dated sampling points. This assumes 
t h a t  t h e  lower sample  originated f rom t h e  region of t h e  upper 
sample, bu t  t h e  e f f e c t  of init ial  a g e  of t h e  organic mater ia l  
i s  discounted. 

OH39 Samples H40 and H41 deeper in pit 120 
160 ' 140 ' 120 ' 160 ' 80 ' 60 ' 40 ' 20 ' d 

Figure 3. Field sketch of a section through part of  
Mudboil 2 and part of an adjacent mudboil; symbols as in 
Figure 2B.  

Mudboil I 

Two samples f rom this mudboil were  radiocarbon dated 
(Fig. 2). The upper sample c a m e  f rom an ave rage  depth  of 
52 cm, which corresponds t o  a d is tance  of t ravel  along t h e  
slightly inclined subduction path  of about  56  cm. Dividing 
this by the  a g e  of t h e  material ,  2150 years, gives an  ave rage  
r a t e  of subduction of 0.26 mm per  year. The lower sample  
c a m e  f rom t h e  base  of t h e  mudboil at an  ave rage  depth  of 
8 5  cm. I t  had travelled about  110 c m  along t h e  inclined 
subduction pa th  and yielded a radiocarbon a g e  of 2730 years. 
The ave rage  r a t e  of subduction is, therefore ,  0.40 mm pe r  
year. The indicated ave rage  r a t e  of subduction f rom t h e  
upper t o  t h e  lower sample, a d is tance  of 44 cm,  i s  0.92 mm 
per  year. 

Mudboil 2 

Three  samples  f rom Mudboil 2 were  radiocarbon dated 
(Fig. 31, bu t  only two can be  used t o  ca l cu la t e  subduction 
ra tes ;  t h e  lowest sample (5-1378) has  probably been 
immobilized within t h e  upper permafros t  for severa l  thousand 
years due t o  permafros t  aggradation. The uppermost sample  
c a m e  from an  a v e r a p d e p t h  of 45 cm,  which is about  48 c m  
along the  inclined subduction path.  Dividing this by i t s  age  of 
1035 years gives an  average r a t e  of subduction of 0.46 mm 
per year. The o the r  sample c a m e  f rom an average depth of 
73 c m  but  had been carr ied  about  150 c m  from i t s  point of 
origin in t h e  moss a t  t he  boil edge. The sample  yielded a 
radiocarbon d a t e  of 2140 years. Hence, t h e  ave rage  r a t e  of 
subduction is 0.70 mm per  year. However, t h e  ave rage  
subduction r a t e  f rom t h e  upper t o  lower sample,  a dis tance  of 
102 c m  in 1105 years, is  0.92 m m  pe r  year. 

Mudboil 3 

The organic  mater ia l  obtained f rom t h e  r im of t h e  
mudboil f rom an  ave rage  depth  of 6 0  c m  (Fig. 4) yielded a n  
a g e  of 1310 ? 80  years  (BGS-501). The indicated ave rage  
subduction r a t e  f rom t h e  surface  is  0.46 mm per year.  This 
figure, however, is  a minimal ra te ,  because  t h e  r a t e  of 
accumulation and residence t i m e  of p e a t  is  not  taken in to  
consideration. The sample  f rom t h e  c e n t r e  of t he  rnudboil, 
about  190 c m  from t h e  edge of t h e  rim, yielded an  a g e  of 
3800 80 years (BGS-402). The indicated ave rage  
subduction r a t e  f rom the  rim t o  t h e  c e n t r e  is  0.76 mm 
per year. 

Summary and Implications 

The th ree  mudboils studied occurred in mater ia ls  t h a t  
have low plasticity and can  become  liquefied a t  or  slightly 
below thei r  sa tura t ion point with water.  Such soils a r e  
shock-sensitive (Zoltai  and Woo, 1978), a s  spontaneous 

Figure 4 

Sketch of  a section through part o f  
Mudboil 3; symbols as in Figure 2B; 
R represents rock. 



l iquefaction occurs  upon disturbance,  such a s  changes in 
in ternal  pressure o r  ex t e rna l  vibrations. The l iquefaction is  
followed by rapid solidification a s  t h e  d is turbance  i s  
removed. The inclusion of organic  mater ia ls  indica tes  t h a t  
t h e  mater ia l  of t he  mudboils flowed a s  a viscous, semi-liquid 
mass. The buried organic mater ia ls  suggest  a downward 
movement  around t h e  periphery of t h e  mudboils and a 
possible upward movement  in t h e  cen t r e .  

The long t e r m  ave rage  r a t e  of subduction of ma te r i a l  is 
less than 1 mrn per year. The ca lcula ted  ave rage  subduction 
r a t e  be tween samples  is  0.92 mm pe r  year  - a lmos t  tw ice  a s  
high a s  t h e  r a t e  f rom t h e  su r f ace  t o  t h e  upper sample.  This 
indicates e i t he r  t h a t  t h e  residence t i m e  of organic  mater ia l  
a t  t h e  su r f ace  must be  taken in to  consideration o r  t h a t  
subduction r a t e s  a r e  slower near  t h e  su r f ace  than a t  g r e a t e r  
depth.  Both t h e  s t ruc tu re s  and t h e  subduction r a t e s  imply 
t h a t  t h e  studied mudboils, and cer ta in ly  many o the r s  in t h e  
cen t r a l  Arct ic ,  have occupied t h e  s a m e  s i tes  for  s eve ra l  
thousand years.  
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WANGOCERAS, A NEW NAME FOR PSEUDOTIBETJTES 
TOZER 1980, NON JEANNET 1959 
( C E P H A L O P O ~ T R I A S S I C )  

Project  670576 

E.T. Tozer 
Insti tute of Sedimentary and Petroleum Geology, O t t awa  

Dr. Wang Yi-gang of t h e  Nanjing Insti tute of Geology 
and Palaeontology, Academia Sinica, Nanjing, People's 
Republic of China, has kindly drawn my at tent ion t o  the  f a c t  
t h a t  t he  genus Pseudotibeti tes Tozer (1980, p. 1 lo) ,  for which 
t h e  type species is Pseudotibeti tes pax Tozer,  is a junior 
homonym of Pseudotibeti tes J eanne t  (1959, p. 157), for which 
t h e  type species is Pa ra t ibe t i t e s  (Pseudotibeti tes) t inkar i  
Jeannet.  The new name  Wangoceras Tozer ( type species  
Pseudotibeti tes pax Tozer) is accordingly proposed. 
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GEOLOGICAL SURVEY OF CANADA-ESSO MINERALS 
CANADA JOINT RESEARCH PROJECT 

D.F. Sangsterl  and G. d e  ~ i l l e ~  

A research project  on lead-zinc in ca rbona te  rocks has 
been init iated a s  a joint venture  between t h e  Geological 
Survey of Canada and Esso Minerals Canada. Objective of 
t h e  research, initially envisaged a s  a 3-4 year  ef for t ,  is  a 
be t t e r  understanding of Canadian carbonate-hosted lead-zinc 
deposits, particularly the  recognition of permissive a r e a s  and 
an understanding of t h e  mechanism(s) of format ion of t h e  
deposits. At present,  t he  initial object  of research i s  t h e  
determinat ion of geochemical background values of approxi- 
mate ly  t w o  dozen e lements  (major  a s  well  a s  minor) in 
se lec ted ca rbona te  formations. 

The method of study is t o  sample,  f rom c o r e  and/or 
well-exposed sections,  se lec ted ca rbona te  formations.  These 
will b e  chosen such tha t  close stratigraphic,  lithologic, and 
facies  control  can  b e  maintained. The objective is t o  
determine e l emen t  distribution in a multifacies ca rbona te  
formation capable  of being studied in t h r e e  dimensions a s  in 
standard paleogeographic f ence  diagrams. Care fu l  
s t ra t igraphic  and contamination control  will b e  maintained 
throughout by res t r ic t ing sampling t o  only c o r e  o r  careful ly  
se lec ted outcrop sections; s tandard oi l  drilling chip samples  
will b e  used. 

Stratigraphers,  geochemists,  geostatist icians,  and 
economic geologists from both organizations a r e  
participating in t h e  project. Some init ial  sampling has 
already been completed and chemical  analysis has begun. 
Publication of resul ts  will occur  a s  soon a s  possible a f t e r  t h e  
d a t a  a r e  received; they will appear  e i the r  a s  GSC Open Fi le  
Repor ts  and/or in fu tu re  issues of "Current  Research". A 
final, in terpre t ive  repor t  will b e  published upon completion of 
t h e  research project. 

'Economic Geology Division, Geological Survey of Canada 
Esso Minerals Canada 



DECOMPOSED GRANITE, BIG BALD MOUNTAIN AREA, 
NEW BRUNSWICK 

Project  760008 

Claude Gauthier l  
Terrain Sciences Division 

Introduction 

Big Bald Mountain region of New Brunswick, with i t s  
extensive a rea  of decomposed granite,  is unique within t h e  
glaciated portion of North America. Despite abundant 
evidence of glacial  ac t iv i ty  present throughout t h e  study 
a rea ,  f ea tu res  normally connected with prolonged weather ing 
a r e  surprisingly well preserved. Tors, weathering pits, and 
other  surface  f ea tu res  on the  grani te ,  in addition t o  thick 
grus, suggest a long weathering period. Despite t h e  preserva- 
tion of these  easily destroyed features ,  t i l l  commonly 
overlies t h e  grus, suggesting t h a t  ac t ive  glacier ice  has 
covered t h e  a r e a  following a l tera t ion of t h e  granite.  This 
repor t  presents a brief description of th i s  a r e a  of 
"decomposed" granite.  

Big Bald Mountain is located in t h e  New Brunswick 
Highlands (Bostock, 1969) of north-central  New Brunswick 
(Fig. I). I t  is associated with t h e  eas tern  extension of a large  
Devonian grani t ic  batholith. The s tudy a r e a  extends  eas t -  
ward and southward f rom Big Bald Mountain (47°11'40"N, 
66O25'20"W) and comprises approximately 20 km2 of exposed 
solid grani te  and grus accumulation (Fig. 2). Maximum relief 
is  of t h e  order of 150 m, with Big Bald Mountain at 675 m 
a.s.1. t h e  highest point. This i s  one of  six rock summits  
(average elevation 6 0 0 m  a.s.1.) with low angle slopes 
surrounded by an  undulating plain. Big Bald Mountain is t h e  
only summit  with s t e e p  rock c l i f fs  of sound g ran i t e  t h a t  
appears t o  be undergoing ac t ive  dissection. In a reas  where  
the  bedrock surface  is a t  shallow depth ,  creeks  a r e  deeply 
ent renched (up t o  20 m) in t h e  unweathered granite.  In a reas  
where grus has accumulated, a shallow and broad valley has  
developed. South Sevogle River heads on t h e  southeast  side 
of t hese  summits,  which a c t  a s  a trifold divide between the  
Sevogle, t h e  Miramichi and t h e  Nepisiguit drainage basins. 

Figure 1. Location map showing physiographic subdivisions 
(Bostock, 1969). major river systems surrounding the study area 
(black rectangle), and outcrops of granite (stippled) including 
Big Bald Mountain (modified from Potter et al., 1968). 

Depar tment  of  Geology, University of Western Ontario,  
London, Ontar io  N6A 5B8. 
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Bedrock has been mapped by both  t h e  Geological Survey 
of Canada (Anderson, 1969) and t h e  New Brunswick 
Depar tment  of Natural  Resources (McNutt,  1961; Fyffe ,  
1972a, b; Irrinki, 1972). The intrusive Devonian grani te  
batholith with "chilled" margins is  surrounded by greywackes,  
metabasalts,  schists, and phyllites of t h e  Ordovician 
Tetagouche Group. The homogeneous pink biot i te  grani te  in 
t h e  Big Bald Mountain a r e a  is massive and coa r se  grained. In 
the  southern part  of t h e  s tudy a rea ,  t h e  c o n t a c t  between 
grani te  and metasediments  is shown by Anderson a s  being 
f a r the r  south  (Fig. 2) than t h a t  shown by Fyffe  and Irrinki 
who may have been influenced by t h e  presence of meta-  
sedimentary e r r a t i c s  within t h e  a r e a  of t h e  batholith. 

Studies in Progress 

Following field work in 1978 Needham (1979) produced 
a brief description of t h e  area.  A second field season in 1979 
included a seismic ref ract ion program (R.M.Gagn6, 
unpublished report ,  19791, a s  well a s  sys temat ic  sampling of 
t h e  surface  mater ia l  f rom shothole pits (0 t o  5 m depth), dug 
with shovels and a powered auger.  Three  dimensional t i l l  
fabrics were  obtained a t  10 s i t e s  f rom t h e  walls of t h e  
shotholes. An overall  detailed mapping and sampling program 
of t h e  g ran i t e  and t h e  grus  was  also undertaken. Through 
geochemical analyses, weather ing phases and s t ra t igraphy of 
the  grus a r e  determined. All t hese  d a t a  will aid our 
understanding of the  type of g ran i t e  weathering t h a t  has 
a f f ec t ed  t h e  a r e a  and of t h e  geomorphological ro le  of glacial  
activity.  

Description of  Rock Fea tu res  

Sound grani te  is exposed on top  of t h e  six summits  
shown in Figure 2. This occurs in jointed blocks, undercut 
pinnacles, and isolated rounded knobs which in places 
resemble tors. These f ea tu res  a r e  t h e  most striking 
phenomena in the  a rea ;  they stand out  in the  landscape, 
having local relief of up t o  3 m. Figures 3 t o  5 i l lus t ra te  t h e  
var ie ty  of s izes  and shapes of knobs on Colonels Mountain 
which has  a major concentra t ion of tors.  The bedrock 
surface  is coa r se  and rough, controlled by t h e  high relief of 
individual crys ta ls  of t h e  granite.  A th in  cover of grus laps 
up onto  t h e  sloping sides ( 5  t o  15O) of t h e  tors. The to r s  a r e  
well rounded, show evidence of exfoliation, and thei r  orienta- 
t ion r e f l ec t s  t h e  control  of t h e  regional f r ac tu re  systems. 
The t w o  regional f r a c t u r e  systems, trending a t  045' and 
140°, control  t h e  orientation of tor  walls and alignment of 
t h e  long axis  of t h e  features.  The to r s  occur both a s  isolated 
f ea tu res  and in groups of severa l  knobs of d i f ferent  s i ze  and 
surface  character is t ics .  

Weathering pits (Fig. 6) a r e  present  on virtually all t he  
g ran i t e  summits  shown in Figure  2. These basins vary 
between 20 and 150 c m  in d i ame te r  and 2 t o  50  c m  deep. 
They commonly have overhanging walls. In places weathering 
pits a r e  coalescent  or  a r e  superimposed, with smaller ones 
formed in t h e  base of older ones. The density of p i ts  varies 
considerably f rom s i t e  t o  si te.  Summit  3 (Fig. 2) exhibits t h e  
larges t  concentra t ion of weathering pits. They also occur a s  
tafoni  (cavities,  with depth  g rea te r  than diameter ,  formed by 
cavernous weathering) along s t e e p  sides of outcrops  or  tors. 
Rillen-like f ea tu res  (Fig. 7) have been observed a t  one 
locali ty along t h e  south slope of Big Bald Mountain. They 
occur  a s  repet i t ive  rows of dimples, or iented towards  t h e  
maximum slope direction. 

Linear Rock Fea tu res  

Trends of linear rock f ea tu res  based on di f ferent  scales  
of observation a r e  presented in Figure  8. The rose  diagrams 
present  a more  rea l is t ic  appraisal  of or ienta t ions  of linear 
f ea tu res  and re la t ive  density over a larger a r e a  than a 



Figure 2. Topographic map (contour interval 50 f ee t )  of  the study area, showing the major summits 
numbered 1 t o  6.  Colonels Mountain (5) has the best developed tors; summit 2 ,  the highest concentration of 
weathering pits; and Big Bald Mountain ( 4 )  has an actively exfoliating slope. Open circles represent seismic depth 
determinations, x's are outcrops, G is an area o f  granite, and T is an area of Tetagouche Group rocks. 

s tandard numerical compilation. Summits,  depressions, and Grus 
s t ra ight  fluvial s t r e t ches  show s imi l a r -  alignments,  
predominantly a t  150' t o  180"; however more variation 
occurs in t h e  alignment of s t ra ight  fluvial s t r e t ches  than of 
summits  and depressions. The t rends  of l ineations and of 
individual f r ac tu res  measured on rock in d i f ferent  a r e a s  show 
s t rong similarity. 

The di f ference  between the  pairs of rose diagrams A-B 
(alignments of summits  and depressions and of water  course  
segments) and C-D (lineations and rock f rac tures)  is  striking. 
Summits, depressions, and wa te r  course  segments  show a 
single dominant t rend a t  170°, a s  opposed t o  right angle  dual  
t rends  at 050' and 140' for  lineations and rock f rac tures .  
The right angle bimodal distribution of lineations and rock 
f rac tures  is expected and corresponds t o  t h e  distribution of 
f r ac tu res  in a t ec ton ic  system, with s t r e s s  vectors  bisecting 
t h e  t w o  populations of fractures.  The 170° s t ruc tu ra l  
orientation might b e  a t t r ibutable  t o  a regional t ec ton ic  
trend, since th is  value also corresponds t o  t h e  con tac t  
orientation of the  grani te  batholith t o  the  south. This 170" 
trend is not a dominant orientation in t h e  smal ler  s ca l e  
features.  

Grus mant les  t h e  surface  in a r e a s  of low relief (5 m), 
which a r e  character ized by rolling topography. Grus consists 
mainly of granule and sand-sized angular qua r t z  and feldspar 
crystals.  Mineral grains in t h e  grus  remain of similar s i ze  t o  
those  in t h e  sound rock. Limited mechanical breakdown has  
a f f ec t ed  t h e  individual crystall ine f ragments ;  polycrystalline 
agglomerate  of various minerals account  for less than 5% of 
t h e  to t a l  f r agmen t s  in t h e  0.5 t o  1.0 mm grain s i ze  fraction. 
On average, t h e  grus consists of more  than 75% sand and less 
than  10% clay. F rom mineral counts  on  35 samples of grus 
(fraction 0.5 t o  1.0 mm) and 5 thin sect ions  of sound rock, t h e  
ratios of qua r t z  t o  potassium feldspar t o  plagioclase were  
4:4:1 for grus and 2.5:2.5:1 for sound rock. In t h e  small  grain 
s i ze  fractions,  qua r t z  concentra t ion decreased a s  t h e  plagio- 
c lase  increased; th is  ref lec ts  t h e  mechanical and chemical  
res is tance  of quar tz ,  concentra ted  in t h e  larger f rac t ion 
( I  mm), a s  opposed t o  t h e  chemical  susceptibil i ty of 
plagioclase. The di f ferences  in mineral concentra t ions  
between grus and sound rock conf i rm this  conclusion. 



Figure 3. A group of three woolsack tors on the sound granite summit of Colonels Mountain (summit 5, 
Fig. 2).  View towards the northeast. 

Figure 4 

Elongated tor,  oriented a t  04S0 and cu t  by 
fracture planes a t  140°, on Colonels 
Mountain. Weathering pits can be seen on 
the feature.  Photograph taken towards the 
southeast. 

The thickness of the grus mantle has been determined 
by seismic refraction and locally reaches 60 m (R.M. Gag&, 
unpublished report, 1979). The contact between high and low 
velocity layers is sharp (sound granite from 3960 t o  6860 m/s, 
in situ grus from 1500 to 2740 rn/s). This type of abrupt 
transition corroborates studies from tropical areas, where 
drilling and exposures indicate a transition zone less than 1 m 
thick between fresh granite and grus (Feininger, 1971; Ruxton 
and Berry, 1957). Seismic velocities in surface layers vary 
between 900 and 1300 m/s. 

A siliceous glaze can be observed on thin grus mantles 
on hilltops. Erratics a re  scattered on them, but till is absent. 
Podzolic soil profiles a re  well developed, even in sloping 
areas, attesting t o  the present stability of the  grus. Fresh 
and weathered f la t  outcrops and core rocks a re  present 
locally. 

Till 

Basal till was observed in most holes dug for seismic 
profiling. Systematic sampling of till and of underlying grus 
indicates tha t  a high percentage of the  errat ic  granules and 
pebbles in t h e  till a re  fragments of parasedimentary, 
volcanic, and schist rocks, lithologies outcropping adjacent t o  
the  granite batholith. From preliminary results, a faint 
textural difference can be established between till and grus 
samples; granulometric curves show a lower sand content 
with respect t o  silt and clay in the till, in contrast with a 
higher sand content in t h e  grus. Ten sites were selected for 
till fabric studies which showed an "a" axis orientation 
(070'-110°, dip 05"-14") in accordance with other regional 
ice flow indicators. 



Figure 6 

Figure 5 

A family of tors on Colonels Mountain 
showing various degrees of weathering and 
development. Exfoliation layers are visible 
on most; grus mantles the ground surface. 
Photograph taken towards the southeast. 

Subcircular weathering basin in coarse 
granite (summit 2 ,  Fig. 2 ) ;  knife is 25 cm 
long. 

Figure 7 

Successive rows of dimples (rillens?), some 
are branching, located on the south slope 
(inclination -35') of Big Bald Mountain at an 
elevation of about 635 m (2080 f t )  a.s.1. The 
knife, 25 cm long, is oriented west-southwest 
towards the maximum slope. 



Figure 8. Rose orientations showing orientations of 
fractures and linear features observed in the study area 
(Fig. 2). The radius of the inner circle is equal t o  10% of the 
total weighted measurements. A: Large scale summit and 
depression alignments based on the 1:50000 scale 
topographic map. B: Straight water course segments longer 
than 0.2 km weighted by the length of  each segment (total 
length 82 km); compilation from 1:20 000 aerial photographs. 
C:  Other lineations taken from 120  000 aerial photographs, 
weighted by their length (total 'length 12 Icm); dark area: Big 
Bald Mountain; light area: Colonels Mountain. D: Rock 
fractures measured on the ground (weighting factor varies 
from 1 for microfractures to 5 for rock walls larger than 
50 m2); 57 individual readings are presented for a total 
weighted population of 156 units; dark area from Big Bald 
Mountain, light area from Colonels Mountain. Data in A, B, 
and C are grouped in 30" sectors, those in D are at  
10' intervals. 

Discussion: Glacial  Implications 

Tors and associated weathering phenomena have been 
described elsewhere in Canada, but  t h e  intensity of 
weather ing and t h e  amount  of grus encountered in t h e  Big 
Bald Mountain region is believed t o  be unique. Bostock (1966) 
noted t h e  presence of tors  a s  well as thin and discontinuous 
accumulations of grus in a reas  of pre-late Wisconsin surfaces  
in Yukon Territory.  Dyke (1976) described a variety of t o r s  
f rom Somerset  Island t h a t  e i ther  escaped glacial  erosion, 
under a protect ive  cold-based ice,  or t h a t  were  beyond t h e  
margin of l a t e  Wisconsin ice. Pheasant  and Andrews (1972) 
repor ted  t o r s  on pre-late Wisconsin surfaces  on Baffin Island. 
Sugden and Wat ts  (1977) and Wat ts  (1979) described t w o  
groups of tors  f rom Cumberland Peninsula, a group below 
750 m a.s.1. showing signs of some  glacial  erosion, and a 
group s i tuated above the  l imit  of glacial  erosive ac t iv i ty ,  
showing none. 

The question of tor development is pa r t  of a d e b a t e  
cen t r ed  around t h e  weathering zones (Ives, 1978; Grant,  1977) 
as opposed t o  t h e  idea of a cold- and warm-based i c e  

(Sugden, 1978). The discovery of to r s  in cen t r a l  New 
Brunswick adds t o  our knowledge of to r  distribution. 

Surrounded by regions of s t rong glacial  imprint 
(Gauthier,  1978, 1979, 1980), t h e  New Brunswick Highlands, 
despi te  thei r  low relief,  present a contras t ing s e t  of 
geomorphic f ea tu res  where  abraded rock surfaces,  till, and 
weathering phenomena occur. Questions have been 
repeatedly raised in sc ient i f ic  l i t e r a tu re  concerning t h e  
absence of obvious glacial  ac t iv i ty  on t h e  New Brunswick 
Highlands (Alcock, 1948). According t o  Gauthier 's  mapping, 
t h e  Highlands consist  of two  types  of areas: t h e  low-lying 
areas,  mostly valleys, show numerous evidence of glacial  
ac t iv i ty  followed by glacial  lake  damming; in contras t ,  higher 
areas ,  including Big Bald Mountain, show evidence of l imited 
glacial activity,  and yet  basal t i l l  and e r r a t i c s  a r e  more  or 
less ubiquitous. The pa t t e rn  suggested t o  account  for  these  
observations is a s  follows: comple te  i c e  cover  followed by a 
ver t ica l  deglaciation affect ing t h e  uplands of New Brunswick; 
meanwhile t h e  borderlands (Chaleur Bay and Saint John, 
Nepisiguit, and Miramichi valleys) remain i c e  covered and a r e  
influenced by a multiplicity of independent, local ized-  ice  
flows. This suggests t h a t  a l l  pa r t s  of t h e  a r e a  were  occupied 
by act ive  ice,  but t he  Highlands were  a f f ec t ed  t o  a lesser 
ex ten t  and during a n  ear l ier  phase than t h e  lowlands. It also 
implies t h a t  most of t h e  e f f ec t ive  glacial  erosion in t h e  
lowlands took place during t h e  las t  l a t e  glacial  period. 
Because of t h e  intensity of weathering, Big Bald Mountain 
a r e a  is seen a s  representing a re l ic t  of pre-Wisconsin 
weathering. Other  a reas  in New Brunswick present isolated 
profiles of similar weather ing (Anderson, 1968; Lee, 1962); 
Anderson suggested t h a t  weathering may have been ac t ive  a s  
ear ly  a s  t h e  Carboniferous Period in order t o  form t h e  
present profiles. 
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NATURE AND DISTRIBUTION O F  SAND AND GRAVEL, 
NORTHEASTERN MANITOBA 

Project 750072 

L.A. Dredge and F.M. Nixon 
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Introduction 

In northeastern Manitoba sources  of coarse  aggregate  
a r e  geographically restricted.  Many deposits a r e  shallow, 
isolated, and contain aggregate  of variable quality. In t h e  
past, t he  major use of sand and gravel  was  for  roadbeds and 
building pads between the  townsite of Churchill and a rocket  
range 23 km t o  t h e  eas t ,  and along some  portions of t h e  
Hudson Bay Railway (Canadian National Railways) which 
const i tu tes  t h e  only year-round ground link between t h e  por t  
of Churchill and southern transportation systems. Additional 
aggregate  will be  required for  fur ther  economic development 
and for  upgrading present fac i l i t ies  in t h e  region. This no te  
describes t h e  nature  of aggregate  sources and shows thei r  
distribution for  a r e a s  in Manitoba north of la t i tude  57' and 
eas t  of longitude 96'. Data  were  compiled f rom ai rphoto  
interpretation and from 1978 field mapping of surficial  
deposits. Comments  on t ex tu re  and petrology a r e  based on 
field observations of shallow (less than 2 m deep) boreholes 
and river cuts.  

The principal sand and gravel deposits a r e  eskers,  kame 
moraine, and beach ridges, a l l  of which a r e  products of t h e  
las t  s t ages  of glaciation and t h e  postglacial marine episode. 
Minor deposits a r e  associated with sandy ti l l  or  alluvium. 
Figures 1 t o  4, each  covering one 1:250 000 National 
Topographic System (NTS) map  area ,  show t h e  distribution of 
sand and gravel,  a s  well a s  bedrock outcrop. Major deposits 
occur along the  northern coas t ,  in a grand a r c  crossing t h e  
west half of t he  a rea ,  and in a band parallel  t o  the  e a s t  coast .  
Smaller linear deposits a r e  found in a zone eas t  of t h e  
railway, along t h e  lower reaches  of North and South Knife 
rivers and Owl River, and a s  small  isolated patches. Bedrock 
outcrop, a potential  source  for crushed rock, i s  widespread in 
t h e  northwest,  but  is otherwise l imited t o  a single prominent 
ridge a t  Churchill and t o  exposures along upper Churchill  
River. The remainder- of t h e  a r e a  consists of deposits of si l ty 
till, lacustrine clay, and marine silt-clay, with a combined 
thickness commonly exceeding 15 m. About 90 per c e n t  of 
t he  study a rea ,  including sand and gravel  deposits, is  overlain 
by wet ,  poorly drained forested bog, tundra  peat,  or fen. The 
region lies along t h e  southern l imit  of continuous permafros t ,  
but coarse  grained deposits not overlain by peat  a r e  unfrozen 
in summer. 
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Gravel  and Sand Deposits 

Eskers and Glaciofluvial Fea tu res  

The esker  t h a t  crosses Seal River (Fig. I )  i s  one  of t h e  
major sources of sand and gravel. The deposit  is  a prominent 
linear f ea tu re  approximately 10 m thick. I t  consists 
primarily of well sorted,  s t ra t i f ied ,  medium t o  coa r se  sand 
with Precambrian granitic and gneissic lithologies, but small  
sections a r e  composed of rounded cobbles. Other  less 

extensive glaciofluvial masses a r e  sca t t e red  over t h e  map 
a r e a  (NTS 54 L). These also consist  primarily of moderate ly  
t o  well sorted sand and gravel  with Precambrian lithologies. 

Large  esker-like ridges a r e  associa ted  with me l twa te r  
channels along Churchill and L i t t l e  Churchill r ivers in t h e  
southwest corner  of Figure 3 (NTS 54 E). These deposits 
exceed 10 m in thickness and appear  (from airphoto 
in terpre ta t ion)  t o  contain large amounts  of sandy material .  
Where examined on t h e  ground, however,  they consist of 
loose silty micaceous sand with a considerable amount  of f ine  
grained ca rbona te  (strong react ion t o  HCI). This mater ia l  
grades downwards t o  poorly so r t ed  sand and gravel,  
containing excess  fines. The ridges may have sand and gravel  
cores,  but th is  t ype  of mater ia l  was  not  found in t h e  sect ions  
observed. Additional esker  remnants  (Fig. 3) a r e  capped by 
lacustrine c lay  and may have a high volume of fines. 

Modified esker remnants  a r e  present  a s  broad f l a t  
ridges between Norton Lake and Marantz  Lake (Fig. 2). They 
consist of massive sand and gravel,  with high percentages  of 
Precambrian clasts.  Portions of some  ridges and of local 
prominences ( former  moulins) a r e  s t rewn with rounded 
cobbles, but generally t h e  upper m e t r e  of these  ridges 
consists of sor ted ,  s t ra t i f ied  beach sand, with lithologically 
mixed (igneous, metamorphic,  and ca rbona te  sedimentary  
clasts)  gravels. 

Kame Moraine 

The largest  continuous f e a t u r e  composed of coa r se  
aggregate  is a subdued ridge about  500 m wide and 2 t o  15 m 
high which s t r e t ches  for  200 km f rom South Knife River t o  
Cooper Creek  (Fig. 1, 3). The moraine  consists of variably 
sorted i ce  c o n t a c t  material .  I t s  su r face  has  been subjected 
t o  reworking by l i t tora l  lacust r ine  processes and below a n  
elevation of 130 m, by marine  processes a s  well, s o  t h a t  
beach ridges a r e  prevalent along most  of t h e  fea ture .  The 
t ex tu re  and petrographic cha rac te r  of t h e  moraine vary  along 
i t s  length according t o  d i f ferences  in source  rocks and t h e  
degree  of subsequent modification. 

In t h e  e x t r e m e  northwest t h e  f e a t u r e  consists of up t o  
15 m of s t ra t i f ied  medium grained sand; for t h e  remainder of 
i t s  length i t  consists of e i ther  massive or bedded, moderately 
sorted sand and rounded pebble gravel  with f ew fines. Where 
t h e  ridge has  been reworked (i.e., below 120 m a.s.l.1, t h e  
upper 2 m consists of beds of well  sor ted  medium sand and 
small  gravel  clasts.  This mater ia l  g rades  downwards in to  less 
well sorted and more  poorly s t ra t i f ied  sand and gravel. In t h e  
north gravel-sized c las ts  consist  ent i re ly  of Precambrian 
lithologies, including significant amounts  of schists,  phyllites, 
and basalt  a s  well a s  t h e  grani t ic  and gneissic types  
mentioned above. South of Churchill River about 50 per c e n t  
of t h e  gravels consist  of Paleozoic l imestone and dolomite. 

For most of i t s  length t h e  f e a t u r e  is  cored by silt-clay 
till; hence, t h e  volume of sand and gravel  is  less than t h e  
volume of t h e  morphological fea ture .  The thickness of 
potential  aggrega te  ranges f rom g rea te r  than 4 m (in t h e  
northwest) t o  about  1 m (in the  e x t r e m e  south). 

Beach Ridges and Blanket Beach Deposits 

Coasta l  Ridges. Extensive beach ridge sequences,  
formed during t h e  postglacial  emergence  of t h e  land, l ie 
parallel  t o  t h e  present  coas t  between C a p e  Churchill and 
Nelson River (Fig. 2, 4). The ridges a r e  10 t o  20 m wide and 
I t o  3 m thick; t hey  consist  of s t ra t i f ied  sand and gravel  
mixtures,  character is t ica l ly  medium t o  coarse,  sor ted  sand, 
and rounded pebble-sized clasts. About 90 per  c e n t  of t h e  
c las ts  a r e  carbonate .  The deposits g rade  la tera l ly  and 
vertically in to  sil ty mar ine  sands. 

From: Scientific and Technical Notes  
in Cur ren t  Research, P a r t  B; - 
Geol. Surv. Can., Paper  80-1 B. 
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Ridges. These ridges l ie inland in a 40 km wide 
the  railway and a r e  chiefly found along t h e  west 
NTS 54 F (Fig. 4). The linear deposits may have 

originated a s  i ce  con tac t  s t ra t i f ied  dr i f t  but la ter  were  
reworked by marine processes and reformed in to  beach 
ridges. The deposits d i f fer  f rom regular beach deposits in 
t h a t  t hey  a r e  less sorted,  a r e  massive in places, contain some  
subangular or angular clasts,  and consist  of 10 t o  40 per c e n t  
Precambrian lithologies. The granular deposits a r e  generally 
I t o  2 m thick and a r e  underlain by c lay  till. 

Blanket Beach Deposits. Blanket deposits of ca lcareous  
sand with minor gravel underlie much of t h e  organic ter ra in  
below 150 m elevation. They a r e  visible at t h e  surface  
around t h e  beds of drained tundra lakes in a l l  a r eas  e a s t  of 
t h e  kame  moraine. Rounded cobble gravel and sand occur a s  
surficial  materials in a zone along t h e  north coas t  between 
Churchill and Cape Churchill (Fig. I ,  2). Despite their  
widespread occurrence, most blanket deposits a r e  poor 
aggregate  sources because they a r e  commonly extremely 
shallow (less than I m thick), grade downwards rapidly into 
sandy sil t  or si l t  till, and a r e  overlain by 2 t o  4 m of 
permanent ly  f rozen peat. 

Alluvium 

Alluvial deposits a r e  res t r ic ted  t o  ac t ive  channels and 
floodplains of t h e  lower reaches  of North and South Knife, 
Broad, and Owl rivers, t o  t h e  Churchill estuary,  and t o  small  
point bars  (unmapped). Over most reaches  major rivers a r e  

incised into e i ther  bedrock or t i l l  and do not have floodplains. 
The del tas  of North and South Knife rivers consist  of well 
sorted granitic sand and minor gravel. Owl River de l t a  and 
Churchill es tuary  consist  of poorly sorted subround limestone 
gravel and sand. Other  alluvial deposits have a high sil t  
component,  contain organic-rich layers, or a r e  ext remely 
shallow. 

Gravel deposits 1 t o  3 m thick were  observed in section 
along North and South Knife rivers and in some  places along 
Churchill River. These  deposits a r e  dominantly massive 
gravels, with some  sand and a f e w  fines. They have 
Precambrian lithologies which a r e  highly oxidized and which 
contain l imonite and secondary products formed by t h e  
weathering of ferromagnesian minerals. 

A l t e rna te  Sources  of Aggregate: Crushed Rock 

Bedrock outcrop is  ext remely l imited in th is  region, t h e  
main a reas  being in t h e  nor thwest  (Seal River area) ,  around 
Churchill, and along Churchill River. Outcrop in t h e  Seal  
River a r e a  consists of medium grained grani t ic  gneiss and 
quar tz  monzonite. Typically i t  has  a blocky joint s t ruc tu re  
and spli ts  or f ros t  sha t t e r s  into blocks 0.5 t o  2 m on a side. 
L i t t l e  surface  chemical  weathering occurs. The ridge a t  
Churchill is character ized by grey, fine- t o  medium-grained 
quar tzose  metasedimentary  rock (subgreywacke) containing 
hemat i t e  laminae and minor amounts  of s e r i c i t e  and chlorite.  
This rock type  i s ' sub jec t  t o  some f ros t  heaving. Cemented 
l imestone and dolomite  of Silurian and Ordovician age  out-  
c rop  in sect ion along Churchill  River. 



STUDIES IN QUATERNARY GEOLOGY: AN APPROACH 
USING REMOTE SENSING INFORMATION 
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Introduction 

During the  past  year Terrain Sciences Division has 
initiated a project t o  evaluate  t h e  possibilities of using 
r emote  sensing d a t a  in Quaternary geology studies. The 
objectives of t h e  project a r e  t o  survey t h e  various sources of 
r emote  sensing information and t h e  techniques of processing 
and displaying da ta ,  and t o  study t h e  use of r emote  sensing in 
geological research mainly a s  i t  applies t o  t h e  Canadian 
context .  

Once the  initial survey was completed, a more  detailed 
study of se lec ted sources  of information and processing 
techniques was  undertaken. This repor t  describes I )  t h e  
sources of r emote  sensing information used, 2) t h e  approach 
used t o  analyze the  MSS video da ta ,  and 3) how t h e  d a t a  will 
be  used in projects re la ted  t o  Quaternary  geology. All 
computer  sof tware  developed for this project  is available 
f rom t h e  author.  The programs a r e  wri t ten  in FORTRAN 
using t h e  Computer  Science C e n t r e  C D C  computer  and 
NOS/BE Operating System. 

Source D a t a  

Both airborne and space  fl ight d a t a  have been evaluated 
a s  sources  of r emote  sensing information. Although a i rborne  
operations o f fe r  advantages,  such a s  f ine  resolution and 
numerous sensors, t h e  prohibitive cos t s  of d a t a  acquisition 
and of processing t i m e  limit  i t s  use t o  special  and localized 
projects. On t h e  other  hand, t h e  coarse  resolution of t h e  
multispectral  scanners  of   and sat' and the  f requent  passes of 
t h e  space  c r a f t  over t h e  country provide an  inexpensive 
source  of d a t a  t h a t  can b e  used for  large  sca l e  s tudies  and fo r  
r emote  a r e a s  which would b e  difficult  t o  reach using a i rborne  
operations.  

The MSS 'data a r e  available in digital  form on Computer  
Compat ib le  Tapes (CCT). The fo rma t  permits  analysis of t h e  
video d a t a  using in-house computer  facil i t ies.  This approach 
allows for  more  control  and a be t t e r  understanding of t h e  
d a t a  by t h e  user. 

The f i rs t  s t e p  in processing the  original information is 
t o  transform t h e  bit s t ruc tu re  of t h e  C C T  t o  CDC standards.  
This operation is essential  because t h e  original recording is 
done using an  8-bit configuration compared t o  t h e  6-bit 
s t ruc tu re  of t h e  Computer  Science C e n t r e  computer.  When 
decoding t h e  original tape ,  only t h e  MSS video d a t a  a r e  
conserved, by-passing t h e  header and transformation records 
and tables. This section of t h e  t a p e  is by-passed s ince  a l l  
pertinent information is given on a listing accompanying t h e  
CCT. The t ransformat ion program, ca l led  CCRSDEC, is 
wri t ten  in FORTRAN and uses many C D C  dependent 
fea tures .  

Histograms 

The role of histograms in r emote  sensing is t o  display 
t h e  frequency distributions of r e f l ec t ance  levels of pixels. 
Analysis of histograms is of importance  in t h e  ear ly  s t ages  of 
a study in order t o  be  acquainted with t h e  type  of distribution 
pa t t e rn  of t h e  ref lec tance  levels for t h e  a r e a  of in teres t .  
The use of histograms faci l i ta tes  the  discrimination of ground 
f ea tu res  based on thei r  spect ra l  s ignature  using enhancement  
techniques. 

 h he Landsat scenes  a r e  formed of pixels corresponding t o  a n  
a r e a  on the  ground of 57 by 79 m. 

Figure 1 shows examples of histograms produced by a 
computer  program developed for this project.  They show two  
distribution pa t t e rns  fo r  t h e  Thetford Mines, Quebec a r e a  for  
d i f ferent  dates;  no te  how much t h e  distribution pa t t e rn  of 
r e f l ec t ance  levels of a given a r e a  c a n  vary f rom one  season 
t o  another.  In this case ,  t h e  variation is  due mainly t o  
seasonal changes of vegetation. In t h e  summer scene  
(Fig. l a )  t h e  healthy vegetation r e f l ec t s  t h e  near infrared t o  
a higher degree  than t h e  senescent  vegeta t ion (Fig. Ib )  of t h e  
autumn scene. 

Pixel Classification 

The purpose of pixel classification is t o  form broad 
spect ra l  classes f rom individual spec t r a l  signatures. I t  is 
necessary t o  group similar s ignatures  in to  larger  c lasses  s ince  
t h e  intensit ies fo r  e a c h  of t h e  four  MSS bands vary f rom 0 t o  
255, thus giving a possible ~ 5 6 ~  single signatures,  which 
would make the  analysis and car tographic  display virtually 
impossible. 

Two di f ferent  approaches a r e  used for  pixel classifica- 
tion: supervised and unsupervised methods. Unsupervised 
classification groups classes of similar s ignatures  based only 
on s ta t i s t ica l  character is t ics .  Supervised methods use  sample  
a reas  for which a spect ra l  s ignature  is  defined based on 
ground or  o ther  information. 

Both supervised and unsupervised classification schemes 
a r e  used in th is  project for  t h e  analysis of r emote  sensing 
information. 

Unsupervised Maps 

Unsupervised maps resulting f rom this project provide 
documents  on which t h e  maximum amount  of spec t r a l  infor- 
mation can  b e  portrayed. Although not  a l l  spect ra l  f ea tu res  
on t h e  maps may be  of importance  in geological studies,  i t  i s  
important  t o  enhance all  spectrally separable  phenomena 
because they can bring ou t  f ea tu res  t h a t  could otherwise be  
overlooked. Fur thermore ,  t h e  use of unsupervised classifica- 
t ion e l iminates  t h e  problems of choosing representa t ive  
sample  a r e a s  and of c lass  over lap  and variabili ty by 
discriminating classes according t o  thei r  spect ra l  cha rac te r -  
i s t ics  ra ther  than f rom ground information. 

Unsupervised maps a r e  produced prior t o  the  field 
season in order  t o  give an  overview of t h e  study a r e a  f rom a 
remote  sensing standpoint and t o  identify s i t e s  t h a t  could 
se rve  a s  indicators t o  t h e  geology. The maps  a r e  then  taken 
into t h e  field t o  loca te  t h e  pixels and thereby study t h e  
influence of geological f ac to r s  on t h e  Landsat imagery. 

A large  number of mathemat ica l  algorithms exists t o  
group individual s ignatures  in to  broad classes. Most of these  
algorithms rely on finding a r e a s  of high pixel density 
(statist ically cohesive c lus ters  in f e a t u r e  space)  which a r e  
separa ted by regions of low density (Alfoldi, 1978). The 
problem with c lus ter  algorithms is t o  define a proper 
threshold value t o  sepa ra t e  the  significant classes. Since t h e  
classification relies only on ma themat i ca l  assumptions, t h e  
classes formed do  no t  necessarily r e l a t e  t o  ground reali ty and 
minor classes may b e  ignored. Another pitfall  l ies in t h e  grey 
zones located between t h e  major clusters;  because e a c h  c lass  
is  identified a s  being discrete,  t h e r e  is  no smooth transit ion 
between adjacent  classes. 

The method used t o  produce unsupervised maps is  a 
multiband classification ( th ree  bands) where  t h e  c lass  l imi ts  
depend on t h e  combination of subclasses which a r e  defined 
for each band. This is  obtained by assigning a primary colour 
t o  each band, by dividing t h e  band in to  subclasses (maximum 
of 17) according t o  thei r  r e f l ec t ance  level, and by assigning a 
colour intensity t o  each  subclass of t h e  band. The histogram 
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Figure 1. Histograms of h and-7 from a Landsat scene taken over the Thetford Mines area 
of Quebec on June 26, 1975 ( l a )  and November 1 ,  1978 ( lb ) .  Note the variation in 
distribution of reflectance levels for the two seasons. 
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for  each  band is used to  assign an equal number of pixels t o  Next, spect ra l  classes a r e  c rea t ed  based on ground 
each  subclass, which permits  b e t t e r  enhancement  of t h e  high information. A number of training samples a r e  se lec ted and 
frequency levels. Because t h e  classes a r e  formed by analyzed t o  eva lua te  t h e  separabili ty of t h e  classes and t o  
combining subclasses from each band, a smooth gradation is find t h e  s t a t i s t i ca l  pa ramete r s  of each  class. Both para- 
obtained between the  major classes, revealing the  minor me t r i c  and nonparametr ic  methods a r e  used t o  classify 
classes. pixels. 

The maps a r e  produced on an  Applicon Color p lot ter  The classification scheme  produces th ree  confidence 
using t h e  so f tware  operating a t  t h e  ras ter  scan level. levels for  spec t r a l  classes: high confidence, in termedia te ,  
Software has been developed to  produce maps a t  sca les  of and unclassified pixels. The classes of i n t e rmed ia t e  
1:285 000, 1:250 000, and 1:125 000 using a maximum of confidence r e l a t e  t o  t h e  high confidence classes but  have a 
100 possible classes and a t  sca les  of 1:71 250, 1:50 000, and lower confidence level. By including classes of in termedia te  
1:25 000 permitt ing a maximum of 17 x 17 x 17 subclass confidence, t h e  user can in terpre t  t h e  classes based on 
combinations. experience and context .  

Supervised Maps 

Once a preliminary study using unsupervised maps has  
been completed, t h e  second s t age  is  t o  reduce t h e  number of 
spect ra l  classes in order to  produce a document  on which only 
t h e  phenomena of in teres t  a r e  presented. This is achieved by 
relating spect ra l  signatures to  ground information and then 
by eliminating t h e  minor or  insignificant classes. 

The f i r s t  s t e p  in supervised classification is t o  loca te  
t h e  pixels on t h e  ground t o  co r re l a t e  thei r  signature with 
ground data.  To do this, a pixel location map and a listing of 
t h e  ref lec tance  values a r e  necessary. 

The pixel location map (Fig. 2) i s  produced on t h e  
colour plotter a t  1:50 000 scale  so t h a t  t h e  map  can b e  used 
a s  an overlay on a standard National Topographic System 
(NTS) map. Once t h e  pertinent pixels a r e  identified, i.e., 
scan line (row) and pixel number (column), a listing of 
ref lec tance  levels for  d i f ferent  MSS bands for  e a c h  pixel i s  
produced (Fig. 3). 

Application 

Studies in r emote  sensing current ly  a r e  bejng applied t o  
th ree  di f ferent  a spec t s  of Quaternary  research: t h e  s tudy of 
geobotanical indicators in d r i f t  prospecting, erosion and sedi- 
mentation in a drainage basin, and mapping of surficial  
materials.  

A s tudy of geobotanical indicators is being conducted in 
t h e  Thetford Mines a r e a  of Quebec t o  eva lua te  t h e  e f f e c t  of 
high concentra t ions  of ce r t a in  me ta l s  on species  composition 
and vigour of vegeta t ion and t o  determine how metal-induced 
vegetation anomalies a r e  ref lec ted in Landsat imageries 
(Belanger et al., 1979). This region was chosen because of 
t h e  ideal con tex t  offered by t h e  presence of large  ultrabasic 
outcrops which were  par t ly  eroded during t h e  las t  glaciation 
forming ' a  t ra in  of debris rich in heavy metals,  particularly 
nickel. 
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Erosion and sedimentation problems triggered by man's 
ac t iv i t ies  in t h e  Swan Hills a rea  of Alberta is a ma t t e r  of 
major concern because of thei r  high impact  on the  
environment. A remote  sensing study, using Landsat da t a ,  is 
being conducted in order t o  evaluate  i t s  potential  t o  monitor 
erosion problems. 

Mapping using Landsat d a t a  has  been a t t empted  in 
numerous fields of activity.  Because Landsat imageries 
ref lec t  bedrock lithologies, vegetation types, and moisture 
conditions associated with surficial  materials,  t h e  resulting 
maps show a wide variety of phenomena of which only a small  
portion may be re la ted  t o  t h e  theme  of a particular study. A 
pilot project  aimed a t  integrating related phenomena, such a s  
vegetation with t h e  na tu re  of t he  surficial  materials,  so  t h a t  
the  final maps a r e  oriented mainly towards Quaternary  
geology is underway. The mapping project using r emote  
sensing d a t a  is  being undertaken in t h e  Kaminak Lake a rea ,  
District  of Keewatin, because this a r e a  has  already been 
mapped in appropriate deta i l  using conventional airphoto 
in terpre ta t ion and field mapping techniques. 

Remote  sensing can b e  applied t o  a var ie ty  of ac t iv i t ies  
in Quaternary  geology. Although no t  a n  end in i tself ,  r emote  
sensing can be  used advantageously t o  f ac i l i t a t e  and increase  
t h e  efficiency of current ly  . used approaches t o  ter ra in  
studies. The use of in-house computer  fac i l i t ies  t o  analyze 
and display r emote  sensing information permits  a be t t e r  
control and understanding of the  d a t a  by t h e  user and also 
permits  t h e  development of programs specifically designed t o  
mee t  t h e  needs of a project.  
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NEW EVIDENCE ON THE ORIGIN OF THE 
SEPTEMBER 6,1978 JOKULHLAUP FROM 
CATHEDRAL GLACIER, BRITISH COLUMBIA 

Project 780045 

Lionel E. Jackson, Jr.  
Terrain Sciences Division 
Calgary, Alberta 

Introduction 

On September 6, 1978, a jokulhlaup from Cathedral 
Glacier triggered a debris flow which closed t h e  Canadian 
Pacific Railroad mainline and t h e  Trans Canada Highway 

B r i t i s h  

u 5 

l b e r t a  
L 

; A 

(Fig. 1) in Kicking Horse Pass, British Columbia 
(Jackson, 1979). Furthermore, evidence was presented 
indicating t h a t  Cathedral Glacier had produced jokulhlaups in 
1925 and 1946, but no definite cause for t h e  events  was 
determined. A small lake on t h e  margin of t h e  glacier, 
however, was implicated a s  being t h e  source of jokulhlaup 
waters. Possible causes for the  jokulhlaup involve 
progressive modification of the  hydrostatic conditions which 
permit the  lake t o  form or a through-going system of fissures 
which could open suddenly and allow drainage 
(Jackson, 1979). 

In order t o  shed further light on the  origin of these 
jokulhlaups, a helicopter visit was made t o  the  lake on 
September 13, 1979 in t h e  company of Dr. B. Leeson of Parks 
Canada and Messrs J. Edworthy and M. Bourns of Snow and 
Ice Division, National Hydrology Research Institute. 

Figure 1. Aerial photograph of  the Cathedral Glacier area. The rectangle includes the bowl-like 
depression in which the glacial lake is located. The lake was touched up t o  appear darker on this 
photo. 1978 refers to the dark area to the west which indicates the general area of  Kicking Horse 
Valley affected by the 1978 debris flow. (NAPL A23408-73) 
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Figure 2 

Looking approximately west t o  eas t  along the  
long dimension of t h e  g lacia l  lake. The high 
water  marks  (dashed line) a r e  about  73 m 
across  in the  d i rec t ion of view and about  35 m 
in width; t h e  d o t t e d  line denotes  the  low wa te r  
marks  c r e a t e d  by t h e  lake during the  summer 

,.- - - - - season 1978. The ou t l e t  f issure i s  visible a t  -- * ;- - - t he  end of t h e  take. Pa r t  of t h e  fissure i s  - I . covered by a snowbridge. Relief f r o m  the  top .. - 
I . . . . . . . . of t h e  f i ssure  t o  t h e  base  i s  about  5 m. 

. * .  \ A crevasse  trending a t  ,90° t o  the  fissure can  
I 

r b e  seen in the  upper r ight  of t he  photo.  
I 

0 

....*-• 
....a 

4 i 
.c - - - - - - -  - - -  - - *  - 

Figure 3 

A close-up view of the  lower p a r t  of 
t he  out le t  f issure.  
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Set t ing 

Cathedral  Glacier r e s t s  on Cathedral  
Mountain - Cathedral  Crags  Massif on t h e  south s ide  of 
Kicking Horse Valley between approximately 2410 m and 
2900 rn elevation. A small  lake is s i tuated in a bowl-like 
depression on t h e  northwestern margin of t he  glacier (Fig. 1). 
The depression is about  140 m wide, about 320 m long, and 
oriented east-west. Winds have built t w o  ridges of snow 
around t h e  depression: one on t h e  north side rising t o  about  
20 t o  30 m above t h e  floor of t h e  bowl and one on t h e  south 
side rising t o  about two  thirds of th is  height. 

The Lake 

The presence of a small  lake  a t  t h e  bot tom of t h e  
depression along t h e  northwest margin of Cathedral  Glacier 
was  f i rs t  repor ted  in 1949 (F.J. Stevens,  personal communica- 
tion, 1978). It is  visible on an  aer ia l  photograph (National 
Airphoto Library A23408-73, scale  1:30 000) taken on July 24, 
1973 (Fig. 1). Consequently, i t  has  existed a t  leas t  pa r t  of 
t h e  t ime  during t h e  summer months for  a t  leas t  t h e  las t  
30 years. 

The lake  depression was  par t ly  filled with snow at t h e  
t i m e  of inspection, but t w o  s e t s  of water  level marks 
associated wi th  t h e  lake were  apparent  - a  low level with 
lake dimensions of about  20 by 33  m marking t h e  boundary of 
t h e  present slush-filled lake and a level about  2 m higher with 
Jake dimensions of about  3 5  by 7 3  rn (Fig. 2). The high marks  
probably indicate  the  highest level reached by  the  lake  in t h e  
las t  one  or  t w o  years. The to t a l  volume of t h e  lake basin up 
t o  t h e  high wa te r  marks  was  e s t ima ted  t o  range between 
2260 and 3532 m3  (J. Edworthy and M. Bourns, 1979; 
unpublished report). Probing of the  lake  bot tom within t h e  
upper wa te r  marks indicated t h a t  about  one sixth of the- lake  
was floored by bedrock ra ther  than glacial  ice. 



The anomalous abil i ty of this lake  t o  form well above 
t h e  firn line, a t  about  2890 m elevation,  can  be  a t t r i bu t ed  t o  
t h e  concave shape of t h e  surrounding bowl which a c t s  a s  a 
parabolic reflector.  Although no air  t empera tu re s  were  
taken a t  t h e  t ime  of t h e  inspection, heavy outdoor clothing 
was  required for  comfor t  during windless conditions on t h e  
bowl's r im, whereas shirt-sleeves were  adequa te  a t  i t s  
bottom. 

A f issure 'out le t  of t h e  lake  was  discovered a t  i t s  e a s t  
end (Fig. 2, 3). The fissure is not  a crevasse  because  i t  i s  
oriented a t  r ight angles t o  t h e  crevasse  sys tem in t h e  area .  
The most probable explanation for  i t  is t h a t  i t  is t h e  result  of 
water  dra inage  through a zone of weakness over a prot rac ted  
period of t i m e  (J. Edworthy and M. Bourns, 1979; unpublished 
report). Mr. Bourns was lowered in to  t h e  fissure and found 
t h a t  t h e  lake  depression was f ree ly  draining in to  i t  a t  t h e  
t ime. It was  also discovered t h a t  t h e  floor of t h e  fissure 
sloped away f rom t h e  lake and te-rminated in a ver t ica l  
moulin descending f a r the r  into t h e  glacier.  

The upper l imi t  of t h e  fissure is approximately 5 m 
above t h e  floor of t h e  lake. From t h e  water -cut  f ea tu re s  on 
t h e  wall of t h e  fissure, f rom top  t o  bot tom,  i t  appears  t h a t  
t h e  lake basin has  melted downward in to  t h e  glacier while 
overflow f rom i t  has kept  pace  by deepening t h e  ou t l e t  
fissure. 

Implications for the Origin of Jokulhlaups 
from Cathedral Glacier 

The f a c t  t h a t  t h e  lake  regularly has formed and 
apparent ly  f ree ly  drained in to  a dra inage  network within t h e  
glacier s ince  t h e  l a t e  1940s nega te s  t h e  explanation t h a t  t h e  
progressive filling of t h e  basin by t h e  lake  alone was  
responsible fo r  t h e  1978 jokulhlaup. (It is  possible t h a t  t h e  
1946 and 1925 j6kulhlaups could have  had di f ferent  origins.) 
The in ternal  plumbing of t h e  g lac ier  must have  become 
plugged and then  opened suddenly under t h e  pressure of a 
significant column of water .  The  high wa te r  marks  of t h e  
lake  probably represent  t h e  c r i t i ca l  height of th is  wa te r  
column when t h e  last  jokulhlaup occurred .  Consequently,  t h e  
volume of wa te r  within t h e  lake  may  no t  have made up all  
t h e  wa te r  released in t h e  1978 j8kulhlaup. The glacier 
apparently conta ins  a significant in ternal  s to rage  in t h e  form 
of conduits, and t h e  point of in ternal  blockage may vary f rom 
one  even t  t o  t h e  next.  Blockage of t h e  conduit  due  t o  
f reezing or t h e  plastic squeezing shut  of i t s  walls appear  t o  
be  possible explanations.  The likelihood of t h e  l a t t e r ,  
however,  may be  questionable because  of t h e  re la t ive ly  thin 
i ce  overburden and t h e  inactivity of i ce  a t  th is  a l t i t ude  
(J. Edworthy and M. Bourns, 1979; unpublished report) .  
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A TRICLINIC UNIT CELL FOR OBOYERITE 

Proiect 680023 

Table I 

Triclinic indexing of oboyerite* 

A.C. Roberts 
Central Laboratories and Technical Services Division 

Oboyerite, H6Pb6(Te03)3(Te06)2*2~20, is an 
extremely rare mineral found in the waste dumps of the  
Grand Central Mine, Tombstone, Arizona. Originally 
described by Williams (19791, i t  has been completely 
characterized except for the indexing of the  powder diffrac- 
tion pattern. Concerning this, Williams stated, "Despite 
determined, efforts,  the  powder pattern could'not be indexed 
by the Ito method and, due to  the  minute crystal size, single 
crystal work was impossible. Failure to index the pattern 
seems reasonable because the optics strongly suggest triclinic 
symmetrytt. The purpose of this short note is t o  report a 
possible triclinic cell which is consistent with the powder 
pattern and other mineralogical data. 

The powder pattern of oboyerite, presented in Table 1, 
was indexed by the Ito method using t h e  powder d a t a  
reported by Williams (1979). The approximate cell deduced 
from heoretical cal ulations was refined on 16 lines between 
9.038h1 and 1.911k for which unambiguous indexing was 
possible. The refined triclinic unit cel l  parameters are: 

The space group is P ~ ( I )  or Pl(2) and the computed cell  
volume is 1125.6x3. With Z=2, the calculated density is 
6.66 g/cm3, in ood agreement with the  measured density of k 6.4 ? 0.6 glcm obtained by Williams using Thoulet's method. 
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0 
I est  dA meas d i  calc  hkl 

3 9.038 9.056 110 
112 6.752 6.765 020 

3 6.077 00 1 
200 

I 4.819 4.819 01 1 
2 4.534 4.528 220 
2 3.710 3.723 31T 
3 3.600 3.598 21 1 

2 3.388 022 
040 

3 3.273 several poss. 
7 3.180 3.180 30 1 

10 3.040 3.041 03 1 
5 2.976 2.976 1 5 i  
5 2.927 2.926 33T 

5 2.862 -60 1 
242 

112 2.788 { :::z T22 
2 3  1 

I 2.646 2.645 150 
3b 2.540 several poss. 
I 2.415 several poss. 

3b 2.264 440 
037 

2 2.206 2.206 223 
2.140 530 

3 2.140 2.140 053 
2.139 262 

I 2.088 2.088 v12 
I 2.062 2.063 6 5 i  
3 2.026 2.025 450 

112 1.911 1.911 170 

112 1.871 
077 
21 3 

112 1.842 
4b 1.804 
2 1.753 
2 1.728 
2 1.692 
2 1.663 
2 1.625 

"powder data  taken from Williams (19791, CrKa radiation, 
114 mm c mera, indexed, on a cell with 
a=12.249(8) 1, b=15.113(6) A, c=6.868:$pic a=l16.45(4)', 
B=98.58(4I0, y=85.82(4I0. 
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DETERMINATION O F  YTTRIUM AND RARE-EARTH 
ELEMENTS IN ROCKS BY GRAPHITE-FURNANCE 
ATOMIC-ABSORPTION SPECTROMETRY 

Project  690090 

J.G. Sen Gupta 
Cen t ra l  Laboratories and Technical Services Division 

The high sensit ivit ies of rare-ear th  e lements  in 
pyrolytically coated graphite-furnace a tomizat ion makes i t  
possible t o  determine these  e lements  in a variety of rocks 
using small  amounts  of sample. T races  of praseodymium, 
gadolinium, terbium and lutetium in some  rocks, which 
cannot  b e  determined by f l ame  atomic-absorption because of 
insufficient sensitivities, can b e  determined accurate ly  
without difficulty by furnace  atomization. Moreover, t r aces  
of yttrium, neodymium and samarium in rocks can be  de te r -  
mined with g rea te r  accuracy by furnace  a tomizat ion than by 
t h e  flame. 

The rare-earth e lements  a r e  pre-concentrated f rom 
rocks by decomposition with hydrofluoric, n i t r ic  and 
perchloric acids, co-precipitation with calcium a s  oxala tes  
and with iron a s  hydroxides (Sen Gupta,  1976, 1977). The 
concen t ra t e  is dissolved in dilute n i t r ic  acid, diluted t o  
suitable volumes with water,  and yttrium, praseodymium, 
neodymium, samarium, europium, gadolinium, terbium, 
dysprosium, holmium, erbium, thulium, ytterbium and 
lu te t ium a r e  determined by graphite-furnace a tomic-  
absorption spect rometry  using an Instrumentation Laboratory 
Model 555 controlled-temperature furnace  a tomizer  and a 
Model 151 atomic-absorption spect rophotometer .  The 
method has  been tes ted  with synthet ic  solutions of rare-ear th  
e lements  and iron simulating t h e  rare-ear th  concentra tes  of 
international reference  rocks GA (granite),  NIM-G (granite),  
SY-2 (syenite) and SY-3 (syenite). Inter-element e f f ec t s  a r e  
negligible when di lu te  solutions a r e  used. 

The furnace  a tomizat ion method has  been used t o  
determine yt t r ium and rare-earth e l emen t s  in Canadian 
reference  rock SY-2 (syenite), U.S.G.S. reference  rocks W-2 
(diabase), DNC-1 (diabase) and BIR-I (basalt), and South 
African r e fe rence  rock NIM-18/69 (carbonatite).  The resul ts  
a r e  in sa t is fac tory  ag reemen t  with f l a m e  atomic-absorption 
and other  values, where  available. 
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DISCUSSIONS AND COMMUNICATIONS 
DISCUSSIONS ET COMMUNICATIONS 

THE PALEOLATITUDE AND PALEOMAGNETIC AGE O F  
THE ATHABASCA FORMATION, NORTHERN 
SASKATCHEWAN - FURTHER DISCUSSION 

Paul Ramaekers  
Saskatchewan Geological Survey 
201 Dewdney Avenue East 
Regina, Saskatchewan S4N 4G3 

Fahrig et al. (1978) claimed t o  be  able  t o  d a t e  t h e  
Athabasca Sandstone by paleomagnetic means  and suggested 
tha t  samples showing reversed polarity indicated t h e  
possibility of chronostratigraphic correlation of redbed units 
within this sandstone. 

In my discussion (Ramaekers,  1979) of thei r  paper I 
presented evidence t o  show t h a t  neither claim is likely t o  b e  
valid because: I )  petrographic evidence shows t h a t  much of 
the  hemat i t e  in the  Athabasca sediments is of l a t e  diagenetic 
origin, 2) Fahrig et al.'s (1978) d a t a  show so much s c a t t e r  t h a t  
t hey  cannot  b e  distinguished f rom a random distribution, 
3) they have ignored the  d a t a  with shallow magnet ic  inclina- 
tions, 4) thei r  group of samples with s t eep  inclinations, on 
which they based thei r  age,  is itself bimodal, showing a 
g rea te r  gap  between t h e  modes than exis ts  between thei r  
group of samples  with shallow and those with s t e e p  inclina- 
tions, 5) four of thei r  samples a r e  not of Athabasca 
Sandstone, a s  claimed, but a r e  taken f rom basement rock, or 
have thei r  footages  mislabelled, 6) t o  d a t e  the  Athabasca 
Sandstone, ou t  of a t o t a l  of 21 samples, Fahrig et al. (19781, 
used at least  t h r e e  and possibly up t o  six samples of a l t e red  
basement,  which they claimed t o  have been weathered 80  Ma 
before the  deposition of the  Athabasca Sandstone, 7) t h ree  of 
f ive  of t h e  samples used by them t o  obtain t h e  d a t e  of 
weathering of t h e  basement were  virtually unaltered and 
thei r  d a t e  probably ref lec ts  a basement tec tonic  event  r a the r  
than a weathering event.  

In thei r  reply Fahrig e t  al. (1979) ignored the  f i rs t  four 
points in my discussion but re i tera ted  1) t h a t  their  samples 
were  a l l  correct ly  identified and labelled, 2) t h a t  a l l  t h e  
samples used t o  obtain t h e  d a t e  of weathering of t h e  
basement were  severely a l tered,  3) t h a t  diagenesis in t h e  
Athabasca Sandstone was  a ma t t e r  of a t  t he  most 'a few tens  
of millions of years', 4) t h a t  i t  was  unlikely t h a t  dyke 
intrusion could a f f e c t  F e  diagenesis. 

Identification of Samples 

As a c o r e  laboratory should be able  t o  offer  assurance 
t o  the  public t h a t  due c a r e  is  taken of t h e  cores,  
Fahrig et a1.k (1979) c la im t h a t  t h e  cores  they sampled were  
mixed a f t e r  they studied them deserves some a t tent ion.  Any 
discussion of this point must f i t  t h e  following facts ,  readily 
verifiable by reference  t o  t h e  Saskatchewan Depar tment  of 
Mineral Resources  Assessment File 74H15-0002, and t h e  
complete  HL-I, HL-2, HL-3 co res  in the  Subsurface 
Geological Laboratory. All of these  mater ia ls  a r e  accessible 
t o  the  public. (1). The assessment file shows HL-1, HL-2, 
and HL-3 t o  bot tom at 1115', 7811, and 1117' respectively.  
(2). The company geologist at t h e  drill si te,  who studied 
these  co res  before  they were  transported, repor ted  t h e  
basement con tac t  in these  cores  a t  1087', 744', and 1048'. 
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This means t h a t  t h e  basement  sect ions  were  28', 37', and 69' 
long respectively, if this geologist's p lacement  of t h e  
Athabasca-basement c o n t a c t  was  correct .  (3). At present  
t he re  a r e  25', 34K1, and 60Yz' of basement rock present in t h e  
respect ive  cores,  and these  show no evidence of disruption 
(e.g. t h e  regolith profiles a r e  in thei r  normal sequence). 
(4). The cores  do not display evidence of major f au l t s  through 
t h e  basement.  None a r e  noted by any geologist thus far. In 
particular,  no  evidence of post-Athabasca thrusting is 
present.  

Thus, t h e  sample footages  HL-I 1092, HL-2 762, HL-3 
1064, and HL-3 1072 fa l l  a minimum of 2', 15%', 7K1,.and 15%' 
below t h e  Athabasca-basement con tac t  respectively,  and a r e  
not Athabasca Sandstone a s  claimed by Fahrig et al .  (1978 
and 1979). Any co re  loss (and this of ten  occurs a t  t he  top of 
t h e  regolith, which is generally poorly recovered) would 
increase  t h e  depth  of Fahrig et al.'s samples  below t h e  
basement contact .  Note tha t  t hese  measurements  were  made 
without reference  t o  co re  footage indicators and a r e  
independent of possible e r ro r s  in these.  However, t h e  
dril lsi te geologist's repor t  and t h e  available footage 
indicators ag ree  with t h e  co res  as they  exis t  in our 
laboratory. Thus, if t h e  footage indicators mislead 
Fahrig e t  al. then a ra ther  severe  co re  rearrangement  
occurred between t h e  dril lsi te and La Ronge, and somehow 
undid itself between La Ronge and Regina. The application 
of Ockham's Razor suggests a simpler solution. 

If we t ake  Fahrig et al.'s footages a s  co r rec t ,  t hey  have 
mistaken basement  co re  for Athabasca Sandstone. Listing 
where  and who made t h e  identifications (Fahrig e t  al., 1979) 
does  not shed l ight on this problem; only t h e  publication of a 
detailed petrographic description of thei r  samples will do  so. 
Examination of t h e  footages  used by Fahrig e t  al. (1978) 
indicates  t h a t  in t h e  case  of HL-I and HL-3 they sampled 
a l t e red  metaquar tz i te ,  t h e  const i tuents  of which, nearly 
exclusively quar tz ,  clays, and hemat i te ,  a r e  identical  t o  those 
of t h e  Athabasca Sandstone. This me taqua r t z i t e  can  be  
distinguished f rom the  l a t t e r  by i t s  banding inclined a t  angles 
g rea te r  than 25" t o  t h e  co re  axis, t h e  presence of thin 
pegmatites,  and by t e x t u r e  in thin sect ion (paleosol textures).  
Well-exposed outcrops of i t  may b e  found, more  or less on 
s t r ike ,  near  Rabbi t  Lake. 

T h e  Significance of t h e  Rb/Sr D a t e  on Basement Samples 
f r o m  t h e  R L  C o r e  and Their Degree  of Weathering 

In t h a t  t h e  Rb/Sr work of Wanless (wri t ten  
communication) yielded an "isochron age  of 1631 + 30 Ma" 
(reported a s  1633 Ma in Fahrig e t  al., 19781, Fahrig e t  al.'s 
(1978) a g e  of 1550 Ma for  t h e  deposition of the  Athabasca 
Sandstone must have an error  range of at leas t  + 50  Ma asso- 
c i a t ed  with i t ,  if t hey  assumed t h a t  t h e r e  is  negligible 
d i f ference  between these  two ages. Under the  c i rcumstance 
t o  regard these  ages  a s  equal ( a s  evidenced by thei r  use of 
regolith d a t a  t o  establish t h e  a g e  of t h e  Athabasca Sandstone) 
i s  exact ly  as justifiable (or ra ther ,  a s  unjustifiable) a s  
assuming t h e  c o r r e c t  ages  t o  b e  a t  leas t  160 Ma apart .  
F a h r i g e t  a1.k (1978) Fig. 1.5 indicates a d i f ference  in 
paleolati tude of about  15O for a 80 Ma di f ference  in a g e  and 
about  35" for a 160 Ma' a g e  difference. These a r e  not 
negligible values. 



Table  I 

C h e m i c a l  a n a l y s e s  of t h e  s a m p l e s  used in t h e  
Rb/Sr isochron d a t e  on  t h e  R L  c o r e  

I s a m p l e  NO. C ~ O  A12O3 I 

- 

G S C  P r o j e c t  No. 680135; B a t c h  No. 73-29; 
Submi t te r ' s  Name: W. Fahrig.  

If, a c c o r d i n g  t o  F a h r i g e t a l .  (1979), w e  c a n n o t  
"specula te  t o o  in te l l igen t ly  regard ing  t h e  e x a c t  s i z e  of t h e  
g a p  b e t w e e n  w e a t h e r i n g  and s e d i m e n t a t i o n "  t h e n  t h e i r  use  of 
regol i th  d a t a  t o  es tab l i sh  t h e  a g e  of depos i t ion  of t h e  
A t h a b a s c a  Sands tone  is astounding,  a s  t h i s  c l e a r l y  i n d i c a t e s  
t h a t  Fahr ig  et al. (1978) h a v e  n o t  only s p e c u l a t e d  o n  t h i s  
d i f f e r e n c e ,  but ,  f o r  reasons  u n s t a t e d ,  h a v e  dec ided  t h a t  i t  
w a s  negligible. 

T h e  main  problem w i t h  Fahr ig  e t  a1.k u s e  of t h e  Rb/Sr  
d a t a  l i e s  in t h e i r  i n t e r p r e t a t i o n  t h a t  t h e  1631 Ma d a t e  
r e p r e s e n t s  a w e a t h e r i n g  e v e n t .  They  b a s e  t h i s  on a c l a i m  
t h a t  t h e  s a m p l e s  w e r e  "all in tense ly  w e a t h e r e d f 1  a s  shown by 
t h e i r  ' e x t r e m e l y  low' c a l c i u m  and "correspondingly high" 
a l u m i n a  c o n t e n t .  Fahr ig  e t  al .  (1979) did no t  p r e s e n t  t h e  
d a t a  on which  t h e y  based th i s  c la im.  They  a r e  presen ted  h e r e  
(Table  1) th rough t h e  kindness of R.K. Wanless. These  d a t a ,  
al luded t o  by Fahr ig  et al. (1979) a n d  which  w e r e  used a s  
input  t o  my descr ip t ion  of t h e s e  s a m p l e s  in t h e  discussion 
( R a m a e k e r s ,  1979) show t h a t :  I )  T h e  3 d e e p e s t  s a m p l e s  a r e  
v i r tua l ly  una l te red  in C a O  c o n t e n t .  T h e  Handbook of 
G e o c h e m i s t r y  (p. 20-M-I) g ives  a weight  per  c e n t  of 3.0 a s  
t h e  a v e r a g e  abundance  of C a O  in  P r o t e r o z o i c  'banded gneiss ,  
m i g m a t i t e  gneisses,  g r a n i t i c  gneiss ,  minor amphibol i t i c  
inclusions '  of t h e  C a n a d i a n  Shield, quot ing  E a d e  and  Fahr ig ,  
(1971). For t h e  921  s a m p l e s  used t h e s e  a u t h o r s  g i v e  n o  
dispersion s t a t i s t i c s ,  s o  t h a t  i t  is n o t  e a s y  t o  e v a l u a t e  t h e  
s ign i f icance  of t h e  va lue  of 1.3 f o r  s a m p l e  R L 4 9 2 0 .  
However ,  Ronov and  Migdisov (1970) o b t a i n e d  a n  a v e r a g e  
C a O  c o n t e n t  of 2.3 w e i g h t  p e r  c e n t  on 460 s a m p l e s  of t h i s  
t y p e  of P r o t e r o z o i c  rock  f r o m  t h e  Russian P l a t f o r m .  
Evalua t ion  of t h e  va lues  of t h e  o t h e r  major  e l e m e n t s  in 
s a m p l e  R L  4920 s t r o n g l y  s u g g e s t s  t h a t  t h e  va lue  of 1.3 f a l l s  
within t h e  normal  r a n g e  of C a O  c o n t e n t  in u n a l t e r e d  r o c k s  of 
t h i s  t y p e ;  indeed,  t h e  a v e r a g e  f o r  t h e  t h r e e  d e e p e s t  s a m p l e s  
is higher t h a n  Ronov and  Migdisov's a v e r a g e  C a O  va lue .  
2) Only t h e  s t r a t i g r a p h i c a l l y  highest  s a m p l e  in t h e  R L  c o r e  
shows 9 e n r i c h m e n t  in a lumina .  T h e  a v e r a g e  f o r  th i s  rock  
t y p e  of th i s  a g e  is 16.0 w e i g h t  per  c e n t  (Eade  and  Fahr ig ,  
1971). T h e  Handbook of G e o c h e m i s t r y  (p. 13-M-2) shows t h a t  
in  gne isses  t h e  va lue  of a l u m i n a  commonly  r a n g e s  b e t w e e n  1 2  
and  20 weight  per  c e n t  a round a n  a v e r a g e  of a b o u t  1 6  w e i g h t  
per  c e n t .  3) T h e  s a m e  p a t t e r n  holds for  t h e  o t h e r  m a j o r  
e l e m e n t s  no t  shown here ;  i.e. t h e  d e e p e s t  s a m p l e s  a r e  
v i r tua l ly  una l te red .  Of t h e  t h r e e  d e e p e s t  s a m p l e s  t h e  only 
major  e l e m e n t  t o  i n d i c a t e  any  sign of a l t e r a t i o n  is  Na in  
R L  4910,  which is  d e p l e t e d ;  H 2 0 T  is  h igher  in th i s  s a m p l e  a s  
well, b u t  much less  s o  in t h e  t w o  d e e p e r  samples .  T h e s e  
va lues  probably  r e f l e c t  t h e  s l igh t  s e r i c i t i z a t i o n  e v i d e n t  in 
t h i n  sec t ion .  4) Sample  4878, t h e  o n e  s a m p l e  no t  used in t h e  
isochron,  and  visually t h e  m o s t  s e v e r e l y  a l t e r e d  i s  a l so  t h e  
m o s t  a l t e r e d  chemica l ly .  

Thus, a s  s t a t e d  in m y  discussion ( R a m a e k e r s ,  1979), t h e  
t h r e e  d e e p e s t  s a m p l e s  s e e m  v i r tua l ly  u n a l t e r e d  in  visual  
a p p e a r a n c e ,  in th in  s e c t i o n  (less a l t e r e d  t h a n  m o s t  s a m p l e s  of 
t h e  M a c k e n z i e  d y k e s  in t h e  A t h a b a s c a  Basin which  g i v e  
n o r m a l  M a c k e n z i e  e v e n t  ages) ,  a n d  t h e  c h e m i c a l  a n a l y s e s  
c o n f i r m  this .  In view of this ,  F a h r i g  e t  al .  m a y  b e  a s s u r e d  
t h a t  not  only is m a t e r i a l  f r o m  be low t h e  z o n e  of w e a t h e r i n g  
in t h e  R L  c o r e  ava i lab le ,  b u t  t h a t  t h e y  h a v e  used i t  in t h e i r  
isochron.  As w i t h  t h e  Kenoran  p r o v e n a n c e  a g e s  o b t a i n e d  
f r o m  t h e  a c t u a l  A t h a b a s c a  Sands tone  ( R a m a e k e r s ,  19791, t h e  
f a c t  t h a t  t h e  t w o  c lear ly  a l t e r e d  s a m p l e s  of t h i s  c o r e ,  b u t  not 
t h e  m o s t  a l t e r e d  one ,  f a l l  o n  t h e  s a m e  i sochron  a s  t h e  
u n a l t e r e d  samples ,  is  in i tself  e v i d e n c e  t h a t  t h e  Rb/Sr m e t h o d  
is  a b l e  t o  look through a cons iderab le  a m o u n t  of wea ther ing .  
I n t e r p r e t i n g  t h e  1631 Ma d a t e  a s  a l a t e  s t a g e  e v e n t  of t h e  
b a s e m e n t  rock  (perhaps  a n  ep isode  of t e c t o n i c  a c t i v i t y )  f i t s  in 
well  w i t h  t h e  o t h e r  b a s e m e n t  d a t e s  c i t e d ,  which  w e r e  n o t  
ques t ioned  by F a h r i g  et al. in t h e i r  reply.  

D u r a t i o n  of Diagenes i s  in  t h e  A t h a b a s c a  S a n d s t o n e  

F a h r i g  et al. fa i led  t o  d e m o n s t r a t e ,  e i t h e r  in t h e i r  p a p e r  
o r  reply,  I )  t h e  e x i s t e n c e  of s t r a t i g r a p h i c  redbed  uni t s  in t h e  
A t h a b a s c a  Sands tone ,  2) c o n t i n u i t y  of depos i t ion  in t h e  
A t h a b a s c a  Sands tone ,  3) a g e  e q u i v a l e n c e  of t h e  s a n d s t o n e  
depos i t ion  a n d  t h e  o ldes t  g e n e r a t i o n  of h e m a t i t e ,  a n d  
4) immobi l i ty  of t h e  h e m a t i t e  a f t e r  p rec ip i ta t ion .  F a i l u r e  on 
a n y  o n e  of t h e s e  po in ts  i n v a l i d a t e s  c h r o n o s t r a t i g r a p h i c  
c o r r e l a t i o n  of h e m a t i t e - r i c h  z o n e s  by m a g n e t i c  reversa l s .  As 
a l l  e v i d e n c e  p r e s e n t e d  by m e  on  t h e s e  po in ts  
(Rarnaekers ,  1979) w a s  uncha l lenged  by F a h r i g  et al .  in t h e i r  
reply,  t h e i r  r e a s s e r t i o n  of t h e i r  c l a i m  in t h i s  r e s p e c t  is 
hollow. 

It is n o t  just s imply a m a t t e r  t h a C H s o m e  P h a n e r o z o i c  
s e q u e n c e s  . . . progress ive ly  reddened  dur ing  t ime".  Many 
such  s e q u e n c e s  show wel l  d e f i n e d  m a g n e t i c  poles ind ica t ing  
r e l a t i v e l y  shor t l ived ,  thorough going a l t e r a t i o n  e v e n t s  
hundreds  of mil l ions of y e a r s  a f t e r  deposi t ion.  O t h e r s  show 
m o d e r n  poles. Ample  e x a m p l e s  of t h e s e  and  of o t h e r  t y p e s  of 
a l t e r a t i o n  a r e  found  in t h e  r e f e r e n c e s  c i t e d  in  m y  discussion. 
To  s a y  t h a t  " l i t t l e  is  known a b o u t  t h i s  possibi l i ty in 
P r o t e r o z o i c  sequences"  is  t o  ignore  a c o n s i d e r a b l e  body of 
work ,  t w o  of which  w e r e  c i t e d  in m y  discussion.  As 
F a h r i g  et al. (1979) point  o u t  "it is i m p o r t a n t  t o  r e m e m b e r  
t h e  s c a l e  of t i m e  involved"; h o w e v e r ,  d iagenes i s  in t h e  
A t h a b a s c a  S a n d s t o n e  i s  n o t  a m a t t e r  of just a f e w  " tens  of 
mil l ions of years". D a h l k a m p  (1978), c i t e d  in  m y  discussion,  
e s t a b l i s h e s  t h a t  p i tchblende ,  in p l a c e s  i n t e r g r o w n  w i t h  q u a r t z  
o v e r g r o w t h s  is of P e r m i a n  t o  c r e t a c e o u s  a g e  in t h e  A t h a b a s c a  
Sands tone ,  a b o u t  1400 Ma younger t h a n  F a h r i g  e t  al.'s d a t e  
f o r  depos i t ion  of t h a t  s e q u e n c e ,  t h u s  showing  t h a t  q u a r t z  
d iagenes i s  w a s  s t i l l  p roceeding  then .  H e m a t i t e  is  a l s o  
in te rgrown w i t h  p i tchblende  in  m a n y  of t h e  uran ium shows 
and  o r e b o d i e s  wi th in  t h e  A t h a b a s c a  Sands tone .  Virtual ly a l l  
of t h e s e  r e v e a l  P a l e o z o i c  o r  Mesozoic  ages :  e.g. S t e w a r t  
Island, 400 Ma (Wanless, @ Fahr ig ,  1961); Middle Lake ,  100 
Ma (Fahr ig ,  1961). T h e  high F e  c o n t e n t  of d e e p  f o r m a t i o n  
w a t e r s  (10 ppm w i t h  a pH of 7.5; v e r y  high va lues  in t h i s  p H  
r a n g e ,  Handbook of G e o c h e m i s t r y ,  p. 26-1-21 i s  e v i d e n c e  t h a t  
F e  is  s t i l l  moving  in t h e  A t h a b a s c a  Sands tone .  

T h a t  t h e  d e m a g n e t i z a t i o n  e v e n t s  d o  n o t  show m o r e  t h a n  
o n e  c o m p o n e n t ,  at any  o n e  s a m p l e  is  q u i t e  c o m p a t i b l e  w i t h  
t h e  m e c h a n i s m  of c h e m i c a l  r e m o b i l i z a t i o n  of t h e  F e  ox ides  
t h a t  F a h r i g  et al .  s o  s t e a d f a s t l y  r e f u s e d  t o  cons ider  in t h e i r  
paper  or  reply. This  m e c h a n i s m  a l s o  expla ins  why r e v e r s e d  
a n d  nonreversed  s a m p l e s  of s t r ik ing ly  d i f f e r e n t  m a g n e t i c  
inc l ina t ions  l i e  s o  c l o s e  t o g e t h e r  in t h e  A t h a b a s c a  Sands tone ,  
s o m e t h i n g  t h a t  is o t h e r w i s e  hard  t o  expla in  w i t h o u t  invoking 
o t h e r w i s e  d e t e c t a b l e  d i scont inu i t ies ,  which  F a h r i g  e t  al. 



cannot do  because i t  would make  the i r  Dro~osed  chrono- Refe rences  
s t ra t igraphic  correlations impossible.   he' wide s c a t t e r  of 
magnet ic  inclinations ( 0 ' - 8 0 " )  and thei r  distribution 
through the  Athabasca Sandstone (Fahrig e t  al., 1978) 
provides c lear  paleomagnetic evidence of F e  remobilization. 
For them t o  claim otherwise is t o  ignore their  own data.  

E f fec t  of Dykes on Fe Diagenesis 

The mobility of F e  in low t empera tu re  groundwater 
sys tems is well documented in t h e  l i t e r a tu re  and needs  no 
fur ther  comment.  Thus i t  is surprising t h a t  t he  possibility of 
F e  remobilization a s  a result of st imulation of groundwater 
circulation by dyke intrusion seems "remotell t o  Fahrig e t  al. 
(1979). Groundwater circulation around dykes is widely 
recorded by s tudents  of geothermal  sys tems (Ellis and Mahon, 
1977? p. 33  and t h e  many re fe rences  therein). It is supported 
by simulation studies (Cathles,  19761, and by t h e  study of 
connate  waters  (Roedder, 19791, which suggest t h a t  h e a t  
input in to  a basin will des tabal ize  stagnant groundwater 
systems. Such a mechanism may also account for t h e  
corre la t ion between the  "oldest1' uranium ages  in t h e  
Athabasca  Basin and the  ages  of dyke intrusion, a relation 
noted by virtually a l l  authors  in t h e  l i t e r a tu re  on t h e  
Athabasca deposits. 

Despite Fahrig et al.3 (1979) c la ims t o  t h e  contrary,  
t he re  is evidence of polarity reversal  with Mackenzie event  
dykes. Within the  Athabasca Basin occur  Mackenzie event  
dykes  with associated negative magnet ic  anomalies ra ther  
than the  usual positive ones. Personen and Halls (1979) report  
Mackenzie dykes with reversed polarity elsewhere. However, 
t h e  polarity of Mackenzie dykes is irrelevant t o  t h e  point 
under discussion, which is t h e  t imes  of groundwater 
movement.  Dykes will a f f e c t  t h e  movement of groundwater 
physically and chemically long a f t e r  t h e  former  have cooled. 
Knowledge of t h e  sampling density of t h e  Sudbury dykes 
(Fahrig e t  al., 1979) is equally imper t inent  t o  understanding 
of Fe  diagenesis within the  Athabasca Basin. A discussion of 
sampling density, but more important  of post-intrusiue 
a l tera t ion of Mackenzie dykes within t h e  Athabasca Basin, of 
which our  mapping (Ramaekers  and Hartling, 1979) has  
increased t h e  number of known exposures by a fac to r  of ten,  
would have been more  t o  t h e  point. Such work reveals  
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Paper 78-LC. 





NOTE T O  CONTRIBUTORS 

Submissions t o  the Discussion section of Current Research are welcome f r o m  
both the s ta f f  o f  the Geological Survey and f r o m  the public. Discussions are l im i ted  
to 6 double-spaced typewr i t ten pages (about 1500 words) and are subject t o  review by 
the Chief Scient i f ic Editor. Discussions are rest r ic ted to  the scient i f ic content o f  
Geological Survey reports. General discussions concerning branch or government 
pol icy w i l l  not  be accepted. I l lustrat ions w i l l  be accepted only i f ,  i n  the opinion of 
the editor, they are considered essential. I n  any case no redraf t ing w i l l  be undertaken 
and reproducible copy must accompany the or iginal submissions. Discussion is 
l imi ted to  recent reports (not more than 2 years old) and may be i n  ei ther English 
or French. Every e f fo r t  is made to  include both Discussion and Reply in  the 
same issue. Current Research is published in  January, June and November. 
Submissions fo r  these issues should be received not  la ter  than November 1, Apr i l  1, 
and September 1 respectively. Submissions should be sent t o  the Chief  Scient i f ic 
Editor, Geological Survey o f  Canada, 601 Booth Street, Ottawa, Canada, K1A OE8. 

Avis aux auteurs d'articles 

Nous encourageons tant le personnel de la Commission ge'ologique que l e  grand 
public h nous faire parvenir des articles destine's h la section discussion de la 
publication Recherches en cours. Le texte doit comprendre au plus six pages 
dactylographie'es h double interligne (environ 1500 mots), texte qui peut faire llobjet 
dlun re'examen par le re'dacteur en chef scientifique. Les discussions doivent se limiter 
au contenu scientifique des rapports de la Commission ge'ologique. Les discussions 
ge'ne'rales sur la Direction ou les politiques gouvernementales ne seront pas accepte'es. 
Les illustrations ne seront accepte'es que dans la mesure ok , selon I'opinion du 
r&dacteur, elles seront conside're'es comme essentielles. Aucune retouche ne sera 
faite aux textes et dans tous les cas, une copie qui puisse Gtre reproduite doit 
accompagner les textes originaux. Les discussions en franpais ou en anglais doivent se 
limiter a m  rapports re'cents (au plus de 2 ans). On s'efforcera de faire coincider les 
articles destine's aux rubriques discussions et reponses dans le m6me nume'ro. La 
publication Recherches en cours parait en janvier, en juin et en novembr& Les 
articles our ces nume'ros doivent Gtre repus au plus tard le ler novembre, le 1 avril 
et le lePseptembre respectivement. Les articles doivent Otre renvoygs au re'dacteur 
en chef scientifique: Commission g6ologique du Canada, 601, rue Booth, Ottawa, 
Canada, K I A  OE8. 
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