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INTRODUCTION 

Most of the work undertaken by the Geological Survey is designed to contribute to  the 
three main programs of the Department of Energy, Mines and Resources-the Minerals Program, 
the Energy Program and especially the Earth Science Service Program. 

The Minerals Program is designed to ensure adequate supply and effective use of the 
mineral resources of  Canada through timely mineral information, technology and expertise 
derived from field, o f f ice  and laboratory geological, geophysical and geochemical studies. The 
information that results from such studies contributes to: 

- planning for increased regional economic development. 
- developing a rational basis for improving our balance o f  trade position. 
- increasing Canada's ability to be more self-reliant in mineral requirements. 
- increasing our security of supply. 
- better management o f  the mineral resources available to Canada. 

The Energy Program is designed to ensure the availability of Canada's energy resources 
and to promote their effective use. The geological studies carried out in support o f  this 
program provide indications of the probable location of areas favourable to the occurrence o f  
oil, natural gas, coal and other energy resources. Such studies enable estimates to be made of 
the quantity, quality, and probable distribution o f  the resources and provide integrated 
descriptions of the habitats in which energy resources may be found. 

The Energy Program obviously contributes significantly to planning for the expansion of 
primary and secondary industry and thus to increased regional economic development. It is the 
basis for plans for increasing Canada's ability to become more self-reliant in energy needs and 
for ensuring security of supply. 

About 70 per cent of the work of the Geological Survey contributes to the Earth Science 
Service Program which has the objective of ensuring the availability of the earth-science 
information needed for effective management of the Canadian landmass, including the 
continental shelves and adjacent ocean floors. This includes management of resources for land 
use, regional and urban development, and transportation. 

Bedrock and surficial surveys, regional analyses and syntheses, environmental and 
engineering geology studies, studies of standards, correlations and processes and studies of 
sedimentary and geomorphic processes are some of the Geological Survey's activities that 
contribute to this program. 

The uses o f  the program are widespread and include: 

- more efficient and ef fective search for Canada's mineral and energy resources. 
- better understanding of the geological evolution of Canada. 
- more secure resource base. 
- developing a basis for evaluating the impact of man's activities on the 

physical environment. 
- land use planning including an evaluation o f  surficial material resources and 

terrain hazards. 

The 63 reports that comprise this publication all contribute to one or more of these 
programs. 

As part o f  its evaluation o f  Canada's uranium and thorium resources the Geological Survey 
carries out investigations of the nature and distribution o f  uranium deposits both in Canada and 
abroad. Such studies aid in determining the metallogenic processes that govern uranium 
occurrence and thus help to establish guidelines that can be used in the search for new deposits. 
Reports 28, 29, 39, 45, and 63 are concerned with this subject. Reports 45 and 63 are of 
particular interest because they provide information on previously unreported uranium 
occurrences in the Permo-Carboniferous basin o f  Atlantic Canada and also a model that will 
assist in the search for similar occurrences. Other studies carried out as part of the Minerals 
Program are described in reports 3 and 27. The latter report describes a bibliography that was 
developed during an evaluation o f  the Delphi Forecasting Technique, a possible method for 
predicting future supplies of  heavy metals and gives a brief review of  the technique. Studies in 
mineralogy also support the Minerals Program and report 44 gives specialized data on the 
mineral assemblages found at the Rabbit Lake uranium deposit in Saskatchewan. An example of 
how samples of drift can be used in the search for mineral deposits is outlined in report 55. 



A variety of geophysical studies are carried out in support o f  all three programs. Many o f  
these are concerned with the development of techniques. Reports 5 ,  9, 11,  12, 13, 16, and 24 
describe studies that range from using geophysical techniques to measure the thickness of sea 
ice to the development of a better antenna for use in the field. 

Studies in marine geoscience are becoming increasingly important especially in the light 
of possible exploitation of offshore oil and natural gas resources. In this publication all but one 
of the reports devoted to  marine geoscience are concerned with the East Coast. The exception, 
report 48 describes bottom studies in Douglas Channel, British Columbia. Reports 7,  17,  19, and 
20 give information on past and present geological processes in coastal and marine areas. 
Reports 18, 25 and 46 describe regional reconnaissance work carried out on parts of the Atlantic 
Continental Shelf. 

With the increasing use that is being made of  the relatively sensitive land in the arctic, 
terrain studies are becoming more and more important in order to prevent major damage t o  the 
surface of the land. Reports 59 and 60 give results of inventory mapping in two areas west of 
Hudson Bay, areas that could be the site of major activity should the proposed pipeline from the 
Arctic Islands follow a route west of the Bay. Some deposits along the Ottawa and 
St. Lawrence valleys are unusually sensitive t o  stress and under extreme conditions liquify 
thereby causing collapse of any structures that are built on them. Report 57 gives results o f  
one aspect of the continuing study o f  this problem. 

Understanding the stratigraphy o f  rock sequences in sedimentary basins is essential if 
hydrocarbon potential is to be evaluated. The more information there is the more precisely can 
the estimates be made. Reports 35, 37, 40, and 42 give results from four areas within the 
Interior Plains. Structural studies, also important in unravelling the geological history o f  an 
area, are reported on in reports 32, 47, and 58. Stratigraphic correlation is very dependent on 
fossil identification and the Geological Survey maintains on-going paleontological studies. 
Reports 1,  2,  33, 34, 36, and 43 give some of the results of these studies. 

R.G. Blackadar 
Chief Scientific Editor 
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ADDITIONAL PALEONTOLOGICAL OBSERVATIONS BEARING ON THE AGE O F  THE 
LOURDES FORMATION (ORDOVICIAN), PORT AU PORT PENINSULA, WESTERN NEWFOUNDLAND 

Pro jec t s  720072 and 740084 

M.J. copeland '  and Thomas E. ~ o l t o n ~  

Introduction 

Early Paleozoic rocks of Por t  au Por t  Peninsula have 
been studied by Murray and Howley (1881), Schuchert  and 
Dunbar (19341, Riley (1962), Rodgers (19651, Curnrning 
(19671, F3hraeus (1973, 19741, and Kay (1969; in Bergstrijm 
et al., 1974). Fossils f rom these  rocks have been discussed 
in those repor ts  a s  well  a s  by Cooper (19561, Bolton (1965) 
and F r i t z  (1966), and have been the  subject of severa l  
theses a t  Memorial University of Newfoundland. The 
l imestone and shale included in t h e  Lourdes Formation, 
Long Point Group, by Kay (in Bergstrorn et al., 1974) have 
been assigned t o  e i ther  t h e  Middle Ordovician 
Mohawkian/Caradocian Wilderness Stage or lowest 
Trentonian Barneveld Stage (Schuchert and Dunbar, 1934, 
p. 72; Cooper, 1956, p. 13; Rodgers, 1965, p. 91; Bolton, 
1965, p. 23; Cumming, 1967, p. 14; Whittington and 
Kindle, 1969, p. 655) or t he  older Middle Ordovician 
Valcourian-Ashbyan and Porterfieldian-Bolarian Stages  by 
Kay (1969, p. 667, 668; 1974, in, Bergstrorn et al., 
p. 1629). The discovery during t h e  1976 field season of an  
os t racode fauna within the  shale  unit a t  t h e  base of 
member I11 of the  Lourdes Formation (Kay, in Bergstrom 
e t  al., 1974) typical of t he  l a t e  Wilderness-early Barneveld 
Decorah Formation of Iowa and Minnesota reaff i rms t h e  
l a t e  Wildernessian-Rocklandian assignment of most  of t h e  
Lourdes Formation. This fauna and some of t h e  cora ls  and Figure 1.1. Locality map, P o r t  au Por t  Peninsula, 
bryozoans character is t ic  of t he  adjacent  l imestone units western  Newfoundland. 
a r e  t h e  basis fo r  this discussion. 

o r t  au  Port Bay 

Port  a u  P o r t  P e n i n s u l a  

St. George's Boy 

Stra t igraphy 

Table 1.1 

Lourdes Formation, Long Point Group 
(Modified from Kay, in Bergstrom e t  al., 1974) 

Member 111: Limestone, a l ternat ing nodular calcisil t i te,  
platy ca lcareni te  with shaly partings,  fos- 
sils abundant on few surfaces,  90 f e e t  
(27 m). Shale and interbedded thin qua r t z  
sandstone and calcareni te ,  fossils in basal 
beds, 28-34 f e e t  (9-10 m). 

Member 11: Bedded, ra ther  massive-ledged ca l ca ren i t e  
and calcisil t i te,  Labyr inthi tes  reefs  rising 
through t en  f e e t  of beds, upper c o n t a c t  a 
corrasion surface,  80 f e e t  (24 m). Shale 
with nodular lensing calcareni te ,  20 f e e t  
(6 m). 

Member I: Alternations of beds  of qua r t z  sandstone 
with some cross-bedding and limestone, 
particularly ca lc i lu t i te ,  60 f e e t  (18 m). 

'Regional and Economic Geology Division 

2Special Projects,  Of f i ce  of t h e  Director  General 

As established by Kay (in Bergstrom e t  al., 1974) 
t h e  Lourdes Formation, unconformably underlain by shaly 
argil l i te of t h e  allochthonous Hurnber Arm Group and 
conformably overlain by c l a s t i c  rocks of t h e  Winterhouse 
Formation, can be  subdivided in to  th ree  informal 
members  in i t s  type locali ty along the  eas t e rn  shore of 
t h e  northern extension (The Bar) of Por t  au Por t  
Peninsula. 

This pas t  field season, fossils were  col lec ted f rom 
exposures near  the  con tac t  of members  I1 and 111 on the  
west  shore  of Por t  au Por t  Peninsula in t h e  Salmon Cove- 
Three  Rock Cove a r e a  and on t h e  e a s t  shore  of The Bar 
near  Black Duck Brook se t t l emen t  (Fig. 1.1). The 
os t racode fauna was discovered only in the  basal shale  of 
member  111 of the  l a t t e r  section (loc. 94287); this unit is  
no t  exposed a t  Salmon Cove-Three Rock Cove 
(loc. 94286). 

Microfauna (Ostracoda) (P la t e  1.1, f igures 9-25) 

L I Samples of t he  lower shale  unit of member  I11 a t  
GSC locali ty 94287 contain a sparse  os t racode fauna 
represented by relatively few specimens, indeterminate  
bryozoans, crinoid remains  and t h e  brachiopod Ptychopleu- 
re l la  sp. (PI. I .I ,  figs. 7, 8). Species of t h e  nine genera 
recognized and their  occurrence  elsewhere in North 
America  a r e  shown in Table 1.3. 

From: Report  of Act iv i t ies ,  Part B;  
Geol .  Surv. Can., Paper 77-1B (1977) 



Figure 1.2. Rocks of the  Lourdes Formation, southeast  
coas t  of Long Point,  locali ty94287. 
Labyrinthites bioherm of upper member  I1 in 
foreground, shale unit of lower member 111 
exposed near lobster t raps ,  overlying beds of 
member  111 in background (203106). 

Table 1.2 

Collecting localities, Po r t  au P o r t  Peninsula, 
western  Newfoundland. 

GSC locality 84824: Shore section Salmon Cove, ~ h r e e l  
dock  Cove a rea  (48"37'30"N, 59°05'301'W); 
Labyrinthites-bearing upper beds of 
member 11; collector W.T. Dean, 1969. 

GSC locality 88932: On coast  1.35 t o  1.5 miles (2.2- 
2.4 km) nor theas t  of Winterhouse road 
junction a t  Black Duck Brook (48'42'N, 
58 " 53'30"W); Labyrinthites-bearing upper 
beds of member 11; col lec tors  
L.M. Cumming and H. Corkin, 1964, 1966, 
1968. 

GSC locality 94286: Shore section Salmon Cove and 
Three  Rock Point (48037'301'N, 
59"05'30t'W); Labyrinthites-bearing upper 
20 f e e t  of member I1 and Diplotrypa-bear- 
ing lower beds (20-30 f e e t  above base) of 
member 111; collector M.J. Copeland, 1976 
(same a s  GSC locality 84824). 

They a r e  representa t ive  of t he  widespread North 
American ostracode assemblage described by Kay (1934; 
1940), Harris (1957) and Copeland (1965; 1974; in Bolton 
et al., in press) f rom s t r a t a  of Wilderness and early 
Barneveld age. This North American assemblage is 
divisible into southern and northern faunal provinces 
based on the  more  common occurrence  of 'European' 
e l emen t s  in the  la t ter .  In addition, these  northern 
e lements  become more numerous and diverse in the  
la ter ,  Barneveldian, par t  of t h e  assemblage range. The 
lack of known 'European1 os t racodes  in the  present  
collection might therefore  suggest i t s  inclusion within 
the  southern faunal province and/or i t s  pre-Barneveldian 
age; however, t h e  sample  is t oo  small  t o  justify an  
unequivocal s t a t e m e n t  a t  this t ime. 

This is  t he  f i rs t  documented repor t  of a North 
American province Ordovician os t racode fauna f rom 
Newfoundland. Billings (1865, p. 299, 3001, Schucher t  
and Dunbar (1934, p. 64) and Berdan (in Whittington and 
Kindle, 1963, p. 747) mention os t racodes  f rom the  Table  
Head Formation of western Newfoundland t h a t  a r e  now 
considered ear l ies t  Middle Ordovician, Whiterockian. 
Schuchert  and Dunbar (1934, p. 69) l ist  a leperditicopid 
os t racode f rom t h e  Long Point Series and Kay (in Bergstrom 
e t  al., 1974, p. 1629) likewise records  th ree  os t racode 
species f rom the  Lourdes Formation, Por t  au  P o r t  
Peninsula: Ctenobolbina parroquet tens is  Twenhofel and 
Whiting, Aparchi tes  sp. and "Leperditia" sp. Identifica- 
t ion of C .  parroquet tens is  f rom the  upper p a r t  of unit I11 
of the  Lourdes Formation has not been verified and it 

GSC locality 94287: Shore section 2.2 miles (3.5 km) Figure 1.3. Corallum of Labyr inthi tes  (Labyrinthites) 
nor theas t  of Black Duck Brook corner  chidlensis Lambe, upper beds of member  11, 
(48"42'30t'N, 5X053'W); members  I1 (upper Lourdes Formation, locali ty 94287. 
20 f ee t )  and 111 (lower 35 feet);  col lec tor  Hammer  handle is  13  inches (33 c m )  long 

(203106-A). 



may be  in doubt a s  this species was previously reported 
(Twenhofel, 1938, p. 66) only f rom s t r a t a  of the  older, 
Chazyan, Mingan Formation. This, therefore ,  is t he  most 
eas ter ly  Iknown occurrence of t h e  widespread l a t e  Middle 
Ordovician North American ostracode assemblage and 
extends  our knowledge of i t s  distribution more than 
500 miles (800 km) from i t s  previous easterly l imit  in 
St. Lawrence Lowland. 

Subclass Ostracoda Latreil le,  1806 
Order Palaeocopida Henningsmoen, 1953 

Superfamily Hollinacea Swartz,  1936 
Family Tetradellidae Swartz ,  1936 

Tetradel la?  newfoundlandensis Copeland n. sp. 

P l a t e  1.1, f igures 9-13 

Description. Quadrilobate,  lobes undivided and inclined 
posterodorsally, L1 and L3 overhanging dorsum, LI  and L4 
joined ventrally, L2 and L3 slightly res t r ic ted  ventrally, 
L2 constricted near mid-length. Trisulcate,  S I  long, 
narrow, joined dorsally with prominent, broad S2, S3 long, 
narrow. 

Ventral field lowly rounded, nearly planar, sur- 
mounted by indistinct, thread-like carina,  he re  t e rmed  
histium, extending along the  distal  edge of t h e  histial lobe 
f rom beneath LI  t o  posterior cardinal area.  Heteromorph 
with histial ridge extending anteriorly t o  posterior edge  of 
cjrcumlocular cres t .  Both dimorphs with histial ridge 
marking the  posteroventral  angle of L4, descending 
abruptly a t  posterodorsal edge of L4 t o  near  valve margin 
and terminating a t  or near  posterior cardinal angle. No 
tecnomorphic velar ridge observed; heteromorph with 
fine, thread-like (discontinuous?) velar ridge extending in 
a curve  f rom mid posterior margin t o  posterior edge of 
circumlocular cres t .  Marginal r idge low, indistinct. 

Dimorphic, heteromorph with three  anteroventra l  
loculi. Loculi with circumlocular c re s t s  closely appressed, 
apparently without connecting locular c re s t s  or  lines of 
division. 

Holotype, heteromorphic l e f t  valve, 1.10 mm long, 
0.80 mm high; paratypes,  t h ree  tecnomorphic valves, 0.85- 
0.90 mm long, 0.60 mm high. 

Number of specimens studied, 6. 

Types. Holotype, GSC 48848; para types  GSC 48845- 
48847. 

Occurrence. Shale unit a t  base of member  111, GSC 
locali ty 94287. 

Discussion. Within the  Palaeocopida, abvelar locular 
dimorphism is typically expressed by genera  of t he  
Tetradellidae.  T.? newfoundlandensis possesses such 
dimorphism and is quadrilobite but  i s  not otherwise a 
typical species of Tetradel la  in t h a t  LI  and L3 a r e  
undivided lobes, t h e  histium is not prominently cres ted  
and t h e  velum is reduced t o  a thread-like ridge on the  
near-planar sub-histial field. The presence of great ly  
reduced histial and velar ridges i s  suggestive of species  of 
Dilobella which, however a r e  typically bilobate. Of 
presently known dilobellids, only D. marginata  Teicher t  ( a  
species  of questionable tetradellid affinity) f rom C a p e  
Calhoun, northern Greenland, may prove t o  b e  
quadrilobate and thus bear some resemblance t o  T.? 
newfoundlandensis. 

Megafauna (Anthozoa, Stromatoporoidea,  Bryozoa) 

The megafossils examined during t h e  present  study 
include representa t ives  of t h e  cora ls  Labyr inthi tes  (Laby- 
r in thi tes  chidlensis Lambe (PI. 1.3, figs. 1-7) and Billing- 
sa r i a  parvi tuba (Troedsson) (PI. 1.4, figs. 1, 4-7) col lec ted 
from the  Labyrinthites-bearing upper beds of member  11. 
Both these  species have been described recently in 
association e i the r  with the  l imited ranging cephalopod 
Conioceras  or  l ~ t e  Mohawkian os t racodes  in t h e  Bad 
Cache Rapids Formation of Melville Peninsula, Dis t r ic t  
of Franklin (Bolton et al., in press); they have also been 
reported f rom t h e  Gonioceras Bay-lower C a p e  Calhoun 
format ions  of northwestern Greenland (Troedsson, 1929). 
A la te  Wilderness-Barneveld Middle Ordovician a g e  was 
advocated for  these  rocks ra ther  than t h e  l a t e  
Ordovician age  accepted for  many years. In t h e  Lourdes 
Formation, L. (L.) chidlensis is most abundant in 
member I1 in association with Conioceras  and B. parvi tuba 
[B. parva  (Billings) of ~ a ~ ] ,  middle Mohawkian os t racodes  
a r e  present in t h e  basal sha le  unit of member 111, and a 
similar t r i lobi te  (W.T. Dean, pers. comm.) and brachiopod 
fauna apparently occurs  throughout t h e  two  members  
(Schuchert  and Dunbar, 1934, p. 70, 71; Cooper, 1956, 
p. 12, 13; Kay, in Bergstrom et al., 1974, p. 1629, 
Table 1). On t h e  basis of these  megafossils, therefore ,  a 
l a t e  Wildernessian-Rocklandian age is suggested fo r  t he  
major, fossil iferous p a r t  of t he  Lourdes Formation. 

Laminar expansions of t he  stromatoporoid Labechia  
sp. (PI. 1.2, figs. 4,  5, 71, anastornosing branches of t h e  
bifoliate c ryp tos tomate  bryozoan St ic toporel la  sp. af f .  S.  
f enes t r a t a  Hall (PI. 1.1, figs. 1, 2, 4-61, and massive hat-  
shaped zoar ia  of t h e  t repostomate  bryozoan Diplotrypa 
schucher t i  F r i t z  also were  recognized within t h e  bio- 
herms of P o r t  au Por t  Peninsula. Limestone above the  
basal shale  unit of member I11 contained similar but  
consistently larger  colonies of t he  t repostomate  bryo- 
zoan (PI. 1.2, figs. 1-3, 6 ,  8) and a cyclos tomate  bryozoan 
Ceramopora  sp. (PI. 1. I ,  fig. 3). 

ANTHOZOA 

Labyr inthi tes  (Labyrinthites) chidlensis Lambe 
P la t e  1.3, f igures 1-7 

1965 Labyr inthi tes  (Labyrinthites) chidlensis Lambe. 
BOLTON, p. 23 (for previous synonymy). 

1965 Labyrinthites chidlensis Lambe. RODGERS, p. 87. 

1966 Labyr inthi tes  chidlensis Lambe. FRITZ, p. 1335. 

1973 Labyr inthi tes  chidlensis Lambe. FAHRAEUS, 
p. 1827. 

1974 Labyr inthi tes  chidlensis Lambe. KAY, in Bergstrom 
e t  al., p. 1629. 

Description. Discoidal (120 mm wide and 30 mm thick) 
t o  domed fascicula te  cora l la  ranging in s i ze  f rom 65 mm 
wide and 50 mm thick t o  300+ mm and 190+ mm (hypo- 
types, GSC 48868, 48872), with some  colonies reported a s  
much as  3 f e e t  (0.9 m) in d iameter  and 2 f e e t  (0.6 m) 
high; in t ransverse  section, cora l l i tes  phaceloid, oval t o  
polygonal, 0.2 t o  0.35 mm in diameter ;  individuals usually 
touching at corners  or  directly connected through short ,  
hollow tubes, thus forming a chain-like network; 



Table 1.3 

Ostracodes of t h e  shale unit, lower member 111, Lourdes formation, 
GSC locality 94287 and thei r  occurrence  elsewhere in North America. 

cora l l i tes  occasionally coalesce  and have a common wall 
(PI. 1.3, fig. 21, in the  ex t r eme  development cerioid; in 
longitudinal section, corall i tes slightly sinuous, constant  
d iameter ,  increasing laterally (PI. 1.3, fig. I); tabulae 
thin, complete,  f l a t  t o  slightly concave, 2 t o  3 per 2 mm; 
horizontal  tubes 0.1 mm in diameter ,  up t o  0.3 mm apar t ,  
walls continuous between connecting tubes  (PI. 1.3, fig. 7). 

Types. Hypotypes, GSC 15307-15310, 48867-48872. 

'Aparchites '  f imbria tus  (Ulrich) 

Cryptophyllus spp. 

Euprimitia l inepunctata (Kay) 

Eurychilina sp. cf .  E. ventrosa Ulrich 

Punctaparchi tes  rugosus (Jones) 

Saccela t ia  a r r e c t a  (Ulrich) 

Schmidtella umbonata  Ulrich 

Tetradel la?  newfoundlandensis Copeland n. sp. 

Winchellatia sp. af f. W. minnesotensis Kay 

Occurrences.  Upper beds of member 11, GSC 
locali t ies 88932, 94286, 94287. 

I - Bucke Formation, Lake Timiskaming, Ontar io  
2 - Decorah Formation, Iowa and Minnesota, a - Spechts Ferry Member,.b - Guttenberg Member, c - Ion Member 
3 - Kirkfield Formation, Healey Falls, and Braeside beds, O t t awa  Valley, Ontar io  
4 - Lower shale unit, Silliman's Fossil Mount, Baffin Island 
5 - Simpson Group, Oklahoma, a - Tulip Creek Formation, b - Bromide Formation 

3 

X X X X X X X X  

X 

X  

X  

Discussion. The age  and regional distribution in North 
America  of Labyrinthites has been discussed in Bolton 
(1965) and Bolton e t  al. (in press). The hemispheric 
colonies abundant in the  Long Point beds have been 
assigned t o  a cora l  of t he  Black River Tetradium-type 
(Billings, in Murray and Howley, 1881, p. 342, 3941, the  
bryozoan Monotrypa (M. rnagna Ulrich) (Schuchert  and 
Dunbar, 1934, p. 70; Sullivan, in Riley, 1962, p. 69), and 
more  recently t o  the  tabula te  cora l  L. (L.) chidlensis, a s  
l isted in the  synonymy. 

I 

X 

X  

X  

Billingsaria parvituba (Troedsson) 
P la t e  1.4, f igures 1, 4-7 

4 

X  

X X X X X X  

2 
a b c  

X X X X  

X X X  

X  X 

X  

X  

X  

1974 Billingsaria parva  (Billings). KAY, in Bergstrijm 
et al., p. 1629. 

In press Billingsaria parvi tuba (Troedsson). BOLTON 
e t  al. (for complete  synonymy). 

5 
a b 

X  X 

Description. Coralla massive expansions up t o  150 mm 
wide and 35 mm thick, cerioid; in transverse section, 
cora l l i tes  4- t o  6-sided, 1.0 t o  1.3 mm in diameter ,  walls 
thick; 8 straight thick major sep ta  extend nearly t o  c e n t r e  
of a corall i te in bes t  preserved forms, some  t ips  bulbous, 
and 8 very short  minor septa;  columella 0.1 mm in 
diameter ;  in longitudinal section, tabulae close, complete,  
f la t ,  2 t o  3 per corall i te d iameter ;  centra l  cylindrical 
columella continuous between 2 or  3 tabulae.  

Types. Hypotypes, GSC 48873-48875. 

Occurrences.  Upper beds of member  11, GSC locali- 
t i e s  94287, 84824. 

Discussion. Billingsaria parva  (Billings) f rom t h e  Chazyan 
Mingan Formation of Mingan Islands, Quebec, d i f fers  f rom 
B. parvi tuba in t h a t  t h e  cora l l i tes  a r e  consistently smaller,  
0.6 t o  0.7 mm in apa r t ,  1 per cora l l i te  d i ame te r  (PI. 1.4, 
figs. 2, 3). The Lourdes Formation specimens closely 
resemble those described from the  Bad C a c h e  Rapids 
Formation of Melville Peninsula, Dis t r ic t  of Franklin. 

BRYOZOA 

Diplotrypa schucher t i  F r i t z  
P la t e  1.2, f igures 1-3, 6, 8 

1966 Diplotrypa schucher t i  FRITZ, p. 1335. 

Description. Zoar ia  massive, ranging f rom balls 70 mm in 
diameter  t o  mounds 130 mm diameter  and 60 mm thick, 
surfaces  with low broad monticules; in tangent ia l  section, 
zooecia  hexagonal t o  rounded depending on the  presence 
of mesopores, 0.4 t o  0.5 mm in diameter  t o  a maximum of 
0.8 mm in maculae,  3.5 t o  4 zooecia in 2 mm, walls thin 
and essentially ama lgamate  with only r a re  in t eg ra t e  
preservation, single mesopores at corners,  rarely paired in 
maculae,  tr iangular t o  rectangular,  never  abundant,  no 
acanthopores;  in longitudinal section, zooecial  walls uni- 
formly thin, diaphragms complete  varying f rom f l a t  t o  
slightly concave or  convex, normally 4+ in 2 mm averaging 
0.5 mm apa r t ,  in crowded zones 5 t o  7 in 2 mm and 0.2 t o  
0.3 mm apa r t ,  f ew beaded mesopores with no apparent  
zoning. 

Types. Holotype, Peabody Museum (YPM) 4656134; 
paratypes,  GSC 20681, 20682; hypotypes, GSC 48861- 
48864. 

Occurrences.  GSC locali t ies 94286,94287, 88932. 



Discussion. In zooecial  d iameter ,  these specimens 
resemble Diplotrypa bassleri  (Troedsson) from the  Bad 
Cache  Rapids Formation of Melville Peninsula, District  of 
Franklin, and Cape  Calhoun Formation of northwestern 
Greenland. The diaphragms, however, a r e  more  widely 
spaced in D. bassleri, 2 to  3 per 2 mm. 
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PLATE 1.1 

BRY OZOA 

Figures 1, 2, 4-6. S t ic topora  sp. a f f .  S. f e n e s t r a t a  Hall 

1, 5, 6. Portion of a shallow tangent ia l  section,  X 20, i l lustrating single and double 
rows of acanthopores  be tween zooecial  aper tures ;  longitudinal sec t ion ,  X 40, 
lacking hemisepta;  and t ransverse  section,  X 20, i l lustrating median tubuli in 
mesotheca  and rec tangular  zooecial  sec t ions  near t he  mesotheca ,  GSC 
loc. 94287 (member  II), GSC 48839. 

2. Portion of a t ransverse  sec t ion  of a zoarium, X 20, i l lustrating median tubuli 
in mesotheca,  absence  of hemisepta,  and thin zooecial  walls, GSC loc. 94287 
(member  II), GSC 48840. 

4. Portion of a colony, X I ,  GSC loc. 88932 (member  II), GSC 48841. 

Figure 3. Cerarnopora sp. Longitudinal section,  X 10, i l lustrating numerous  con- 
necting pores in zooecia l  walls, GSC loc. 94286 (member  Ill), GSC 48842. 

BRACHIOPODA 

Figures 7,  8. Ptychopleurella sp. Brachial  and pedicle views, X 20 and X 10, GSC 
IOC. 94287 (shale unit base of member  III), GSC 48843, 48844. 

OSTRACODA 

(All specimens f rom shale  unit base of member  111, GSC Ioc. 94287, X 40, 
excep t  Figures 21 and 23, X 20 and reconstruction,  F igure  13, X 80) 

Figures 9-13. Tet radel la?  newfoundlandensis Copeland n. sp. 

9-1 1. Right and l e f t  l a t e r a l  views of t h r e e  tecnomorphic  valves, paratypes,  
GSC 48845-48847. 

12, 13. Le f t  la tera l  view of he teromorphic  valve and vent ra l  reconstruction,  
holotype, GSC 48848. 

Figure 14. Saccela t ia  a r r e c t a  (Ulrich), la tera l  view of a l e f t  valve, GSC 48849. 

Figures 15, 17. Schrnidtella urnbonata Ulrich, r ight  and l e f t  l a t e r a l  views of t w o  specimens,  
GSC 48850, 48852. 

Figure  16. Cryptophyllus sp., l a t e r a l  view of a l e f t  valve,  GSC 48851. 

Figures 18-20. Winchellatia sp. aff .  W. rninnesotensis Kay, l e f t  and r ight  l a t e r a l  views of 
t h r e e  valves, CSC 48853-48855. 

Figure 21. 'Aparchites '  f imbr i a tu s  (Ulrich), l e f t  l a t e r a l  view of a ca rapace ,  GSC 48856. 

Figure  22. Eupr imi t ia  l inepuncta ta  (Kay), r ight l a t e r a l  view of a ca rapace ,  CSC 48857. 

Figure 23. Eurychilina sp. cf .  E. vent rosa  Ulrich, l e f t  la tera l  view of an incomplete  
he teromorphic  valve,  GSC 48858. 

Figures 24, 25. Punctaparchi tes  rugosus (Jones), r ight  and l e f t  l a t e r a l  views of two 
specimens,  GSC 48859, 48860. 





PLATE 1.2 

BRYOZOA 

Figures 1-3, 6, 8. Diplotrypa schucherti Fritz 

1. Tangential section, X 20, illustrating monticule zooecia and few small 
angular mesopores, GSC Ioc. 94286 (member Ill), GSC 48861. 

2, 3. Longitudinal sections, X 20, illustrating variation in beaded mesopore 
abundance and a rejuvenation surface, GSC locs. 94287 (member Ill), 94286 
(member Ill), GSC 48862, 48863. 

6, 8. Tangential section, X 20 and X 40, illustrating normal zooecia and 
mesopores, and amalgamate zooecial walls, GSC loc. 94286 (member III), 
GSC 48864. 

STROMAI'OPOROIDEA 

Figures 4, 5, 7. Labechia sp. Longitudinal sections of two specimens, X 6, X 6, X 10, 
illustrating variation in sizes of cysts and scattered pillars, GSC loc. 94287 
(member I[),  GSC 48865, 48866 (fig. 7). 





PLATE 1.3 

ANTHOZOA 

Figures 1-7. Labyrinthites (Labyrinthites) chidlensis Lambe 

1. Longitudinal section, X 10, illustrating lateral increase of corallites, GSC 
IOC. 94286 (member II), GSC 48867. 

2, 4. Transverse sections, X 10, illustrating closely spaced isolated oval t o  cerioid 
corallites, GSC locs. 94287 (member Il), 94286 (member II), 
GSC 48868,48869. 

3 .  Transverse section, X 10, with more angular corallites, GSC loc. 88932 
(member II), CSC 15307b. \ 

5 ,  7. Transverse and longitudinal sections, X 20, cutting numerous horizontal 
connecting tubes, CSC Ioc. 94287 (member II), GSC 48870. 

6.  Longitudinal section, X 40, illustrating connecting tubes and common walled 
corallites, GSC loc. 94287 (member 11), GSC 48871. 
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ANTHOZOA 

Figures 1,4-7. Billingsaria parvi tuba  (Troedsson) 

1, 4, 5. Transverse and longitudinal sections,  X 10, X 10, X 4, with well preserved 
septa ,  CSC loc. 94287 (member  11), CSC 48873. 

6 ,  7. Transverse and longitudinal sections,  X 10, i l lustrating t h e  variation in 
preservation of pr imary (some bulbous tips) and secondary s e p t a  within 
d i f f e r en t  pa r t s  of t h e  colony, and thin-walled Nyctopora-like cora l l i tes ,  GSC 
loc. 94287 (member  If), GSC 48874. 

Figures 2, 3. Billingsaria pa rva  (Billings). Transverse and longitudinal sections,  X 10, 
i l lustrating thick walls, 8 stubby septa ,  and widely spaced tabulae,  Mingan 
Formation,  Mingan Islands, Quebec, syntype,  GSC 1003. 
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SILURIAN AND EARLY DEVONIAN BEYRICHIACEAN OSTRACODE PROVINCIALISM 
IN NORTHEASTERN NORTH AMERICA 

Project  720072 

M.3. Copeland and Jean M. ~ e r d a n '  
Regional and Economic Geology Division 

Studies of Silurian and Early Devonian ostracodes in 
northeastern North America demonstra te  tha t  a diag- 
nostic North American faunal succession exists in the  
Appalachian Province (Appohimchi Subprovince of Boucot, 
1974) from westernmost Virginia t o  Gasp&, and t h a t  an  
equally distinctive north European succession is present in 
the  Arisaig-Eastport region of Marit ime Canada and New 
England (Fig. 2.1). The most conspicuous ostracodes in 
both a reas  a r e  large beyrichiaceans, which, on the  bases 
of physical and faunal evidence, inhabited a shallow-water 
environment.  Those of the  Appalachian Province were  
endemic  t o  North America,  whereas  those of t h e  Arisaig- 
Eastport  region a r e  closely allied with cosmopolitan 
species f rom t h e  Baltic a rea  and G r e a t  Britain. The 
beyrichiaceans of the  Appalachian Province a r e  found 
both in platform sedimentary rocks (i.e., Silurian l ime- 
s tone suite of Berry and Boucot, 1970) and in a reas  t h a t  
were  tectonically ac t ive  a t  t h e  t ime  of deposition. The 
beyrichiaceans of the  Arisaig-Eastport region a r e  from a 
tectonically ac t ive  area ,  but  thei r  close all ies f rom the  
Baltic a r e  in platform deposits. Therefore,  it seems 
unlikely tha t  t h e  dissimilarity of t h e  t w o  os t racode faunas  
is due t o  differences in environment,  but  ra ther  tha t  t he re  
must have been some sor t  of physical barr ier  between 
them. 

Ostracode Zonation 

Appalachian Province 

The Appalachian Province is character ized by t h e  
appearance of zygobolbine beyrichiids during the  middle 
par t  of t he  Niagaran Series (Rickard, 1975), t he  oldest  of 
which a r e  the  primitive zygobolbine genera Zygocosta and 
Zygobursa described by Copeland (1970). These a r e  
associated in rocks of t h e  lower Clinton Group (Copeland, Figure 2.1. Distribution of Silurian and Early Devonian 
1974) with species of t he  brachiopod Virgiana and a r e  os t racode faunas  in eas t e rn  North America.  
considered by Berry and Boucot (1970) a s  Llandoverian B1- Leperditiacean fauna discussed by Copeland (1976). 
B3. The origin of t h e  zygobolbine stock is  not  cer ta in ly  
known, but a North American eurychilinid or European 
piretell id ances t ry  has  been postulated for beyrichiaceans 
in general  (see Martinsson, 1962, p. 114-1 16 for summary). equivalent of t h e  youngest, Drepanellina c larki  Zone of 
The zygobolbines diversified throughout t h e  Niagaran and Ulrich and Bassler (their  zone 9). We ag ree  with the  
became  a conspicuous e l emen t  of t h e  fauna. suggestion of Swartz  (1934, p. 121) t h a t  t he  Drepanellina 

c larki  Zone (herein, zone 10) i s  younger than the  
The presence of this zygobolbine fauna enabled Paraechmina spinosa Zone (zone 91, and thus indicate  ten  

Ulrich and Bassler (1923) t o  establish a Niagaran os t ra-  zones  on P la t e s  2.1 and 2.2, which show ost racodes  
code  zonation in t h e  north-central  Appalachian Province typical of each  of the  Appalachian Province zones and 
t h a t  has become the  faunal standard for most Clinton t h e  ranges of important  genera.  Because Ulrich and 
rocks of eas tern  North America (Berdan, in Berry and Bassler (1923, p. 350, 351) themselves  considered their  
Boucot, 1970). Ulrich and Bassler (1923, p. 349-352) oldest  zone, t h a t  of Zygobolba e r e c t a ,  t o  be  res t r ic ted  
proposed nine zygobolbine zones (for zonal nomencla ture  and of doubtful uti l i ty,  we have replaced this zone with 
s e e  captions of P la t e  2.1, P l a t e  2.2, figs. 1 -9), of which the  zone of Zygocosta and Zygobursa (zone I). Other  
Gi l le t te  (1947, p. 22) recognized four in t h e  Clinton Group modifications of t h e  os t racode zonal succession may be  
of centra l  New York (zones 2, 3, 5, 8). In addition, required a s  studies continue, especially with respect  t o  
Gi l le t te  (1947, p. 22-24) proposed t h e  aechminid Pa ra -  t h e  validity of t h e  Zygosella post ica  and Bonnemaia rudis 
echmina spinosa Zone, which he considered t o  be  the  Zones (Ulrich and Bassler, 1923, p. 350, 351; zones  6 ,  7). 

'U.S. Geological Survey, Washington, D.C. 

From: Report of Activities, Part B; 
Ceol .  Surv. Can., Paper 77-1B (1977) 



PLATE 2.1 

EARLY SILURIAN OSTRACODE FAUNAS O F  THE APPALACHIAN PROVINCE 

I (A 1 ). Zone of Zygocosta and Zygobursa (figs. 1-3). 

1, 2. Zygocosta williamsi (Ulrich and Bassler) 
Right tecnomorphic and l e f t  heteromorphic views, x20, north shore of bay west of Rocky Bay, Bruce 
Peninsula, Ontario, Dyer Bay Formation, hypotypes, GSC 24399, 24404. 

3. Zygobursa praecursor Copeland 
Lef t  heterornorphic view, x20, road cut ,  north bank of Jupi ter  River AT Twenty-four Mile Lodge, Anticosti  
Island, Quebec, upper Becscie Formation, paratype, GSC 24396. 

2 (A2). Zone of Zygobolba anticostiensis (figs. 4-6) 

4. Zygobolba anticostiensis Ulrich and Bassler 
Lef t  tecnomorphic view, x16, shore section 2.75 miles (4.5 krn) e a s t  of O t t awa ,  Anticosti  Island, Quebec, 
Jupi ter  Formation, hypotype, GSC 33123. 

5, 6. Zygobolba robusta Ulrich and Bassler 
Lef t  tecnomorphic and right heteromorphic views, x17, s ame  locali ty a s  fig. 4,  Jupi ter  Formation, 
hypotypes, GSC 33118,33117. 

3 (Ad. Zone of Zygobolba decora  (figs. 7 , 8) 

7 ,  8 .  Zygobolba decora  (Billings) 
Right heteromorphic and l e f t  tecnomorphic views, x20 and x15, Southwest Point  Road, 3.5 mi les  (5.6 km) 
south of Jupiter River Firetower,  Anticosti  Island, Quebec, Jupi ter  Formation, hypotypes, 
GSC 33128,33133. 

4. Zone of Zygobolbina emac ia t a  (figs. 9, 10) 

9, 10. Zygobolbina emac ia t a  Ulrich and Bassler 
Le f t  heteromorphic and tecnomorphic views of l a t ex  squeezes  of external  impressions, x15, near  toll-gate, 
Cove Gap, Tuscarora Mt., 4.5 miles (7 km) northwest of Mercersburg, Pennsylvania, syntypes, USNM 63526. 

5. Zone of Mastigobolbina l a t a  (fig. I I )  

11. Mastigobolbina l a t a  (Hall) 
Right tecnomorphic view of l a t ex  squeeze of external  impression, x15, New Hartford,  New York, Kirkland 
Formation, hypotype, USNM 63520. 

6. Zone of Zygosella post ica  (fig. 12) 

12. Zygosella postica Ulrich and Bassler 
Right tecnornorphic view of la tex  squeeze  of external  impression, x15, along Western Maryland Railway 
t racks ,  east end of the  gorge c u t  by Wills Creek through Wills Mt. west of Cumberland, Maryland, Rose Hill 
Formation, paratype, USNM 63502a. 

7. Zone of Bonnemaia rudis (fig. 13) 

13. Bonnemaia rudis Ulrich and Bassler 
Right heteromorphic view of la tex  squeeze of external  impression, x15, Mulberry Gap, Powell Mt., 5 miles 
(8 km) northwest of Sneedville, Tennessee, Rose Hi l l~Format ion,  cotype, USNM 69551. 

8. Zone of Mastigobolbina typa  Ulrich and Bassler (figs. 14-23) 

All specimens f rom north side of US Highways 22 and 322 along Junia ta  River,  midway between Millerstown 
and Thompsontown, Pennsylvania, Rose Hill Formation. 

14, 15. Mastigobolbina typa  Ulrich and Bassler 
Right and ventra l  hetermorphic views, x10, hypotypes, USNM 243439 and 243440. 

16, 17. Mastigobolbina t r ip l ica ta  (Foerste) 
Right and ventra l  (anterior t o  right) heteromorphic views, xIO, hypotype, USNM 243441. 

18. Bonnemaia crassa  Ulrich and Bassler 
Right tecnomorphic view, x10, hypotype, USNM 243442. 

19, 20. Zygosella val la ta  Ulrich and Bassler 
Right and ventra l  heteromorphic views, x10, hypotype, USNM 243443. 

21, 22. Bonnemaia celsa Ulrich and Bassler 
Lef t  and ventra l  (anterior t o  lef t )  heteromorphic views, x10, hypotype, USNM 243444. 

23. Plethobolbina typicalis Ulrich and Bassler 
Right tecnornorphic view, x10, hypotype, USNM 243445. 

(A1 = upper Becscie Formation, A2 = lower Jupi ter  Formation, A3 = upper Jupiter Formation, Anticosti  Island, Quebec) 
( 0 1  = Rochester  Shale, Ontar io  and western New York) 
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PLATE 2.2 

MIDDLE SILURIAN - EARLY DEVONIAN OSTRACODE FAUNAS 
O F  THE APPALACHIAN PROVINCE 

9 ( 0 1  ). Zone of Paraechmina spinosa (figs. 1-4) 

1. Pa raechmina  pos t ica  Ulrich and Bassler 
Le f t  view, x15, DeCew Falls, Ontario,  20-25 f e e t  (6-7.5 rn) above base of Roches ter  Shale, hypotype,  
GSC 15191. 

2, 3. Pa raechmina  spinosa (Hall) 
Le f t  and right views, x15, DeCew Falls and Niagara River,  Ontario,  30-35 f e e t  (9-10.5 m) and 28-30 f e e t  
(8.5-9.0 m) above base of Roches ter  Shale, hypotypes, GSC 15192a, b. 

4. Pa raechmina  abnormis  (Ulrich) 
Le f t  view, x15, DeCew Falls, Ontario,  15-30 f e e t  (4.5-9.0 m) above base of Roches ter  Shale, hypotype,  
GSC 1 5 1 9 3 ~ .  

10 (02).  Zone of Drepanell ina c larki  (figs. 5-9) 

5, 6. Drepanell ina c larki  Ulrich and Bassler 
Right heterornorphic and tecnomorphic  views, x15, Bal t imore  and Ohio Railroad t r acks  between P in to  and 
McKenzie, Maryland, 'Rochester '  Shale, hypotypes, USNM 145237, 145239. 

7-9. Cornikloedenia vent ra l i s  (Ulrich and Bassler) 
Right tecnomorphic and heteromorphic  views, x15, Rose Hill, Curnberland, Maryland, 'Roches ter '  Shale,  
cotypes ,  USNM 83479 (figs. 7 ,  9), topotype,  USNM 243446 (fig. 8). 

McKenzie Format ion ( G I )  (figs. 10, 1 I )  

10, 11. Pintopsis t r icornis  (Ulrich and Bassler) 
Le f t  he termorphic  and right tecnomorphic  views, x16, s a m e  locali ty a s  figs. 5 ,  6,  85  f e e t  (25 m) 
horizontally below t o p  of McKenzie Formation,  hypotypes,  USNM 142248, 142250. 

Wills Creek  Format ion (fig. 12) 

12. 'Kloedenia' normalis Ulrich and Bassler 
Lef t  heterornorphic view, x15, e a s t  bank of Flintstone Creek,  nor th  of Flintstone,  Maryland, 182 f e e t  (55 rn) 
above base  of Wills Creek  Format ion,  lec to type ,  USNM 162287. 

l~onoloway Limestone (figs. 13, 14) 

13, 14. Welleria obliqua Ulrich and Bassler 
Right he teromorphic  and right tecnomorphic  views, x15, Keyser,  West Virginia, syntypes,  USNM 82966. 

Cobleskill Limestone  (figs. 15, 16) 

15, 16. Kloedeniopsis har tnagel i  Berdan 
Le f t  tecnomorphic  and right heterornorphic views of l a t ex  squeezes  of ex t e rna l  impressions, x15, south side 
of Spring S t r e e t ,  Schoharie, New York, holotype and para type ,  USNM 162285, 1 6 2 2 8 6 ~ .  

St .  Alban Formation,  Roncelles Member (G2) (fig. 17) 

17. Kloedeniopsis euf imbr ia ta  Swar t z  and Whitmore 
Le f t  tecnomorphic  view, x20, C a p  des  Rosiers Cove, ~ a s p e ,  Quebec,  82-87 f e e t  (33-35 m) above base  of St.  
Alban Formation,  hypotype, GSC 48734. 

Chapman Sandstone (figs. 18, 19) 

18, 19. Zygobeyrichia sp. aff .  2. apica l i s  Ulrich 
Le f t  heterornorphic and right tecnomorphic  views of l a t ex  cas t s ,  x15, south branch of Presque Isle s t r e a m ,  
Chapman township, Aroostook County,  Maine, topotypes,  USNM 243447,243448. 

Coeymans  Limestone  (figs. 20, 21) 

20, 2 1. Lophokloedenia g ranu la t a  (Hall) 
Le f t  tecnomorphic  and l e f t  heterornorphic views, x15, 0.1 mile (0.15 km) north of Cullen, New York, and 
17-19 f e e t  (5-6 m) below top of Judds  Falls, north-northeast  of Cherry  Valley, New York, hypotypes,  
USNM 243449,243450. 

( 0 1 ,  0 2  = Eramosa Formation,  Ontar io)  

(GI  = Sayabec  Formation,  G2 = St.  Alban Formation,  G g  = basal C a p  Bon Ami Formation,  Gaspi., Quebec). 
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PLATE 2.3 

LATE SILURIAN OSTRACODE FAUNAS O F  THE ARISAIG-EASTPORT REGION 

1-18. Fauna of t he  type  section of t he  Stonehouse Formation,  Arisaig, Nova Scotia.  

1-4. Londinia arisaigensis Copeland 
Right tecnomorphic views and ventral  and la tera l  he teromorphic  views, x15 and x17, hypotypes,  
CSC 14564c, e ,  l4563a, b. 

5. Kloedenia wilckensiana (Jones) 
Right tecnomorphic view, x17, hypotype, GSC 145 14. 

6-8. Fros t ie l la  sp. cf .  F. p l ica ta  (Jones) 
Le f t ,  dorsal and vent ra l  heteromorphic views, x9 and x15, hypotype, GSC 14513. 

9,  10. Hernsiella maccoyiana su l ca t a  (Reuter )  
Lef t  and right heteromorphic views, x17, hypotypes, GSC 14511, 14512. 

1 1. Hemsiella maccoyiana mclearni Copeland 
Le f t  he teromorphic  view, x15, paratype,  CSC 14561. 

12, 14, 15. Nodibeyrichia pustulosa (Hall) 
Le f t  tecnomorphic views, x9 and x16, r ight  he teromorphic  view, x16, hypotypes, GSC 14500, 14504, 14503. 

13. S le ia  kochi (Boll) 
Le f t  tecnomorphic view, x17, hypotype, CSC 14507. 

16. Hemsiella sp. cf. H. rnaccoyiana (Jones) 
Right tecnomorphic view, x17, hypotype, GSC 14508. 

17, 18. Macrypsilon salterianurn (Jones) 
Right tecnomorphic and heteromorphic  views, x16, hypotypes, GSC 14566, a .  

19-27. Fauna of t he  Leighton Gray Shale Member,  Pembroke  Format ion,  Eas tpor t  and Pembroke quadrangles,  Maine. 

19. Fros t ie l la  sp. cf. F. groenvall iana Martinsson 
Right tecnomorphic view of a la tex  cas t ,  x15, southeas t  end of Leighton Neck, Eas tpo r t  and Pembroke  
quadrangles,  hypotype, USNM 244733. 

20. Londinia sp. cf .  L. arisaigensis Copeland 
Le f t  tecnomorphic  view of a la tex  cas t ,  x15, s a m e  locali ty a s  f igure  19, hypotype, USNM 244734. 

21 -23. Sleia sp. 
Ventral  he teromorphic  view and right he teromorphic  and tecnomorphic  views of l a t ex  cas ts ,  x15, s a m e  
locali ty a s  f igure 19, figured specimens  USNM 244735-244737. 

24, 25. Hemsiella sp. 
Right  tecnomorphic  and l e f t  he teromorphic  views of l a t ex  cas ts ,  x15, nor th  side of Leighton Cove, f i r s t  
point  e a s t  of island, 5 f e e t  (1.5 m) above sandy layer,  Eas tpor t  and Pembroke  quadrangles,  f igured 
specimens USNM 244738, 244739. 

26. Lophoctenella sp. 
Le f t  tecnomorphic  view of a la tex  cas t ,  x15, nor theas t  side of Leighton Neck, e a s t  of smal l  point  southwest  
of Wilson Ledges, Eas tpor t  quadrangle,  f igured specimen, USNM 244740. 

27. Macrypsilon sp. 
Le f t  tecnomorphic  view of a l a t ex  cas t ,  x l 5 ,  s a m e  locali ty a s  f igure  24, f igured specimen USNM 244741. 

28-34. Fauna of t h e  Hersey Red Shale Member, Pembroke Formation,  Pembroke quadrangle,  Maine. 

28. Beyrichia sp. 
Right  tecnomorphic  view of exfol ia ted  specimen, x15, head of Sipps Bay, 0.3 mi le  (0.5 km) southeas t  of 
bridge over Sipps Brook, figured specimen USNM 244742. 

29-32. Nodibeyrichia sp. 
Right tecnomorphic and l e f t  he teromorphic  views of partly and complete ly  exfol ia ted  specimens,  x15, s a m e  
locali ty a s  f igure  28, f igured specimens  USNM 244743-244746. 

33. Nodibeyrichia sp. 
Right  tecnomorphic  view, x15, e a s t  point a t  head of Sipps Bay, 3500 f e e t  (1050 m) south-southeast  of 
junction of US Highway 1 bypass and old US Highway I,  f igured specimen USNM 244747. 

34. Carinokloedenia? sp. 
Right tecnomorphic  view, x15, s a m e  locali ty a s  f igure  33, f igured specimen USNM 244748. 





In general,  a l l  or par t  of this succession may b e  
applied t o  Niagaran ostracode faunas throughout an  a rea  
including the  northern Gulf of St. Lawrence, southern 
James  Bay, western Great  Lakes and westernmost Virginia 
(Fig. 2.1). In Canada, faunas  of only t h e  th ree  oldest  
zones  (1-3) and the  two youngest zones (9, 10) have been 
recognized, bu t  faunas  of zones 2-10 occur  throughout 
much of the  Appalachian region of the  nor theas tern  
United States,  and some a s  far  west a s  Lake Superior 
(P la t e  2.1, figs. 1-23; P la t e  2.2, figs. 1-9). This predomi- 
nantly zygobolbine zonation has limited application except  
in t h e  northern Appalachian Province, because  only t w o  
zygobolbine genera a r e  known t o  occur elsewhere in the  
world (Martinsson, 1962). The early occurrence  and 
primitive dimorphism demonstrated by this group suggest 
t h a t  t he  group may represent  t he  stock f rom which some  
of the  la ter  beyrichiid faunas evolved. This may be  
inferred from Martinsson's (1962, fig. 39, and p. 357) 
morphological study of Silurian beyrichiacean faunas  of 
Gotland. On the  basis of t he  occurrence of,  or t h e  method 
used t o  close, t he  dolonoid space  of the  heteromorphic 
crumina (brood pouch), two groups of beyrichiaceans a r e  
distinguished -- one composed of the  Treposellinae, 
Craspedobolbininae and Amphitoxotidinae, and the  ofher,  
t h e  Zygobolbinae and Beyrichiinae. To this second group, 
he re  termed t h e  beyrichiid fauna, we add t h e  
Kloedeniinae, a subfamily unknown from Gotland but  well 
represented within the  European Beyrichienkalk fauna. 

The Zygobolbinae existed only during t h e  Niagaran 
Series; their  last  representative,  Drepanellina, occurs in 
t h e  Drepanellina c l a rk i  Zone of the  'Rochester '  Shale 
(lower par t  of t he  McKenzie Formation) of Maryland and 
adjacent  S ta t e s  (Ulrich and Bassler, 19231, in the  
"Herkimer Sandstone" of New York (Berdan and Zenger, 
1965) and in the  Eramosa Member of t he  Amabel 
(Lockport) Formation of southern Ontar io  (Berry and 
Boucot, 1970, p. 115). The zygobolbines were  replaced in 
t h e  Cayugan Series by other  large beyrichiids, formerly 
known, erroneously, a s  'Kloedenia' in North America. This 
group includes such genera  a s  Cornikloedenia, Pintopsis, 
Welleria, Kloedeniopsis, Lophokloedenia, Zygobeyrichia 
and others  a s  ye t  unrevised (P la t e  2.2, figs. 7-21). Species 
of  these  genera,  mostly endemic t o  t h e  Appalachian 
Province, a r e  associated with Cayugan-Helderbergian 
smal ler  beyrichiaceans, kloedenellaceans, thlipsuraceans, 
and primitiopsaceans (Swartz and Whitmore, 1956; Berdan, 
in Boucot, 1961; Copeland, 1962; Berdan, 1972). No 
formal system of zonation is he re  proposed fo r  these  
ostracodes,  but some genera  have fairly shor t  ranges, 
which a r e  shown on P l a t e  2.2 

Arisaig-Eastport Region 

Although rocks of Early Silurian a g e  (Llandoverian) 
occur in the  Arisaig-Eastport region, no ostracodes have 
been found in them. One occurrence  of possible 
Wenlockian ostracodes (Bastin and Williams, 1914) in t h e  
Eastpor t  a r ea  in Maine is in a silty shale  block t h a t  may 
be  incorporated in a d i a t r eme  (Olcot t  Gates ,  pers. comm., 
1974) and cannot b e  placed stratigraphically.  The ear l ies t  
datable  ostracodes in th is  province a r e  beyrichiaceans 
(P la t e  2.31, typical of those f rom Ludlovian rocks of 
Gotland, t h e  Beyrichienkalk of t h e  Baltic a r e a  and t h e  
Downtonian of Great  Britain (Berdan, in Pecora ,  1966; 
Martinsson, 1967; Martinsson, in Berry and Boucot, 1970). 
Species of Frostiella (P la t e  2.3, figs. 6-8) and t rue  Kloe- 
den ia  (P la t e  2.3, fig. 5 )  occur in t h e  type  sect ion of t h e  
Stonehouse Formation of northeastern Nova Scotia,  

Londinia arisaigensis (P la t e  2.3, figs. 1-41 only occurring 
in t h e  lower 100 f e e t  (30 m) and Nodibeyrichia pustulosa 
(P la t e  2.3, figs. 12, 14, 15) only in t h e  upper 570 f e e t  
(175 m), a s  shown by Copeland (1960, 1964). Similar 
species  of Londinia a r e  found in the  Jones  Creek 
Formation of southern New Brunswick, and species  of 
Londinia (P la t e  2.3, fig. 20) and Frostiella (P la t e  2.3, 
fig. 19) occur in t h e  Leighton Gray Shale Member of t h e  
Pembroke Formation in the  Eastport  and Pembroke 
quadrangles, Maine, suggesting corre la t ion with t h e  lower 
p a r t  of t he  Stonehouse sequence (Berdan, 1971). A species  
of Nodibeyrichia (P la t e  2.3, figs. 29-33) f rom t h e  
overlying Hersey Red Shale Member of t he  Pembroke 
Formation may equa te  with t h a t  in the  upper p a r t  of t h e  
Stonehouse Formation (Martinsson, in Berry and Boucot, 
1970). The youngest marine rocks in this a r e a  of 
southeas tern  Maine, t h e  Eastpor t  Formation, a r e  thought 
t o  b e  Gedinnian because  thei r  ostracodes,  although new 
and undescribed, most closely resemble Early Devonian 
fo rms  f rom Podolia and Germany (Berdan, 1971). 

Biogeographic Considerations 

It seems unlikely tha t  beyrichiacean os t racodes  
arose  independently at t h e  s a m e  t ime  in t w o  relatively 
r emote  unconnected depositional provinces such a s  the  
middle Niagaran of North America  and the  l a t e  
Llandoverian-early Wenlockian of Europe. The compli-  
ca t ed  morphology of such highly dimorphic os t racodes  
would seem t o  d i c t a t e  agains t  this. Beyrichiaceans were  
for t he  most p a r t  large  benthonic animals,  distinguished 
f rom other  dimorphic os t racodes  by t h e  presence of a 
crumina or  'brood pouch' (Henningsmoen, 1965) in which 
t h e  eggs  were  retained, hatched, and probably brooded 
(Martinsson, 1962). The necessity of a free-swimming 
pelagic larval s t age  could thus b e  obviated or great ly  
restricted.  The development  of c ruminae  or  in t ra-  
ca rapace  brood chambers  for protection of the  young may 
have been a response t o  a rigorous shallow-water environ- 
ment ,  and the  larvae  were  not subject t o  wide dispersal. 
This may account ,  in par t ,  for  t h e  localization of 
beyrichiacean faunas within the  Appalachian Province. 
For example,  Lundin (1971) found t h a t  beyrichiacean 
species represent  only 2 pe r  c e n t  of t h e  Silurian and 
Devonian Henryhouse-Haragan os t racode fauna of 
Oklahoma, whereas  nearly 5 5  pe r  c e n t  of t he  os t racodes  
listed by Swartz  and Whitmore for t h e  Silurian and 
Devonian Manlius and Decker format ions  a r e  beyrich- 
iaceans. This l a t t e r  f igure may be  substant ia ted  by 
os t racode s tudies  presently underway in Gaspe, Quebec. 
This d i f ference  is believed t o  be  caused by environmental 
fac tors ;  possibly somewhat  deeper  water  conditions pre-  
vailed in western  Tennessee and Oklahoma (Fig. 2.1). 

Some faunal connection is evident  between the  
northern Appalachian and European Provinces during t h e  
L a t e  Ordovician. This is  demonstra ted  by t h e  similarity 
of ce r t a in  L a t e  Ordovician hollinaceans, particularly 
tetradellids,  f rom Anticosti  Island, Quebec and f rom the  
Baltic (Copeland, 1973), and by thei r  common ext inct ion 
at the  close of t he  Ordovician. Some cataclysmic  event,  
possibly a glacial  regime, a s  postulated by Berry and 
Boucot (1973, and many others) a l l  bu t  eradicated 
Ostracoda f rom Early Silurian faunas  of North America.  
If sea  level was lowered because of g lac io  eus t a t i c  
conditions, a very shallow wa te r  connection may have  
formed, by which t h e  L a t e  Ordovician or Early Silurian 
ances t r a l  beyrichiacean s tock could have  migrated. The 
di rect ion of this migration is speculative,  but  t h e  



consequent primitive zygobolbine beyrichiid assemblage 
appears  ear l ie r  and is more  widely distributed in shallow- 
water ,  platform-type sedimentary  rocks of nor theas tern  
North America  than in Europe. When wa te r  depths  again  
became g rea t e r  during the  la ter  Llandoverian o r  ear ly  
Wenlockian, this migration route  would have been severed,  
and independent beyrichiid evolution could have taken 
place  along t h e  margins of each  cont inenta l  segment .  By 
Ludlovian-Pridolian t ime,  t h e  more  westerly North 
American ' false Kloedenia' assemblage  had evolved 
throughout t h e  nor thern  Appalachian Province,  and t h e  
Beyrichienkalk fauna or t rue  Kloedenia assemblage had 
become established in t he  more eas ter ly  Arisaig-Eastport  
region and in t h e  Baltic-British area .  

These d is t inc t ive  shallow-water faunas  were  
ef fec t ive ly  separa ted  by a barrier,  e i ther  of land a s  
suggested by Boucot (1975, p. 272) fo r  t h e  Early Devonian, 
a deep wa te r  trough, a s  proposed by McKerrow and 
Ziegler (1971) for  t h e  Early Silurian, or both in sequence  
(Poole, 1976). The  thick succession of turbid i tes  contain- 
ing some monograptid graptol i tes  t h a t  extends  through 
cen t r a l  New Brunswick and Maine suggests t h a t  some  
combination incorporating a deep wa te r  barr ier  was 
necessary. Deposition of mar ine  sed imen t s  ceased ear l ie r  
in t he  Arisaig-Eastport  region than in t he  Appalachian 
Province, and t h e r e  is no evidence of a post-early 
Gedinnian os t r acode  fauna in t h e  fo rmer  region. 
However, mar ine  sedimenta t ion  continued through t h e  
Early Devonian in t h e  Appalachian Province,  and t h e  well- 
developed North American ' false Kloedenia' assemblage is  
found in rocks of th is  age. Some indications a r e  t h a t  by 
Siegenian t ime  t h e  barr ier  was less ef fec t ive ,  a s  Abushik 
(1971) has described t h e  typically Appalachian Province 
genus  Zygobeyrichia f rom t h e  upper Ivane horizon in 
Podolia, Ukrainian SSR. 

Significantly, t h e  endemism of beyrichiid os t racodes  
in t h e  Appalachian Province  parallels t h a t  of t w o  o the r  
benthonic groups of fossils, t h e  brachiopods (Boucot, 
Johnson, and Talent ,  1969) and the  cora ls  (Oliver, 1976), 
al though t h e  beyrichiids apparent ly  were  ef fec t ive ly  
isolated ear l ie r  (middle Niagaran, Llandoverian) t han  t h e  
o the r  groups. 
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Introduction 

Until recently,  Precambrian porphyry copper- 
molybdenum deposits were virtually unknown. However, 
during t h e  pas t  f ive  years numerous deposits have been 
discovered which have affinit ies for Mesozoic and 
Cenozoic porphyry deposits  irkha ham, 1972; Riley et al., 
19711, particularly those of British Columbia, South 
America,  and the  southwest Pacific.  These Precambrian 
deposits a r e  typically large, low grade mineralized zones 
with a l tera t ion halos associated with porphyritic plutons 
in metavolcanic sequences. As yet,  a l l  known deposits a r e  
below o r e  grade, with t h e  possible exception of t h e  
copper-bearing envelope around the  McIntyre Copper Mine 
near  Timmins, Ontar io  which may be a porphyry deposit  
(Pyke and Middleton, 1971). 

The volcanic sequences containing t h e  deposits a r e  
generally isoclinally folded and metamorphosed t o  low t o  
medium rank. The porphyritic plutons and associated 
mineralization and a l tera t ion a r e  also commonly deformed 
and metamorphosed although t h e  ex ten t  of t he  
deformation and metamorphism is largely undocumented. 

In order  t o  properly explore and exploit  Precambrian 
porphyry deposits,more knowledge is needed about  t h e  
nature  of t he  mineralization and a l tera t ion and especially 
the  e f f e c t s  of deformation and metamorphism. For 
example,  if t h e  porphyry plutonism and mineralization a r e  
genetically re la ted  t o  t h e  volcanism, a s  is  suggested in 
many deposits, then t h e  deposit  will be  folded along with 
the  enclosing sequence. Consequently, when t h e  enclosing 
s t r a t a  a r e  subvertical ,  which is t he  common a t t i t ude  in 
many greenstone belts,  t he  erosion surface  through t h e  
deposit will represent  a ver t ica l  r a the r  than a horizontal 
section. In such a ver t ica l  section, zoning of a l tera t ion 
and mineralization may show a dif ferent  pa t t e rn  than tha t  
documented in more  recent ,  less deformed deposits where  
the  exposed section is more  or  less horizontal. 
Furthermore,  if t he  original horizontal  dimensions of t he  
mineralized zone were  g rea te r  than i t s  thickness, then, in 
the  presently exposed section, a larger  proportion of t h e  
mineralization may be inaccessible t o  open-pit mining. 
On t h e  o the r  hand, if t h e  plutonism occurred during or  
a f t e r  much of the  deformation, then the  exposed section 
through t h e  deposit will range f rom inclined t o  horizontal  
depending on t h e  amount  of postplutonism deformation. 

I N T R U S I V E  ROCKS 

M A F l C  TO INTERMEDIATE 

I N T R U S I V E  ROCKS 
M E T A S E D I M E N I S  

FELSlC T O  I N T E R M E D I A T E  
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Figure 3.1. Regional se t t ing of the  Bochawna Copper Mines Ltd. proper ty  (modified f rom Fenwick, 1969). 

'Depa r tmen t  of Ear th  Sciences,  University of Manitoba, Winnipeg, Manitoba R3T 2N2 

From: Repor t  of Activit ies,  P a r t  B; 
Geol. Surv. Can., Paper  77-1B 11977) 



Figure 3.2. Geological map of t h e  main mineralized a rea ,  Bochawna Copper Mines 
Ltd., based on surface  outcrops and diamond drill core.  

In Mesozoic and Cenozoic porphyry deposits, t he  
degree  of a l tera t ion is re la ted  t o  the  grade of mineraliza- 
tion, and documentation of a l tera t ion can  b e  used t o  
outline exploration t a rge t s  (Carson and Jambor ,  1974; 
Lowell and Guilbert, 1970). Most a l tera t ion mineral 
assemblages,  however, will be strongly a f f ec t ed  by sub- 
sequent  metamorphism. Thus, in order t o  use a l tera t ion 
a s  an  exploration guide in metamorphosed Precambrian 
porphyry deposits, a l tera t ion assemblages must be be t t e r  
documented and t h e  e f f e c t s  of metamorphism evaluated. 
In particular,  t h e  relationship between t h e  present  me ta -  
morphosed a l tera t ion assemblages, and t h e  premeta-  
morphism assemblages should be  determined. 

The objectives of t he  Lang Lake study a r e  t o  
document  the  nature  of t he  mineralization and associated 
a l tera t ion;  t o  determine the  relationship between 
mineralization, and t h e  associated plutonic and volcanic 
rocks; and t o  study t h e  e f f e c t s  of deformation and 
metamorphism. 

Geological Set t ing 

During 1976, field work, augmenting 1975 field 
information (Findlay, 1976), was carr ied  ou t  on t h e  Lang 
Lake property of Bochawna Copper Mines Ltd., 160 km 
east of Red Lake, northwestern Ontar io  (51°35'N; 
91°32'W) (Fig. 3.1). Much of t h e  t i m e  was  spent  

examining the  extensive (6135 m) drill co re  on the  
property because outcrop exposure is less than 10 per  
cent .  

The property is a t  t h e  western end of t h e  Lang- 
Cannon Lakes metavolcanic-metasedimentary be l t  
(Fenwick, 1969; Riley, 1969) (Fig. 3.1). A t  t h e  property,  a 
s teeply  dipping north-facing metavolcanic-metasedi- 
mentary  sequence has  been intruded by equigranular 
granodiorite s tocks  and by a complex sequence of 
porphyrit ic t o  locally aphyric dykes t h a t  commonly 
conta in  one or  more  of quar tz ,  plagioclase, and hornblende 
phenocrysts (Fig. 3.2). To date ,  t en  dyke phases have been 
identified f rom t ex tu ra l  and mineralogical variations and 
cross-cutting relations. In order  of decreas ing a g e  these  
a r e  an  older hornblende porphyry, seven quar tz-  
plagioclase porphyry phases including an intrusive breccia,  
and two  younger maf ic  porphyry phases. 

The metavolcanic-metasedimentary sequence and 
t h e  dyke sui te  have been regionally metamorphosed t o  
upper greenschist  facies. Local a l tera t ion,  closely 
associa ted  with t h e  copper  mineralization, i s  a lso  present.  

The older hornblende porphyry fo rms  a broadly 
concordant  southeast-trending zone up t o  110 m wide 
(Fig. 3.2). Alteration and deformation mask petrographic 
variations within t h e  unit but  some textura l  variations a r e  
present  and suggest t h a t  t h e  unit i s  composed of a ser ies  
of dykes o r  sills up t o  10 m wide r a the r  than a single 
intrusion. When unaltered, t h e  hornblende porphyry is  
cha rac te r i zed  by 30 t o  35 pe r  c e n t  medium t o  coa r se  
grained, euhedral,  randomly oriented hornblende pheno- 
c rys t s  in a grey-brown aphanitic groundmass. 



Quartz-plagioclase porphyry forms two southeast-  
trending units (Fig. 3.21, each  of which is a multiple 
intrusion comprising at l eas t  six d i f ferent  types  of quar tz-  
plagioclase porphyry. The widths of individual dykes 
range from less than I m to  60 m and appear t o  parallel 
t h e  boundaries of t he  unit. Both units have relatively 
sharp, broadly concordant con tac t s  with t h e  older 
hornblende porphyry and t h e  metavolcanic- 
metasedimentary sequence although narrow quartz-plagio- 
clase porphyry dykes up t o  2 m wide occur in country 
rocks adjacent  t o  t h e  dyke unit. Country rock sep ta  and 
xenoliths a r e  r a r e  in t h e  dyke units. 

Individual phases of t he  quartz-plagioclase porphyry 
can be distinguished by the  re la t ive  abundance of qua r t z  
and plagioclase phenocrysts, t h e  re la t ive  sizes, shapes,  
distribution, and colour of t h e  phenocrysts, and t h e  colour 
of t he  fine grained t o  aphanitic groundmass. 
Phenocryst con ten t  ranges f rom 5 t o  35 per c e n t  
plagioclase (An0 - Anso) and 5 t o  20 per  c e n t  quar tz .  
The th ree  mos t  abundant phases a r e  very similar in 
composition and texture ;  they conta in  12 t o  18 per  c e n t  
medium t o  coarse  grained plagioclase phenocrysts and 4 t o  
7 per cen t  f ine  t o  medium grained qua r t z  phenocrysts in 
an  aphanitic groundmass of quar tz ,  plagioclase, potassium 
feldspar, and bioti te.  

Intrusive breccia  dykes up t o  6 m wide intruded both 
the  hornblende and quartz-feldspar porphyry units. They 
conta in  15 t o  20 per  c e n t  medium t o  coa r se  grained 
plagioclase phenocrysts and up t o  3 0  per c e n t  angular t o  
subangular c las ts  t ha t  range in s ize  f rom less than I c m  t o  
more  than 10 cm.  Clas t  t ex tu re  varies from medium t o  
coarse  grained equigranular t o  f ine  grained porphyritic. 

The t w o  younger, maf i c  porphyry phases a r e  volu- 
metrically minor and the  age  relationship between them is  
uncertain. Two of these  phases form dykes up t o  10 m 
wide with sharp  chilled con tac t s  within quartz-feldspar 
porphyry. The more  abundant of these  t w o  phases has  
20 per c e n t  medium t o  coarse  grained, euhedral t o  
subhedral hornblende phenocrysts and 10 t o  15 per cen t  
medium t o  coarse  grained, euhedral t o  subhedral plagio- 
c l a se  phenocrysts in an  aphani t ic  groundmass. The dykes 
parallel  t he  older quartz-plagioclase porphyry dykes and 
a r e  concentra ted  in zones up t o  40 m wide (Fig. 3.2). The 
second phase has 1 5  t o  20 per c e n t  medium t o  coa r se  
grained, subhedral hornblende phenocrysts and 10 per  c e n t  
medium grained biot i te  phenocrysts in a grey-green, 
aphani t ic  groundmass; this type  is  not shown on 
Figure 3.2. 

The granodiorite is  equigranular and medium t o  
coarse  grained with a homogenous t o  locally aggregated 
mineral distribution. Based on t h e  re la t ive  abundances of 
bioti te,  hornblende, and quar tz ,  two  phases have been 
distinguished, t he  petrographic work may def ine  o the r  
phases. The granodiorite and porphyry phases a r e  no t  in 
c o n t a c t  with each  other  and e x a c t  age  relationships 
between them a r e  uncertain. However,  a t  one  locali ty a 
quartz-plagioclase porphyry dyke contains c las ts  of 
granodiorite,  suggesting t h a t  t he  granodiorite is  older. 

Sulphide mineralization extends  over an  eas t -  
trending zone 700 m long and up t o  300 m wide (Fig. 3.2). 
Pyr i te ,  pyrrhotite,  chalcopyrite,  and molybdenite a r e  t h e  
main sulphide minerals and they occur  disseminated o r  
locally concentra ted  in stringers and veins in shear  zones  

and f rac tures .  Silver and gold a r e  present  in t r a c e  
amounts. In t h e  western half of t h e  mineralized zone, t h e  
average copper grade i s  between 0.25 and 0.35 pe r  cen t  
but t he  ave rage  molybdenum con ten t  is  less than 0.005 per 
cen t .  Copper values g rea te r  than 1 per  c e n t  a r e  locally 
present  but  a r e  res t r ic ted  t o  zones  less  than  5 m wide; 
values g r e a t e r  than 0.5 per  c e n t  a r e  r e s t r i c t ed  t o  zones 
less than 10 m wide. 

The mineralized zone has  an  eas ter ly  t rend,  slightly 
discordant t o  the  t r end  of t h e  porphyry units (Fig. 3.2). 
Mineralization is  r a re  in t h e  granodior i te  but occurs  in t h e  
various porphyry phases and in country rocks. The 
mineralized zone is asymmetr ic  t o  t h e  porphyry plutons 
with most  of t h e  mineralization on t h e  nor th  side, o r  
s t ra t igraphic  top of t h e  plwtons. The highest copper 
values a r e  ac tual ly  in pyroclastic and autoclas t ic  breccias  
and sedimentary  rocks above, but  close t o  t h e  
northernmost quartz-plagioclase porphyry pluton. The 
higher porosity of t he  c l a s t i c  rocks apparently favoured 
sulphide deposition because  in ter layered massive flow 
units conta in  less mineralization than t h e  breccias.  The 
discordant t rend of t h e  mineralized zone may represent  an  
old f r a c t u r e  system. I t  is coincident with a linear 
s t ruc tu re  t h a t  extends  through t h e  mineralized zone 
(Fig. 3.1). 

Alteration of mineralized and unmineralized rocks is 
ubiquitous, but only preliminary petrographic work has  
been completed on t h e  a l tera t ion.  Epidote, quar tz ,  
chlorite,  carbonate ,  ser ic i te ,  a lb i te ,  sphene, and clay 
minerals a r e  common al tera t ion products. A large  zone of 
epidote-quartz a l tera t ion occurs  in t h e  quartz-plagioclase 
porphyry (Fig. 3.2). It has d i f fuse  borders and conta ins  
fine grained epidote  and qua r t z  with epidote  
predominating. 

Synthesis 

The porphyrit ic nature ,  f i ne  grained t o  aphanitic 
groundmass, chilled contacts ,  and complexity of t he  
porphyrit ic units supports a high-level subvolcanic origin. 
The spatially associated granodiorite s tocks ,  on t h e  o the r  
hand, a r e  medium t o  coa r se  grained and equigranular 
suggesting a deeper  level of emplacemen t  although sti l l  in 
the  epizone. This d i f ference  in emplacement  level 
probably r e f l ec t s  an  age  di f ference  between t h e  t w o  
plutonic events ,  even though t h e  granodior i te  and quar tz-  
plagioclase porphyry a r e  generally similar in composition. 
Poorly documented age  relations suggest t ha t  t he  
granodiorite is  older than the  porphyry phases. 

The occurrence  of the  porphyrit ic units in a volcanic 
sequence would normally be  in terpre ted a s  indicating a 
c lose  temporal  association between volcanism and 
porphyry plutonism. The a g e  and depth  relations discussed 
above, however,  appea r  t o  indicate  t h a t  t h e  porphyry 
plutonism is  younger than t h e  volcanism. Possibly they 
a r e  a marginal dyke phase of grani t ic  batholiths tha t  
occur severa l  kilometres nor theas t  of the  property 
(Fig. 3.1). These postulated relationships can be t e s t ed  by 
pet rographic  work. If t he  porphyry plutons a r e  re la ted  t o  
t h e  batholiths they should have a lower metamorphic  
grade than adjacent  units. If, on t h e  other  hand, they a r e  
older than the  batholiths, they should have the  s a m e  
general  metamorphic  grade a s  adjacent  units. 



The complexity of t h e  quartz-plagioclase porphyry 
dyke units, t he  genera l  similari ty of phases within t h e  
units, t h e  lack  of country  rock septa ,  and t h e  relatively 
sharp  c o n t a c t s  of t h e  units show t h a t  t h e  units a r e  n o t  
dyke swarms. Ra the r  they a r e  t h e  loci  of porphyry 
intrusion t h a t  may represent  t he  progressive expansion of 
two  sill-like subvolcanic magma chambers  by successive 
pulses of magma f rom a larger f rac t ionat ing  granodiorite 
reservoir .  The older hornblende porphyry is  dist inctly 
d i f ferent  f rom t h e  quartz-plagioclase porphyry phases but  
is also sill-like. It may represent  a less f rac t ionated  pulse 
of magma. 

The occurrence  of mineralization within t h e  quar tz-  
plagioclase porphyry but i t s  concentra t ion  above t h e  
porphyry supports a temporal  and genet ic  relationship 
between porphyry plutonism and mineralization.  The 
presence  of both high porosity country  rocks and a 
possible discordant f r ac tu re  sys tem may have been t h e  
major cont ro ls  fo r  localizing mineralization.  The e f f ec t ,  
if any, of t h e  older granodiorite on t h e  mineralization has  
n o t  y e t  been determined. 

A major unresolved problem i s  t h e  prec ise  relation- 
ship between volcanism, t h e  various plutonic events ,  
mineralization and a l tera t ion ,  deformat ion,  and me ta -  
morphism. Some genera l  comment s  about  t hese  relation- 
ships were  made  above, but  more  deta i led  s t a t e m e n t s  
must  awa i t  completion of comprehensive petrographic 
work now in progress. 
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Introduction 

The metallogenic relationship between modern 
island a rc s  and porphyry-type copper and/or molybdenum 
mineralization led Kirkham (1974) t o  suggest that  ancient  
island a rc s  could host this type  of mineralization. Ayres 
and Findlay (1976) fur ther  suggested that  known 
Precambrian porphyry deposits a r e  more closely related to  
porphyry deposits in Cenozoic island arcs,  where  
mineralized plutons appear t o  b e  an  integral p a r t  of t he  
volcanism and occupy t h e  lower pa r t s  of volcanic vents,  
than t o  Cenozoic and Mesozoic porphyry deposits of t he  
southwestern United S ta t e s  where plutons emplaced in 
much older Precambrian and Paleozoic sedimentary and 
metasedimentary rocks a r e  the  locus of mineralization. A 
possible example of this type of Precambrian deposit is 
Missi Island in Amisk Lake, eas t -centra l  Saskatchewan 
(54'40'N; 102'15'W) about  25 k m  west-southwest of Flin 
Flon. Here  pyrite, chalcopyrite,  and minor molybdenite 

mineralization is associated with a porphyrit ic dyke suite 
t h a t  may represent an  eroded ven t  complex (Kirkham, 
1974) with the  dykes being t h e  intrusive equivalent of 
overlying felsic t o  in termedia te  metavolcanic format ions  
(Fig. 4.1). 

Investigation of t h e  Missi Island volcanic cen t r e  
began in 1975 (Ayres and Findlay, 1976). Objectives of 
t h e  project  a r e  determinat ion of t h e  form and s t ruc tu re  of 
t h e  vent  complex, relationships between the  ven t  complex 
and associated mineralization, cha rac te r  and distribution 
of t h e  a l tera t ion and mineralization, e f f e c t s  of metamor-  
phism on the  a l tera t ion assemblages, and the  relationship 
between the  porphyritic dyke sui te  and younger a l tered 
trondhjemite plutons. J.S. Fox (pers. comm.) of the  
Saskatchewan Research Council is investigating t h e  over- 
lying rnetavolcanic format ions  to  the  west. 
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Figure 4.1. Geologic map of Missi Island and vicinity, Amisk Lake, Saskatchewan (modified 
a f t e r  Byers and Dahlstrom (1 954 1). 
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Figure 4.2. Equal-area plot  of poles t o  70 porphyrit ic dykes  
with contours  a t  3 ,  6, and 12 per  cen t .  

Preliminary Field Resul ts  

The Amisk Group is of Aphebian a g e  and, near  Flin 
Flon, is  a thick, complex assemblage  of metamorphosed 
basa l t ic  t o  rhyolit ic flows, pyroclastic rocks, and  
associa ted  volcaniclastic units. It was apparently erupted  
f rom severa l  cen t r e s ,  one  of which is thought t o  b e  a t  
Missi Island. The Amisk Group has been in terpre ted  a s  an  
island a r c  assemblage (Bailes, 197 1). 

A t  Missi Island, which has  a n  a r e a  of 75 km2 ,  me ta -  
morphosed maf ic  flows and minor pyroclastic rocks a r e  
intruded by two subvolcanic suites:  (1) an  older 
porphyrit ic dyke sui te  and ( 2 )  younger d i sc re t e  s tocks  of 
a l t e r ed  t rondhjemite  (Fig. 4.1; Byers and Dahlstrom, 
1954). Investigations during t h e  1976 field season were  
confined t o  t h e  west  and southwest  p a r t s  of Missi Island 
where  t h e  porphyrit ic dyke sui te  occurs  in a transit ional 
zone  between s teeply  dipping, west-facing maf ic  flows 
and overlying in t e rmed ia t e  t o  felsic f lows and f r agmen ta l  
rocks. This a r e a  represents  a near-vertical  sec t ion  
through pa r t  of t he  vent complex. Metamorphic grade  is 
greenschis t  facies.  

The porphyrit ic dyke sui te  var ies  in composit ion and 
t ex tu re  f rom coa r se  grained, equigranular metagabbro  t o  
medium and f ine  grained, quartz-feldspar porphyries of 
qua r t z  monzonite composit ion.  Groundmass textures  a r e  
invariably aphanitic t o  fine grained. Based on phenocryst  
populations, groundmass textures ,  composition, and 
colour,  numerous dyke types  have  been identified. T h e  
most common type  in t h e  a r e a  examined is  a mesocratic,  
f i ne  t o  medium grained, quartz-feldspar porphyry of 
qua r t z  diori te composition. Correlation between dyke 
types  in widely separa ted  outcrops is tenuous because  of 

t h e  similari ty of many dyke types  and t h e  e f f e c t s  of 
hydrothermal  a l te ra t ion  and metamorphism. No 
consis tent  a r e a l  distr ibution of dyke types  has  been  
recognized within t h e  study area.  

The sequence  of magmat ic  evolution shown by 
intrusive relationships between dyke types  is complex and 
has not been complete ly  deciphered.  Intrusive relation- 
ships observed in one  outcrop a r e  d i f f icul t  t o  c o r r e l a t e  
with intrusive relationships observed in o the r  outcrops  
because  of t h e  problems of dyke correlation.  
Fur thermore ,  deduced a g e  relationships a r e  conflict ing,  
suggesting t h a t  t he re  was more  than one episode of 
emplacement  of some  dyke types. In individual outcrops  
where  intrusive relationships were  observed, t h e  m o r e  
highly a l t e r ed  dykes a r e  invariably in t ruded by dykes t h a t  
have  lower deg rees  of pervasive hydrothermal  a l te ra t ion .  

The widths  of dykes range f r o m  1 c m  t o  20 m. No 
consis tent  relationship was  observed between dyke type,  
thickness, or a r e a l  distr ibution.  Seventy poles t o  dykes 
a r e  p lo t ted  on an equal a r e a  d iagram in Figure 4.2, t h e  
a t t i t udes  indicating t h a t  t h e  dykes have  a north-northwest 
prefer red  or ienta t ion  with a s t e e p  t o  ver t ica l  dip. Dyke 
a t t i t u d e  is independent of dyke type. The  dykes  a r e  
roughly parallel  t o  t h e  enclosing volcanic s t r a t a .  

The dyke sui te  is r e s t r i c t ed  largely t o  Missi Island 
where  i t  underlies 25 per  c e n t  of t he  island. Dykes a r e  
concen t r a t ed  in def in i te  zones  or a r e a s  up t o  500 m wide 
(Fig. 4.1) within which dykes m a k e  up 100 pe r  c e n t  of t h e  
rocks. Away f r o m  these  a r e a s  t h e r e  is a re la t ive ly  rapid 
progression across  zones  severa l  hundred me t r e s  wide 
f rom 100 per  c e n t  dykes t o  less than 10 per  c e n t  dykes. In 
t h e  western pa r t  of t he  island, t h e  generally concordant  
na tu re  of both individual dykes and dyke zones,  and  t h e  
lack of country  rock s e p t a  in t h e  dyke zones  show t h a t  t h e  
porphyrit ic su i t e  is no t  a dyke swarm. Instead, each  a r e a  
of dykes appea r s  t o  represent  a locus of dyke or sill 
emplacemen t  t h a t  was  gradually expanded by success ive  
pulses of dyke injection.  Each of these  dyke-rich a r e a s  is 
t e rmed  a "sill complext'. A similar model is envisaged fo r  
porphyry dyke emplacemen t  a t  Lang Lake, nor thwestern  
Ontar io  (Findlay and Ayres, 1977). In s o m e  
t'sill complexes" t h e  oldest  dyke phase  is re la t ive ly  
abundant  and may represent  a larger  sill-like pluton 
subsequently intruded by numerous younger dykes. 

No relationship has y e t  been identified between the  
t y p e  of dyke and t h e  type  or deg ree  of a l t e r a t ion  and 
mineralization.  Two  types  of a l t e r a t ion  have  been 
recognized: pervas ive  and veinlets. Pervas ive  
hydrothermal  a l t e r a t ion  a f f e c t s  both  dykes  and country  
rocks  and is cha rac t e r i zed  by t ex tu ra l  des t ruct ion ,  silicifi- 
ca t ion ,  and sericit ization.  Al tera t ion  vein le ts  of qua r t z ,  
carbonate ,  chlor i te ,  epidote ,  hema t i t e ,  or pyr i te  a r e  
widespread and do not  appear  t o  b e  re la ted  t o  any speci f ic  
dyke  type  or deg ree  of pervas ive  hydrothermal  a l te ra t ion .  
Al tera t ion  vein le ts  a r e  commonly c u t  by younger dykes. 

Disseminations and vein le ts  of pyr i te  a r e  common in 
t h e  dykes and t h e  volcanic country  rocks and t h e  
abundance of py r i t e  is d i rec t ly  re la ted  t o  t h e  deg ree  of 
pervasive a l tera t ion .  Chalcopyr i te  is res t r ic ted  in i t s  
distr ibution bu t  t h r e e  major chalcopyrite-bearing zones  
have  been explored on Missi Island (Fig. 4.1). These  zones  
a r e  all  associa ted  with t h e  porphyrit ic dyke sui te ,  
generally a t  or near  c o n t a c t s  with maf ic  metavolcanic  
country  rocks. Minor molybdenite and arsenopyr i te  have  
been observed. 



Dykes which a r e  texturally and compositionally 
similar t o  the  younger d iscre te  s tocks  of a l tered 
trondhjemite were  intimately injected into t h e  porphyrit ic 
dyke sui te  adjacent to the  stocks. These s tocks  have not 
ye t  been examined. 

Conclusions 

Several fea tures  of the  intrusive rocks on Missi 
Island suggest that  t he  plutons a r e  subvolcanic and may 
represent an  eroded vent complex. These include the  
general  restriction of the  t w o  plutonic sui tes  t o  t h e  
immediate  vicinity of Missi Island, t he  porphyritic nature  
and fine groundmass grain s ize  of the  dyke suite, t h e  
concentra t ion of dykes in distinct "sil lcomplexes" 
comprising 100 per c e n t  dykes, thinness of dykes, chilled 
con tac t s ,  general concordant  nature  of dykes in the  
western  pa r t  of the  island, absence of pegmat i t e  in the  
younger trondhjemite plutons, and pervasive hydrothermal 
a l tera t ion within and associated with the  plutonic rocks. 

Two models for t h e  development of t h e  Missi Island 
volcanic centre ,  a s  exposed on the  western side of Missi 
Island, a r e  currently being considered. In one model, t he  
highly altered, older porphyritic phase in the  
"sill complexes" represents  large concordant,  pod-like, 
epizonal plutons tha t  were  intimately intruded by younger 
porphyrit ic dykes. In the  other model, t h e  older 
porphyrit ic phase simply represents the  ear l ies t  intrusion 
of thin dykes tha t  were  successively intruded by younger 
porphyritic dykes. Additional d a t a  on the  distribution of 
younger porphyritic phases may indicate  tha t  small  plugs 
or  s tocks  of these  phases a r e  present  within t h e  centre .  In 
both  models, a l l  of t he  porphyrit ic phases a r e  re la ted  t o  
t h e  overlying in termedia te  t o  felsic volcanic units. 

If t he  porphyritic "sill complexes" a r e  re la ted  t o  
overlying volcanic units, t h e  position of t h e  various 
"sill complexes" within the  vent may have been controlled 
by l i thostatic load. Accordingly, progressively younger 

complexes  should b e  displaced upward (westward) in the  
vent  t o  compensate  for  l i thos ta t ic  load increases  due t o  a 
growing volcanic edifice. "Sill complexes" in t h e  centra l  
and eas tern  pa r t  of t h e  island, should thus represent  e i ther  
older pa r t s  of t he  vent  intrusion, or  exhibit t ex tu ra l  and 
compositional d i f ferences  re la ted  t o  simultaneous 
emplacement  a t  deeper crus ta l  levels. These  "sill 
complexes" and the  younger trondhjemite s tocks  will b e  
investigated in 1977. 
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Introduction 

The need for improved methods of measuring soil 
water  content  accurately and over extensive a reas  is 
increasing a s  c rop  yield optimization and conservation of 
natura l  resources become increasingly necessary. At 
present  the  common technique for determining soil water  
con ten t  is  t o  remove a soil specimen and measure i t s  
weight before and a f t e r  drying. The neutron probe is an  
indirect measurement tha t  is  slowly gaining accep tance  
b u t  t h e  method is unsuitable for rapid reconnaissance. 
Various other indirect methods, contact ing and non- 
contacting, exist  but  none is totally sa t is fac tory  
(Barringer, 1973, 1975). 

The complex die lec t r ic  constant  in the  frequency 
band of IMHz t o  lGHz  holds promise of being a remotely  
de tec t ab le  soil physical property which is primarily 
dependent on water  con ten t  (Nikodem, 1966, Hoekstra and 
Delaney, 1974, Cihlar and Ulaby, 1974, and Davis and 
Annan, in press). Unfortunately,  there  is a scarc i ty  of 
reliable da ta  on the  e lec t r ica l  properties of we t  soils in 
this frequency range. This repor t  summarizes r ecen t  
exper imenta l  results obtained using time-domain reflec- 
t ome t ry  (TDR) techniques. The exper iments  were  carr ied  
out  

(a) t o  determine the  relationship between t h e  
die lec t r ic  constant ,  in the  frequency band of lMHz 
t o  lGHz,  and soil wa te r  content ;  

(b) t o  determine if TDR techniques provide a 
pract ica l  method fo r  measuring soil water  con ten t  in 
situ. 

Experimental  Work 

The TDR technique is discussed in general  t e r m s  by 
Fellner-Feldegg (1969). Davis and Chudobiak (1975) and 
Davis and Annan (in press) discuss the  technique a s  applied 
t o  t h e  measurement  of t h e  e lec t r ica l  properties of we t  
soils. Briefly, with the  TDR technique, the  propagation 
velocity of a f a s t  r ise-time s t ep  is determined by 
measuring the  t ime  required for  t he  s t e p  signal t o  t r ave l  
in a known length of transmission line. The e lec t ro-  
magnet ic  wave velocity in this line is the  s a m e  as t h a t  in 
t h e  mater ia l  surrounding t h e  line. If t he  propagation 
velocity is known then the  die lec t r ic  constant  of t he  
mater ia l  can  b e  es t imated.  The magnet ic  proper t ies  of 
virtually all  bulk geological mater ia ls  do  not vary 
significantly f rom the  magnet ic  properties in f r e e  space.  
TDR techniques have not  revealed any change of the  
propagation velocity associated with soil t ype  or  loss 
proper t ies  (Davis and Annan, in press). 

'Soil Research Insti tute,  Agriculture Canada 

Thus 

where  V = t he  propagation velocity in t h e  l ine 
c = velocity of an e lec t romagnet ic  wave in 

vacuum, 3 x 108m/s  and 
Ka= apparent  d ie lec t r ic  constant.  

where  K'= t he  rea l  d ie lec t r ic  constant ,  
Kt'= t h e  imaginary die lec t r ic  constant  or t he  

d ie lec t r ic  loss, 
adc = the  zero  frequency conductivity,  

w = t h e  angular frequency, 2nf,  and 
E~ = t h e  f r e e  space  permitivity,  

8.854 x 1 0 - 1 2 ~ / m .  

If t he  e l ec t r i c  loss is small  compared t o  the  rea l  
d ie lec t r ic  constant ,  i.e. 

(Kt? + A) << K', (3) 
€0 

then Ka s K'. 

The apparent  d ie lec t r ic  constant  can be  es t imated 
knowing t h e  t ravel  t ime,  t, and transmission line length, 
L, f rom 

A s t e p  function with a rise t ime  of 0.1 ns has a 
continuous energy spect rum from DC t o  10" Hz. The 
frequencies a r e  l imited by t h e  transmission l ine dimen- 
sions and any impedance matching t ransformers  in the  
circuit .  In these  exper iments  the  maximum frequency 
range is f rom l o 6  t o  l o 9  Hz. The e lec t r ica l  proper t ies  of 
t h e  soil in t h e  line also reduce the  frequency range. 

Laboratory  Measurements  

T o  determine the  relationship between the  apparent  
d i e l ec t r i c  constant  and volumetric soil water  con ten t  (Bv) 
t h e  t r ave l  t i m e  of t h e  TDR signal in a one m e t r e  long 
coaxia l  transmission line was measured. The inside 
d i ame te r  of t h e  shield i s  5 c m  and the  volume of soil in 
t h e  tube  is 1844 c m 3 .  The line i s  filled with a soil and t h e  
wa te r  con ten t  is varied by pumping a known amount  of 
wa te r  through porous ce ramic  discs along t w o  sides of t he  
line. Standard laboratory bu re t t e s  a r e  used t o  measure  
t h e  amount  of water  put in or taken ou t  of t h e  soil. The 
t empera tu re  for exper iments  reported he re  was  kep t  a t  
t20.3"C. A Tektronix 7512 TDR unit is  used for  t he  

From: Report of Activities, Par t  B;  
Geol. Surv. Can., Paper 77-1U (1977)  



Soil Type, Bulk Density and Pa r t i c l e  Size  Distribution 

Soil Bulk Density %(0.002mm) %(0.002-0.05mm) %(0.05-2.0mm) 
(Depth) gm cm-3 (clay) (silt) (sand) Class 

Rubicon 
(0-20cm) 

Caldwell 
(0-20cm) 

Caldwell 
(40-50cm) 

Caldwell  
(90-110cm) 

65.2 sandy loam 

33.1 clay loam 

21.9 clay loam 

3.3 heavy clay 

RUBICON SANDY LOAM (0-20cm) 
laboratory measurements.  The d a t a  a r e  recorded on CALDWELL CLAY LOAM (0-20cm) A 

Polaroid film for preliminary analysis and on analogue 
magnetic t ape  for fu tu re  computer analysis. o 4 0  A CALDWELL CLAY LOAM (40-50cm) 

Y o CALDWELL CLAY (90-110cm) 
C 

Field Measurements 
in 

T o  determine if the  TDR method provides a prac- 2 
t ica l  technique for measuring soil water content  in t h e  8 
field, t he  velocity of t he  TDR signal is  determined for a 
parallel  wire transmission placed vertically in the  soil. 
The line is const ructed of 6 mm diameter  rods, 20 c m  I- 
long, kept separated by a PVC block a t  one end. The 3 
t ravel  t ime  of the  TDR signal is measured using a por table  -I 
cab le  t e s t e r  (Tektronix 1502). Soil samples were  taken 
f rom within the  transmission line for gravimetr ic  water  
con ten t  measurements.  In this way the  apparent  dielec- I- 
t r i c  constant  and the  water  con ten t  a r e  determined for  5 
t he  same  soil. K 

P 

I I I I I 

Resul ts  and Discussion 10 2 0  3 0  40 5 0  60 

SOIL WATER CONTENT 8" % 
Figure 5.1 shows the  results, t o  date ,  of t h e  dielec- 

t r i c  measurements versus volumetric soil water  con ten t  FiSure 5.1. Experimental results of Ka versus soil water  
made on four d i f ferent  soils whose character is t ics  a r e  con ten t  for  four d i f ferent  s o ~ l s .  
l isted in Table 5.1. The soils range in t ex tu re  f rom a 
sandy loam t o  a heavy clay. In general  t he  spread of d a t a  
points is  comparable  t o  the  measurement  precision bu t  From the  da ta  in Figure 5.1 an  empir ica l  relation- 
the re  is  some indication, though small, of d i f ferences  ship between apparent  d ie lec t r ic  constant  and soil water  
associated with soil type  and/or density. content ,  Ov, is  found t o  be  

No exper iments  have been done t o  show the  rela- 
tionship between Ka and bulk density for the  d i f ferent  
soils. From these  experiments,  which cover a reasonable 
range of densities, a s  is shown in Table 5.1, i t  is expected 
t h a t  Ka is only weakly dependent on density. Water 
having a die lec t r ic  constant  of a s  much a s  sixteen t imes  
tha t  of dry soil is expected t o  mask the  density 
d i f ferences  at water  contents  above 10 per  cent.  The 
t empera tu re  dependance of t h e  d ie lec t r ic  constant  has  
been found to  b e  of l i t t le  pract ica l  significance for field 
applications. (Davis, 1975, and Davis and Annan, in press.) 

Figure 5.2 shows the  above relationship with t h e  
a r e a  of uncer ta in ty  indicated. The s c a t t e r  of points is not 
a normal distribution and thus  we s e t  t he  l imi ts  of 
uncer ta in ty  by eye  t o  encompass 95 per  c e n t  of t h e  d a t a  
points. The uncer ta in ty  in determining Bv f rom t h e  
die lec t r ic  constant  will not b e  reduced by more  and b e t t e r  
exper imenta l  precision of d ie lec t r ic  constant  unless o ther  
soil variables contributing t o  the  uncer ta in ty  a r e  taken 
in to  account  (Davis and Annan, in press). 
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Figure 5.2. Area  of uncer ta in ty  on the  variation of K a versus soil water  content .  
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Figure 5.3. Field results of Ka versus soil water  content  
in t h e  surface  20 c m  of a Caldwell  clay 
loam. The a r e a  of uncer ta in ty  of Ka versus 
8, f rom t h e  laboratory exper iments  1s also 
shown. 

Field Measurements 

Figure 5.3 shows the  die lec t r ic  constant  d a t a  versus 
volumetric water  con ten t  from al l  measurements  obtained 
in the  surface  20 c m  during the  pas t  summer. The 
shadowed a rea  is t h a t  which is derived from the  labora- 
tory  experiments.  The volumetric water  con ten t  for da t a  
points depicted ( m )  was derived f rom g rav ime t r i c  water 
con ten t  and density measurements  for  samples taken with 
a 5 c m  diameter  corer.  For d a t a  points indicated by (o ), 
t he  volumetric wa te r  con ten t  was inferred f rom the  
gravimetr ic  water  con ten t s  of 2.5 c m  d iamete r  sample,  
combined with bulk densit ies obtained f rom independent 
measurements  taken nearby. The die lec t r ic  constant  
measurements  were obtained using a 20 c m  long parallel- 
wire transmission line with a wire separa t ion of 5 cm.  

A TDR measurement  takes  about  two minutes t o  
obtain plus about  another  th ree  minutes for in terpre ta t ion 
and calculations. A gravimetr ic  measurement  t akes  about  
24 hours for drying and fu r the r  t ime  is necessary for  
cooling, weighing and calculations.  

The slope of t h e  field measurements  ag rees  well 
with tha t  of laboratory measurements  bu t  they a r e  in 
general  a t  a lower d ie lec t r ic  constant .  This decrease  of 
d ie lec t r ic  constant  is because of a small  a i r  gap formed 
around the  transmission line a s  i t  is  inserted by hand into 
t h e  soil (Annan, 1977). The design of the  transmission line 
will be  modified t o  minimize e r ro r s  which a r e  generated 
by a i r  gaps. 

Conclusions 

The results of t he  work t o  d a t e  indicate  t h e  
following: 

(a)  The real d ie lec t r ic  constant ,  in the  frequency 
band from l o 7  t o  l o 9  Hz, depends strongly on soil water  
con ten t  and weakly on other  soil proper t ies  such a s  soil 
type,  density and temperature .  

(b) From qual i ta t ive  variations observed on the  
TDR records  t h e  d ie lec t r ic  loss appears  t o  vary a g r e a t  
deal  with soil type,  wa te r  con ten t  and temperature .  The 
losses increase as I )  t h e  grain s i ze  decreases,  2) t h e  wa te r  
con ten t  increases,  and 3) t h e  t empera tu re  increases. The 
TDR t ravel  t imes  have not been measurably a l tered by 
any of the  loss properties of the  soils in these  experi-  
ments ;  thus the  apparent  d ie lec t r ic  constant  is 
approximately equal t o  t h e  real  d ie lec t r ic  constant.  

(c) From the  laboratory measurements  on the  four 
soils a n  empir ica l  relationship Ka = 2.26 + 0.1768, 
+ 0 . 0 1 0 6 8 ~ ~  can b e  derived. More laboratory measure- 
m e n t s  and simultaneous die lec t r ic  and soil wa te r  con ten t  
field measurements  a r e  required t o  establish the  reli- 
abil i ty of th is  relationship. 

(d) Ka. is a sensit ive indicator of soil water  con ten t  
with a precision of be t t e r  than +-3 per c e n t  overall. 
Grea te r  precision may result  if o ther  soil variables a r e  
considered. 

(e) The TDR technique provides a pract ica l  method 
of measuring the  soil wa te r  con ten t  in t h e  field. Improved 
probe design will increase  the  measurement  precision. A 
microprocessor based sys tem is being built  which will 
allow a d i r ec t  readout  of soil mois ture  in t h e  field. 



The TDR technique is a significant advance for 
measuring soil water content rapidly. The technique will 
provide the  ground truth necessary for the  development of 
fur ther  more rapid, soil-water-content sensors. 
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GEOCHEMICAL DISTRIBUTION O F  URANIUM, TUNGSTEN, AND MOLYBDENUM 
IN THE TOMBSTONE MOUNTAINS BATHOLITH, YUKON 

Projec t  750051 : Uranium Reconnaissance Program 

W.D. Goodfellow and 1.R. Jonasson 
Resource  Geophysics and Geochemis t ry  Division 

Introduction 

The exploration for  uranium has been a r ecen t  
development for  t h e  Yukon Terri tory.  Initially, s t r eam 
sediment  sampling was  carr ied  out  by exploration and 
mining companies  in a r eas  underlain by Proterozoic  
(Helikian ?) sedimentary  and volcanic rocks  where  severa l  
uranium occurrences  a r e  associated with intrusive and 
ext rus ive  breccias. Recent ly ,  however,  increasing 
emphasis has been placed on alkaline multi-phase intrusive 
rocks a s  not only a source  but a host fo r  t h e  'porphyry 
uranium' (Armstrong, 1974) t ype  of deposit .  Uranium 
deposits  of this t ype  occurring e lsewhere  in t h e  world 
include t h e  Bokan Mountain deposits  of Alaska 
(Mackevett , l963),  t h e  Rossing deposit  of South West 
Afr ica  (Berning et al., 1976) and t h e  Crocke r  Well deposit  
of South Aust ra l ia  (Campana and King, 1958). 

addit ional information on t h e  various chemica l  and 
mechanica l  processes af fec t ing  t h e  supply, t r anspor t  and 
deposit ion of e l emen t s  in t h e  s t r eam sys tem.  Samples  of 
s t r e a m  sediments  and water  were  col lec ted  a t  a density of 
four samples  per  line of s t r eam.  Rock samples  
represent ing  t h e  d i f f e r en t  l i thologies were  also col lec ted .  

One  a r e a  investigated in g r e a t e r  de t a i l  is  t h e  
Tombstone  Mountain a r e a  (Detail  Area  No. 7, Jonasson 
and Goodfellow, 1976) of t h e  wes t  c e n t r a l  Yukon (Fig. 6.1) 
which is underlain by Cre t aceous  a lkal ine  plutons t h a t  
in t rude  older sedimentary  rocks. This a r e a  is of par t icular  
in teres t  in l ight of t h e  occurrence  of uranium in veins 
in tersec t ing  t h e  pseudoleucite t inguai te  phase of t h e  
Tombstone  batholi th.  

Geology and Petrography 

The Tombstone  Mountains a r e  cha rac t e r i zed  by 
jagged spires,  some  of which a r e  bounded by faul t -  
controlled ver t ica l  sides, which a r e  i n t e r sec t ed  by deeply 
incised s t reams.  Below approximate ly  1500 m,  t h e  s t r e a m  
valleys a r e  filled primarily with g lac ia l  and alluvial  
mater ia l ,  much  of which is  indigenous. 

6 7 O  

LEGEND 

During t h e  summer  of 1976, 28 490 km2  of t he  cen-  
t r a l  Yukon were  surveyed a t  a density of one  sample in 
f ive  square miles in an  e f f o r t  t o  eva lua t e  t h e  uranium 
potent ia l  of a range of geologically favourable  environ- 
m e n t s  (Goodfellow et al., 1976). Detailed s tudies  of 
se lec ted  a r e a s  were  carr ied  o u t  in conjunction with t h e  
reconnaissance survey with t h e  objec t ive  of providing 

140' 134O 

CENEZOIC 
0 Unconsolidated glacia l  and al luvia l  

M E S O Z O I C  

a Semi-unconsolidated gravels, sands 
of the  Bonnet Plume and Eagle Pfa 

depos i ts  

and coal  s e a m s  
i n s  b a s i n s  

MILES 

'W 

Cretaceous syeni t ic  intrusions 

a S e d i m e n t a r y  and i n t r u s i v e  rocks 

PAL EOZOIC 

0 Sedimentary and volcani-c rocks 

PROTEROZOIC 

Sedimentary and volcanic rocks 

METAMORPHIC R O C K S  

SYMBOLS 
----. Reconnaissance s u r v e y a r e a  
- D e t a i l  survey a r e a  

Figure  6.1. Genera l  geology of t h e  c e n t r a l  Yukon wi th  t h e  out l ine  of t h e  reconnaissance and deta i led  survey a r e a s  
( the  Tombstone batholi th is  located  in de ta i l  a r e a  No. 7). 

From: Report of Activit ies,  Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



The geology of the Tombstone Mountains of the 
west-central Yukon Territory has been mapped most 
recently by Green (1972) and by Tempelman-Kluit (1970). 
The area that was surveyed geochemically (Fig. 6.2) is 
underlain by an alkaline batholith of Cretaceous age which 
intrudes Cretaceous Keno Hi l l  Quartzite, diorite and 
gabbro, and Jurassic sedimentary rocks. The petrography 
of the Tombstone batholith was examined most recently 
by Tempelman-Kluit (1968) and the following descriptions 
are taken from that account. The core of the batholith is 
composed of alkali syenite which is enclosed by monzo- 
nite, quartz rnonzonite and diorite towards the margins. 
The syenite which makes up the bulk of the intrusion is 
composed of phenocrysts of orthoclase set in a medium 
grained allotriomorphic groundmass of microperthitic 
orthoclase, andesine, aegerine-augite, amphibole, biot i te 
and minor quartz. The accessory minerals are sphene, 
zircon, apatite and opaques. 

Pseudoleucite tinguaite occurs in two areas within 
the Tombstone batholith. In the f irst area, pseudoleucite 
tinguaite is located along the southern margin of the 
batholith where it occurs i n  sharp contact with monzonite 
and Keno H i l l  Quartzite. The second area is located near 
the centre of the batholith where pseudoleucite tinguaite 
is in  gradational contact with the enclosing syenite. 

Pseudoleucite tinguaite is composed of phenocrysts 
of pseudoleucite, an intergrowth of potash feldspar and 
nepheline, set in  a groundmass of potash feldspar, 
nepheline, biotite, f luorite and minor cancrinite. The 

pseudoleucite phenocrysts show excellent trapezohedral 
crystal form and contain cancrinite, calcite, plagioclase, 
b iot i te and melanite in addition to  orthoclase and 
nepheline. Narrow veins of f luorite and galena cut  the 
rock locally and many pseudoleucite crystals are altered 
in  part to  clay minerals and sericite. 

Geochemistry 

The analytical results for stream sediment and 
water are presented in  Table 6.1. Stream sediments were 
sieved to minus 80-mesh and analyzed by Chemex 
Laboratories for Au, Pb, Zn, Co, Ni, Ag, Mn, Fe, Ba, Mo 
(AAS) and W (colorimetry). Stream waters were collected 
unfiltered and analyzed by Barringer Research 
Laboratories, Whitehorse, for U (fluorimetric), F (specific 
ion electrode) and pH. The water samples were then 
shipped acidified to  the Geological Survey laboratories 
where they were subsequently analyzed for Au and Pb 
(flameless AAS). 

Most of the sediment in  streams draining the 
Tombstone batholith has been derived by the mechanical 
breakdown of rock-forming minerals which have been 
transported as particulates during the heavy spring run- 
off. Stream sediments range in  size from fine si l t  t o  
boulders, with only minor organic matter present. The 
low Mn concentrations in stream sediments (Table 6.1), 
which are in  general comparable in Mn levels in  the 
underlying rock (Table 6.21, demonstrate the absence of 

QUATERNARY 

26 Unconsolidated glacial and alluvial 
deposits 

CRETACEOUS 
21b Syenlte and quartz monzonite 
20 Diorlteand gabbro 
la KENO HILL quartzite 

JURASSIC 
17 Argllllte, slate,phyllite and quartzite 

m i l e s  
0 1 2 3  
I I I I 

I - 
1 3 8 ~ 2 2 '  

Figure 6.2. Sample number (1168763 series) locations for stream sediments and 
waters (geology after Green, 1972). 





Table 6.2 

Chemical analyses of rocks f rom t h e  Tombstone Mountains 

Sample No. Cu Pb Zn C o  Ni Mn F e  U' U2 Ag W Mo Ba Rock Type 

116B765002 9 40 16 2 2 133 0.88 9.4 16.4 0.2 2 7 .9  540 Monzonite 

03  2 40 68 2 2 77 0.66 13.6 22.2 0 . 2  2 3 . 8  330 
I 1  

04 3 17 36 2 2 319 2.42 34 .0  60.0 0 .2  2 2 .5  210 
I I 

05 4 32 47 5 2 365 1.32 3 .6  5 .1  0.2 4 2.5 1880 Syeni te  

06 4 17 16 2 2 139 0.70 2 .4  3.0 0.2 4 3 .8  1860 
I 1  

07 5 48 68 7 2 460 2 .75  5 .2  10.0 0 .2  4 7 . 2  1840 
I I 

08 4 64 54 2 2 494 2 .00 20.0 31.3  0 . 2  4 11.6  470 Monzonite 

1 09 3 80 88  5 2 674 2.27 16.8 26.1 0.2 2 3 .8  1560 Syeni te  I 
10 4 48 91 2 2 572 2.00 14.4 24.7 0 . 2  2 4 .4  230 Pseudoleucite 

t inguai te  
I 

1 Notes: a l l  e l emen t s  in ppm excep t  F e  which is  in % 1 
I uranium determined fluorimetrically I 
I uranium determined by delayed neutron act ivat ion I 

inorganic m a t t e r  a s  a scavenger of t r a c e  and minor 
e lements .  The mechanical derivation of most sediments is  
a t t e s t ed  t o  by the  overall  similarity in major e lement  
chemis t ry  between t h e  s t r eam sediments  and rocks f rom 
t h e  Tombstone batholith. Because of t h e  large  di f ference  
in Ba between the  syeni te  and monzonite of t h e  
Tombstone batholith (Table 6.2), t he  distribution of Ba in 
s t r eam sediments is particularly e f f ec t ive  in differ-  
ent ia t ing t h e  syenitic c o r e  f rom t h e  monzonitic margins 
of t h e  batholith. 

The high Cu and Ni in the  minus 80-mesh f rac t ion of 
s t r eam sediment compared t o  their  concentra t ions  in the  
underlying rocks undoubtedly results f rom thei r  hydro- 
morphic dispersion and sorption onto  the  surfaces  of f ine  
par t icula te  material .  The C u  concentra t ion of s t r eam 
wa te r  certainly supports this interpretation. 

The high Zn, Ni and t o  a lesser extent ,  C u  and Pb in 
sediments  (763102-763117) f rom s t r eams  draining t h e  
nor theas tern  con tac t  of t h e  batholith r e f l ec t  t h e  Jurassic 
shales which have been mapped in this area .  The low pH 
of s t r eams  draining these  pyrit ic shales is important  in the  
dissolution of meta ls  f rom t h e  underlying Jurassic shales. 

The distribution of U in s t r eam sediments (Fig. 6.3) 
outlines two  a reas  of high U potential  within the  
Tombstone batholith. The f i rs t  a r ea  has U concentra t ions  
ranging up t o  115 ppm (Table 6.1) in sediments  f rom 
s t r e a m s  draining t h e  southern con tac t  of t h e  batholith 
where  U mineralization in t h e  form of pitchblende occurs 
in veins intersecting pseudoleucite tinguaite. The second 
a r e a  contains U concentra t ions  ranging up t o  576 pprn in 
sediments  f rom th ree  t r ibutar ies  of t h e  Tombstone River 
which in tersect  t h e  c e n t r e  of t h e  batholith where  syeni te  
has  been mapped. A t  their  confluences with the  
Tombstone River,  t he  U content  of s t r eam sediments  
decreases  rapidly t o  background levels, presumably due t o  
a n  overwhelming dilution effect .  

The concentra t ions  of U in s t r eam sediments  most 
likely resulted from a combination of mechanical and 
chemical  processes. From Table 6.2 i t  is c l ea r  t h a t  
approximately 50  per  c e n t  of t h e  U is  present  in t h e  rock 
in a readily leachable  form,  possibly associa ted  with 
f luor i te  and apa t i t e ,  or occurring a s  pitchblende; t he  
remainder is  t ied up in minerals such a s  zircon and sphene 
which a r e  relatively res is tant  t o  decomposition. Con- 
sequently,  i t  is  no t  surprising t h a t  t h e  U anomal ies  in t h e  
coa r se  f rac t ion (-20 + 80  mesh) of s t r e a m  sediments  a r e  
coincident with U anomalies in the  f ine  f rac t ion (-80 
mesh). 

The distribution of U in s t r eam w a t e r  (Fig. 6.4) is 
very similar t o  t h e  U pa t t e rn  in s t r e a m  sediments.  In 
general,  t w o  a reas  a r e  outlined within t h e  Tombstone 
batholith t h a t  have U concentra t ions  ranging up t o  I ppb. 
The high concentra t ions  of U and F (Fig. 6.5) fu r the r  
suggest t h a t  a portion of t h e  U may be  associa ted  with 
f luor i te  or apat i te ,  both of which a r e  accessory  minerals 
in t h e  pseudoleucite t inguai te  (Tempelman-Kluit, 1968). 
The high F associated with U in t r ibutar ies  of t he  
Tombstone River draining f rom t h e  c e n t r e  of t h e  batholith 
suggests t h a t  this a r e a  should b e  investigated fo r  
additional occurrences  of t inguai te  which is  considered t o  
be  the  host for  U along t h e  southern contact .  

The presence of galena  veinlets in tersect ing t h e  
pseudoleucite t inguai te  (Tempelman-Kluit, 1968) un- 
doubtedly explains t h e  association of high Pb (Fig. 6.5) 
with U and F in s t r eams  draining the  southern contact .  
The presence of galena and sphaler i te  in this a r e a  is 
indicated fur ther  by t h e  high Pb (200 pprn) and Zn 
(270 ppm) in s t r eam sediments.  The abnormally high Pb 
(16 ppb) in wa te r s  and Ag, Pb and Zn in sediments  f rom 
s t r eams  draining t h e  southwestern c o n t a c t  r e f l ec t  t he  
presence of Ag-Pb-Zn (Spotted Fawn Proper ty)  mineral-  
ization known t o  occur  in veins in tersect ing t h e  Keno Hill 
Quar t z i t e  (Cockfield, 1919). The concentra t ion of Pb in 
s t r e a m  wa te r s  is  well within t h e  solubility l imi ts  of PbCOj  
for t he  neutral  t o  slightly alkaline pH conditions of 
s t r e a m s  draining t h e  Tombstone batholith.  
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Figure 6.3. Distribution of U and W in sediments  (minus 80-mesh f rac t ion)  f rom 
s t r eams  draining t h e  Tombstone batholith. 
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Figure  6.4. Distribution of U in wa te r s  and Mo in sediments  (minus 80-mesh f rac t ion)  
f rom s t r eams  draining the  Tombstone batholith. 
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Figure 6.5. Distribution of Pb and F in wa te r s  f rom s t r eams  draining t h e  Tombstone batholith.  



The high Pb in s t r eam waters  from t r ibutar ies  of the  
Tombstone River draining the  centra l  sections of t h e  
batholith i s  spatially associated with t h e  U anomaly in th is  
area.  However, t h e  s t r eam sediments,  unlike those 
draining t h e  southern con tac t ,  conta in  background levels 
of Pb, Zn and Ag suggesting t h a t  t h e  mineral associations 
in these  sections of t he  batholith a r e  d i f ferent .  

For all s t r eams  intersecting the  Tombstone batho- 
l i th,  t h e r e  is  c lose  spatial  association of high W (Fig. 6.31, 
Mo (Fig. 6.4) and U in t h e  s t r eam sediments. Certainly,  a 
U - Mo association is  not  unusual but W is  less commonly 
associated with U in similar geological environments 
described elsewhere (Mackevett ,  1963; Semenov, 1974). 
By examining their  distribution in the  underlying rocks 
(Table 6.2)) i t  is apparent  t ha t  although the  U - Mo 
association is present,  t h e r e  i s  no c lear  association of W 
with U. One possible explanation fo r  what appears  t o  b e  
contradic tory  evidence of the  W - U association in s t r eam 
sediments and rocks is t h a t  W is not directly associated 
with the  U mineralization but spatially zoned about i t .  
One possible mode of occurrence  would be in scheel i te  
veins similar t o  W showings present in acid plutons from 
t h e  Keno Hill a rea .  

Discussion 

The Tombstone batholith represents  a multiphase 
intrusion which is zoned f rom syenite a t  t h e  co re  t o  
pseudoleucite t inguai te  a t  t he  southern c o n t a c t  where i t  
intrudes monzonite and qua r t z i t e  (Tempelman-Kluit, 
1968). The t inguaite,  which may represent  t h e  end 
product of an oversa tura ted differentiation series,  con- 
tains abnormally high concentrations of U, likely 
associated with fluorite.  Under processes of f rac t ional  
crystall ization in a closed system, U would be re ta ined in 
a halogen-rich and carbonate  residual magma as  a 
complex ion (Bohse et al., 1974). 

Uranium deposits associated with d i f ferent ia ted  
plutonic rocks would be expected t o  occur where  t h e  
residual halogen-rich magma concentra ted  a t  t he  apical 
a r e a  of t h e  magma chamber ,  or was  intruded in to  t h e  
enclosing rocks. S#renson et al. (1974) have demonstra ted  
t h a t  t h e  Kavenfjeld U deposit  of South Greenland formed 
by t h e  parti t ioning of U into a halogen-rich residual 
magma which l a t e r  solidified. O the r  U deposits which a r e  
considered t o  have formed under similar processes include 
t h e  Rossing of South Africa (Backstrom, 1970) and t h e  
Ross Adams of Alaska (Mackevett ,  1963), both of which 
conta in  U associated with f luor i te  veins which in tersect  a 
highly di f ferent ia ted  igneous complex. 

In t e rms  of exploration, t he  principal cr i ter ion of a 
"uranium porphyry" type  of deposit would be a highly 
di f ferent ia ted  complex t h a t  formed under a closed 
sys tem,  thus retaining t h e  volatiles. Miaroli t ic grani t ic  
rocks indicate t h a t  at l eas t  some  of t h e  volati les escaped, 
perhaps due t o  a dec rease  in pressure, somet ime  during 
t h e  crystall ization process. Consequently, t h e  U would be  
expected t o  be dispersed in to  cavi t ies  throughout the  rock 
and would therefore  be  unlikely t o  form U concentrations,  
a t  leas t  initially. Massive plutonic rocks, however, 
indicate  t h a t  t h e  volati les were  retained and t h e  U may be 
expected t o  be concentra ted  in t h e  residual magma. 

This in terpre ta t ion of the  origin of U in the  
Tombstone .batholith is  supported by t h e  geochemistry of 
s t r eam sediments  and waters,  and rocks. The association 
of U with F is supported by the  presence of f luor i te  veins 
which in tersect  pseudoleucite t inguai te  along t h e  southern 
con tac t  where U in t h e  form of veins occurs.  This a rea  of 
U mineralization is outlined by high U, Mo, W, Pb and Zn 
in s t r eam sediments and U, F and Pb in s t r eam waters.  A 
second a r e a  near  t h e  c e n t r e  of t h e  bathol i th  i s  also 
outlined by similar e l emen t  associations in t r ibutar ies  of 
t h e  Tombstone River where no t inguai te  has  ye t  been 
mapped. However, in light of t h e  geochemical response, 
i t  must be  considered an a r e a  of high U and W potential .  
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Introduction Vibrocore Results 

There  is evidence t o  suggest t h a t  t he  e x t r e m e  tidal 
range (up t o  16.3 m) presently occurring in t h e  Bay of 
Fundy, has  been in existence for  only a short  period of 
t ime. Grant  (19701, working with cores  f rom t h e  Minas 
Basin margins, indicated t h a t  prior t o  4000-5000 yea r s  
B.P. t h e  t ides of t he  Bay of Fundy were  insignificant but 
may have commenced developing 6000 years  B.P. Grant  
also suggested t h a t  t h e  changes  in t idal range may have 
been complicated by a progressive postglacial 
submergence of the  region. 

During the  summer of 1976, a ser ies  of vibrocores 
were  taken through t h e  top 4 m of surficial  sediment in 
the  subtidal regions of t he  Minas Basin system and Minas 
Channel. The a ims were  t o  document  any sedimento- 
logical evidence of submergence and t o  d e t e c t  any 
changes in the  magnitude of t idal cu r ren t  ac t iv i ty ,  a s  i t  is 
considered tha t  such evidence is bes t  preserved in t h e  
subtidal sediments: Recognizable sedimentological 
horizons were  then dated by t h e  14c method ( to ta l  ca r -  
bon), t o  provide a more .complete postglacial history of 
t h e  region; c o r e  location and stratigraphy a r e  i l lustrated 
in Figure 7.1. 

It was  found t h a t  e a c h  of t h e  vibrocores showed a 
similar s t ra t igraphic  sequence: The lower 3-4 m of t h e  
cores  were  sil ts  and c lays  containing open marine,  inner 
shelf foraminifera  (Trochammina inf la ta ,  Elphidium exca-  
va tum clavatum,  etc.) and mulluscs (Nucula proxima, 
Spisula polynyma, etc.)  and overlay the  hummocky 
ref lec tor  which is thought t o  represent a compacted 
su r face  of t h e  Pleistocene sediments  (dated a t  14 000 and 
37 000 years  B.P.). These watery ,  f ine  grained sediments  
thicken towards t h e  c e n t r e  of t he  basin indicating t h a t  
they were  deposited in a fashion typical of quie t  water  
embayment  sedimentation. The included microfauna a r e  
normally found in wa te r  depths less than 10-15 m, but a r e  
now within sediments more  than 30 m below present  mean 
s e a  level. I t  thus  appears  tha t  t he re  has been a 
progressive deepening of t h e  region by a t  l ea s t  15 m s ince  
t h e  t ime  of deposition of these  sediments.  Six horizons 
throughout t h e  muddy unit have been dated by radiocarbon 
analysis and an  accre t ion r a t e  of 0.1 cm/yea r  has  been 
calcula ted  for  this unit. Using t h e  accre t ion ra te ,  t h e  top 
of this fine grained unit may be dated a t  5300 years  B.P., 
while t h e  oldest dated sediments  were  deposited 8665 
years  B.P. 

From: Repor t  of Activities, P a r t  B; 
Geol.  Surv. Can., Paper 77-1B (1977) 



lo3 Y B P 
A. Tidal amplitude; B. Mean sea-level rise. 

Figure 7.2. The solid line represents the  maximum tidal cu r ren t s  
considered t o  have been act ive  in the  Minas Basin, plotted 
re la t ive  t o  t ime.  The dashed line represents  the  progressive 
rise in mean sea-level, superimposed by the  increase  in t idal 
amplitude over the  las t  5000 years. 

A medium/coarse sand unit, (0-30 thick) overlies t h e  
f ine  grained sediments.  The mineralogical composition of 
t h e  sands shows them t o  be derived f rom two  sources: 
I )  f rom the  degradation and reworking of glacial outwash 
sands marginal t o  t h e  basin; and 2) f rom cliff line erosion 
of the  Triassic sandstones. The minimum cur ren t  required 
t o  transport  these  sands would be approximately 5-15 
cm/s  (Hjulstrom, 1939). This cu r ren t  speed is  thought t o  
approximate  the  velocity of t idal cu r ren t s  considered t o  
have been operating at t h e  t i m e  of deposition. Radio- 
carbon dating of the  overlying and underlying sediments  
indicates t h a t  t h e  sands were  deposited between 5300 and 
1000 years  B.P. and have an average age  of 3000 years  
B.P. Radiocarbon dating of the  included shell de t r i tus  
shows them t o  be 7300 years old. These shells may, 
therefore ,  have been derived from glacial  deposits having 
grown in situ and subsequently mixed with more  r ecen t  
forms, or from early Holocene marginal material  with a 
bivalve infauna. 

Overlying the  sand unit is  a unit which is coarser  
st i l l ,  comprising admixtures  of sand, granules, pebbles, 
cobbles and shell debris. The textura l  and mineralogical 
immatur i ty  of this sediment,  and t h e  presence of i n t a c t  
shells suggests t h a t  t hese  sediments  were  deposited f rom 
ice-rafting of mater ia l  derived f rom t h e  shoreline of t h e  
basin and have not  been transported along t h e  bed. The 
unit contains shells of Macoma balthica, (an in ter t idal  
clam), which have been dated a t  1000 years  B.P. The 
sediments which now comprise this ice-rafted unit  may 
well be  the  lag  deposit  l e f t  a f t e r  winnowing of f iner  

mater ia l  by t idal  cu r ren t  action. The 
modal class of t he  sediment  s ize  
comprising this deposit  will not suffer  
t ranspor t  by cu r ren t s  slower than 
150 cm/s .  As these  deposits appear  
t o  be in si tu i t  is  considered t h a t  t h e  
t idal cu r ren t s  opera t ing during t h e  
t ime  of format ion of this unit  were  
marginally less than 150 cm/s.  Con- 
sequently, t h e r e  must  have been a 
marked increase  in cu r ren t  ac t iv i ty  
subsequent t o  t h e  period during which 
t h e  underlying sands  were  being laid 
down, i-e. f rom 3000 t o  1000 B.P. I t  
is  considered t h a t  t h e  mechanism 
necessary t o  l i f t  and t ranspor t  shore  
i c e  and i t s  included sediments  t o  t h e  
s i tes  o f  deposit ion requires a signifi- 
c a n t  t idal range a s  exemplified by t h e  
t idal cu r ren t s  invoked. 

The present  surficial  deposits of 
t he  basin, which a r e  also considered 
t o  be ice-raf ted ,  over l ie  t he  ice- 
raf ted  unit, and a r e  generally com- 
posed of pebbles and cobbles. These 
deposits a r e  found over a large  region 
of the  subtidal zone. Current  
measurements  made in t h e  vicinity of 
t he  co re  s i tes  have recorded mean 
velocit ies of up t o  300 cm/s ,  
occurring in conjunction with 16-m 
tides. 

The inferred t idal cu r ren t s  quoted above have been 
plotted agains t  t i m e  in Figure 7.2. The f igure  indicates  
t h a t  prior t o  5000 years  B.P. t ida l  cu r ren t  ac t iv i ty  was  
insignificant but  has  been increasing steadily s ince  t h a t  
t i m e  (indicated by t h e  solid line). The do t t ed  l ines in t h e  
f igure  show t h e  simplified, inferred ranges  of increase  in 
mean s e a  level e s t ima ted  f rom t h e  microfaunal evidence. 
The increase  in t idal range and progressive sea-level r ise 
combine t o  produce a re la t ive  increase  in t h e  height of 
high t ide  of t h e  region of 23 m during postglacial  t imes.  
The results a r e  generally in keeping with Gran t  (19701, 
who appears  not  t o  have found marginal in ter t idal  
sediments older than 3000 t o  4000 years.  

Identification of the  benthonic fossils and in terpre-  
ta t ion of the  paleo-environments were  carr ied  o u t  by Drs. 
Vilks, Schafer  and Wagner and by Mrs. Cole.  
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Introduction 

The Pokiok pluton is  a large  grani t ic  body s i tua t ed  in 
t h e  axial bel t  of the  Acadian Orogen of New Brunswick. 
In a general sense i t  has a northeast-southwest trend, 
subparallel t o  regional strike,  but  in deta i l  i t  i s  discordant 
(Fig. 8.1). The body has  a maximum length of about  
100 km and a maximum width of 25 km. The Trans- 
Canada Highway (Fig. 8.2) crosses the  pluton west  of 
Fredericton, affording reasonable exposures in roadcuts,  
but  in general exposure is poor. The most detailed 
previous work oh t h e  grani te ,  by Pat terson (19571, was 
incorporated into Woodstock-Fredericton shee t  (Geol. 
Surv. Can. Map 37-19591, compiled by Anderson and Poole. 
Martin (1970) and Poole (1972) discussed some of the  
isotopic age  dating work carr ied  ou t  on t h e  Pokiok pluton, 
which suggests an  age  of 350-390 m.y., or  fairly l a t e  
Devonian. Martin (1970) pointed out  t he  relatively large  
chemical  variation within the  pluton. On the  basis of 
comparison of feldspars with o ther  New Brunswick 
grani tes  of a similar age ,  h e  suggested a relatively deep  
emplacemen t  of t he  body. 

The present study commenced in 1973. The early 
work was  assisted by Mr. A. Hickinbotham. In 1976 the  
author  began sys t ema t i c  research on t h e  grani t ic  rocks 
and Silurian sediments  t o  t h e  e a s t  of t h e  pluton, while 
Mr. B. OIBrien mapped the  older sedimentary  and volcanic 
format ions  t o  the  west. 

S t ra t igraphy of t h e  Coun t ry  Rocks  

A t  present,  no completely substant ia ted  s t ra t igraphic  
column can  be  established in the  country  rocks. The 
s t ra t igraphic  sequence can only be  recognized on t h e  basis 
of lithologies which a r e  da ted  by analogy with nearby 
recognizable s t ra t igraphic  units. Eas t  of t he  grani te  
fairly uniform greywacke, sandstones and sil tstones,  
rhythmically interbedded with shales,  show pronounced 
f lu te  and load clasts,  which indicate  a general  cu r ren t  
direction from nor theas t  t o  southwest.  The rocks a r e  
folded subisoclinally, with s t e e p  or ver t ica l  axia l  planes 
and the re fo re  no regional direction of fac ing can be 
recognized. These rocks, somet imes  informally referred 
t o  a s  "Fredericton greywacke", have been da ted  a s  
Wenlock t o  Ludlow on t h e  basis of graptol i tes  (Gordon and 
Cumming, 1966). In general  the  eas tern ,  fossiliferous, 
pa r t s  of th is  unit a r e  more  peli t ic than t h e  western  par ts  
t h a t  fo rm t h e  margin of t h e  Pokiok pluton. The more  
massive and gr i t ty  western  portion can be compared t o  
the  so-called "Taxis River Grits", which, a t  l ea s t  in part ,  
may b e  Llandoverian. Near  McAdam an angular uncon- 
formity  which occurs  within t h e  succession of apparently 
Silurian s t r a t a ,  may represent  a discordance between 
Silurian and Ordovician sediments.  

On t h e  western  margin of t h e  pluton four  d i f ferent  
var ie t ies  of sediments  have been found. 

(a) A series of phyllitic, graded sandstones,  and 
greywackes contains thin shales with qua r t z i t i c  lamina- 
tions. Very near  the  g ran i t e  body these  rocks show well 
developed retrogressed porphyroblasts which originally 
were  a lmos t  cer ta in ly  andalusite.  OtBrien (pers. comm.) 
a lso  suspects  the  presence of cordierite.  

These strongly schistose,  polydeformed quar tzose  
rocks occur  only at t h e  edge  of t h e  g ran i t e  and a r e  qui te  
unlike any o the r  sedimentary  rocks in t h e  immediate  
vicinity. On t h e  Woodstock-Fredericton shee t  they a r e  
shown a s  an aureole  t o  t h e  grani te ,  but  lithologically and 
metamorphically,  they resemble  t h e  Cambrian(?) Grand 
P i t ch  Format ion of Maine (Neuman, 1967). These rocks 
a r e  also very similar t o  quar tz i tes  mapped by Poole 

Figure 8.1. The se t t ing of the  Pokiok pluton. Dot ted  line (1958), some  th i r ty  miles t o  t h e  north. 
and t h e  Saint  John River outline t h e  map  (b) Strongly deformed,  dark,  par t ly  graphi t ic  shales 
shown in Figure  8.2. Carboniferous is dot ted ,  and sandstones contain very  well  graded greywacke units 
Siluro-Devonian sediments a r e  dashed and up t o  30 c m  thick. The dark  shales  character is t ica l ly  
pre-Silurian rocks a r e  shown in zigzag. conta in  cher t .  This is undoubtedly a turbidi te  sequence. 

' Depar tment  of Geology, The University of New Brunswick, P.O. Box 4400, Fredericton, N.B.E3B 5A3. 

From: Repor t  of Activities, P a r t  B, 
Geol. Surv. Can., Paper  77-1B (1977) 



These rocks a r e  li.thologically identical  t o  those mapped 
by Anderson (1968) a s  Ordovician on the  basis of some  
fossil evidence. Common presence of c h e r t  is diagnostic 
of these rocks but they include minor conglomerates and 
carbonates  which can hardly be distinguished f rom Siluro- 
Devonian l i thotypes except  by more  pronounced deforma-  
t ion in t h e  presumed Ordovician rocks. Along t h e  Eel 
River south and southeast  of Meductic (Fig. 8.2) t he re  a r e  
pillow lavas and sub-acid lapilli tuf fs  and rhyolites within 
t h e  assumed Ordovician rocks. Near Monument Brook on 
t h e  American border, varioli t ic basalts occur. The 
Ordovician basic rocks, in particular,  a r e  much denser and 
f iner  grained than t h e  assumed Siluro-Devonian volcanics. 

(c) Dark, chlorit ic,  and reddish shales cannot be  
distinguished from the  manganese shales and sil tstone of 
the  Woodstock a r e a  (Hamilton-Smith, 1972) north of t he  
ground mapped. Outcrops of these  rocks occur normally 
c lose  t o  type  (d) t o  be described below. These rocks a r e  
a t  present corre la ted  with similar beds near Woodstock 
and with the  bottom of the Smirna Mills Formation of 
Maine (Pavlides, 1972). Thus they a r e  presumed t o  b e  
basal Silurian. Conglomerates associated with th is  
horizon may represent  t he  basal Silurian conglomerates,  
although the  evidence is, a t  present,  inconclusive. 
Hamilton-Smith (1972) suggested tha t  similar rocks t o  t h e  
west of Woodstock represent  t he  lower member  of Srnirna 
Mills Formation. 

(d) Schistose conglomerates,  l imestones  (partly o r  
ent i re ly  rnarrnorized), ca lcareous  phylli tes and l imestone 
conglomerates outcrop in the  vicinity of Canterbury 
(Fig. 8.2). The sequence involves a substantial  amount  of 
volcanics, and minor intrusives, of basal t ic  type  with 
abundant amygdules. Limited observations suggest t h a t  
t hese  basalt ic rocks a r e  younger than t h e  adjacent  
conglomerates.  Limited fossil information, e.g. recovery 
of coarse  strophornenid brachiopods, implies t h a t  t he  
calcareous rocks a r e  Silurian or  even younger. 'Quar t zose  
sil tstones t o  t h e  southwest  of t h e  Canterbury exposures,  
which appear  t o  have been generally l eas t  metamorphosed 
and deformed, probably form the  top of this sequence. 

East of Ri tchie  near  the  Saint  John River a 
particularly large  metasedimentary  xenolith of 
garnet i ferous  schists and gneisses occurs  within t h e  
grani t ic  body. These rocks cannot  be re la ted  t o  any 
o the r s  in the  vicinity and may be  older than any s o  f a r  
observed. 

The proposed sedimentary  succession west  of t h e  
Pokiok pluton is shown in Table 8.1. 

Although a t  present just a working hypothesis, t h e  
succession accords  reasonably well with the  regional 
succession both in Maine and New Brunswick. 

L.M.  locolifies Si/uro - Devonian 

carbonate, sholes 
/ fLl~/ fS 

, , / cleovoge, sync/ine block $/ole, chert 
phyl/itss, quarfzifes 

+ + +  
+ + +  

Ca - Canterbury M.B. - Monument Brook 
C.L. - Charlie Lake R. - Ritchie 
E.L. - Eel Lake Sh.R. - Shogornac River 
I.L. - lngraham Lake S.L. - Skiff Lake 

M. - Meductic T.C.H. - Trans-Canada Highway 

Figure 8.2. Stratigraphic de ta i l  on e i the r  s ide  of t h e  Pokiok pluton. 



Table 8.1 

Tenta t ive  St ra t igraphic  Succession 
West of the  Pokiok Pluton 

Ired sandstone Carboniferous 

- Unconformity - 
d - Calcareous phyllites, Siluro-Devoniar 

conglomerates and 
basal t s  

c - dark and reddish man- 
ganiferous s l a t e s  

Llandover y 

I - Possible unconformity - 
b - dark schistose pyrit ic 

slates,  pillow lavas 
Ordovician 

a - graded quar tz i tes  and Cambrian? 
phyllites resting on 
gneisses in par t  included in 
the  Pokiok intrusion 

Pokiok Pluton 

The rocks of t h e  Pokiok pluton vary in composition 
f rom grani te  through adamel l i te  t o  granodiorite and 
tonalite,  although t h e  main rock type  i s  porphyrit ic b iot i te  
adamel l i te  with microcline per th i te  megacrys ts  reaching 
10 c m  in long dimension. An extensive zone of marginal 
breccia  and zenoliths occurs along the  western  margin of 
t he  pluton from Eel Lake t o  Char l ie  Lake associated with 
pegmat i t ic  and apl i t ic  dykes and a coarsening in grain s ize  
in the  adamelli te.  Along the  eas tern  margin of t he  
intrusive the  con tac t s  a r e  clean and discordant with r a re  
g ran i t e  dykes. 

The breccia ted  c o n t a c t  rocks do not  show signs of 
ca taclas is  and t h e  f r agmen t s  a r e  cemen ted  by massive 
grani te .  Under t h e  microscope, abundant randomly 
or iented biot i te  cha rac te r i zes  t h e  hornfelsed xenoliths, 
which show varying degrees  of assimilation, and some  
develop porphyrit ic feldspars within them. The breccias  
a r e  in terpre ted a s  due t o  intrusive, ra ther  than tec tonic ,  
ac t ion.  

Towards Ri tchie  and Saint John River the  pluton is 
composite and exhibits t h ree  d i f ferent  facies.  

(a) The coa r se  porphyrit ic adamel l i te  with large  
microcline feldspars fo rms  the  larges t  par t  of the  pluton. 
In addition t o  microcline, t h e  rock consists of strongly 
zoned plagioclase, qua r t z  and biotite. Hornblende-bearing 
phases a r e  rare.  In places, signs of ca taclas is  a r e  present 
with qua r t z  developing undulose extinction and biot i te  
being partly retrogressed t o  chlorite.  

(b) Medium grained, dark,  granodiorite occurs  at t h e  
margin of t h e  main Pokiok intrusion. It consists of an  
oligoclase-quartz-amphibole assemblage, t h e  l a s t  being 
of ten  partly or completely chlorit ized. The rock has a 
pronounced foliation generally dipping about  40 degrees.  
In places t h e  rock is r ep le t e  with semi-assimilated 
xenoliths of schists whose schistosity parallels the  
foliation in the  granodiorite,  thus indicating a common 
t ec ton ic  origin. The c lose  association of this rock with 
large  f ragments  of paragneiss and biot i te  schist  suggests 
an  original relationship. The t ec ton ic  foliation and m o r e  

Figure 8.3. The outline of regional tec tonics  and meta-  
morphism. The pluton is outlined by a heavy 
line. T races  of synclines and ant ic l ines  (1-5) 
shown (*and+) and numbers a s  in t ex t ,  faul ts  
in zigzag, s t ra t igraphic  boundaries a s  in 
Figure 8.1, dot ted .  Le t t e r s  (m) indicate  bel t  
of regional metamorphism. 

maf i c  composition imply t h a t  i t  is  older than rhe  
undeformed porphyritic adamelli te.  

(c)  Dark, flow-banded tonal i te ,  a relatively f ine  
grained rock, occurs in dykes, of which the  bes t  example 
occurs north of Ingraham Lake a t  t he  confluence of 
Shogomac River and t h e  Saint  John (Fig. 8.2). Within a 
f ine  grained plagioclase-quartz rock containing small  
amounts  of bioti te,  e longated la ths  of twinned hornblende 
crudely outline a flow pat tern .  A t  Shogomac River t h e  
tonal i te  cross-cuts and includes foliated granodiorite. The 
deta i led  parallelism of marginal banding with t h e  jagged 
edges  of t h e  granodiorite indicates  t h a t  i t  is  of flow 
ra the r  than t ec ton ic  origin. 

At Ingraham Lake t h e  foliation of granodiorite s t r ikes  
a t  80 degrees t o  the  con tac t  with adamelli te.  Despite t h e  
absence of an  exposed con tac t ,  t he  adamel l i te  clearly 
cross-cuts t he  granodiorite.  The flow-banded tonal i te  is 
complete ly  undeformed and i t s  relation t o  the  main 
adamel l i te  is not obvious. Dykes of similar,  though 
somewhat  more  basic, mater ia l  outcrop some  distance 
away f rom t h e  pluton and thei r  relations t o  t h e  main body 
of t h e  pluton a r e  obscure. 

The foliated granodiorite and xenoliths within i t  a r e  
c u t  by a dyke sys tem of apli tes,  pegmat i t e s  and aplopeg- 
mat i tes ,  a l l  consisting of quar tz ,  feldspar,  muscovi te  and 
chlor i t ized biotite. The prevalent direction of these  dykes. 
var ies  f rom 040 - 068 degrees,  although minor cross- 
connecting veins t rend east-west.  The dip of all  t hese  
dykes is generally s t e e p  and they a r e  emplaced within 
joints or faults.  In one c a s e  an  apl i te  vein is emplaced 
along a small  strike-slip f e a t u r e  (040' s t r ike)  which 
displaces the  xenoliths by a d is tance  of 5 c m  in a right- 
la tera l  sense. The ver t ica l  dykes c u t  foliation of much 
gent ler  dip and a r e  the re fo re  essentially post-tectonic.  It 
i s  proposed t h a t  t h e  dykes were  derived f rom the  



porphyrit ic adamel l i te  and a r e  genetically re la ted  t o  it. 
Such dykes a r e  ef fect ively  absent  f rom t h e  eas t e rn  margin 
of the  Pokiok intrusive. 

The coarser  grain s ize  of the  western  margin of the  
adamel l i te  and the  presence of dykes o f ' p e g m a t i t e  and 
apl i te  indicate  t h a t  the  western margin represents a 
deeper section of the  grani te  and adjacent  rocks than t h e  
eas t e rn  margin. An essentially horizontal  outlier of 
Pennsylvanian r ed  sandstones (Fig. 8.2) overlaps t h e  
eas t e rn  margin of the  pluton indicating t h a t  t h e  implied 
t i l t  f rom west  t o  e a s t  took place prior t o  Pennsylvanian 
t ime. The Middle-Upper Devonian a g e  of intrusion of the  
porphyritic adamel l i te  is well known from isotope dating. 
On the  other  hand the  ages  of o ther  intrusive phases a r e  
completely unknown. The tonal i te  i s  post-tectonic,  but 
t h e  foliated granodiorite is  pre-tectonic and associated 
with strongly deformed sediments with a common 
principal schistosity. If this schistosity is Acadian then 
t h e  granodiorite i s  at l eas t  pre-Acadian. 

Minor S t ruc tu re  and Metamorphism of t h e  Aureole  

The regional trend of the  rocks both t o  the  east and 
west of t h e  Pokiok pluton is approximately 20 degrees  
e a s t  of north, but t he re  is  an a rcua te  deflection around 
t h e  western edge of t h e  Pokiok pluton (Fig. 8.2). The 
c leavage makes a similar deflection, though not s o  
pronounced. The pluton is cross-cutting in deta i l ,  and 
therefore  this deflection undoubtedly developed prior t o  
t h e  emplacement  of t h e  pluton. Cleavage-bedding in ter -  
sect ions  suggest t h a t  folds plunge sub-horizontally t o  t h e  
e a s t  of t h e  pluton but plunge t o  t h e  southwest and west  t o  
t h e  west of it. 

An essentially single episode of in terpenetra t ive  
deformation affected all  Silurian rocks. The so-called 
"stretching lineationf1, marked by elongated f lakes  of 
chlor i te  and mica,  has a s t eep  plunge and the re  is no 
obvious refolding. East of the  pluton, a p a r t  f rom the  
margin of t he  grani te ,  the  grade of regional m e t a -  
morphism is low. To the  west,  t h e  Silurian rocks a r e  
a f f ec t ed  by a regional metamorphism reaching high 
greenschist  or amphibolite facies.  This be l t  of regional 
metamorphism s t r e t ches  subparallel  t o  the  grani te  body 
with an  approximately north-south orientation (Fig. 8.3). 
Pat terson (1957) confused i t  with t h e  thermal  aureole  of 
t he  granite,  but thin sect ions  show t h a t  t h e  regionally 
metamorphosed rocks have been overprinted by l a t e r  
b iot i te  and andalusite produced in t h e  thermal  aureole.  
Thus the  high grade metamorphic  belt  is re la ted  t o  a 
regional dynamothermal e f f ec t .  The occasional amphibo- 
l i tes  and very schistose diorites found amongst t h e  
metasedimentary  rocks support  th is  contention. The rocks 
of t h e  metamorphic  bel t  were  invaded f i rs t  by grano- 
d ior i tes  and diorites,  now foliated,  and subsequently 
intrusions of non-schistose aspect ,  including t h e  
porphyrit ic adamelli te.  

Within t h e  "high grade" metamorphic  bel t  one can 
recognize ca lcareous  and conglomerat ic  members.  

These have elsewhere yielded Silurian fossils, a s  well a s  
phyllitic and schistose metapel i tes  and quar tz i tes  showing 
abundant evidence of polyphase deformation. The 
l a t t e r  a r e  overturned eas tward,  whereas  Silurian s t r a t a  
a r e  folded e i the r  symmetrically or  show overturning t o  
t h e  west or  northwest.  In hand specimens of rhyolites 

one can demons t r a t e  t h r e e  s e t s  of minor s t ruc tu res  
a)Slsc?l is tos i ty  (cleavage) fo rms  a t  a small  angle  t o  
bedding and of ten  appears subparallel, b) S2 schisto- 
si ty (cleavage), not entirely in terpenetra t ive ,  is  axial  
planar t o  very compressed minor folds. Over much of t h e  
ground Sl  and S2are  so  close t o  each other  t h a t  an 
average plane of foliation referred t o  he re  a s  a "mean 
foliation" is  produced. c )  5 3  schistosity,  a s t e e p  crenula-  
tion, usually s t r ikes  45 - 6 5  degrees  and dips down t h e  
plane of mean foliation. Sg is rarely associated with 
s t rong cleavage, although in p laces  i t  has  been observed 
within kink bands. 

The s t ruc tu re  referred t o  a s  S2is coeval with t h e  
main c leavage in Silurian rocks and kinks associated with 
Ssalso a f f e c t  Silurian s t r a t a .  However, S l i s  res t r ic ted  t o  
t h e  metapel i te-quar tz i te  sequence and the re fo re  is, in all  
probability, pre-Silurian. Since both pre-Silurian and 
Silurian s t r a t a  e n t e r  in to  t h e  high g rade  zone of me tamor -  
phism, i t  is  proposed t h a t  th is  regional metamorphism is 
Silurian or  younger. 

In thin sect ions  t h e  rocks of Grand Pi tch  a spec t  show 
signs of over-printing of t h e  regional metamorphism by 
t w o  l a t e r  t he rma l  events.  The f i r s t  produced decussa te  
bioti te and andahsi te(?) .  The second produced decussa te  
chlor i te ,  muscovite and ores  and conver ted  t h e  ear l ier  
andalusite in to  coa r se  shimmer  aggregate .  The s a m e  
even t s  can be deduced f rom thin sect ions  of Silurian 
metasediments  f rom the  American s ide  of t h e  border. 
The regional metamorphism was coeval  with t h e  main 
schistosity indicating t h a t  i t  was  at leas t  par t ly  
syntectonic  with Acadian deformation. 

Regional S t ruc tu re  and Relationships 

Large scale  folds a r e  difficult  t o  recognize in this 
ground on the  basis of dip and s t r ike  measurement  s ince  
virtually all  metasediments  t o  the  wes t  and south of t h e  
pluton a r e  s teeply  inclined and sub-isoclinally folded. 
However, Larrabee  et al. (1965) have del ineated a 
s t ra t igraphic  succession in Maine t o  which one  c a n  r e f e r  
a l l  t h e  l i thos t ra t igraphic  units of t h e  ground t o  nor thwest  
of t h e  granite.  The folds identified by Larrabee  et al. 
(1965) can  b e  provisionally t r aced  in to  New Brunswick. 
The following sequence of fold t r a c e s  is recognized 
between Orient  and Vanceboro (Fig. 8.3): (1) North 
Bancroft  Syncline, ( 2 )  Danforth anticline,  ( 3 )  broken 
Flagstaff Mountain Syncline, (4) broken Baskahegan Lake 
anticline and (5) broken Todds Fa rm Syncline. All these  
folds, with corresponding lithologic successions, c a n  be 
recognized in New Brunswick (Fig. 8.3). The "high grade" 
bel t  of metamorphism roughly parallels t h e  fold t r a c e s  but  
in deta i l  is  transgressive.  Although not  specifically 
mentioned, i t  c a n  be  recognized in Maine by local i t ies  
with high g rade  minerals including a lmandine  ga rne t  and  
pyrrhot i te  (Larrabee  et al., 1965, p. 27). 

In Maine t h e  edge of t h e  pluton cu t s  abruptly across  
t h e  Devonian co res  of t he  successive synclinal folds 
implying t h a t  t he  intrusion has  remained essentially 
until ted since t h e  t ime  of i t s  emplacement .  In New 
Brunswick however t h e  eas t e rn  edge of t h e  pluton appears  
t o  expose higher levels  of t h e  pluton than t h e  western  
edge. Bi-Sb mineralization occur s  exclusively along t h e  
eas t e rn  edge. 



The metasedimentary  rocks in New Brunswick a r e  
a f f ec t ed  by l a t e  fault ing and a fairly extensive  local 
brecciation. The d a t e  of t hese  br i t t le  even t s  is unknown 
but  must be  Carboniferous o r  l a t e r  s ince  Carboniferous 
outliers in the  vicinity a r e  af fected.  Two major directions 
of intra-Carboniferous o r  post-Carboniferous faulting a r e  
recognized - namely northeast-southwest and north- 
northwest - south-southeast. 

Conclusion 

The Pokiok pluton, which according to  previous 
investigations, was emplaced between 348 and 387 m.y., 
appears  t o  be a multiphase intrusion. The geological d a t a  
adduced here demonstra tes  several petrographic phases, 
but  their  separation in t ime,  and the  role played by 
di f ferent ia l  cooling owing t o  a post-intrusive t i l t  remain 
uncertain.  
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TIME-DOMAIN REFLECTOMETRY -AIR-GAP PROBLEM IN A COAXIAL LINE 

Projec t  750037 

A.P. Annan 
Resource Geophysics and Geochemis t ry  Division 

Introduction Coaxia l  Transmission L ine  

The e lec t r ica l  properties of soils in s i t u  have  been 
determined by using time-domain r e f l ec tome t ry  t ech -  
niques (Davis, 1975, and Davis and Chudobiak, 1975), with 
a coaxial  transmission line. The coaxial  line is inserted 
in to  t he  soil in such a manner  t h a t  t he  soil fills t h e  space  
between the  inner and ou te r  conductor.  Compact ion  of 
soil and wiggle of t h e  probe on insert ion can gene ra t e  air  
spaces  around t h e  conductors  forming t h e  coaxial  line. 
Af t e r  analysis of t h e  problem of a i r  gaps around parallel  
wire transmission lines a lso  used fo r  t hese  measurements ,  
i t  was  f e l t  t h a t  a i r  gaps  in t h e  coaxial  l ine  might 
in t roduce  significant measurement  error.  This air  g a p  
could be t h e  source  of discrepancies observed in d a t a  
obtained on t h e  two  types  of transmission lines. In t h e  
following, a brief derivation of er ror  due t o  a i r  gaps 
concentr ic  t o  t he  cylindrical  conductors forming t h e  
coaxial  line is presented.  The a i r  gap e f f e c t  is  compared 
with t h a t  previously derived for  t he  parallel wire 
transmission line. 

Basic Theory 

In a coaxial  line, a c i rcular  cylinder of radius r l  is  
placed concentrically in a c i rcular  space  of radius  rl, formed 
inside a second conductor.  This is i l lustrated in 
Figure 9.1. If t h e  ma te r i a l  be tween t h e  inner and outer  
conductor  is homogeneous with permeabi l i ty  p and permi- 
t t iv i ty  E, t he  inductance  and capac i t ance  per unit  length 
a r e  

These  expressions yield 

The basic theory  of transmission l ines opera t ing  with which is  t h e  e l ec t romagne t i c  wave veloci ty  of t h e  

only TEM ( t ransverse  e lec t romagnet ic  modes) i s  ma te r i a l  be tween t h e  conductors.  

extensively discussed by Ramo,  e t  al: (19651, Jordan and 
Balmain (1968) and others .  For continuity t h e  basic 
equations and theory  a r e  briefly presented in order  t o  
c lar i fy  l a t e r  discussions. 

An e lec t r ica l  t rans ient  propagates along a t rans-  
mission l ine a s  a wave. The voltage,  V, be tween and t h e  
cu r r en t ,  I, in t h e  conductors  forming t h e  l ine  sa t i s fy  t h e  
wave equation 

where  z is  t h e  d is tance  along t h e  line, t is t ime ,  and U is 
t h e  e l ec t romagne t i c  wave velocity of t h e  line. For f i r s t  
order  analysis of soil e l ec t r i ca l  properties,  losses a r e  
neglec ted  and only a bulk d ie lec t r ic  cons t an t  is  con- 
sidered. For  most  appl ica t ions  th is  assumption i s  qu i t e  
valid s ince  t h e  soil loss t anges t s  a r e  considerably less  than 
unity. Neglecting losses, t h e  velocity along t h e  l ine  is  
de termined by the  insulating mater ia l  be tween t h e  
conducting lines. The velocity is expressed by 

where  L and C a r e  t h e  l ine  inductance  and capac i t ance  
per  unit  length.  The L and C of t h e  l ine  a r e  de termined 
by magne t i c  and e l ec t r i ca l  proper t ies  of t h e  ma te r i a l  
surrounding t h e  conductor.  For TEM mode propagation,  L 
and C a r e  t h e  s a m e  a s  t h e  e l ec t ros t a t i c  inductance  and 
capaci tance .  

Figure 9.1. Coaxia l  l ine  used fo r  measu remen t  of t h e  
e l ec t r i ca l  proper t ies  of soil. 

From: Repor t  of  Activit ies,  P a r t  B; 
Geol. Surv. Can., Paper  77-1B (19771 



where 

Effect of Air Gap in Dielectric Constant Estimates 

Figure 9.2. Geometry  for  coaxial  line with a i r  gaps. 

Coaxial Line with  Air Gap 

The pract ica l  use of a coaxial  line for e l ec t r i ca l  
property measurements  of soils in si tu requires insertion 
of t h e  l ine in to  the  soil. Since th is  insertion process is  
somet imes  difficult  t o  achieve without probe wobble, an  
a i r  gap can  form around the  inner conductor and near  the  
outer  conductor.  To obtain an  e s t ima te  of t h e  e r ro r  
associa ted  with this a i r  gap, t h e  idealized model shown in 
Figure 9.2 has  been analyzed t o  determine the  air-gap 
e f f ec t .  Since the  permeabili ty of soil varies l i t t l e  f rom 
t h a t  of air ,  t h e  inductance L is  unchanged. To analyze  t h e  
air-gap e f f ec t ,  i t  is necessary t o  examine t h e  l ine 
capac i t ance  a s  a function of t h e  s ize  of these  a i r  spaces.  

The capaci tance  of the  l ine with a gap, Cg, is  t he  
s a m e  a s  t h e  e l ec t ros t a t i c  capaci tance  of t h e  l ine with t h e  
geometry  of Figure 9.2. The capac i t ance  is determined by 
solving for t he  e l ec t r i c  potential  between the  lines when 
they a r e  held a t  a potential  d i f ference  V. This is a 
s t ra ight  forward boundary value problem. 

The solution t o  this boundary value problem is given 
by the  author (Annan, 1976; Air-Gap problem for  coaxial  
transmission lines, Int. Rep.). The capaci tance  of t h e  l ine  
with gaps is 

= 2n K1 E~ 

g 
(7) 

D 

where 

0 = I n  ($1 + i n  (z) + 2 I n  (2) ( 8 )  

The pa ramete r s  in 7 and 8 a r e  

E - f reespace  permit t iv i ty  - 8.85 x 10-l2 F/rii 
0 

K .  - die lect r ic  constant  of region i. 

The die lec t r ic  constant  of a mater ia l  is defined a s  

For TDR interpretations,  t h e  velocity of wave propagation 
on the  l ine in soil i s  used t o  de te rmine  an  apparent  bulk 
soil d ie lec t r ic  constant  KA defined as 

where  Uo is t he  electromagAeti; wave velocity in f r e e  
space,  3 x 10' m/s. For a line with no a i r  gap, 

KA = K2 (11) 

With the  a i r  gap present 

The e f f e c t  of various a i r  gaps and wa te r  filled gaps a r e  
i l lustrated by displaying KA versus K2for  coaxial  l ine 
dimensions employed in t h e  field and in the  laboratory.  

COAXIAL LINE GEOMETRY 

rlNNER =.12511 AINNER= varying 

rOUTER = 1 .O1' AOUTERZ 0 

TRUE DIELECTRIC CONSTANT ( K 2  

Figure 9.3. Apparent d ie lec t r ic  constant  versus t rue  
die lec t r ic  constant  for  a coaxial  line with an  
a i r  gap  around t h e  inner  conductor only. 
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Figure  9.4. A p p a r e n t  d i e l e c t r i c  c o n s t a n t  versus  t r u e  
F igure  9.6. A p p a r e n t  d i e l e c t r i c  c o n s t a n t  versus  t r u e  

d i e l e c t r i c  c o n s t a n t  f o r  a c o a x i a l  l ine  wi th  a n  d i e l e c t r i c  c o n s t a n t  f o r  a c o a x i a l  l ine  wi th  a 
w a t e r  f i l l ed  g a p  a round t h e  i n n e r  conductor .  

a i r  g a p  a t  t h e  o u t e r  c o n d u c t o r  only. 

Computed Results 
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F i g u r e  9.5. A p p a r e n t  d i e l e c t r i c  c o n s t a n t  versus  t r u e  
d i e l e c t r i c  c o n s t a n t  f o r  a c o a x i a l  l ine  w i t h  
a i r  g a p s  a t  t h e  i n n e r  and  o u t e r  c o n d u c t o r .  

T h e  c o a x i a l  l i n e s  in use  c o n s i s t  of a n  i n n e r  c o n d u c t o r  
of rad ius  0.125 inch  a n d  a n  o u t e r  c o n d u c t o r  of rad ius  
1.0 inch. T o  s t u d y  t h e  a i r  g a p  e f f e c t  a t  t h e  i n n e r  a n d  
o u t e r  c o n d u c t o r  s e p a r a t e l y ,  t h e  individual  g a p s  w e r e  
a l t e r n a t i v e l y  s e t  t o  z e r o  while t h e  o t h e r  w a s  varied.  
F i g u r e  9.3 shows t h e  e f f e c t  of a n  a i r  g a p  a t  t h e  inner  
c o n d u c t o r  only. T h e  g a p  a t  t h e  inner  conductor ,A inner = 
( r2-  r l ) ,  w a s  set t o  0 ,  0.005, 0.01, 0.02 a n d  0.05 inch.  T h e  
d i e l e c t r i c  c o n s t a n t ,  K l ,  w a s  s e t  t o  unity.  T h e  g a p  h a s  t h e  
e f f e c t  of reduc ing  t h e  a p p a r e n t  d i e l e c t r i c  c o n s t a n t  KA. 
As t h e  soil d i e l e c t r i c  c o n s t a n t  i n c r e a s e s ,  K A  a p p r o a c h e s  a 
m a x i m u m  v a l u e  a s y m p t o t i c a l l y .  T h e  e r r o r  a s s o c i a t e d  w i t h  
t h e  g a p  i n c r e a s e s  as t h e  g a p  s i z e  i n c r e a s e s  a n d  a s  t h e  soil 
d i e l e c t r i c  c o n s t a n t  K2increases .  

T h e  e f f e c t  of t h e  a i r  g a p  a t  t h e  o u t e r  
c o n d u c t o r ,  A outer= ('4- r3) is  s imi la r  t o  t h a t  of t h e  g a p  a t  
t h e  inner c o n d u c t o r .  T h e  a p p a r e n t  d i e l e c t r i c  c o n s t a n t  
v e r s u s  t r u e  d i e l e c t r i c  c o n s t a n t  response  f o r  t h e  o u t e r  g a p  
d imens ion  vary ing  i s  shown in F i g u r e  9.4. H e r e  K3 = 1 
a n d  Aouter= 0 ,  0.005, 0.01, 0.02 a n d  0.05 inch.  The  e r r o r  
a s s o c i a t e d  w i t h  t h e  o u t e r  g a p  is much s m a l l e r  t h a n  t h e  
e r r o r  f o r  t h e  i n n e r  g a p  of t h e  s a m e  s ize .  T h e  e r r o r  
i n c r e a s e s  a s  g a p  s i z e  a n d  soil d i e l e c t r i c  c o n s t a n t  increase .  

T h e  e f f e c t  of  hav ing  a i r  g a p s  at t h e  i n n e r  and  o u t e r  
c o n d u c t o r  i s  shown in  F i g u r e  9.5. T h e  i n n e r  and  o u t e r  
g a p s  h a v e  t h e  s a m e  s i z e  and  run through t h e  s a m e  va lues  
a s  used f o r  t h e  i n d e p e n d e n t  v a r i a t i o n  of t h e  g a p  sizes.  
T h e  response  is  d o m i n a t e d  by t h e  inner  gap.  

S ince  t h e  i n n e r  g a p  h a s  t h e  m o s t  e f f e c t  o n  e r r o n e o u s  
d e t e r m i n a t i o n s  of t h e  bulk d i e l e c t r i c  c o n s t a n t ,  t h e  e f f e c t  
o f  a w a t e r  f i l led i n n e r  g a p  w a s  ana lyzed .  T h e s e  r e s u l t s  



a r e  shown in Figure 9.6. Here  K1 = 81  and A inner was  s e t  
t o  0.02 and 0.05 inch. The apparent  d ie lec t r ic  constant  is 
g rea t e r  than the  t rue  die lec t r ic  constant ,  K2, for  Kz < 81 
and less than K2for  K p  > 81. The error  associated with 
water  filled gap is small  compared to  the  s a m e  s ize  a i r  
gap. 

Summary and Conclusions 

The presence of a i r  gaps in the  coaxial  transmission 
line used for  determination of the  d ie lec t r ic  constant  of 
soils can introduce a large  error.  The a i r  gap around t h e  
inner conductor is  much more  c r i t i ca l  than t h e  a i r  gap a t  
t h e  ou te r  conductor.  The presence of a wa te r  filled gap is 
no t  a serious problem. For t h e  typical range of d ie lec t r ic  
constants  observed in soils, namely, 2 t o  50, t h e  a i r  gap a t  
t he  inner conductor should be  less than 0.05 inch for t he  
line geometry  used here.  

The a i r  gap e f f e c t  for the  coaxial  line has  t h e  same  
type  of behaviour exhibited a s  t h e  a i r  gap  for t h e  parallel  
wire transmission l ine (Annan, 1977). The presence of an  
a i r  gap in both sys tems causes  t h e  apparent  d ie lec t r ic  
constant  t o  b e  lower than t h e  t r u e  soil d ie lec t r ic  constant.  
As t h e  soil d ie lec t r ic  increases,  t he  apparent  d ie lec t r ic  
constant  increases t o  asymptotically approach a maximum 
value which is a function of the  line geometry  and a i r  gap 
size.  
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TIME-DOMAIN REFLECTOMETRY - AIR-GAP PROBLEM FOR 
PARALLEL WIRE TRANSMISSION LINES 

Project  750037 

A.P. Annan 
Resource Geophysics and Geochemistry Division 

Introduction 

Time-domain reflectornetry (TDR) methods for the  
determination of the e lec t r ica l  properties of soil in situ 
a r e  discussed by Davis (19751, Davis and Chudobiak (1975). 
The method most frequently used in the  field involves 
insertion of a pair of rods into the  ground t o  form a 
parallel  wire transmission line. An e lect romagnet ic  
transient is t ransmit ted  along the  line and t h e  velocity of 
t he  guided wave is determined by measuring the t ravel  
t ime  for a known length of line. The measured velocity is 
used to  infer a d ie lec t r ic  constant for t he  soil. The 
general  theory of transmission lines is given by Jordan and 
Balmain (19681, and Ramo et al. (1965). 

A problem associated with insertion of rods in to  the  
ground is t h a t  a small  a i r  gap is frequently present around 
the  rods. In the  following analysis, the  e f f e c t  of this gap 
on field observations is examined. The results show that  a 
serious underestimate of soil d ie lec t r ic  can occur. 

The problem we wish to  analyze  is t he  situation 
where the  medium is magnetically homogeneous but  not 
e lec t r ica l ly  homogeneous. The line is separa ted f rom the  
surrounding soil by an  a i r  gap. Since t h e  permitt ivity of 
t h e  a i r  d i f fers  from t h a t  of t h e  soil, t he  problem t o  b e  
solved reduces t o  finding the  new line capac i t ance  Cg when 
the  gap is present.  

In order t o  find Cg i t  is necessary to  solve the  
problem of finding the  e l ec t r i c  field between the  two 
wires when one wire is  held a t  a vol tage  V with respect  t o  
t h e  other.  Since Cg is t he  s t a t i c  field capaci tance ,  t he  
problem reduces t o  solving for  t he  e l ec t r i c  potential  6 , 
(Jordan and Balmain, 1968; Jackson, 1962; Morse and 
Feshback, 1953). In a homogeneous mater ia l  0 satisfies 
the  Laplace equation 

The propagation of an e lec t romagnet ic  transient 2 

along a transmission line occurs in t h e  transverse e lec t ro-  
magnet ic  mode a s  long a s  the  physical dimensions of t he  

= o  (6) 

line a re  small  compared to  the wavelength. For f i rs t  a x  a Y 

order calculations, the  e lec t r ica l  loss is neglected for our 
velocity analysis. The analysis of loss properties will be x and y a r e  the car tes ian  co-ordinates in a plane perpen- 
discussed in a la ter  ar t ic le .  The voltage and current  along dicular t o  the  transmission line. 
t he  line satisfy the  wave equation 

where V and 1 a r e  the  voltage between and current  along 
the  two e lements  forming the  transmission line, U is the  
velocity of t he  wave, z is distance along the  line and t is 
t ime. The velocity along the  line is expressed in t e rms  of 
t h e  line geometry  and associated e lec t r ica l  properties by 

where L and C a r e  the  line inductance and capaci tance  
per unit length. For TEM wave propagation, L and C a r e  
t h e  same  a s  the  e l ec t ros t a t i c  inductance and capacitance.  
For a parallel wire transmission line made of circular 
wires of radius b and separation 2a  embedded in a 
homogeneous mater ia l  of permitt ivity E and permeabili ty y 

I 

(4) Figure 10.1. View of the  two conductive cylinders with 
eccen t r i c  gaps. 

From: Report o f  Act iv i t ies ,  Part B; 
Geo l .  Surv. Can., Paper 77-1B 11977) 



Boundary Value Problem 

The geometr ica l  model of t h e  a i r  gap and line has t o  
b e  specified in oraer  t o  solve for  @ and t o  de te rmine  C . 
, . 
I he simplest  model consists of two  circular cylindgers 
surrounded by a concentric,  circular a i r  gap. Unfortu- 
nately,  this geometry  is not amenable  t o  a simple 
analyt ica l  solution of t h e  Laplace equation. In order t o  
yield a relatively easily solved problem, the  c e n t r e  of the  
air  gap cylinder is slightly offse t  from the  c e n t r e  of t he  
wire cylinder. By correct ly  adjusting the  offset ,  t he  
circular surfaces  of t he  gap and wire can oe  made t o  
conform t o  a bipolar co-ordinate system (Morse and 
Feshback, 1953). In such a geometry  the  i a p l a c e  
equation (6) can be solved analytically and a simple 
expression for Cg derived. 

The idealized transmission line is shown in 
Figure 10.1. The circular meta l l ic  wires forming t h e  line 
have cen t r e s  at (x = i- a ,  y = Oj and raaius b. The circular 
a i r  gaps  have cen t r e s  a t  (x = f c ,  y = 0) and radius d. 

The capaci tance  of the  line with the  air  gap has 
been evaluated by Annan (Air gap problem for parallel  
wire transmission lines; Int. Rep. 1976). The resulting 
capaci tance  is 

TRUE DIELECTRIC CONSTANT, K 2  
- 

Figure 10.2. Apparent d ie lec t r ic  constant versus t r u e  soil 
d ie lec t r ic  constant  for models 1, 2 and 3 where  t h e  variables a r e  
(see Table 10.1). 

K1 - die lect r ic  constant  of t h e  mater ia l  in t h e  gap 

TRUE DIELECTRIC CONSTANT, K2 

Figure 10.3. Apparent d ie lec t r ic  constant versus t rue  soil 
d ie lec t r ic  constant  for models 4, 5 and 6 
(see Table 10.1). 

K2 - die lect r ic  constant  of t he  soil be tween 
the  lines 

1 2  

co - f r ee  space permit t iv i ty  - 8.85 x 10- F l m  

c 1  - cosh-I (5) 
5, - cosh-' (;) 

The idealization of the  transmission line and gap t o  
conform t o  a bipolar co-ordinate sys tem yields a non- 
uniform thickness t o  the  a i r  gap. For most applications, 
t he  a i r  gap is  small  and an average gap value is most 
easily specified. Defining the  average gap s i ze  as A ,  c/d  
can  b e  expressed in t e r m s  of a, b, and A .  The resul t  i s  

where 

Ef fec t  on Field TDR Observations 

The e f f e c t  of t he  air  gap in TDR measurements  of 
soil d ie lec t r ic  properties can be  expressed using 5 and 7. 
In the  field, t he  e lec t romagnet ic  wave velocity on the 
parallel  wire transmission is measured and used t o  infer 



t he  dielectric constant  of t he  soil. From expression 3, the  
velocity for a line embedded in soil compared t o  the  
velocity of t h e  line in f r ee  space  is 

'soil - I 

'L- - ("soil) " 
Uo is t he  f r e e  space  velocity and equals 3 x 108m/s.  

Thus, field measurements of Usoil yield an e s t ima te  of  t h e  
d ie lec t r ic  constant  of t he  soil, Ksoil. In practice,  t he  
observed soil velocity Uobs, may b e  contaminated by an  
a i r  gap or o ther  uncontrollable variables. As a result, a 
velocity measurement  for the  soil yields an apparent 
d ie lec t r ic  constant  defined a s  

If the  difference between Uobs and Usoil is generated by 
the  presence of an air  gap, 

where 

is t he  ra t io  of t he  line capaci tance  with and without a 
gap. 

Computed Results 

'[he e f f e c t  of air  gaps on lines used in the  field is 
demonstrated in Figures 10.2, 10.3. Several line configu- 
rations which have been used for field measurements  were  
taken for study here. The a i r  gap e f f e c t  is displayed on 
graphs of apparent  d ie lec t r ic  constant  a s  inferred from 

the  TDR measurement  versus t rue  soil d ie lec t r ic  constant.  
In a l l  cases,  t he  apparent  d ie lec t r ic  constant  is  lower than 
t h e  t rue  die lec t r ic  constant.  In addition, a s  t h e  t rue  
die lec t r ic  constant  g e t s  large, t h e  apparent  d ie lec t r ic  
constant  approaches a constant  l imit  (which is determined 
by line geometry)  asymptotically.  The bigger the  gap, the  
lower this limit. The line geometr ies  considered he re  a r e  
summarized in Table 10.1. 

TRUE DIELECTRIC CONSTANT, K 2  

Figure 10.4. Apparent  d ie lec t r ic  constant  versus t rue  soil 
d ie lec t r ic  constant  for models 7, 8 and 9 
(see Table 10.1). The gap in these  models is  
assumed t o  b e  filled with water.  

Table  10.1 

Line Model Pa ramete r s  

Model a b A K 1 K2 

I I . I25 .I25 I varying 

2 I .I875 .0625 I varying 

3 I .25 .03 125 I varying 

4 I .I25 .0625 1 varying 

5 I .I25 .03125 1 varying 

6 I ,125 .O 15625 1 varying 

7 1 .I25 .I25 81 var ying 

8 1 .I875 .0625 8 1 varying 

9 I .25 .03125 8 1 varying 

6 1 



Figure 10.4 shows another si tuation in which the  a i r  
gap of geometries 1, 2, and 3 is filled with water  
(Kl assumed to be 81). In this case,  t he  apparent 
d ie lec t r ic  constant  is higher than tha t  of t he  soil 
for  K? < 81. For K2 > 81 the  response is similar t o  the  air  
gap situation for K2 > 1. 

Summary and Conclusions 

The air  gap (and water-filled gap) problem 
encountered in determination of the  d ie lec t r ic  constant  of 
soils in s i tu  using TDR methods  on parallel wire transmis- 
sion lines has been analyzed theoretically.  While t h e  
theoret ica l  model is somewhat idealized when compared 
t o  the  real si tuation, it provides quant i ta t ive  e s t ima tes  of 
t h e  type of er ror  which can appear with indiscriminate 
field measurements.  

A number of conclusions have been drawn f rom this 
study. First  of all, t he  air gap poses a serious problem if 
not eliminated or accounted for. The apparent  d ie lec t r ic  
constant  can be grossly in er ror  if the  soil d ie lec t r ic  
constant  is large. 

If t h e  line geometry  is known, the  a i r  gap e r ro r  can 
b e  removed f rom the  data. Unfortunately, t he  apparent  
d ie lec t r ic  constant  is insensitive t o  the  soil d ie lec t r ic  
constant  when the  l a t t e r  is  large. As a result, a small  
measurement  er ror  in t h e  apparent  d ie lec t r ic  constant  can 
produce gross er rors  in t h e  e s t ima te  of t h e  t rue  die lec t r ic  
constant .  

The e f f e c t  of a water-filled gap poses a much less 
serious problem. The presence of the  water  yields an  
apparent  d ie lec t r ic  constant  greater  than the  t rue  

die lec t r ic  constant  (soils have K2 < 80 for  frequencies of 
in teres t  here); however, this er ror  is not nearly a s  large  a s  
t h a t  associated with an  a i r  gap. 
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Introduction 

Knowledge of ice thickness on f rozen lakes and 
rivers has obvious applications. In t h e  North, f rozen 
rivers a r e  frequently used a s  roads  and bridges. The wa te r  
depth  a t  these  locations is  also of in teres t .  If t h e  water  is  
only a fraction of a me t r e  deep, failure of an ice bridge is 
not  catastrophic.  If t he  water  is several  me t r e s  deep, 
lives and valuable equipment can be lost if t he  ice fails. 
Water depth information also has navigational and envi- 
ronmental  uses. Impulse radar is a technique t h a t  can  
provide ice thickness and water  depth  rapidly and reliably. 
In this repor t ,  t h e  uti l i ty of t he  radar  technique is 
demonst ra ted .  

Field Si te  and Radar  

An ice bridge crosses t he  Yukon River a t  Dawson 
C i ty ,  Y.T. This bridge is used annually and replaces a 
f e r ry  which is used in t h e  summer.  An extens ive  drilling 
program has  been carr ied  o u t  in t h e  a r e a  of t h e  bridge 
with t h e  objective of determining t h e  thickness of gravel  
on t h e  river bottom. A radar  sounding survey was  carr ied  
o u t  on the  river ice in early April, 1976. The survey had 
th ree  objectives;  namely,  t o  measure ice thickness, wa te r  
depth ,  and gravel thickness t o  bedrock. The work was 
exper imenta l  since there  was no a priori knowledge of 
whether  t he  available radar equipment could probe we t  
mater ia ls  t o  t he  depth  necessary t o  see bedrock in t h e  
area .  Fur thermore ,  t he re  was no way t o  a sce r t a in  
whether  t h e  gravel-bedrock in t e r f ace  would b e  a good 
e lec t r ica l  ref lec tor .  

The radar sys tem employed was  a Geophysical 
Survey Systems Inc. ice thickness sys tem which was 
modified for our field program. Discussions of this 
impulse radar can be  found in Morey (1974), and Annan 
and Davis (1976). Two impulse antenna sys tems were  
available.  A pair of 2ns impulse an t ennas  were  used t o  
provide high resolution information f rom shallow depths;  
Ions  impulse antennas  were  used for  low resolution 
probing to  g rea t e r  depths. The radar ref lec t ions  f rom t h e  
subsurface  a r e  displayed on a variable-grey-scale graphic 
recorder.  In addition, t he  da t a  was recorded on an 
ins t rumenta t ion  t ape  recorder  for fur ther  digital  d a t a  
enhancement  processing. 

Sample  Field Resu l t s  and In terpre ta t ion  

Figure 11.1 shows a radar record obtained by t r a -  
versing the  ice bridge with t he  2ns antennas.  The f i rs t  
even t  on the  record,  indicated by t h e  number I ,  is t he  
d i r ec t  t ransmit - receive  signal combined with ref lec t ions  
f r o m  t h e  air-ice in ter face .  Event number 2 is t h e  
ref lec t ion  f rom t h e  ice-water in ter face .  Events  3 and 4 
a r e  multiple ref lec t ions  of t h e  ice-water re turn;  t h e  pulse 
bounces back and for th  in t h e  ice  a s  i t  suf fers  pa r t i a l  
ref lec t ion  a t  t he  ice-air boundary and t h e  ice-water 

boundary. Other  f ea tu re s  on t h e  record which a r e  not 
discussed in de ta i l  here a r e  associated with inhomo- 
genei t ies  in t h e  ice  such a s  rocks and puddles of water  on 
t h e  surface.  The  river bot tom is visible in t h e  original 
d a t a  a t  some  locations. Unfor tunate ly ,  i t  i s  a very weak 
even t  and does not show up when t h e  d a t a  is  
rephotographed. 

The t r ave r se  across  t he  ice bridge was repeated  
using the  Ions  antenna system. The radar section 
obtained is shown in Figure 11.2. The t i m e  sca le  for  this 
record is just less than th ree  t imes  t h a t  in Figure  11.1. 
The record is very  d i f ferent  f rom t h e  sec t ion  in 
Figure 11.1. Event  I i s  t h e  d i r e c t  t r ansmi t t e r  t o  receiver  
signal plus su r f ace  ref lec t ion  returns.  Event  2 i s  t h e  ice- 
wa te r  ref lec t ion  and even t  3 is  t h e  river-bottom ref lec-  
tion. The shape of t h e  river bot tom is obvious f rom t h e  
record.  Some subbottom fea tu re s  a r e  visible but t he re  is 
no d is t inc t ,  continuous ref lec tor  which might be  identified 
a s  t he  bedrock in ter face .  This is  probably because  of t h e  
following: 

(a) much of t h e  incident signal is  ref lec ted  a t  t h e  
ice-water  and river-bottom in t e r f aces  and thus  very 
l i t t l e  signal e n t e r s  t h e  gravel;  

(b) t h e  high a t tenuat ion  of t h e  radar signal in t h e  
we t  gravel;  and 

(c) t h e  slow transit ion f rom gravel  t o  weathered 
bedrock which would a c t  a s  a very  poor ref lec tor  t o  
t h e  radar  signal. 

Two o the r  very peculiar f ea tu re s  a r e  observed on t h e  
radar  section and a r e  indicated by even t  numbers 4 and 5. 
Where t h e  river bot tom shows t h a t  shoals a r e  present 
t h e r e  appears  t o  be  a dipping ref lec tor .  While t he re  is no 
def in i te  explanation for these  events ,  t he re  is a good 
probabili ty t h a t  they a r e  associa ted  with f raz i l  ice s tuck 
t o  t h e  bot tom of t h e  surface  ice. Fraz i l  i c e  is t h e  t e r m  
applied t o  smal l  i ce  crys ta ls  which form in s t r e t ches  of 
fast-moving open water .  This poorly understood form of 
ice  f requent ly  accumulates  under down-stream i c e  
(Osterkamp,  1976). Since the re  was  considerable open 
wa te r  up-stream from the  t e s t  a reas ,  t h e  frazil  ice is a 
cons is tent  hypothesis. 

The in terpre ta t ion  of t h e  radar  records  t o  given 
in t e r f ace  depths  was  accomplished by assuming a velocity 
of 0.167 m/ns for  ice  and 0.033 m/ns for  water.  These  
veloci t ies  a r e  inferred f rom t h e  commonly accep ted  
d i e l ec t r i c  constants  for ice  and wa te r ,  namely,  3.2 and 81. 
The  in terpre ted  sec t ion  is displayed in Figure 11.3. 

Summary  and  Conclusions 

The impulse radar  appears  t o  b e  a quick, reliable 
technique for measuring f r e shwa te r  ice  thickness and 
shallow wa te r  depths.  About t h r e e  minutes  were  required 
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t o  t raverse  the  360 m bridge and the  da ta  were immedi- 
a t e ly  available. The d a t a  displayed here  demonstra te  the  
value of differing frequency-impulse duration systems. 
The 2ns antenna da ta  give high resolution information 
about ice thickness. The Ions antenna da ta  yield 
information about much deeper s t ruc tu re  a t  the  expense 
of resolution. 

The water  depths have been confirmed by drilling 
da ta  (J. McKinney, pers, comm.). A detailed report  on the  
whole Yukon River survey is in the  final s tages  of 
preparation and t h e  water  depths  a r e  found t o  be  
consistent with drilling and water  flow information. 

The suggestion that  the  radar can de tec t  and 
delineate the  ex ten t  of frazil  ice is a subject which 
requires fur ther  research. Frazi l  ice  is  a serious problem 
fo r  hydroelectric engineering projects  such a s  those along 
the  St. Lawrence Seaway. 
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Radar sounding and time-domain r e f l ec tome t ry  
(TDR) a r e  two  new techniques for studying t h e  high 
frequency e lec t r ica l  proper t ies  of permafros t .  The 
Geological Survey is  carrying o u t  an  extens ive  test 
program t o  assess these  new methods  which may provide 
valuable geotechnical  information for fu tu re  engineering 
projects in permafros t  terrain.  Both the  radar and the  
TDR ope ra t e  in t h e  frequency range I t o  1000 MHz. 
Frozen geological mater ia ls  exhibit  relatively low 
e lec t r ica l  loss in this frequency range. Both techniques 
provide spatial  resolutions of t h e  order of 10 cm.  TDR is 
bes t  suited for  monitoring changes of e lec t r ica l  proper t ies  
a t  fixed locations while radar is most gainfully used for  
laterally ext rapola t ing  information f rom drilling or fixed 
monitoring si tes.  

An extens ive  field program was  conducted during 
t h e  spring field season of 1976. Experimental  work was  
carried out  around Inuvik, Tuktoyaktuk, R e a  Point and 
Norman Wells, Dis t r ic t  of Mackenzie, and Dawson Ci ty ,  
Yukon Terri tory.  

The work a t  Inuvik was  based a t  t h e  Inuvik Research 
Laboratory. Experimental  surveys were  conducted on t h e  
i ce  road t o  Tuktoyaktuk and on two  thermally insulated 
sec t ions  of t h e  Mackenzie Highway south of Inuvik. 
Thirty-five miles of t he  proposed highway route  f rom 
Inuvik t o  Tuktoyaktuk were  also surveyed. 

The exper iments  a t  Tuktoyaktuk were  made f rom 
the  Polar Cont inenta l  Shelf P ro j ec t  base. Fur ther  
exper iments ,  using higher frequencies,  and shor ter  pulse 
length antennas ,  than those carr ied  o u t  t h e  previous year,  
we re  conducted at t h e  Involuted Hill t e s t  s i t e  (Annan 
et al., 1975a), Davis et al., 1976 and Annan and Davis 
1976. The Tuktoyaktuk runway was also resurveyed. 

At  Norman Wells severa l  t e s t s  were  carried out on a 
var ie ty  of terrains.  The Norman Wells runway was  
extensively profiled. An eight-mile section of t he  
proposed Mackenzie Highway route  was  surveyed. The ice  
thickness and wa te r  dep th  were  measured across  two  i ce  
bridges which spanned t h e  Mackenzie River. 

Dawson Ci ty  provided a relatively d i f ferent  geologic 
sett ing.  During a brief period, ice  thickness and wa te r  
dep th  were  measured on a grid on t h e  Yukon River. Two 
miles of line were  profiled in Hunker Creek  Valley. The  
primary aim of this survey was  t o  d e t e c t  t he  gravel-  
bedrock in ter face .  Unfortunately,  this boundary was  not  
de t ec t ed  but  a s t rong echo  f rom t h e  f rozen t o  unfrozen 
soil boundary was mapped. Geologic contro l  was  kindly 
provided by Anglo American on the  Yukon River and by 
Du Pont  Exploration a t  Hunker Creek. The Dawson Ci ty  
runway was  a lso  profiled. 

A t  R e a  Point extens ive  surveys were  carr ied  ou t  on 
Conset t  River.  Upstream, t h e  Hecla sandstone  format ion 
was  virtually t ransparent  t o  t h e  radar  signal. Using wide 
angle  ref lec t ion  and ref rac t ion  sounding (Annan 
et al., 1975) t h e  propagation velocity of t h e  radar  signal in 
t h e  sandstone was  ca lcula ted  and i t  was  determined t h a t  
subsurface  s t ruc tu re  was  de t ec t ed  t o  dep ths  g r e a t e r  than 
30  m. Near t he  coas t ,  no deep r e f l ec to r s  were  observed. 
This could b e  caused by higher loss in t h e  sandstone  or t h e  
absence  of deep  reflectors.  Geologic contro l  was  obtained 
by drilling 30 holes, 20 m deep. Tes t  work was also 
performed on Frustration River north of Rea  Point. 
Logistic support  was  provided during th is  t i m e  by 
Panarc t ic  Oils Ltd. at R e a  Point and Polar Cont inenta l  
Shelf P ro j ec t  a t  Resolute  Bay. An a t t e m p t  t o  d o  
exper imenta l  sounding on t h e  South Melville icecap had t o  
b e  abandoned a f t e r  severa l  days  of bad wea the r  prevented 
flying t o  t h e  icecap. 

Briefly, some  conclusions t o  d a t e  a r e  a s  follows: 
1) Radar  can  b e  used t o  map lithology in coa r se  grained 
soils; i n t e r f aces  at dep ths  exceeding 30  m have been 
mapped; 2) Fine  grained soils exhibit  significantly higher 
e lec t r ica l  loss; in clay covered a reas ,  penet ra t ion  of radar 
signals was  less than 3 m; 3) Ice  thickness on f reshwater  
lakes and rivers c a n  b e  mapped quickly and routinely; 
4)  Water depths  of shallow lakes  and rivers c a n  be  mapped 
f rom an ice covered surface;  r iver and lake  bo t toms  have 
been mapped t o  dep ths  of 7 m; 5) The e lec t romagnet ic  
wave  velocit ies of f rozen soil and i c e  a r e  so  similar t h a t  
i c e  con ten t  canno t  b e  inferred f r o m  velocity measure- 
men t s  alone; and 6 )  Subsurface f reeze- thaw boundaries 
c a n  be  mapped f rom surface  observations and monitored 
agains t  t ime.  
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In t roduc t ion  A n t e n n a  Des ign  a n d  I m p l e m e n t a t i o n  S p e c i f i c a t i o n s  

In t h e  f ie ld  re l iab le  c o m m u n i c a t i o n s  b e t w e e n  f ie ld  
personnel  and base  c a m p  a r e  necessary  for  s a f e  and 
e f f i c i e n t  working condit ions.  A walk or  d r i v e  of s e v e r a l  
hours over  rough t e r r a i n  f r o m  c a m p  t o  t h e  work a r e a  i s  
c o m m o n  for  f ield p a r t i e s  e a c h  day.  The  d i f f e r e n c e  
b e t w e e n  a minor a c c i d e n t  o r  a major  persona l  injury o r  
t h e  success  or  fa i lu re  of a p r o g r a m  may depend on t h e  
ab i l i ty  t o  c o m m u n i c a t e  rel iably f r o m  t h e  a r e a  of work t o  
t h e  base  c a m p .  Rea l iz ing  th i s  need ,  a n  a n t e n n a  wi th  t h e  
following spec i f ica t ions  w a s  designed.  

The  a n t e n n a  mus t  be: 

a )  c o m p a t i b l e  with t h e  Motoro la  PT-300 s e r i e s  
t ransce ivers ;  

b) omnid i rec t iona l ;  
c )  c a p a b l e  of a r a n g e  of a t  l e a s t  2 k m  and up t o  15 

k m  depending  on  loca l  topography;  
d) l ight-weight;  
e )  robus t ;  
f) e a s y  t o  assemble ;  and  
g) e a s y  t o  instal l .  

S o m e  reasons  f o r  t h e s e  spec i f ica t ions  a r e  ou t l ined  below. 

a )  T h e  Motoro la  PT-300 s e r i e s  t r a n s c e i v e r s  a r e ,  in 
t h e  au thor ' s  opinion,  t h e  m o s t  rel iable,  shor t - range  t r a n s -  
c e i v e r s  presen t ly  ava i lab le  f r o m  t h e  D e p a r t m e n t  of 
Energy ,  Mines and Resources ,  T e c h n i c a l  F ie ld  Suppor t  
Serv ices .  T h e s e  t r a n s c e i v e r s  o p e r a t e  a t  a f r e q u e n c y  of 
150 MHz and  h a v e  a r a t e d  power  o u t p u t  of f i v e  w a t t s .  
T h e  lower  f requency- t ransce ivers  a v a i l a b l e  f r o m  TFSS a r e  
n o t  robus t  enough f o r  f ield o p e r a t i o n s  and t h e y  o f t e n  
s u f f e r  f r o m  i n t e r f e r e n c e  f r o m  "CB'ers". 

b) F ie ld  personnel  may b e  working a t  many loca-  
t ions  s c a t t e r e d  a round t h e  b a s e  c a m p ;  t h u s  a n  
omnid i rec t iona l  a n t e n n a  is  necessary .  

c )  A r a n g e  of a t  l e a s t  2 k m  i s  n e c e s s a r y  under  m o s t  
condi t ions  for  t h e  a n t e n n a  t o  b e  c o m p e t i t i v e  wi th  t h e  
a n t e n n a  supplied wi th  t h e  PT-300. Normal ly  t h e  r a n g e  
will b e  s ign i f ican t ly  g r e a t e r  t h a n  t h e  a b o v e  min imum 
r a n g e  if p roper ly  instal led.  The  topography b e t w e e n  
s t a t i o n s  is  t h e  major  f a c t o r  a f f e c t i n g  t h e  range.  T h e  
propaga t ion  c h a r a c t e r i s t i c s  a t  t h i s  f r e q u e n c y  a r e  s imi la r  
t o  those  of V H F  television.  

d) Many f ie ld  c a m p s  a r e  t r a n s p o r t e d  by a i r c r a f t  o r  
manhauled  and  t h u s  a l ight ,  robus t  a n t e n n a  is necessary .  

e )  F ie ld  personnel  a r e  n o t  usually e l e c t r o n i c  t e c h -  
n ic ians  and  t h u s  t h e  a n t e n n a  m u s t  b e  s i m p l e  t o  a s s e m b l e  
a n d  use. 'Gerry-rigging'  i s  l ikely t o  b e  t h e  r u l e  r a t h e r  t h a n  
t h e  e x c e p t i o n  and t h e  a n t e n n a  m u s t  b e  a m e n a b l e  t o  this. 

T h e  s i m p l e s t  omnid i rec t iona l  a n t e n n a  t h a t  i s  l ikely 
t o  m e e t  t h e  a b o v e  s p e c i f i c a t i o n s  is t h e  v e r t i c a l  a n t e n n a .  
T h e  v e r t i c a l  a n t e n n a  is  a s h o r t  d r iven  e l e m e n t ,  a b o u t  0.25 
wavelength  ( A )  long, p laced  on  t h e  ground.  This  l i m i t s  t h e  
c h o i c e s  of l o c a t i o n  and  a l so  d o e s  n o t  p e r m i t  t h e  a n t e n n a  
t o  be  raised a b o v e  loca l  obs t ruc t ions .  T o  m a k e  t h e  
a n t e n n a  p r a c t i c a l  a s imula ted  ground c a n  be  used. This  

F i g u r e  13.1. a )  Ground-plane a n t e n n a  
b) Ground-plane a n t e n n a  w i t h  sloping 

radials .  

From: Report of Activities, Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



Table  13.1 The maximum free-space range between 
t w o  t ransceivers  can  be  e s t ima ted  by using a 

dB dB dB dB = o a1 = 3dB 

Gnd. plane t o  gnd. plane 2 -3 2 -3 50 

F r e e  space  transmission ranges  modified radar  range equation.  append ix  r3.1 
gives t h e  necessary calculations.  Table  13.1 

Gnd. plane t o  gnd. plane 2 -3 2 -3 32 

PT-300 t o  PT-300 0 -10 0 -10 6 

Gnd. plane t o  PT-300 2 -3 0 -10 18 

Antenna type  G~ E~ Gr  Er ~~~i~~~ R ~ ~ ~ ~ ,  km 

Gnd. plane t o  PT-300 2 -3 0 -10 13 

shows t h e  f ree-space  transmission ranges  
between PT-300's with t h e  exis t inc  PT-300 
antennas ,  t h e  ground-plane antennas ,  and a 
ground-plane antenna t o  a PT-300 antenna.  The 
maximum separa t ion  between two  an tennas  at 
known heights is discussed in Appendix 13.2. 
Figure 13.2 shows t h e  maximum range between 
PT-300's with t h e  d i f ferent  an t enna  combinations 
a t  known heights. Figure 13.2 shows a number of 
interesting si tuations which are :  

t ype  of radiator is known a s  a ground-plane antenna 
(Kraus,  1950; Williams, 1950, and the  A.R.R.L. Antenna 
Book, 1960) and is shown in Figure 13.la. A 0.25X ver t ica l  
radia tor  is  located in t h e  c e n t r e  of a la rge  sheet  me ta l  
c i rcular  ground plane a t  l ea s t  0.5X in d iameter .  The ef f i -  
c iency of t h e  antenna increases  a s  t h e  dimensions of t h e  
ground plane increase. 

T o  reduce  the  s i ze  and weight, t h e  solid shee t  
ground plane may b e  replaced by radial conductors;  
however, t h e  efficiency i s  proportional t o  t h e  proximity of 
t h e  radial  conductors. Reduction of t h e  number of 
conductors  leads  t o  a dec rease  in antenna efficiency. 

There  a r e  a number of prac t ica l  problems with t he  
ground-plane antenna described. One is t h a t  most of t he  
power is radiated a t  a high vertical  angle which is 
wasteful ,  and the  o ther  problem is the  low input imped- 
a n c e  (about 20R) t o  t he  antenna.  This low impedance 
makes i t  difficult  t o  couple the  power f rom the  trans- 
ce iver  t o  t he  antenna.  One change which helps reduce 
both these  problems is t o  slope the  radial  e l emen t s  
downwards a s  is shown in Figure 13.lb.  In f a c t ,  a 45 
deg ree  slope on t h e  radials increases t h e  input impedance  
t o  about  50R. This allows t h e  antenna t o  b e  connected  
d i rec t ly  t o  t h e  t ransceiver  v ia  commercia l ly  avai lable  50R 
coaxia l  cable.  A fu r the r  advantage  is t h a t  t h e  angle of 
maximum radiation in t h e  ver t ica l  plane is  brought closer 
t o  t h e  horizontal  plane. 

The ground-plane antenna potentially solves most  of 
t h e  specification requirements  such a s  being omnidirec- 
t ional and l ightweight.  The approximate  dimensions of 
t h e  ver t ica l  radia tor  is 0.25h. In a i r  

where c = propagation velocity in f r e e  space,  
3 x 108m/s ,  and 

f = frequency; 

Thus  

and therefore  t he  ver t ica l  e l emen t  will b e  about  50  c m  
long. The radius of t h e  ground-plane e l emen t s  must b e  
1x14 or 250 cm. These  dimensions appear  t o  b e  prac t ica l  
f o r  a field antenna.  The an t enna  can  b e  easily e levated  
and thus  t h e  range should exceed t h e  required minimum of 
2 km a s  i s  discussed in Appendices 13.1 and 13.2. 

I )  increasing t h e  height of t he  PT-300 an tennas  
above 2 m will not  increase  t h e  range because  t h e  range is 
limited by t h e  t ransceiver ' s  sys tem performance,  

2) t he re  is l i t t l e  advantage  in having a ground- 
plane antenna higher than 10 m when communicat ing  with 
a PT-300 antenna.  and 

3) if t h e  maximum pract ica l  height fo r  t h e  ground- 
plane antennas ,  in t h e  field, is  a rb i t rar i ly  chosen t o  b e  
15 m then the  range i s  not  l imited by t ransceiver  sys t em 
performance.  Keep in mind t h a t  maximum ranges  shown 
in Figure  13.2 assume a smooth  ea r th ,  such a s  t h a t  found 
a t  sea,  and does  not  account  fo r  hills, t r e e s  o r  o the r  
obstructions.  Normally t h e  ranges will b e  significantly 
less than those shown. The way to opt imise  t h e  range and 
reliabil i ty in prac t ica l  si tuations is t o  have  t h e  an t ennas  
a s  high a s  possible. 

The antenna must be  connected  t o  t h e  t ransceiver  
by a transmission line. Some of t h e  signal is  a t t e n u a t e d  in 
any transmission line. Transmission lines with a i r  dielec- 
t r i c s  have the  lowest a t tenuat ion  but they a r e  very 
expensive and not very robust (ARRL Antenna Book, 
1960). Table 13.2 shows the  a t tenuat ion ,  nominal 
d i ame te r ,  and weight per length of t w o  reasonably priced 
transmission lines. The  RG-8/U cab le  is bulky and weighs 
four  t imes  more  than an  equal  length of RG-58/U cable.  
The  a t t enua t ion  in t h e  RG-58/U cab le  is  2.3 t i m e s  g r e a t e r  
t han  t h a t  of t h e  RG-8U cable. A compromise  must  b e  

ANTENNA HEIGHT, h (m) 

Figure  13.2. The maximum range between PT-300's with 
d i f f e r en t  an t enna  combinations a t  d i f f e r en t  
heights. 



Figure 13.3. Ground-plane an t enna  and a Motorola PT-300 transceiver.  

Table  13.2 

Two s tandard  coaxial  transmission lines 

Impedance Diameter  Weight ~ t t e n u a t i o n l  
S l  mm ke/m dB/m 

made between antenna height, transmission line loss and 
cab le  weight. Note,  t h e  maximum free-space  range 
between a ground-plane antenna with 16 m of RG-58/U 
and a PT-300 is reduced f rom about  18 km with no 
transmission l ine loss t o  13  km a s  is shown in Table  13.1. 
The range with a similar length of RG-8/U is 17.7 km. 

P rac t i ca l  Antenna Design 

The prac t ica l  design of t he  ground-plane antenna 
me t  t he  specifications in t he  following order or priority: 
robust, easy  t o  assemble,  s imple  t o  install  and l ight-  
weight. 

Figure 13.3 shows a ground-plane an t enna  and a PT- 
300. Detailed drawings may b e  obtained f rom t h e  author.  
The mater ia ls  a r e  aluminum. The radials (4)  a r e  

cons t ruc t ed  of 9.5 m m  d iame te r  solid rod fo r  robustness,  
and a r e  screwed in to  t h e  c e n t r e  support .  The  ver t ica l  
e l emen t  is made of 19.1 m m  tubing with 1.6 mm wall 
thickness both  fo r  robustness and t o  help increase  t h e  
f requency band width of t h e  an t enna  (Kraus, 1950). The  
sl ight increase  in band width will make  t h e  antenna less 
sensit ive t o  undesired impedance  mismatch e f f e c t s  due t o  
nearby objects.  This e l emen t  is  a l so  screwed in to  t h e  
c e n t r e  support .  The  c e n t r e  support ,  which holds t h e  
radials,  connec t s  t he  transmission l ine ef f ic ient ly  t o  t h e  
an t enna  and should be  used t o  a t t a c h  t h e  an t enna  t o  t h e  
supporting tower.  This p a r t  of t h e  an t enna  i s  at ground 
potent ia l  and therefore  may be  connected  d i rec t ly  t o  a 
grounded me ta l  tower  if so desired.  The weight of t h e  
an t enna  a s  shown is 4 kg. 

Field Tr ia ls  

The antenna was s e t  up about  3 m above ground 
away f rom any obstructions.  A Buntoon Impedance Meter  
was  used t o  check t h e  impedance  versus  f requency 
cha rac t e r i s t i c s  of t h e  antenna.  T h e  ver t ica l  s tub  was  
t r immed  t o  42.5 c m ,  and the  impedance  was measured t o  
b e  50Q purely resist ive at 150 MHz. The impedance  
mismatch remained less t han  50 pe r  c e n t  over  a f requency 
range of 148 t o  152 MHz. This band width should ensure  
t h a t  t h e  impedance  cha rac t e r i s t i c s  a r e  not severely 
a f f e c t e d  by less  than opt imum installat ions.  No measure- 
men t s  were  carr ied  o u t  on t h e  radiation pa t t e rn  of t h e  
antenna.  



Figure 13.4 

Ground-plane an t ennas  
mounted on a por table  drill 
rig and a Nodwell. 

,.- . *,A -, - - . , 

. . 

. -  - 

The antenna has been used in t he  field in a number 
of environments.  F igure  13.4 shows t h e  an t enna  mounted 
on a Nodwell FN 60 and on a por table  drill rig. The 
antennas  travelled over tundra  a d is tance  of about  100 km 
mounted like this. The only malfunction occurred when 
one  of t he  radials c a m e  loose and fell  off t he  antenna 
which was mounted on t h e  Nodwell. (The field personnel 
have  never been qui te  t h e  s a m e  s ince  t h a t  journey either.)  

A maximum range of 10 km in hilly te r ra in  was 
achieved between two  ground-plane antennas,  one a t  15 m 
high and t h e  o the r  2 m high. A t  t h e  Involuted Hill t e s t  
s i te ,  rel iable communicat ions  have been achieved between 
a ground-plane an t enna  at 7 m height and PT-300 an tennas  
a t  ground level over ranges of 6 km, even with 30 m high 
hills between the  antennas.  An example where  t he  
ground-plane an t enna  showed significant superiori ty t o  t h e  
s tandard  PT-300 an tennas  was  when two  PT-300's a t  a 
range of about  I km and near  line-of-sight could not 
communicate  with each other.  Both PT-300's could 
communicate  with base c a m p  behind a hill about  4 km 
away which had a ground-plane antenna.  

Conclusions 

The ground-plane antenna described here  signifi- 
can t ly  increases t h e  ,reliabil i ty of communicat ions  
between field personnel. The antenna is  l ightweight,  

robust  and easy  t o  assemble  and install. The  an t enna  
should be  located  as high as possible, connec ted  with low- 
loss transmission l ine and, of course,  t h e  ba t t e r i e s  should 
be  a t  full  charge  for  maximum range and reliabil i ty.  
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Appendix 13.1 

The maximum free-space range can be  found by using the  radar equation without t h e  
t a rge t  parameters.  The equation is 

whereb  is the  sys tem performance ( the  ra t io  of t he  receiver sensisivity to  the  t ransmit ted  
Pt power), 

C t  is  t he  gain of t h e  t ransmit ter  antenna, 

Et is  t he  efficiency of t h e  t ransmit ter  antenna,  

Gr  i s  t he  gain of t h e  receiver antenna, 

Er is t h e  efficiency of the  receiver  antenna,  

X i r  t he  wavelength, 

R is t he  range between t ransmit ter  and receiver,  and 

a1 is  t he  transmission line a t tenuat ion.  

Note, t he  a t tenuat ion in a i r  is  assumed t o  be  negligible. The equation may be  rearranged such 
t h a t  the  range 

R = log-'] jo [pt - Pr  + ol + Gt+Et tGr tEr+20  log(h)-LO log (16n2) I I 
where P t ,  P , crl ,  Gt,  El, G , and E a r e  expressed in dB. For a PT-300 the  receiver sensit ivity 
is assumed t'o be  4 0 u v  lntora 5053 16ad (Pr  : -105dB) and the  t ransmit ter  output  power is 
SW (Pt  = +7dB). 

Therefore P t , -  P r  = 112dB. Frequency of the  PT-300 is 150 MHz and using Eq. ( I )  X = 2 m. The 
es t imated galns and efficiencies of t he  d i f ferent  antennas  a r e  given in Table 13.2 along with the  
ca lcula ted  maximum free-space range. 

Appendix 13.2 

The solution of the  maximum line-of-site range between two  antennas  a t  known 
heights can be found in textbooks on radio propagation or radar ,  such a s  Glazier e t  al. (1958) 
and Ridenour (1947). Simply the  optical  horizon dis tance  

where  h is t h e  antenna height, and r i s  t h e  radius of t h e  ear th .  Since h is small  compared t o  r 

Close t o  t h e  ear th ' s  surface  the  d ie lec t r ic  constant  of t he  a tmosphere  is slightly 
g rea te r  than one, and th is  decreases  t o  unity a t  a l t i tudes  where  t h e  density approaches  z e r o  
(Glazier et al., 1958). This gradient  of d ie lec t r ic  constant  causes  a slight bending of t h e  ray and 
has  t h e  e f f e c t  of appearing t o  increase the  earth 's  radius r t o  r'. The value of r' var ies  with 
a tmospher ic  conditions, bu t  i t s  average value, for  what is  known a s  t h e  'standard a tmosphere '  is  
usually taken a s  1.25 r. The ear th ' s  radius is  6370 km, and thus  t h e  standard value of r '  i s  about  
8500 km. 

The corrected expression for  t he  horizon dis tance  for  VHF radio waves is  

If a wave is t o  propagate between two antennas  a t  heights h l  and hz without interception by the  
curvature  of t he  ea r th  then the  maximum separation d between them occurs when the  di rec t  
ray is just tangential  t o  the  surface,  t h a t  is: L 





ELECTRICAL PROPERTIES O F  SASKATCHEWAN POTASH ORE IN SITU 

Pro jec t  750028 

J.L. Davis and A.P. Annan 
Resource  Geophysics and Geochemis t ry  Division 

Introduction 

Since dry sa l t  is an excel lent  e lec t r ica l  insulator,  
radio waves can propagate through g rea t  thicknesses of 
s a l t  with l i t t l e  a t tenuat ion .  This relatively unique 
property has made massive sa l t  s t ruc tu re s  in geologic 
environments amenable  t o  radar probing (Holser e t  al., 
1972; S t ewar t  and Unterberger ,  1976). Most measure- 
ments  of t h e  e lec t r ica l  properties of s a l t  have  been made 
in t he  labora tory  (Breckenridge, 1948; Cook, 1975). 
Furthermore,  t h e  studies have been primarily concerned 
with t h e  proper t ies  of ha l i te  (NaCI), t h e  more  cOmmon 
va r i e ty  of naturally occurring sa l t .  The  information on 
t h e  properties of sylvite,  KCI, t h e  primary potash mineral  
mined in Saskatchewan, is  ex t r eme ly  limited. In order  t o  
assess  t he  uti l i ty of impulse radar  techniques in t h e  
Saskatchewan potash mines, i t  is  essential  t o  know t h e  
e l ec t r i ca l  proper t ies  of sylvite in t h e  frequency range 
10 t o  1000 MHz. This repor t  briefly summarizes  measure- 
men t s  of t h e  bulk e lec t r ica l  proper t ies  of potash o r e  in 
si tu.  

Experimental  Technique 

propagation c h a r a c t e r ~ s t ~ c s  of electrical t rans ients  along 
the  transmission-l~ne y ~ e l d  e s t ima te s  of t h e  local 
e lec t r ica l  propertles.  More spec l f~ca l ly ,  a), t h e  propaga- 
tlon v e l o c ~ t y  in t h e  line glves a measure  of t he  real 
dielectric constant ,  K' ,  assuming t h a t  t he  magnitude of 
t he  losses a r e  small  (i.e., t an  6 1s ( < < I ) ) ,  and b) t h e  d ~ f f e r -  
ence  In t he  ampl i tude  of t h e  reflection f rom t h e  open 
c l rcui t  on t h e  shor t  l ~ n e  compared t o  t h e  long l ine glves a n  
e s t l m a t e  of t h e  attenuation of t h e  t rans lent  In t h e  
m e d ~ u m .  (Note:  t h e  ave rage  value of t a n  6 for  t h e  worst  
ca se ,  t h e  c lay  seam,  IS 0.1 and thus  t h e  e s t l m a t e  of K' t o  a 
f l r s t  order  is sa t~s fac to ry . )  

Measurement Sites and Results 

Holes were  drilled In four locations w ~ t h  d ~ f f e r l n g  
mineralogy In t h e  Cen t r a l  Canada Potash  mlne. These  
s i t e s  a s  shown In F ~ g u r e  14.1 a r e  denoted 1, 2, 3 and 4. 
S i t e  I was  a s y l v ~ t e  rlch zone; s i t e  2 was  a lower sylvlte 
con ten t  zone; s l t e  3 was a clay seam with both rods 
inserted In t he  plane of t he  s eam;  s l t e  4 was a t  t h e  s a m e  
clay seam w ~ t h  rods Inserted parallel  t o  t h e  clay seam but  
located In t h e  sa l t  above and below the  seam.  

The e l e c t r ~ c a l  p r o p e r t ~ e s  of t h e  sa l t  were  measured The resul ts  of t he  e x p e r ~ m e n t a l  measurements  plus 
uslng t lme-doma~n  r e f l ec tome t ry  t e c h n ~ q u e s  (Fellner- o ther  available lnformatlon on the  e l e c t r ~ c a l  properties of 
Feldegg, 1969; Davis and Chudob~ak ,  1975). Two rods, s a l t s  a r e  llsted In Table 14.1. There  a r e  signlflcant 
1.3 c m  In d ~ a m e t e r  and a t  lengths  of e i ther  16 or 32 c m  v a r ~ a t l o n s  of t he  d ~ e l e c t r l c  constant  f rom the  various 
were  Inserted Into 1.3 c m  d ~ a m e t e r  holes 32 c m  long s ~ t e s .  The a t tenuat ion  measurements  a r e  much less 
drllled 5 c m  apa r t  ~n t h e  tunnel wall. The two  rods form a preclse than the  d ~ e l e c t r i c  measurements ;  they should be  
parallel  wlre t r ansm~ss~on- l rne .  Measurements  of t he  viewed a s  order of m a g n ~ t u d e  es t imates .  The responses In 

t h e  s a l t  and clay were  dlst lnctly d ~ f f e r e n t .  

Table  14.1 

Rea l  At tenuat ion ,  a 
Si te  No. Die lec t r ic  dB/m 

Constant  Ave. Freq. 10-1000 MHz 
Remarks  

1.2 sylv i te  r ich 

lower sylv i te  
con ten t  t han  in S i t e  No. 1 

1 6 .4  3 .0  in clay rich seam I 

Pure  sa l t  5 . 9  
( NaCI ) 

Cote  Blanch 6 . 8  
Sal t  Dome 

across  clay rich seam 

Breckenr idge 
(1948)  lab.  meas .  

0.015 @400 MHz S tewar t  and 
Unterberger  (1976)  I 

Sylvite rich 5 .2  0 .4  @I00  MHz Laboratory measure- 
( l i t t l e  clay ment ;  Katsube 
visible) (pers .  c o m m .  ) 

From: Report of Activities, Part B; 
Geol. Surv. Can., Paper 77- lB  (1977) 



TUNNEL R O O F  

CLAY RlCH SEAM 

SYLVITE RlCH SEAM 

TUNNEL FLOOR 

Figure  14.1. L o c a t i o n  of T D R  t e s t  s i t e s  in po tash  tunne l  
wall. 

Summary and Conclusions 

T h e  S a s k a t c h e w a n  potash  o r e  exhib i t s  s ign i f ican t ly  
higher e l e c t r i c a l  loss t h a n  h a s  b e e n  r e p o r t e d  f o r  o t h e r  
mass ive  s a l t  o c c u r r e n c e s .  The  e l e c t r i c a l  loss a p p e a r s  t o  
b e  a s s o c i a t e d  with t h e  c lay  c o n t e n t  of t h e  sa l t .  S i t e s  I 
a n d  2 had visible a m o u n t s  of c l a y  mixed  wi th  t h e  s a l t  
which probably a c c o u n t s  f o r  t h e  r e l a t i v e l y  high loss 
( c o m p a r e d  t o  pure  s a l t )  observed  a t  t h e s e  s i tes .  

T h e  observed  a t t e n u a t i o n s  l imi t  t h e  p e n e t r a t i o n  of 
a n y  ava i lab le  r a d a r  s y s t e m  t o  much less  t h a n  100 m.  
Unless a r e a s  of lower  c lay  c o n t e n t  a r e  e n c o u n t e r e d ,  r a d a r  
probing should be probably l imi ted  t o  t a r g e t s  a t  r a n g e s  
l e s s  t h a n  50 m. 

In o r d e r  t o  o b t a i n  conc lus ive  e v i d e n c e  t h a t  t h e  c l a y  
i s  t h e  p r i m a r y  s o u r c e  of e l e c t r i c a l  loss, a cont ro l led  
p r o g r a m  of m e a s u r e m e n t s  a t  s i t e s  of known minera logy  
m u s t  b e  c a r r i e d  out .  In addi t ion ,  such  m e a s u r e m e n t s  
would i n d i c a t e  w h e t h e r  or  n o t  t h e r e  a r e  s ign i f ican t  
var ia t ions  in t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  o r e  a s  t h e  
s y l v i t e  c o n t e n t  changes .  
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15. PETROLOGY AND TECTONICS OF THE CAMBRO-ORDOVICIAN SEQUENCE IN THE QUEBEC APPALACHIANS 
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This note  is a preliminary repor t  of an  ongoing 
petrologic study in the  Cambro-Ordovician sequence in 
t h e  Quebec Appalachians. I t s  goal is  t h e  synthesis of 
petrologic and t ec ton ic  d a t a  in order t o  present a p l a t e  
tec tonic  model for this region tha t  incorporates the  
petrologic observations. 

The Quebec ul t ramafic  bel t  is probably a remnant  of 
early Paleozoic oceanic c rus t  (St. Julien and Hubert, 1975; 
Laurent,  1975). Tectono-stratigraphic evidence (St. Julien 
and Hubert, 1975) suggests t h a t  th is  u l t ramafic  bel t  a s  

well a s  t he  surrounding rocks were  caught  up a s  alloch- 
thonous masses. According t o  p l a t e  t ec ton ic  models a 
zone  of obduction (St. Julien and Hubert ,  1975) o r  
subduction (Poole, 1976) should have been located some- 
where  in t h e  neighbourhood of the  u l t ramafic  belt. In 
e i the r  case ,  providing t h a t  a l a t e r  e v e n t  did not  des t roy i t ,  
t h e  rocks involved should show t h e  r a the r  unique f ea tu res  
associa ted  with convergent p l a t e  boundaries, t h a t  is, 
relatively high pressure metamorphism a s  well a s  ca lc-  
alkaline t o  alkaline igneous activity.  

K m  

@ Alkali lntrusives 

Ultramafic Rocks 

Figure 15.1. Simplified geologic m a p  of t h e  Cambro-Ordovician sequence of southeas tern  Quebec. 
The t ec ton ic  divisions a r e  a f t e r  St.  Julien, and Hubert  (1975) t o  whom the  reader  is  
referred for  details. The locat ion of the  lavas  and alkali  intrusives is  based upon t h e  
maps  of Lesperance (1963) and Clark  (1964). AA' i s  a hypothetical  cross-section shown in 
Figure  15.4. 
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Figure 15.2. Pillow lavas exposed in t h e  trap-rock quarry  Figure 15.3. Interlayering of igneous and me ta -  
a t  St .  Wencelas, Quebec.  sedimentary  rocks in t h e  alkali  intrusive 

nor th  of Chicoines, Quebec.  The l ight 
coloured rock i s  syenite.  The lens  c a p  i s  
res t ing  on a band of metasediment .  

West E a s r  

Figure 15.4. 

Hypothetical  Ordovician cross-section (AA' of 
Figure 15.1) of southeas tern  Quebec.  The a r e a  
of igneous ac t iv i ty  corresponds t o  t h e  be l t  of 
lavas and intrusives in t h e  ex t e rna l  domain.  
The finely st ippled region ( t rench)  corresponds  
t o  t h e  crossite-bearing rocks indicative of 
relatively high-pressure, low-tempera ture  
metamorphism. The ocean ic  c r u s t  includes t h e  
ophioli te sequences  of t h e  Eas t e rn  Townships. 
The ar row indica tes  t h e  d i rec t ion  of t h e  sub- 
ducting l i thospheric slab. Large  st ipples 
represent  t h e  asthenosphere.  (Figure  adapted  
f rom Ernst ,  1967.) 

Crossit ic amphibole suggestive of modera te ly  high 
metamorphic  pressures has been identified wes t  of t h e  
u l t ramaf ic  belt  (Trzcienski, 1976). This type  of amphibole 
has now been recognized in t he  Ham-Nord a rea ,  no r theas t  
of Asbestos, Quebec ,  (Trzcienski,  unpubl. d a t a )  and just 
north of Thetford Mines (Birket t ,  1976, pers. comm.). All 
t h r e e  locali t ies (Fig. 15.1) a r e  on t h e  wes t  side of t h e  
u l t ramaf ic  belt. The t e x t u r e  of t h e  crossite,  commonly  in 
unoriented crystals,  is  suggestive of a non-penetrative 
deformat ion and deep  burial of t h e  hos t  rocks. 

About 4 0 k m  wes t  of t he  cross i te  locali t ies 
(Fig. 15.1), in t h e  ex t e rna l  domain of St. Julien and Huber t  
(19751, a r e  a ser ies  of lava flows and alkali  igneous intru- 
sives. The lavas  vary  in form f rom flow breccias  t o  pillow 
basal t s  (Fig. 15.2). The deg ree  of a l te ra t ion  i s  highly 
var iable  but many of t h e  rocks re ta in  much of t he i r  
original  igneous mineralogy and texture .  The b e t t e r  
preserved rocks a r e  commonly ophitic with plagioclase 
la ths  (commonly albit ized) enclosing groundmass 
pyroxene - a diopside aug i t e  (Wos3 Ensl, F s l  3 )  with up t o  
1.50% TiOs. Some of t h e  lavas have  undergone low-grade 

metamorphism producing prehni te  and/or  pumpel leyi te  
and chlor i te  in addit ion t o  t h e  original  igneous minerals. 
The bes t  outcrops  of t hese  lavas  occur  in t h e  r iver  at 
Drummondville and a t  t h e  trap-rock quarr ies  in 
Drummondville, S t .  Cyril le and St. Wencelas. 

Occurring in t h e  s a m e  bel t  a s  t h e  lavas  a r e  a ser ies  
of igneous intrusions, commonly  found in ter f inger ing with 
t h e  country  rock (Fig. 15.3). These  field re la t ions  sugges t  
t h a t  only the' topmost  pa r t s  of t h e  intrusions a r e  exposed. 
The country  rock found in c o n t a c t  with t h e  igneous rock is  
only slightly deformed and shows a n  incipient spo t t ed  
hornfels texture .  The southernmost  intrusive near  Roxton 
Pond is more  than I km in d iameter .  The southern  pa r t  of 
t h e  intrusive is  a mica  per idot i te  containing olivine (F002)  
enclosed in poikil i t ic diopside aug i t e  (Woh 3 Enb 7 F s ~ o ) ,  
poikil i t ic kae r su t i t e  (Mg/(Mg+Fe) = 0.76) o r ,  less  com-  
monly, poikil i t ic b io t i t e  (Mg/(Mg+Fe) = 0.79). Some 
serpent in iza t ion  of t h e  olivine has  t aken  place. The only 
o the r  primary minera l  is  magne t i t e  occurr ing  in isolated 
octahedra .  The nor thern  pa r t  of t h e  intrusive is  a syeni te  
composed of t i tani ferous  augi te ,  kaersut i te ,  bioti te,  



plagioclase, K-feldspar and minor amounts  of apat i te ,  
sphene and ilmenite. Associated with these rocks a r e  
various amounts  of sulphjdes. 

North of Roxton Pond a r e  numerous isolated 
outcrops of syenite along with th ree  other  r a the r  large  
(2 km diameter)  bodies: one a t  Acton Vale, one north of 
Chicoines and one a t  Notre  Dame  d e  Bon Conseil. The 
mineralogy of all  these  rocks is essentially t h e  s a m e  as 
t h a t  near Roxton Pond. Two di f ferences  a t  Notre  Dame  
d e  Bon Conseil should be  noted, however. Analcime has  
been tenta t ively  identified and the  pyroxenes a r e  strongly 
zoned (W056 Ens Fs7 to  Wok7 En, Fsr l ) .  There is  l i t t l e  
doubt t h a t  all  these  intrusives a r e  consanguinous but  
demonstration of the  consanguinity between the  intrusive 
and extrusive rocks awai ts  fu r the r  chemical data .  The 
spatial  distribution does suggest a common parentage, bu t  
no di rec t  links have been found between intrusive and 
extrusive rocks. 

Doig and Barton (1968) have dated biot i te  by K-Ar 
methods in t h e  Notre  Dame d e  Bon Conseil intrusive a t  
428 m.y. This age  near the  Ordovician-Silurian boundary 
corre la tes  well with the  postulated a g e  of deformat ion in 
this a r e a  (St. Julien and Hubert ,  1975). 

Although all  t he  d a t a  have not been assembled and 
any model is  always subject t o  change i t  is  interesting t o  
compare  petrologic observations described above with 
cu r ren t  p la te  tec tonic  models from an idealized cross- 
sect ion of a consuming p la t e  margin (Fig. 15.4) t h e  
sequence proceeding f rom t h e  ocean toward t h e  cont inent  
is: oceanic crus t ,  a zone of subduction with high P and 
low t o  modera t e  T metamorphism, and finally a zone of 
igneous act iv i ty  (intrusive and extrusive). From s ~ u t h e a s t  
t o  nor thwest  in southern Quebec one observes: (1) t h e  
ophiolites of t he  u l t ramafic  belt ,  (2) moderate ly  high 
pressure metamorphism as  evidenced by crossite-bearing 
rocks, and (3) igneous activity,  both intrusive and extru-  
sive. One can easily f i t  in to  t h e  ideal p la te  t ec ton ic  
model (Fig. 15.4) the  th ree  distinct petrologic regions of 
southeas tern  Quebec. If th is  model is  re levant ,  t h e  
Eastern Townships of Quebec represent t he  remnants  of 
an  Ordovician, westward dipping subduction zone. The 
model remains subject t o  change as new d a t a  a r e  
acquired. 
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CALIBRATION FOR TOTAL COUNT GAMMA-RAY SURVEYS 
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R.L. Grasty 
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In 1975 the  Federal-Provincial Uranium 
Reconnaissance Program (URP) commenced with airborne 
radioactivity surveys in Manitoba, Saskatchewan, and 
Ontario utilizing the  Geological Survey of Canada high 
sensitivity gamma-ray spec t romete r  system. In 1976 
th ree  additional a i r c ra f t  under con t rac t  t o  the  Federal  
Government were involved in the  program. With the  vast  
amount  of gamma-ray da ta  becoming available i t  was 
considered highly desirable t h a t  t h e  results f rom a l l  four 
sys tems should have some common basis for  comparison. 
In t h e  case  of t he  th ree  radioelements and their  ra t ios  this 
can  be  readily achieved through the  conversion of count  
r a t e s  in the  respective windows, a f t e r  appropriate co r rec -  
tion, t o  equivalent ground concentrations of potassium, 
uranium and thorium, based on fl ights over the  
Breckenridge calibration s t r ip  (Grasty, 1976). The 
radioelement da ta  would then not depend on t h e  par t icular  
system flown, e.g. i t s  sensit ivity,  flying height or sampling 
period. This calibration procedure was adopted for the  
presentation of the  contour maps of potassium, uranium 
and thorium and for  thei r  respect ive  ra t ios  for all  1975 
Uranium Reconnaissance Program surveys. 

The calibration and standardization of to t a l  count  
measurements,  however, is a more complex problem. In 
1974 and 1975, t he  International Atomic Energy Agency 
(IAEA) convened two  meet ings  t o  consider and recommend 
uniform measurement  units for  radioactivity surveys 
(IAEA, 1976). As a result  of t he  discussions, i t  was 

EXPERIMENTRL TOTRL COUNTS [ P E R  M I N U T E )  

decided t h a t  t he  most pract ica l  solution t o  t h e  ca l ibra t ion 
of to t a l  count  measurements  was t o  use uranium as a 
standard and define a new unit called a 'Unit of 
Radioelement Concentration' ,  abbreviated 'ur'. This new 
unit  is  defined in t h e  following way: 'A geological source  
of one unit of radioelement concentra t ion produces t h e  
s a m e  instrument response a s  a source  containing 1 ppm of 
uranium in radioactive equilibrium'. Although i t  could b e  
argued t h a t  this new unit is synonomous with 'equivalent 
uranium' t h e  new terminology avoids any implication t h a t  
t h e  observed radioactivity originates entirely f rom 
uranium. This paper  explains t h e  procedures adopted by 
the  Geological Survey in following the  IAEA recommenda-  
tions in reporting to t a l  count  measurements  in t e rms  of 
t h e  new 'ur' unit. 

Through t h e  use of sophisticated computat ional  
technique considerable information has  recently become 
available on the  energy distribution of t h e  natura l  gamma-  
radiation field and i t s  variation with elevation above the  
ground (Beck, 1972; Lovborg and Kirkegaard, 1975). By 
combining t h e  information of t h e  gamma-radiation field 
with t h e  ca lcula ted  de tec to r  response, i t  is  possible t o  
ca l cu la t e  the  to ta l  count  r a t e s  t h a t  would b e  observed 
over uniformly radioactive sources for cylindrical 
de t ec to r s  of d i f ferent  sizes. 

T o  verify t h e  theoret ica l  calculations,  exper iments  
were  carr ied  o u t  in t h e  summer  of 1976, using t h r e e  large  
cylindrical Nal(T1) de tec to r s  commonly used in airborne 
surveys t o  compare  ca lcula ted  and measured to t a l  count  
r a t e s  on the  five calibration pads a t  Uplands a i rpor t ,  
O t t a w a  (Grasty and Darnley, 1971). The crystals,  a 
12.7 x 12.7 c m  (5 x 5 inch), 15.2 x 10.2 c m  (6 x 4 inch) and 
a 22.9 x 10.2 c m  (9 x 4 inch), were  placed at t h e  c e n t r e  of 
each pad, approximately 2 c m  above the  surface ,  and the  
output  f rom the  photomultipliers fed into a m u l t i c h a n n e l  
analyzer  in ter faced t o  a Texas  Instrument 960 A mini- 
computer .  Details of t h e  instrumentation have been 
described by Bristow (1975). Programs s tored in t h e  
computer  were then uti l ized t o  compute  t h e  counts  
recorded in the  s tandard to t a l  count  window from 0.41 t o  
2.81 MeV. 

Table  16.1 

Calculated Tota l  Count (0.41-2.81 MeV) 
Per  Unit Concentra t ion of t h e  Radioelements 

( A t  Ground Level) 

Figure 16.1. Comparison of exper imenta l  and calcula ted  
to t a l  count  r a t e .  

. 

From: Report of Activities,  Part B; 
Geol. Surv. Can., Paper 7 7 - 1 B  ( 1 9 7 7 )  

Crys ta l  S i ze  

Cen t ime t re s  

12.7x12.7 

15.2x10.2 

22.9x10.2 

To ta l  Count  (CIS) 

Thorium 
( P P ~ )  

13.2 

10.7 

29.6 

Potassium 
( % I  

71.9  

60.7  

162.0 

Uranium 
( P P ~ )  

27.7 

22.3  

62.3  



Table 16.3  Table  16.2 

Analyses of t he  Uplands Tes t  Pads  

Table  16.1 shows t h e  predicted to t a l  count  r a t e  for  
each  of t h e  t h ree  crys ta ls  per unit concentra t ion  of t h e  
radioelements,  a s  ca lcula ted  by L. Lovborg of t h e  Danish 
Atomic  Energy Commission (Lovborg e t  al., in press). 
Utilizing t h e  resul ts  of c o r e  sample  analyses f rom t h e  f ive  
pads, shown in Table  16.2 (Grasty and Darnley, 1971), t h e  
expected  t o t a l  count  r a t e s  were  then ca lcula ted  fo r  each  
crys ta l  over all  f ive  pads. These results  a r e  presented 
graphically in Figure 16.1. Using a leas t  squares 
technique,  a s t r a igh t  line was  f i t t ed  t o  t h e  d a t a  fo r  t h e  
t h ree  crys ta ls  and gave  values of t h e  s lope  of 1.18 * 0.01 
for  t h e  5 x 5-inch crys ta l ,  1.12 + 0.03 fo r  t h e  6 x 4-inch 
crys ta l  and 1.15 * 0.01 for  t h e  9 x 4-inch crys ta l .  The  
computed leas t  squares line is shown in Figure 16.1. The 
f a c t  t h a t  t h e  slope ( the  r a t i o  of t h e  ca lcula ted  t o  observed 
t o t a l  count  r a t e )  has  a value slightly higher than unity can  
be  explained by the  lack of downward sca t t e r ed  lower 
energy radiation due t o  t he  f in i te  s i ze  of t he  calibration 
pads and also by the  de t ec to r  covering which absorbs some  
radiation. The in t e r cep t  on t h e  exper imenta l  ax i s  ar i ses  
f rom background radiation due  t o  cosmic  radiation,  
a tmospher ic  radioactivity a s  well a s  t h e  radioactivity of 
t h e  equipment.  

Calcula ted  and measured to t a l  count  r a t e s  were  a l so  
compared fo r  t h e  Geological  Survey Skyvan sys tem utiliz- 
ing twelve 22.9 x 10.2 c m  c rys t a l s  flying over t he  
Breckenridge calibration strip. The exper imenta l  values 
were  obtained a t  125 m and were  compared t o  values 
ca lcula ted  at 150 m. The e x t r a  25  m used in t h e  
calculations compensates  fo r  s ca t t e r ing  and absorption in 
t h e  a i r c r a f t  s t ruc tu re  and de t ec to r  housing beneath  t h e  
crystals,  which is  equivalent t o  approximately 25 m of air .  
Based on t h e  mean concentra t ion  of t h e  t e s t  str ip,  t h e  
ca lcula ted  to t a l  count  r a t e  of 2046 c / s  compared favour- 
ably t o  t h e  exper imenta l  value of 1990 c/s.  Both t h e  
ground and airborne exper iments  demons t r a t e  t h a t  t h e  
t o t a l  count r a t e  can  be  ca lcula ted  qui te  accura te ly  for  a 
var ie ty  of c rys t a l  s izes  over sources  of d i f ferent  radio- 
e l emen t  composition. 

One difficulty in comparing to ta l  count  sys tems 
a r i s e s  f rom the  d i f ference  in t h e  potassium, uranium and 
thorium gamma-ray spect ra .  The thorium daughters  2 1 2 P b  
and 2 2 8 A ~  and t h e  uranium daughter  * l 4  p b  have s t rong 
emission lines be tween 0.16 and 0.4 MeV and consequently 
t h e  de t ec to r  t o t a l  count  response t o  thorium and uranium 
shows large  f luc tuat ions  when t h e  lower level discrimi- 
na to r  se t t ing  var ies  be tween  these  energy limits. This i s  
i l lustrated in Table16.3  which shows t h e  uranium 
equivalent of potassium and thorium a s  a function of t h e  
energy of t he  lower level discriminator,  for  a por table  
ins t rument  (IAEA, 1976). The t ab l e  shows t h a t  with a 
lower energy threshold of 0.15 MeV, a source  with a 
concentra t ion  of 1% potassium will give t h e  s ame  to t a l  
count  r a t e  a s  a source  containing only 1.33 ppm uranium. 

The Uranium Equivalent of Potass ium 
and Thorium, in 'ur' as a Funct ion  of t h e  
Energy of t h e  Lower Level  Discriminator 

f o r  a 3 . 8 1  c m  x 2.54 c m  NaI(T1) 
De tec to r  ( IAEA , 1976 ) 

Table 16.4 

The Uranium Equivalent of Potass ium and Thor ium,  
in 'ur' f o r  s o m e  NaI(T1) De tec to r s  a t  Ground Level 

(Lower  Level Discriminator S e t  a t  0 .41  MeV) 

I ppm eTh  

0.44 

0.45 

0 .43  

0.49 

0.47 

MeV 

0 . 1 5  

0 .20 

0.30 

0.40 

0.50 

1% K 

1.33 

1.58 

1.91 

2 .35 

2.45 

These  resul ts  a r e  in c lose  a g r e e m e n t  with those  
presented  graphically by Lovborg et al. (1976). Since t h e  
re la t ive  ef f ic iency of two  d e t e c t o r s  can  vary with t h e  
energy of t h e  incident gamma-ray photons, two  to t a l  
count  sys t ems  ca l ibra ted  in 'ur', over  a pure uranium 
source  may not  indica te  t h e  s a m e  u r  value over  t h e  s a m e  
geological  source  even if the i r  lower  level d iscr iminator  
s e t t i ngs  a r e  t h e  same. However,  Lovborg e t  al. (in 
press), have  shown t h a t  for ground measurements  of 
radioactivity,  provided t h e  to t a l  coun t  window has  a 
lower energy threshold of abou t  0.41 MeV, then  t h e  
uranium equivalent  of potassium and thor ium a r e  a lmost  
independent of t h e  de t ec to r  used. Table  16.4 shows t h e  
ca lcula ted  uranium equivalent of 1 ppm thorium and 1% 
potassium for  f ive  such c rys t a l s  at ground level. The  
t a b l e  shows t h a t  fo r  a l l  f ive  de t ec to r s ,  1 ppm thor ium 
will give t h e  s a m e  t o t a l  coun t  r a t e  a s  0.477 ppm 
uranium. Similarly,  1% potassium has  a uranium equiva- 
l en t  of 2.60 ppm uranium. 

Another  impor tant  cons idera t ion  is t h e  e f f e c t  of 
a l t i t ude  on t h e  to t a l  count  response t o  t h e  t h ree  
radioelements.  Table 16.5 shows t h e  ca lcula ted  uranium 
equivalent  of potassium and thor ium at a n  a l t i t ude  of 
150 m for  t h e  s a m e  f ive  c rys t a l s  compared  previously. I t  
c a n  b e  seen t h a t  t h e  uranium equivalent  of thor ium and 
potassium is t h e  s a m e  for a l l  f ive  crys ta ls ,  however,  t h e  
values a r e  d i f ferent  t o  those a t  ground level  (Table 16.4). 

I ppm eTh  

0.477 

0.477 

0.477 

0.477 

0.477 

Crys ta l  S i ze  
Diam.  x Height 

inches 

4x4 

5x5 

6x4 

9x4 

I1  112x4 

1% K 

2.59 

2.60 

2.60 

2.61 

2.61 



Table 16.5 Table 16.6 

The Uranium Equivalent of Potassium and Thorium, 
i n  'ur' for some NaI(T1) Detectors at 150 m 

(Lower Level Discriminator Set at 0.41 MeV) 

This is because the gamma-ray spectrum for each radio- 
element varies appreciably with elevation above the 
ground due to the build-up of lower energy Compton 
scattered radiation. There is also a considerable attenua- 
tion of the strong low energy emission lines. The results 
show that a system calibrated at ground level over a pure 
uranium source wil l  indicate 0.477 units of radioelement 
concentration at ground level over a pure thorium source 
of 1 ppm. However a system calibrated a t  150 m and 
flown at the same altitude over the same thorium source 
wi l l  indicate 0.497 units of radioelement concentration. 
Similarly, a 1% potassium source wil l  indicate 2.60 ur at 
ground level and 3.00 at 150 m. The variation is greater 
for potassium since it has only one gamma-ray emission 
line at 1.46 MeV whereas the thorium and uranium decay 
series have many gamma-ray emission lines. It should be 
emphasized that these results presented in  Tables 16.4 
and 16.5 are only valid for detectors with their lower 
energy thresholds set at 0.41 MeV, and i n  general are not 
valid for systems with significantly different thresholds. 
The total count window for the Geological Survey system 
has this particular threshold. Because of this altitude 
ef fect  i t  is theoretically only possible to compare total 
count systems flown and calibrated at similar altitudes. 
However, i n  practice, problems wi l l  only arise from a 
comparison of systems calibrated at different altitudes 
when they are flown over sources which are relatively 
pure in one or other of the radioelements. Even in the 
worst possible case, the errors wi l l  amount t o  a maximum 
of 14%, which is comparable to  other uncertainties i n  the 
airborne measurements, i.e. soil moisture etc. In the 
Federal-Provincial Uranium Reconnaissance Program al l  
systems are flown at a nominal survey altitude of 125 m 
and provided they are correctly calibrated a t  this altitude, 
the problem does not arise. 

Crystal Size 

4 x4 

5x5 

6x4 

9x4 

11 112x4 

Ideally, the procedure to follow in calibrating an 
airborne total count system would be to f ly  over a pure 
uranium source of known concentration i n  order to  
convert the tota l  count measurements to  units of radio- 
element concentration. However such ideal sources of 
sufficient size and uniformity of radioactivity are 
difficult, i f  not impossible, to find, and an alternative 
procedure has to  be devised. A t  f irst sight an obvious 
solution would be to carry out a ground survey of an 
airborne calibration strip using a calibrated total count 
instrument, enabling the ur value of the strip to be 
determined. Because of the variation, with survey height, 
of the spectra from the three radioelements, this has been 
shown to  lead t o  some error. Since we have shown for a 

The Uranium Equivalent (Units of 
Radioelement Concentration) of the 

Breckenridge Calibration Strip 
for some Nal(T1) Detectors 

1% K 

3.01 

3.01 

3.00 

3.00 

3.00 

1 ppm eTh 

0.497 

0.497 

0.497 

0.496 

0.496 

variety of crystals that the total count can be reliably 
calculated over sources of varying radioelement com- 
position, a theoretical approach appeared t o  be 
warranted. 

Crystal Size 
Diam. x Height 

(inches) 

4x4 

5x5 

6x6 

9x4 

I 1  112x4 

The Breckenridge test strip has a mean 
concentration of 2.03 % potassium, 0.92 pprn equivalent 
uranium and 7.70 ppm equivalent thorium (Grasty, 1976). 
Based on these results, the uranium concentration in  ppm 
that would give the same total count rate at an altitude 
of 150 m was calculated from the data presented in 
Table 16.5 for the five different crystals. This uranium 
concentration in  ppm is then by definition the ur value of 
the calibration strip. The results are presented in 
Table 16.6 and as expected are similar for a l l  crystals, 
suggesting that the results are independent of the crystal 
size, provided the lower energy threshold is set at 
0.41 MeV. 

Units o f  Radioelement 
Concentration 

(ur )  

10.9 

10.9 

10.8 

10.8 

10.8 

The spectrometer systems operated by the con- 
tractors for the Uranium Reconnaissance Program uti l ize 
4 x 4 x 16 inch, square prismatic crystals which are 
combined in  three groups of four to  give compact 
detector volumes of approximately 1000 cubic inches. 
Because of the lack of symmetry about the vertical axes 
for these particular crystals it is an extremely complex 
problem to  calculate their expected tota l  count rate. In  
order t o  calibrate these particular systems it is assumed 
that their total count responses to  the three radioele- 
ments are similar to those of the large cylindrical 
detectors and that for a l l  systems a t  an altitude of 125 m 
the Breckenridge calibration strip has 10.8 units of 
radioelement concentration. 

The experimental procedure in  calibrating the total 
count rate of each system consists of f lying a t  different 
altitudes over the test strip. From these flights, a mean 
tota l  count rate can be found for each system at the 
nominal survey altitude of 125 m. This is achieved by 
f i t t ing  an exponential to  the variation of tota l  count rate 
wi th survey altitude. This procedure is more accurate 
than f lying only once at an altitude of 125 m. The 
relationship of mean count rate and the radioactive 
concentration of the strip can then be util ized to convert 
a l l  total count rates to  the new units of radioelement 
concentration. This calibration procedure, because of i t s  
theoretical nature is far from ideal, but is a t  least 



superior t o  t h e  present prac t ice  of reporting to t a l  counts  
as counts  per sampling interval,  which gives no basis for  
compar ing systems. 
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Introduction 

Sediment t r ace r  experiments,  using radioisotopes, 
const i tu te  one aspect  of t he  research currently in progress 
t o  determine sediment transport  ra tes  and directions in 
t h e  Minas Basin. The overall  a im of the  research is t o  
obta in  a fuller understanding of the  nature  and movement 
of t h e  unconsolidated sediments of the  Minas Basin, and t o  
develop a sedimentary budget for the  system. The s i t e  
se lec ted for the  f i rs t  experiment (Fig. 17.1), which took 
place from October 27 t o  November 17, 1976, was the  
large intertidal sand bar a t  Economy Point (described by 
Klein, 1970) and is i l lustrated in Figure 17.2. The natura l  
radioactivity was low in this area;  t he  mean on the  
exper imenta l  s i t e  was 30 Cps. 

The sediment t r a c e r  exper iments  a r e  concerned with 
the  movement of the  sand fraction in the  intertidal zone. 
The purpose is t o  establish r a t e s  of sediment transport  by 
d i r ec t  experimental  observation using a small  sample of 
ar t i f ic ia l  sand, tagged with a short  lived radioisotope. 
This technjque thus  supplements indirect extrapolations 
f rom hydrodynamic observations. 

The exper imenta l  design used for determining the  
movement of transported sandy mater ia l  was  established 
by Crickmore  and Lean (1962, 19631, Courtois and Hours 
(1965), Courtois and Sauzay (1966), and Sauzay (1968). 

One kilogram of glass sand which has  the  same  
dynamic character is t ics  a s  the  natura l  sediment  was 
released a t  t he  study s i t e  and i t s  dispersion by wave and 
cu r ren t  processes was  monitored on a regular basis. The 
glass contained 0.5% gold which was made radioact ive  t o  
t h e  level of 2cu r i e s .  Specifically, the  monitoring 
procedure establishes the  movement of the  t racer  
mater ia l  by locating the  position of the  c e n t r e  of gravity 
of the  dispersed sample.  From this information it is 
possible t o  ca lcula te  t h e  bedload t ranspor t  of sand through 
t h e  study site.  

Mater ia l  and Equipment 

The t r ace r  

The t r ace r  used was  "'AU encased in I kg of non- 
r eac t ive  glass f ragments .  The glass composition was: 

1 I I I 6 2 W  

Figure 17.1. Bathymetry  of study a r e a  in Minas Basin. 

SiOz .......... 50.0% 
......... A1203 20.0% 

CaO .......... 18.0% 
MgO .......... 6 .0% 

.......... TiOz 5.0% 
Au ............ 0.5% 

The t r ace r  mater ia l  was  released at 
low tide a t  11:30 h on 
October  27, 1976. 

Only the  y radiation, which is 
30% of the  to t a l  radiation was  
measured during the  monitoring 
procedure. The half l i fe  of this 
isotope is 2.7 days. 

De tec to r  and Probes 

The detect ion equipment  was a 
Saphimo-Stel marine probe (gamma 
probe detector ,  type: SGRS 54 1, 
with an NaI crys ta l  of 1~1.5")  and a 
Saphimo-Stel de t ec to r  ( type IPP4). 
The main specifications of this equip- 
ment  are :  

Sensit ivity over 8 ranges 

0 -  1 5 C p s  0 - 1 500 Cps  
0 - 50 Cps 0 - 5 000 CPS 
0 - 150 Cps 0 - 15 000 Cps 
0 - 500 Cps 0 - 50 000 CPS 

From: Report o f  Activities, Part B; 
Geol. Surv. Can., Paper 77-1B (1977)  



Table 17.1 

Position and R a t e  of  Movement of t h e  Cen t re  of Gravity (CG) a s  a Function of T ime  

Interval between Interval in days  between Position of CG in 
the  detect ion No. two detect ions  me t re s  t o  East of 

Umo 

t h e  re lease  point 

1 -  2 1 24 12.0 
2- 3 I 32 10.67 
3- 4 I 29 7 .25  
4- 5 I 28 5.60 
5- 6 I 53 8.83 
6- 7 1 23 3.29 
7-  8 5 48 4.00 
8- 9 I 62 4.77 
9-10 3 67 4.19 

o = Cur ren t  me te r  x = Immersion point 

Figure 17.2. Immersion site.  



Table  17.2 

Evolution of t h e  Act iv i ty  a s  a Function t o  T ime  on t h e  Su r face  

Time Act iv i ty  d e t e r .  ' Activity Cor .  Act iv i ty  Ao3 Act iv i ty  A. 
(Days)  (Cps )  (Cps )  (Cps )  m c i  

Ao-No No'Ao 

2 13 562 000 13 562 000 22 603 333 753 1269 0 .372 

3 8 260 375 8 260 375 18 989 367 632 1390 0 .313 

4 11 196 725 11 196 725 33 923 059 1114 908 0 .551  

5 5 317 125 6 283 875 22 850 454 714 1308 0 .353  

6 3 623 750 4 710 875 22 221 102 740 1282 0 .366 

7 4 680 625 6 084 812 38 030 075 1188 834 0 .588  

12 412 900 536 770 11 182 708 349 1673 0 .173 

13  219 150 284 895 9 496 500 296 1726 0 .146  

16 30 350 43  838 2 435 493 7 6 1945 0 .038 

'Act iv i ty  de ter . :  Activity Reading on t h e  sand bar  
' ~ c t i v i t ~  cor . :  Activity co r r ec t ed  by t h e  ratio:  Act iv i ty  of Calibration/Activity measured on t h e  

de t ec t ion  day 
3 ~ ~ t i v i t y  Ao: Act iv i ty  adjusted a s  if t he re  were  no  decay  

Dissemination of energy over 12 ranges  

Two laboratory calibrations of t he  probe were 
carr ied  ou t  prior t o  t he  exper iment  (Sauzay, 1968), which 
included a threshold energy calibration and a geometr ic  
calibration expressed a s  t he  number of counts  per second 
per unit of ac t iv i ty  per surface  a r e a  ( I  p ~ i / m 2 )  for  a 
source buried a t  t he  depth  20 cm.  

The result ing calibration function was: 

where: fo and a a r e  specific coeff ic ients  of t he  
probe relating to  t h e  geometry  and t h e  threshold and z is 
t h e  mean depth  of burial  (in cent imetres) .  For  this probe  
and for t he  threshold of 50 keV a calibration was  t e s t ed  
before  and a f t e r  t h e  exper iment  (fo = 30 and a = 0.10). 

Field Monitoring Procedure  

During the  exper iment ,  each day a t  low t ide  (during 
t h e  t ime  when the  sand bar was access ib le  f rom the  
shoreline) t h e  opera tors  de t ec t ed  the  cloud of radioactive 
sand. Using the  probe  and in tegra tor ,  one person surveyed 
t h e  radioactive area ,  following parallel  l ines 10 m apa r t  
and taking note  of t he  ac t iv i ty  de tec ted .  Two men, in 
radio communication,  obtained the  e x a c t  position of t he  
person carrying o u t  t h e  survey by sex tan t  readings. 

The monitoring schedule  was  a s  follows: 

Na tu re  Day Hours 

Natura l  radioact iv i ty  
Release  
I s t  Detec t ion  Survey 
2nd Detect ion  Survey 
3rd Detec t ion  Survey 
4th  Detec t ion  Survey 
5 th  Detec t ion  Survey 
6 t h  Detec t ion  Survey 
7 th  Detec t ion  Survey 
8 t h  Detec t ion  Survey 
9 t h  Detec t ion  Survey 
10th  Detec t ion  Survey 

Sediment  co re s  were  taken f r o m  t h e  sand bar in t h e  
vicinity of t h e  dispersed ma te r i a l  at t h e  end of t h e  
exper iment .  The co re s  were  obtained t o  de t e rmine  t h e  
distribution of t h e  ac t iv i ty  a s  a funct ion  of t h e  depth  of 
burial  of t h e  t r a c e r  (Fig. 17.2). 

Resul ts  

For each monitoring survey t h r e e  p lo ts  of d a t a  were  
const ructed  which included contoured ac t iv i ty  d iagrams 
(Fig. 17.3), t ranspor t  diagrams and cumulat ive  t ranspor t  
d iagrams (Fig. 17.4). 

For each survey, t h e  l ines of isoactivity were  
plotted (Fig. 17.3). The ac t iv i ty  of t h e  contour  lines were  
t h e  l imi ts  of t he  d i f ferent  ins t rumenta l  scales:  50 000; 
15 000; 5000; 1500; 500; 150; 50 counts  per second (I p Ci 
= 37 000 counts  per second. For all  these  lines t h e  
threshold is 50 keV). 



Table 17.3 

Calculation of t he  Position of C e n t r e  of Gravi ty  and Depth of Burial during t h e  Experiment 

T ime  ( I )  Activity A ( ') C e n t r e  o f (  ) Activity A ~ ( '  ) Posit ion of ( 5 )  I N(6) - ~ ( 7 )  =, ( 8 )  

(day 10 cPs" Gravity Cor .  in C e n t r e  of = - - B 
In c m  

m e t r e s  10 Cps .  Grav.  Cor .  
foA 

m e t r e s  

( 1 )  Time  a f t e r  t he  release day 
( 2 )  Activ i ty  A reading in Table  17.2 
( 3 )  C e n t r e  of 8 r a v i t y  determined f r o m  the  t ranspor t  diagram (Fig. 17.3) 
( 4 )  Activ i ty  A. cor.: Activity A0(2) co r r ec t ed  for threshold e f f e c t  
(5) Position of C e n t r e  of Gravi ty  of Activity A, cor.  (4) 
(6) = I N Calculation of t h e  ra t io ;  ac t iv i ty  in t h e  sand ba r l ac t iv i ty  reading 

f o  A 
(7) g K is t he  value of t h e  coeff ic ient  of equation (6) during t h e  exper iment  I I 

1 ( 8 )  z d e ~ t h  of burial  of radioact ive  t r a c e r  in cent imetres .  

100 C ~ m n  100 Cpmn 100 Cpmn 
From t h e  map of i soact iv i ty  a plot of t h e  distribu- 

t ion of ac t iv i ty  along north-south l ines was  made 
(Fig. 17.4) and the  to t a l  ac t iv i ty  along each  line was  
in tegra ted  using a planimeter.  With this information,  t he  
distribution of ac t iv i ty  along an eas t -west  line may be  
deduced. The c e n t r e  of gravi ty  was  then determined by 
reading t h e  50th percent i le  of  t h e  cumulat ive  distribution.  

For t he  rational in terpre ta t ion  of t h e  d i f ferent  
measures  t he  following pa rame te r s  were  ca lcula ted  and 
have  been defined by Cr ickmore  and Lean (1962, 19631, 
Cour to is  (1964), Cour to is  and Sauzay (1966), and Sauzay 
(1968): 

a )  The r a t e  of movement  of t h e  c e n t r e  of gravi ty  
on t h e  surface;  

b) The balance of count  r a t e  ( r a t i o  be tween the  
ac t iv i ty  on t h e  su r f ace  and the  to t a l  ac t iv i ty) ;  

c )  The depth  of burial of t h e  t r ace r ;  

d) The bedload sediment  movement.  

F igure  17.3. 

P I  Immersion Point  $2 20 Metres East l 3  40 Metres Distribution of radioact iv i ty  with dep th  in t h r e e  co re s  ( t h e  
of Immersion Point  o f  Immersion Point  ac t iv i ty  is  in count  pe r  minute). 
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Figure 17.4. Evolution of i soact iv i ty  l ines during t h e  exper iment .  

The position of t h e  c e n t r e  of gravi ty  was  determined t h e  period of t h e  exper iment  (16 days) 4.19mfday; t h e  
f rom t h e  cumulat ive  t ranspor t  d iagrams (Fig. 17.3), cor-  mean speed of t h e  c e n t r e  of gravi ty  (UGm) was 
r ec t ed  for  t h e  threshold e f f e c t  (Courtois,  1967). These  6.73mIday. 
results  a r e  tabula ted  in Table  17.3. For each monitoring 
survey, t h e  d is tance  between the  re lease  point (IP) and t h e  In order t o  de t e rmine  t h e  dep th  of burial  of t h e  
c e n t r e  of gravi ty  (CG) is t h e  mean length of t ranspor t  (L,). t r a c e r  t h e  balance  of coun t  r a t e  (R) was  employed where: 
The mean r a t e  of movement  be tween t h e  f i rs t  day and t h e  
day of t h e  survey i s  Urn,. 

R =  5 (2 

Thus: *o 

Lm(d)-Lm(o) (1) 
and N is t h e  t o t a l  ac t iv i ty  de t ec t ed  during the  

'mo ' survey (in r x / m 2 )  and N' = N t(d)-t(o) O e-0693 t 

The resul ts  o f  Umo a r e  tabula ted  in Table  17.1. The  
T 92 

ave rage  movement  of t h e  c e n t r e  of gravi ty  ( U c l  6 )  over 
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F igure  17.5. Evolution of t r a n s p o r t  during t h e  e x p e r i m e n t  and d e t e r m i n a t i o n  
of C e n t r e  of Gravi ty .  

and A is t h e  t o t a l  a c t i v i t y  on t h e  day  of t h e  survey .  

A = Aoe-0.693 t (3) 
T '/2 

w h e r e  A. = in i t i a l  a c t i v i t y  on  t h e  day of r e l e a s e  
(m cur ies ,  wi th  1 C i  - 37 000 Cps) 
t = t i m e  in d a y s  (d) 
T 112 = half l i f e  of i s o t o p e  (2.7 days)  
0.693 m e v  is a n  emiss ion  c h a r a c t e r i s t i c  of t h e  l g 8  Au 

t o t a l  a c t i v i t y  d e t e c t e d  during t h e  survey  w a s  g iven  

N = f nds ( 4 )  

w h e r e  n is t h e  t o t a l  a c t i v i t y  per  unit  of s u r f a c e  
a r e a ;  d s  is  a unit  of  s u r f a c e  a r e a .  

Taking i n t o  a c c o u n t  t h e  g e o m e t r i c  f u n c t i o n  of t h e  
p r o b l e m  f = foe-az, (def ined  previously)  w e  h a v e  t h e  re la -  
t i o n  b e t w e e n  N and  z: 

which is  t h e  i n t e r s e c t i o n  of t w o  func t ions  of z 

- a z  y2 = 1-e  (for  a n  e x p o n e n t i a l  so lu t ion)  

w h e r e  B i s  a f u n c t i o n  of t h e  d e p t h  and  d is t r ibu t ion  
of t h e  t r a c e r .  Genera l ly  t h e  va lue  of B is  b e t w e e n  
1.05 and 1.15, ( see  Sauzay ,  1968;  J e n n e a u  
et al., 1973). 
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Figure  17.6 

Evolution of Maximum A c t i v i t y  and  C e n t r e  of 
G r a v i t y  a s  a func t ion  of t i m e .  Rela t ionsh ip  
b e t w e e n  t h e  th ickness  of bed load  t r a n s p o r t  and 
t h e  t i m e  during t h e  e x p e r i m e n t .  T h e  d e p t h  is  in 
c e n t i m e t r e s ;  (A)  and  (8)  i l l u s t r a t e  t h e  burying of 
t h e  r a d i o a c t i v e  t r a c e r  when  t h e  sand  w a v e s  p a s s  
o v e r  t h e  in i t i a l  r a d i o a c t i v e  cloud.  

UGm - m e a n  speed  of t h e  C e n t r e  of  G r a v i t y  

U G 1 6  - speed of t h e  C e n t r e  of G r a v i t y  b e t w e e n  
t h e  r e l e a s e  day  and  t h e  l a s t  survey  

- speed  of t h e  m a x i m u m  of a c t i v i t y  
U ~ 1 6  b e t w e e n  t h e  r e l e a s e  day  and  t h e  l a s t  

s u r v e y  

M ~ m  
- m e a n  s p e e d  of m a x i m u m  a c t i v i t y  

12 13 16 davs 

Values of  z w e r e  ob ta ined  using a graphica l  solut ion.  T h e  t o t a l  t r a n s p o r t  of s e d i m e n t  w a s  t h u s  2 t o n n e s  
F o r  a l l  t h e  c a l c u l a t i o n s  w e  used t h e  s a m e  e x p o n e n t i a l  p e r  l inear  m e t r e  in t h e  e a s t e r n  d i rec t ion .  
re la t ionsh ip  and  only t h e  s lope  of t h e  l inear  e q u a t i o n  
changes ,  b e c a u s e  t h e  b a l a n c e  of c o u n t  r a t e  (N) is  d i f f e r e n t  
for  e a c h  survey ( see  Tables  17.2 and 17.3). (A) Conclus ion  

The  bedload s e d i m e n t  m o v e m e n t  (D) expressed  in 
t o n n e s  per  day is d e t e r m i n e d  a s  fol lows:  

D = p . w . U m . Z  
p = d e n s i t y  of  t h e  s e d i m e n t  (2.2t /m3) 
w = u n i t  of wid th  ( I  m )  

Um = m e a n  r a t e  of m o v e m e n t  of t h e  
c e n t r e  of g r a v i t y  (6.73 m/d)  

z = m e a n  th ickness  of m o v e m e n t  (0.14 m) 
D = 2.2 x I x 6.73 x . I 4  - 2.07 t / d  (or I m 3 / d )  

In s c i e n t i f i c  t e r m s  t h e  e x p e r i m e n t  w a s  success fu l  in  
providing a n  ind ica t ion  of t h e  d i r e c t i o n  ( e a s t e r n )  a n d  
q u a n t i t y  of s e d i m e n t  (2 tonnes)  moving  on t h e  E a s t  Sand 
B a r  at E c o n o m y  Point .  B u t  t h e  p r e s e n c e  of  a c t i v e  
b e d f o r m s  on  t h e  sand b a r  obscures ,  to s o m e  d e g r e e ,  t h e  
q u a n t i t a t i v e  e s t i m a t i o n s  of  s e d i m e n t  t r a n s p o r t .  N o  
o b s e r v a t i o n s  of b e d f o r m  migra t ion  w e r e  m a d e  during t h e  
e x p e r i m e n t ,  however ,  t h i s  omission will b e  r e c t i f i e d  in any  
n e w  e x p e r i m e n t s .  T h e  precision of t h e  s u r v e y s  d e c r e a s e d  



throughout the experiment because of t h e  very short  half 
l i fe  of the radioactive t r ace r  and because the  t ime  
available for each survey (one hour a t  low tide) was 
insufficient. 

Fur ther  Work 

Two experiments a r e  planned for 1977 at t h e  
following sites:- 

I )  The northern par t  of the East  Sand Bar a t  
Economy Point;  

2) The subtidal area ,  I km south of East  Sand Bar 
at Economy Point. 

For these exper iments  an isotope with a medium 
half l ife of the order of 10 days would be  the  best  
solution. This will permit detect ion over a period of four 
t o  six weeks, and the  er rors  due to  radioactive decay 
during the  f i rs t  two  weeks will b e  reduced considerably. 
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FIELD WORK IN THE NOGSSUAQ EMBAYMENT, WEST GREENLAND 

Project  750036 

D.C. Umpleby and I.A. Hardy 
Atlantic Geoscience Cen t re ,  Dartmouth 

During t h e  1976 field season, t h e  authors  partici-  
pated in one month's field work in cen t r a l  West Greenland 
between 70" and 72"N. The project  was undertaken in 
conjunction with geologists of t he  Geological Survey of 
Greenland. From a base camp a t  Marrait  kidlit on 
southwest NOgssuaq Peninsula (Fig. 18.1 ), coasta l  sec t ions  
were  reached by t h e  M/V Steenstrup, a vessel owned by 
t h e  Geological Survey of Greenland. Remote  and inland 
a reas  were visited by char tered helicopter.  A to t a l  of 19 
sections were  investigated (Fig. 18.1). Lithologic and 
palynological analysis of t h e  sample mater ia l  col lec ted a t  
t hese  s i tes  will b e  conducted t o  conf i rm postulated ages  
of ear l ier  workers and permit  corre la t ion with offshore 
a r e a s  of Eastern  Canada. 

All s i tes  visited a r e  in the  NOgssuaq Embayment,  t h e  
s i t e  of a Cre taceous  t o  Paleocene delta.  The de l t a  
complex is between t h e  Greenland landmass t o  t h e  e a s t  
and a centra l ,  north-trending basement  high t o  t h e  wes t  
(Fig. 18.1). An excel lent  evaluation of t h e  NQgssuaq 
Embayrnent and a description of i t s  sedimentary facies,  
has recently been published by s taf f  members of t he  
Greenland Geological Survey (Henderson e t  al., 1976). 
Sediments within t h e  embayment  a r e  mostly nonmarine 
and have been deposited in fluviati le and del ta ic  environ- 
men t s  f rom a southern source  (Table 18.1). The facies '  

Figure 18.1. Paleogeographic map showing t h e  locali t ies 
investigated and sediment  t ranspor t  
d i rec t ions  of t h e  Cretaceous-Tertiary rocks 
of t h e  NOgssuaq Embayment,  modified a f t e r  
Henderson et al., 1976. 

Table 18.1 

Generalized s t ra t igraphy,  NQgssuaq Embayment .  

bel ts  t rend e a s t  t o  west. R a r e  mar ine  tongues a r e  found 
as f a r  south as south-central  NCigssuaq Peninsula, while on 
i t s  north coas t  prodel ta  mar ine  muds having a 
predominantly mar ine  aspect  occur.  Sca t t e red  
Cre taceous  outcrops t o  t h e  north,  on the  e a s t  coas t  of 
Svartenhuk Halv#, appear  t o  have had local  sediment  
sources,  and were  deposited in fault-generated depo- 
c e n t r e s  not  re la ted  t o  t h e  de l t a i c  complex. 

L a t e  Cre taceous  t o  lowermost Ter t iary  sand and 
shale  sect ions  were  measured on t h e  nor theas t  coas t  of 
Disko Island, and on the  south c o a s t  of NOgssuaq 
Peninsula. Fa r the r  north, s ca t t e red  outcrops  of poorly- 
exposed sediments  of Lower Cre taceous  t o  possibly 
Eocene a g e  were  visited. The so-called "burning shales", 
a t  a classic locali ty near  Niaqornat on t h e  north coas t  of 
NGgssuaq were  sampled extensively (locali ty 15, 
Fig. 18.1). 

Sediments  of t h e  embayment  a r e  covered by very 
thick ( 5 k m )  basalts,  which onlap t h e  adjacent  
Precambrian ter rane .  The basal ts  consist  of several 
d iscre te  units. The lower breccia  unit, locally up t o  1 km 
thick, was  ext ruded f rom the  wes t  and deposited in 
shallow lagoons of t h e  de l t a  complex during t h e  ear ly  
Paleocene. This was  followed by a period of appreciable  
t ec ton ic  activity.  Overlying units consist  of subaerially- 
extruded var ie t ies  of olivine t o  feldspar-phyric basal ts  
which locally contain in terbasal t ic  nonmarine sediments.  
Final s tages  of volcanism a r e  marked by diverse 
ext rus ives  including, locally, acid lavas  and pyroclastics. 

Exposures a r e  generally poor for  several reasons, 
such as: t h e  f r iable  na tu re  of t h e  various sand units; t h e  
incompetence of the  shales; post-extrusive faulting 
causing extensive  . la rge  scale  slumping of overlying 
breccia ted  basal ts  - a f e a t u r e  aggravated by undercutting 
due  t o  r ecen t  mar ine  erosion; and t h e  seve re  erosion by 
cont inenta l  g lac iers  during t h e  Pleistocene. The problem 

From: Report  of  Act iv i t ies ,  Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



of poor exposures, coupled with t h e  similar n a t u r e  of t h e  
predominantly nonmarine shale  sequences,  has  led t o  
doubtfu l  corre la t ions  be tween  exposures. It is  expec t ed  
t h a t  proposed palynological work t o  be  performed a t  t h e  
At lant ic  Geoscience Cen t r e ,  will make fu tu re  corre la t ions  
more  reliable. 

8. Agatdalen 
70°35'N 53O08'W 

Kangilia and Agatdal  
format ions  (Upper and Lower 
Danian): S e e  Rosenkrantz 's  ~-~ ~ ~ 

(1 970) c lass ica l  mar ine  
sequence.  A th ick  (5  m)  con- 
g lomera t e  overlain by Upper 
Danian mar ine  black shale,  of 
t h e  Agatdal Formation.  The 
concre t ions  a r e  derived f rom 
Maastrichtian a g e  sediments ,  
within a Danian matr ix  and in 
t u r n  is  overlain by Danian. 

Local i t ies  within t h e  NOgssuaq Embayment  investi- 
g a t e d  during t h e  1976 field season (Fig. 18.1) are :  

A. Disko Island 

I. NGgSrssuk, A tane  Formation (Upper Cre -  
wes t  of Pingo taceous):  mass ive  current -  
69'49'N 52'12'W bedded sandstones with coaly 

s t reaks ,  pebble bands, con- 
cretions,  pe t r i f ied  t r e e  trunks 
and coalif ied wood. 

9. Marra i t  kidli t  
70°32'N 54'13'W 

Upper Danian - fossil iferous 
l imestone-volcanic breccia.  
The l imestone  has  been 
injected upward in to  ext ruded 
pillow lavas. Similar breccias  
occu r  in t h e  Triassic 
Karmutsen Format ion of t h e  
Queen C h a r l o t t e  Islands 
(Sutherland Brown 1968). 

B. NGgssuaq Peninsula 

2. (i) Atanikerdluk Atane  Format ion (Upper 
70°04'N 52' 18'W Turonian-Coniacian): massive 

fluvial sandstones with in ter -  
bedded fossil iferous shale  and 
thin coal beds. 

10. Itivdle Valley 
70°36'N 54O03'W 

Highly wea the red  Danian 
shales  riddled by Te r t i a ry  
dykes. 

(ii) Atanikerdluk Upper Atanikerdluk Format ion 
70°05'N 52'21'W (Early Ter t iary  (Upper I I .  Tunorssuaq 

70°43'N 53'28'W 
A Lower Danian l i thos t rome 
consist ing of Upper Danian- 
Eocene(?) reworked shales,  
conta in ing mass ive  f r agmen t s  
of volcanic b recc i a  and con- 
g lomerate .  

. . 
~ a n i a n ) )  consist ing of four 
members:  (i) Quikavsak 
Member - "estuarine" sand- 
s t o n e  and shales; (ii) Naujzt  
Member - marine  shales; (iii) 
Umiussat  Member - q u a r t z  
sandstone with interbedded 
s i l t s tone  and shale;  
(iv) Aussivik Member - black, 
bituminous shale,  overlain by 
coa r se  sandstone.  

12. Ikorfat  
70°46'N 53'03'W 

Kome  Format ion (Lower C r e -  
taceous  (Aptian)): uncon- 
formably overlain by Albian/ 
Cenomanian Atane  Formation.  

13. KQp qQororssua 
70°46'N 54'03'W 

Ifsorisok Format ion (Early 
Tertiary): in terbasa l t ic  sedi- 3. A t 2  Atane  Format ion (Upper 

70" 19'N 52'57'W Turonian-Coniacian) and t h e  
Kangilia Format ion (Danian): 
dark  shale overlain by 
Quikavsak Member. 

m e n t s  wi th  l ight spo t t ed  shales  
and c leaved basalts ,  and s o m e  
coaly  mater ia l .  

Ifsorisok Format ion (Early 
Tertiarv):  in terbasa l t ic  sedi- 
m e n t s  composed of volcani- 
c l a s t i c  sediments  plus a l t e r -  
na t ing  tu f f s  containing 
roo t l e t s  and coa l  seams. 

4. Auvfarssuaq , Maastrichtian-Santonian a l t e r -  
Valley nat ing  shales  and fluvial  sand- 
70°27'N 53'28'W s tones  overlain by Danian 

shales. 

15. Niaquornat 
70°48'N 53'43'W 

L a t e  C r e t a c e o u s  "burning 
shalest '  t h a t  a r e  t h e  resul t  of 
su r f ace  oxidation of black 
shales,  producing a sulphurous 
odor and reddish t inge  on t h e  
sediments.  

5. Auvfarssuaq Upper Cretaceous-Danian con- 
Valley t a c t  and unconformity 
70°27'N 53'27'W between t h e  Upper and Lower 

Danian sandstone/shale 
sequence.  

6. KQk Rhyolites (including aquagene 
70°39'N 52O22'W tuffs), l a t e r i t e  and f e r r i c  

paleosols overlying a basa l  
conglomerate  of q u a r t z i t e  
pebbles (equivalent t o  t h e  
basal  Kome Formation). 

C. Svartenhuk Halvo 
Peninsula 

16. Niagornakavsak 
71°35'N 53'53'W 

Cre t aceous  mar ine  shales, 
overlying P recambr i an  base- 
ment.  

7. Qaersut  Basal sandstone with plant 
70°45'N52045'W remains,  overlying deeply 

weathered basement.  



17. Southern Itsako 
Peninsula 
71°38'N 53'48'W 

18. Northern Itsako 
Peninsula 
71 '44'N 53'47'W 

19. Painivik 
71 '58'N 55'001W 

An exposed basement  high, 
found t o  have basalt  flows 
with chilled margins and over- 
lain by Tertiary basalts. 

A Cretaceous  sandstone 
unconformably overlain by 
shales. 

A granule-sized Tertiary(?) 
g r i t  overlain by columnar 
basalts. 
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MOLLUSC DISTRIBUTION, BAY OF FUNDY AREA, NEW BRUNSWICK AND NOVA SCOTIA 

Project  750038 

F.J.E. Wagner 
At lant ic  Geoscience Centre ,  Dartmouth 

Nine grab samples were  obtained f rom t h e  
approaches to  and the  outer par t  of St. Marys Bay 
(Stations 113-121 inclusive) and f rom 29 starions in Bay of 
Fundy during the  cruise of CSS Dawson in 1975 (Fig. 19.1). 
Water depths a t  the  collecting s i tes  range between 31 and 
73  m in St. Marys Bay and approaches and between 27 and 
199 m in Bay of Fundy. 

The molluscan fauna comprises 98 species (45 
gastropods, 52 pelecypods and one scaphopod). 
Presence/absence species da ta  were  analyzed using a Q- 
mode c lus ter  analysis (Bonham-Carter, 1967) t o  determine 
similarit ies between samples. Nine major groupings a r e  
indicated at the  0.2 level of similarity (Fig. 19.2). Areal  
distribution of these  biotopes is shown in Figure 19.3. 

Biotope 1 is  present on both sides of Bay of Fundy 
(Stations 114, 115 and 117 along the  western shore of 
Nova Scotia and Stations I40 and 148 on the  New 
Brunswick side). Twelve of t h e  39 species identified f rom 
Biotope 1 a r e  common t o  both areas.  Most common 
species a re  Ceras toderma pinnulatum (Conrad) and 
Pandora  gouldiana Dall. Biotope 2 is most widely 
distributed areally. Three  stations,  120, 121 and 122 a r e  
located in the  approaches t o  Bay of Fundy, whereas the  
remaining 11 s ta t ions  a r e  located in t h e  upper reaches  of 

t h e  bay. About one-third of t h e  61 species identified a r e  
present  in both areas .  Ce ras tode rma  pinnulatum (Conrad), 
Hiatella a r c t i c a  (Linnk), Modiolus modiolus (Linng) and 
Cyclocardia borealis (Conrad) a r e  t h e  dominant species  in 
this biotope. Five of the  six species of Biotope 3 occur 
a lso  in Biotope 2, but  Biotope 3 is singled ou t  because  of 
t he  absence of ce r t a in  species a s  compared with 
Biotope 2. Since the  sixth species is  represented only by a 
single valve and is, therefore ,  not diagnostic although t h e  
species is  unique t o  this biotope, Biotope 3 can b e  included 
in Biotope 2. Biotope 4 occurs in widely separa ted a reas  
of t h e  bay and is character ized by only seven species. The 
index species for this biotope is As ta r t e  undata  Gould. 
Except for one station (Station 135; depth 60 rn), 
Biotope 5 is  confined t o  t h e  basin (115-199 m) east of 
Grand Manan Island. Three of t h e  30 species recorded in 
Biotope 5, namely A s t a r t e  subaequilatera Sowerby, Nucula 
tenuis  (Montagu) and Nuculana pernula (Miiller), may be  
regarded a s  index species for this biotope. Biotope 6 
adjoins Biotope 5 t o  the  west and partly overlaps it in 
depth  range (29-133 m). Nuculana pernula  is  a key species  
for this biotope also, but  in this case  i t  is associated with 
Per ip loma f ragi le  (Totten). Biotope 7, like Biotope I ,  
exhibits a split distribution with t w o  s ta t ions  off t h e  
southwestern New Brunswick coas t  and two s ta t ions  in 
St. Marys Bay, Nova Scotia. Eleven species a r e  associated 

Figure 19.1. Index map showing location of sampling stations.  

Prom: Report o f  Activities, Part B; 
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Figure 19.2. Dendogram showing similarity of samples 
and the  nine c lus ters  used t o  identify bio- 
topes  in St.  Marys Bay and Bay of Fundy. 
Samples were  compared using t h e  Jacca rds  
coeff ic ient  and clustered using the  
unweighted pair-group method (see: Sokal 
and Sneath,  1963). 

with this biotope and the assemblages a re  dominated by 
Arct ica  islandica (Linnk), Lunatia t r i ser ia ta  (Say) and 
Yoldia myalis (Couthouy). Biotopes 8 and 9,  both repre- 
sented by one s ta t ion only, a r e  in the  St. Marys Bay area.  
Index species for  Biotope 8 a r e  Lyonsia hyalina (Conrad) 
and Solariella obscura (Couthouy), and for  Biotope 9 i t  i s  
Skeneopsis planorbis (Fabricius). In spi te  of some  species  
in each of Biotopes 7 ,  8 and 9 occurring also in t h e  
adjacent  Biotope I ,  t h e  assemblages in each case  a r e  
sufficiently d i f ferent  a s  t o  cha rac te r i ze  d iscre te  biotopes. 

Physical character is t ics  of the  biotopes a r e  a s  
follows: Biotope I ,  depth range 31-79 m, sandy or muddy 
bot tom with coarser grained mater ia l  (pebbles and/or 
cobbles) locally; Biotope 2, depth range 27-84 rn (one 
s ta t ion at 166 m), bot tom predominantly sand with 
pebbles; Biotope 3, depth  71 m, sandy bottom; Biotope 4, 
depth  range 125-139 m (one s ta t ion a t  33 m), bot tom 
mainly sil t  and sand; Biotope 5,  depth  range 115-139 rn 
(one station a t  60 m), mainly muddy bot tom,  but with two  
s ta t ions  with sand and pebbles also in the  channel between 
Nova Scotia and Grand Manan Island, New Brunswick; 
Biotope 6 ,  depth range 29-133 m, muddy bot tom;  
Biotope 7, depth range 33-79 m, muddy bottom; Biotope 8 ,  

Figure 19.3. Distribution of t h e  molluscan assemblages in 
St.  Marys Bay and Bay of Fundy in 
November 1975. 

depth 33 m, sandy bot tom and Biotope 9 ,  depth  66 m, 
cobbles. Although t h e  index species  a r e  not  res t r ic ted  t o  
t h e  depth ranges of t h e  biotopes they character ize ,  they 
a r e  re la ted  t o  the  type of bot tom sediment  recorded fo r  
t h e  biotopes in which they a r e  found. 

A comparison of assemblages f rom t h e  mid- 
Wisconsinan deposits of t h e  southwestern  coas ta l  a r e a  of 
Nova Scot ia  (Wagner, 1977) with the  biotopes described 
for  adjacent  waters  shows a marked similarity between 
the  Pleistocene and Recen t  faunas  in t h e  area .  The 
Pleistocene assemblages show g r e a t e s t  similarity with 
those of Biotope I. The deduced depth  of 10-25 m for  t h e  
Ple is tocene assemblages (Wagner, 1977), based on t h e  
l i tera ture ,  is  slightly less than t h e  depth  range of 31-35 m 
fo r  t h e  s ta t ions  for  Biotope 1 in t h e  St .  Marys Bay area .  
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EXAMINATION OF BEDFORMS IN SHALLOW WATER USING SIDE-SCAN SONAR, 
MIRAMICHI ESTUARY, NEW BRUNSWICK 

Project  750047 

G.E. Reinson 
At lant ic  Ceoscience  Centre ,  Dar t  mouth 

Figure 20.2. Flood-tidal de l t a  a s  delineated by t h e  5-m 
isobath. The locations of t h e  sonograms in 
Figures 20.3 t o  20.6 a r e  shown a s  dashed 
lines. The ebb spi ts  (es) a r e  s i tuated at t h e  
sides of t h e  flood-ramp. 

Introduction 

The submarine morphology a t  t he  mouth of t h e  
Miramichi es tuary ,  nor theas tern  New Brunswick 
(Fig. 2O.l),  is typical of a large  t idal-delta system 
(Reinson, 1976a, b). The flood-tidal de l t a  adjacent  t o  the  
main inlet includes a horseshoe-shaped shoal (Fig. 20.2), 
pa r t  of which is covered by an extensive sand-wave field. 
The shape of t h e  shoal probably ref lec ts  a segregation of 
dominant flow paths  of flood and ebb currents.  During 
flood, dominant cu r ren t s  a r e  d i rec ted westward in a 
relatively unconfined manner through the  c e n t r e  of t he  
shoal, c r ea t ing  a flood-ramp; t h e  name  proposed by Hayes 
(1975) for  the  seaward-facing slope on t h e  flood-tidal 
de l t a  over which the  main fo rce  of t h e  flood current  i s  
directed. According t o  Hayes a flood-ramp is always 
covered with flood-oriented sand waves. During ebb, 
cu r ren t s  flow around the  per imeter  of t he  shoal forming 
channels. This segregation of flood and ebb flow favours 
the  format ion of sand spi ts  by ebb-tidal cu r ren t  a t  the  
per imeter  of t he  shoal. These spits taper-off in a seaward 
direction, and then abruptly disappear where  the  
peripheral channels merge with the  main inlet  channel 
(Fig. 20.2). 

From: Report of Activities, Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 
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The f lood-t idal  d e l t a  w a s  surveyed  r e c e n t l y ,  using 
side-scan sonar  in conjunc t ion  wi th  a convent iona l  echo-  
sounder ,  in order  t o  i n v e s t i g a t e  t h e  b e d f o r m s  in de ta i l .  
This  p a p e r  p r e s e n t s  p re l iminary  r e s u l t s  f r o m  t h e  survey ,  
and  c o n t r i b u t e s  t o  t h e  f indings of a cont inu ing  p r o j e c t  on  
t h e  s e d i m e n t  d y n a m i c s  and morphology of t i d a l  i n l e t s  of 
t h e  Miramichi  barr ier- is land sys tem.  

B e d f o r m  Morphology 

'The t e r m s  "sand waves" and "megaripples",  a s  used 
here ,  a r e  def ined  respec t ive ly  a s  " a s y m m e t r i c a l  bed-  
f o r m s  with w a v e  l e n g t h s  g r e a t e r  t h a n  6 m" and "asym- 
m e t r i c a l  b e d f o r m s  with wave  l e n g t h s  g r e a t e r  t h a n  60  c m  
b u t  l ess  t h a n  6 m" (Hayes,  1975). The  side-scan and  
echo-sounding r e c o r d s  i l lus t ra ted  in F i g u r e s  20.3 t o  20.6 
w e r e  s e l e c t e d  t o  show t h e  var ia t ion  in b o t t o m  
morphology on t h e  f lood-t idal  d e l t a ,  and  t o  d e m o n s t r a t e  
t h e  va lue  of th ree-d imens iona l  r e c o r d s  in conjunc t ion  
wi th  echo-sounding,  f o r  d e t e r m i n i n g  t h e  t r u e  o r i e n t a t i o n  
of b e d f o r m s  and h e n c e  d o m i n a n t  s e d i m e n t  t r a n s p o r t  
d i rec t ions .  Survey l ine E-E w a s  run a t  high w a t e r ,  and 
survey l ine  F - F  ear ly  in t h e  succeeding  ebb  c y c l e  

(Fig. 20.2); bo th  survey  l ines i n d i c a t e  t h e  e x i s t e n c e  of a n  
e x t e n s i v e  sand-wave f ield on t h e  f lood- ramp of t h e  d e l t a  
(Figs. 20.3 t o  20.6). 

F igure  20.3 i l l u s t r a t e s  a por t ion  of t h e  survey l ine  
which c r o s s e s  n e a r  t h e  inner marg in ,  and perpendicu la r  to ,  
t h e  ax is  of t h e  southern  f o r k  of t h e  b i f u r c a t e d  f lood-ramp. 
F i g u r e  20.4 i l l u s t r a t e s  t h e  c o n t i n u a t i o n  of t h e  s a m e  survey  
l ine  c ross ing  t h e  innermost  p a r t  of t h e  southern  e b b  sp i t .  
Low ampl i tude ,  highly a s y m m e t r i c a l  sand w a v e s  c o v e r  t h e  
f loor  of t h e  f lood- ramp (Fig. 20.3). T h e  s l ip - faces  of t h e  
f lood-oriented sand waves  f a c e  wes tward  ind ica t ing  a 
d i r e c t i o n  of migra t ion  which is  para l le l  t o  t h e  a x i s  of t h e  
in le t  t h r o a t .  Sand waves  a r e  n o t  p r e s e n t  over  a l a r g e  a r e a  
of t h e  southern  ebb  sp i t ,  which is  c h a r a c t e r i z e d  by 
para l le l  l inea t ions  (Fig. 20.4). Near  t h e  end of t h e  survey  
l ine,  sand waves  aga in  o c c u r  on  t h e  sha l lowes t  por t ion  of 
t h e  shoal ,  b u t  wi th  the i r  s l ip - faces  fac ing  south .  

Another  survey l ine i l lus t ra ted  in F i g u r e s 2 0 . 5  
and  20.6 w a s  ob ta ined  over  t h e  f lank  of t h e  n o r t h e a s t e r n  
e b b  spit  and t r a v e r s e s  t h e  f lood-ramp, roughly n o r m a l  t o  
t h e  E-E survey l ine (Fig. 20.2). T h r e e  b e d f o r m  f ie lds  a r e  
ev ident :  a f lood-oriented sand-wave  f ield wi th  super -  
imposed megar ipp les  which h a v e  g r e a t l y  modified t h e  sand 
waves ;  a f lood-oriented megar ipp le  f ield (bo th  t h e s e  f i e l d s  
a r e  l o c a t e d  in shallow w a t e r  n e a r  t h e  f lood- ramp margin);  
and  a n  e x t e n s i v e  f ie ld  of unmodified a s y m m e t r i c a l  f lood- 
or ien ted  sand w a v e s  f looring t h e  f lood-ramp. T h e  sand" 
w a v e s  on  t h e  f lood- ramp r a n g e  in w a v e  length  f r o m  10 t o  
54 m, and in a m p l i t u d e  f r o m  0.4 t o  1.5 m. Both w a v e  
length and a m p l i t u d e  of t h e  sand waves  d e c r e a s e  wi th  
d e c r e a s i n g  w a t e r  dep th .  

Discussion 

Sand waves  a r e  thought  t o  f o r m  in response  t o  
re la t ive ly  low f low ve loc i t ies  c o m p a r e d  t o  megar ipp les ,  
which f o r m  under much higher f low ve loc i t ies  (Boothroyd  
and  Hubbard,  1975;  Southard ,  1975). S y s t e m a t i c  s t u d i e s  of 
i n t e r t i d a l  and subt ida l  b e d f o r m s  (Boothroyd and  Hubbard ,  
1975; Hayes  et al . ,  1969) h a v e  shown t h a t  megar ipp les  c a n  
b e  g e n e r a t e d ,  i r r a d i c a t e d ,  and  t h e n  r e g e n e r a t e d  o v e r  a 

t ida l  c y c l e ,  a n d  t h u s  may m i g r a t e  in bo th  e b b  and  f lood 
d i rec t ions .  Converse ly ,  sand w a v e s  a r e  modi f ied  r e l a -  
t ive ly  l i t t l e  o v e r  a t ida l  c y c l e ;  t h e  d i r e c t i o n  of m i g r a t i o n  
being cont ro l led  by t h e  d o m i n a n c e  of t h e  opposing t i d a l  
c u r r e n t s .  

T h e  p r e s e n c e  of f lood-or ien ted  sand  w a v e s  o v e r  t h e  
e n t i r e  f lood- ramp i n d i c a t e s  t h a t  d o m i n a n t  c u r r e n t s  o v e r  
t h i s  a r e a  (and t h e r e f o r e  d o m i n a n t  s e d i m e n t - t r a n s p o r t  
d i rec t ions)  a r e  landward  during t h e  f lood-t idal  s t a g e .  
Echo-sounding over  t h e  s a m e  a r e a  a round t h r e e  q u a r t e r  
e b b  t o  low w a t e r  s t a g e  in t h e  t i d a l  c y c l e  i n d i c a t e s  t h a t  
t h e  f lood-oriented d i rec t ion  of t h e  sand w a v e s  is  main-  
t a i n e d  e v e n  during ebb-flow, and  d o e s  n o t  respond 
s ign i f ican t ly  t o  r e v e r s a l  of t ida l  c u r r e n t s  o v e r  t h e  t i m e  
s c a l e  of a t i d a l  cyc le .  T h e  f lood-or ien ted  m e g a r i p p l e s  
a n d  t r a n s i t i o n a l  b e d f o r m s  at t h e  n o r t h e a s t e r n  m a r g i n  of 
t h e  f lood- ramp (Fig. 20.5) d e l i n e a t e  a n  a r e a  t h a t  is  
s u b j e c t e d  t o  higher f lood-cur ren t  v e l o c i t i e s  t h a n  t h o s e  
which o c c u r  o v e r  m o s t  of t h e  f lood-ramp. Both  f lood a n d  
e b b  t r a n s p o r t  of sand may o c c u r  in t h i s  region,  and  t h e  
r e l a t i v e  ins tab i l i ty  of t h e  b e d f o r m s  p r e s e n t  on  t h e  f l a n k  
of t h e  e b b  s p i t  may i n d i c a t e  t h a t  t h e  f lood-cur ren t  
depos i ted  s e d i m e n t  is  n o t  shielded f r o m  t h e  s t r o n g  ebb-  
c u r r e n t s  t h a t  f low around t h e  per iphery  of t h e  shoal .  
T h e  z o n e  on  t h e  southern  e b b  s p i t  t h a t  is  b a r r e n  of s a n d  
w a v e s  (Fig.  20.41, p r e s e n t s  s o m e  problems in i n t e r p r e t a -  
t ion  a t  t h i s  t i m e ;  f u r t h e r  d e t a i l e d  e x a m i n a t i o n  of a l l  t h e  
a v a i l a b l e  side-scan and  echo-sounding r e c o r d s  is  
n e c e s s a r y  t o  properly e v a l u a t e  t h i s  morphologica l  
f e a t u r e .  

Work i s  cont inu ing  on t h e  b e d f o r m  morphology of 
t h e  f lood a n d  ebb- t ida l  de l tas .  An e f f o r t  will b e  m a d e  t o  
m a p  t h e  b e d f o r m  f i e l d s  in r e l a t i o n  t o  a r e a l  v a r i a t i o n s  in 
b o t t o m  topography and t i d a l - c u r r e n t  f low condi t ions .  
T h e  feas ib i l i ty  of d o c u m e n t i n g  t h e  s e a s o n a l  v a r i a t i o n s  in 
b e d f o r m  morphology i s  a l s o  be ing  i n v e s t i g a t e d .  An 
a t t e m p t  will b e  m a d e  t h i s  w i n t e r  t o  o b t a i n  b o t t o m  
profi l ing r e c o r d s  th rough t h e  ice ,  t o  d o c u m e n t  t h e  
e f f e c t s  of such  a n  upper  boundary  l a y e r  on  t i d a l - c u r r e n t  
f low p a t t e r n s ,  and  on morphology and  m a g n i t u d e  of s a n d -  
w a v e  forms .  

I t  is  n o t e w o r t h y  t h a t  s ide-scan sonar  t e c h n i q u e s  
c a n  b e  usefully employed  in v e r y  sha l low-water  envi ron-  
m e n t s ,  a s  ind ica ted  by t h e  r e c o r d s  p r e s e n t e d  in t h i s  
paper .  U s a b l e  sonographs  w e r e  ob ta ined  in w a t e r  d e p t h s  
a s  shallow a s  2 m,  under  e x t r e m e l y  c a l m  s e a  condit ions.  

I a m  g r a t e f u l  t o  T. C o r b e t t  fo r  his a d v i c e  on t h e  
o p e r a t i o n  of s ide-scan sonar ,  a n d  t o  M. G o r v e a t t  and  
K.  R o b e r t s o n  for  the i r  e x p e r t  t e c h n i c a l  a s s i s t a n c e  in t h e  
f ield.  
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STUDIES IN "STANDARD SAMPLES" FOR THE ANALYSIS O F  
SILICATE ROCKS AND MINERALS 

Project  690089 

Sydney Abbey 
Centra l  Laboratories and Administrative Services Division 

Work in this a rea  proceeded along three  lines: 
( I )  compilation of d a t a  and upgrading of recommended 
values for  t h ree  Canadian reference  rocks ( two Bancroft  
syenites bearing radioactive minerals and t h e  Mount Royal 
gabbro); (2) updating of compilation of "usable values" and 
other  information on available reference  samples f rom al l  
sources; and (3) promotion of worldwide co-operation in 
the  preparation, categorization and application of 
reference  materials for si l icate rock analysis. 

editorial  board of GEOSTANDARDS NEWSLETTER, a 
new international journal published in France. The t e x t  
of t h e  Plenary Lec tu re  and a repor t  on o the r  "standards- 
oriented" ac t iv i t ies  a t  INTERAN '76 a r e  t o  appear  in t h e  
f i r s t  issue of GEOSTANDARDS NEWSLETTER. Also 
expected in t h a t  issue is a brief repor t  on t h r e e  new 
re fe rence  rocks from the  U.S.S.R., t rans la ted  f rom the  
Russian, and with comment s  by the  writer.  

( I )  A f i rs t  report  on the  collaborative analysis of Refe rences  
samples SY-2, SY-3 and MRC-I (Abbey e t  al., 1975) 
appeared a s  a CANMET publication. Additional d a t a  Abbey, Sydney 
(approximately 50 per c e n t  more than before) received 1975: Studies in "standard samples1' of s i l ica te  rocks 
s ince  t h e  preparation of the  f i rs t  repor t  have been and minerals, P a r t  4, 1974 edition of "usable" 
embodied in a supplement. That  supplement includes a values; Geol. Surv. Can., Paper  74-41. 
number of new and improved recommended values for  t h e  
concentrations of many of the  components of t he  three  
samples. 

( 2 )  Much additional information has appeared in the  
l i tera ture  since the  publication of the  "1974 edition of 
'usable' values" (Abbey, 1975). A g r e a t  deal  of t h a t  
information has been compiled in to  a new publication, in 
i t s  las t  s tages  of preparation at this writing. The new 
publication will include values for  a number of reference  
mater ia ls  which a r e  not rocks (e.g. clays, ref ractor ies ,  
bauxites) but whose compositions make them useful in 
calibrating instruments for  rock analysis. Completion of 
t h e  work is awaiting results of a sys temat ic  repl ica te  
analysis of eight new samples from the  U.S. Geological 
Survey, now underway in our laboratories. 

(3) An invited Plenary Lecture,  "Standard Samples: 
How standard a r e  they?" was presented and a panel 
discussion on the  s a m e  topic was conducted at the  
INTERAN '76 Conference on Analysis of Geological 
Materials, in Prague, Czechoslovakia. The Conference,  
and visits t o  Czechoslovak laboratories,  provided useful 
con tac t s  and much information about reference  sample 
programs in Eastern  Europe. Participation was init iated 
in the  International Study Group on Reference Materials, 
whose headquarters a r e  in South Africa,  and in the  

SY-2, SY-3 and MRG-1, A repor t  on the  
collaborative analysis of t h ree  Canadian rock 
samples for  use a s  cer t i f ied  reference  
materials.  Supplement 1, CANMET Repor t  
MRP/MSL 76-32. (in press) 

1977: Overview of topics  on geochemical  reference  
samples  during the  INTERAN '76 Conference 
on analysis of geological materials;  
Geostandards  News le t t e r ,  vol. 1, p. 5-6. 

1977: "Standard Samples: How s tandard a r e  they?"; 
Geostandards  Newsletter,  vol. I ,  p. 39-45. 
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1975: SY-2, SY-3 and MRG-I. A repor t  on t h e  

col laborat ive  analysis of t h r e e  Canadian rock 
samples for  use a s  cer t i f ied  reference  
materials;  CANMET Repor t  MRPIMSL 75- 
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ON THE NATURE AND FORMATION O F  RADIOACTIVE HYDROCARBONS F R O M  
T H E  ORDOVICIAN R O C K S  O F  T H E  OTTAWA AREA 

P r o j e c t  74008 1 

I.R. Jonasson ,  B.W. C h a r b o n n e a u  and K.L. Ford  
R e s o u r c e  Geophys ics  and G e o c h e m i s t r y  Division 

Introduction 

R a d i o a c t i v e  hydrocarbons  such a s  t h o s e  which will 
b e  discussed h e r e  w e r e  f i r s t  descr ibed  in d e t a i l  by S t e a c y  
et al .  (1973). They  ident i f ied  d i s c r e t e  r a d i o a c t i v e  g r a i n s  
a s s o c i a t e d  wi th  a m o r p h o u s  hydrocarbon m a t e r i a l s ,  g r a i n s  
of  c h a l c o p y r i t e  and s o m e  pyri te .  T h e  hos t  rock f o r  t h e  
s a m p l e s  descr ibed  f r o m  t h e  South M a r c h  a r e a  w a s  
d o l o m i t i c  s a n d s t o n e  of t h e  Lower Ordovic ian  March  
Format ion .  Charbonneau  et a l .  (1975) descr ibed  t h i s  and  
other"thuco1ite" o c c u r r e n c e s  f r o m  e l s e w h e r e  in t h e  South  
March  and nearby  Marchhurs t  a r e a s .  In places,  hand 
s p e c i m e n s  of minera l ized  s e d i m e n t s  c o n t a i n e d  up t o  4 %  
c h a l c o p y r i t e  and  0.05% Us 0 s  in hydrocarbon.  O t h e r  
m e t a l s  including Pb,  Mo, Mn and Ag a r e  commonly  
a s s o c i a t e d  wi th  U in t h e  hydrocarbons,  whi le  t r a c e  Mo 
probably  o c c u r s  in t h e  cha lcopyr i te .  N o t  a l l  hydrocarbon  
o c c u r r e n c e s  a r e  rad ioac t ive .  Typica l  d a t a  a r e  p r e s e n t e d  
in T a b l e  22.1 f o r  s o m e  oxidized s p e c i m e n s  in which t h e  
hydrocarbons  surv ive  essen t ia l ly  i n t a c t .  

Ford  (1975) and  Ford  e t  al .  (1976 and  unpublished 
work) have  m a d e  s o m e  d e t a i l e d  s tud ies  of t h e  minera logy  
of  t h e s e  U-Cu showings. C h a l c o p y r i t e  w a s  observed  t o  b e  
t h e  d o m i n a n t  sulphide phase  n e a r  t h e  s u r f a c e ,  however  
downdip  p y r i t e  s e e m e d  t o  be  t h e  d o m i n a n t  sulphide.  
Occas iona l ly  sulphide gra ins  w e r e  a s s o c i a t e d  wi th  hydro- 
c a r b o n  m a t e r i a l  and a l so  encased  by r inds of g o e t h i t e  
conta in ing  up t o  6 %  C u ,  possibly a p r o d u c t  of c h a l c o p y r i t e  
oxidation.  P y r i t e  and m a r c a s i t e  w e r e  a l s o  descr ibed .  
P y r i t e  was  observed  t o  o c c u r  e i t h e r  a s  a s ing le  phase  or  in 
c l o s e  assoc ia t ion  wi th  hydrocarbon ,  s o m e t i m e s  sur round-  
ing i t ,  o t h e r  t i m e s  banded  o r  in te r layered .  

Ford  (1975) d e s c r i b e d  t h e  hydrocarbon  m a t e r i a l  as 
conta in ing  up t o  4.7% U s O s ;  T h o 2  w a s  n o t  p resen t .  Cu ,  
C a ,  F e ,  Si and Ti  w e r e  a l so  found t o  b e  c o m m o n  
impur i t i es .  Hydrocarbon  o c c u r s  a s  i r regular  g r a i n s  o r  
s e a m s  on par t ing  p l a n e s  within t h e  c a r b o n a t e  s e d i m e n t s  
a n d  wi th in  i n t e r s t i c e s  b e t w e e n  q u a r t z  grains.  S o m e  bulk 

a n a l y s e s  ( t h i s  work) of hydrocarbon  g r a i n s  s e p a r a t e d  
f r o m  w e a t h e r e d  bedrock  f r o m  t h e  M a r c h h u r s t  occur -  
r e n c e s  w e r e  found t o  c o n t a i n  s imi la r  a m o u n t s  of U. 

S p e c i m e n s  of r a d i o a c t i v e  hydrocarbon  h a v e  a l so  
b e e n  found in v e r t i c a l  f r a c t u r e s  in t h e  Oxford  F o r m a t i o n  
in c lose  proximi ty  t o  U-Cu minera l iza t ion  in underlying 
March  F o r m a t i o n  n e a r  South  March.  T h e  s a m p l e s  w e r e  
black and a p p a r e n t l y  amorphous .  No d i s c r e t e  U or  Th 
m i n e r a l s  w e r e  recognizable .  E l e c t r o n  microprobe  
ana lyses ,  p e r f o r m e d  by A.G. P l a n t  of t h e  Geologica l  
Survey ,  revea led  t h a t  t h e  main  m a s s  of t h e  s a m p l e  w a s  
h o m o g e n e o u s  hydrocarbon  conta in ing  U, a b o u t  5 %  C a  and  
minor  Cu,  F e ,  Ti, Si, Mg and S. G r a i n s  of pyr i te ,  
c h a l c o p y r i t e  and  a n  F e  oxide,  possibly g o e t h i t e ,  w e r e  
shown t o  b e  p r e s e n t  within t h e  hydrocarbon  m a s s  
(Fig.  22.1). 

T h e  r a d i o a c t i v e  hydrocarbons  found in bo th  t h e  
March  and Oxford  f o r m a t i o n s  a r e  cons idered  t o  b e  of 
e p i g e n e t i c  origin. T h e  t i m e  of e m p l a c e m e n t  is  in doubt ,  
b u t  possibi l i t ies  inc lude  e a r l y  depos i t ion  of f lu ids  along 
bedding and  in c o m p a c t i o n  or  d e w a t e r i n g  f r a c t u r e s  
dur ing  or  shor t ly  a f t e r  diagenesis .  In t h e  c a s e  of t h e  
Oxford  F o r m a t i o n  o c c u r r e n c e s ,  which  l i e  in la rger  
f r a c t u r e s ,  i t  i s  l ikely t h a t  t h e  t i m e  of e m p l a c e m e n t  could 
b e  much l a t e r  if t h e  hydrocarbons  h a v e  b e e n  remobi l ized  
f r o m  underlying March  F o r m a t i o n .  T h e  reg iona l  d i s t r ibu-  
t ion  of t h e s e  b lanke t - l ike  Cu-U hydrocarbon  o c c u r r e n c e s  
a s  revea led  by dri l l ing r e s u l t s  kindly provided by t h e  K e r r  
Addison C o m p a n y  s u g g e s t s  t h a t  c e r t a i n  thin,  rubbly 
i n t r a f o r m a t i o n a l  s t r a t a  a r e  hos t  t o  t h e s e  minera l s  over  a 
wide  a r e a .  T h e s e  hor izons  may r e p r e s e n t  a n c i e n t  w a t e r  
t a b l e s  o r  a q u i f e r s  th rough which g r o u n d w a t e r s  o n c e  
perco la ted .  

Discussion 

T h e r e  is  c o n s i d e r a b l e  i n d i r e c t  e v i d e n c e  t h a t  t h e  
a m o r p h o u s  hydrocarbons  now p r e s e n t  a r e  r e l i c s  of 
o r g a n i c  m a t t e r  which w a s  respons ib le  f o r  t h e  

T a b l e  22 .1  

M e t a l  c o n t e n t  of  s o m e  hydrocarbon-r ich  c a r b o n a t e  r o c k s  f r o m  t h e  South  March  a r e a ,  O n t a r i o .  
Values a r e  in ppm e x c e p t  w h e r e  n o t e d .  

S a m p l e  F e %  U% Z n C u  P b  Ag M o Mn 

1 .  3 .61  0 .02  66 3200 9 1 4 2 7 1850 

From: Report of Activities,  Part B; 
Geol. Surv. Can., Paper 77-1B (1977)  



fulvic acids. u4+ is chemically a very 31 similar ion t o  Th4+  and the re fo re  might 
be  expected t o  be  similarly mobile- in 
the  presence of natura l  organic acids. 

The s t rength  of complexes formed 
and the  re la ted  a b ~ l ~ t y  of h u m ~ c  and 

2 fulvlc a c ~ d s  t o  d~sso lve  s i l ~ c a t e  mlnerals 
C a r e  fur ther  illustrated by t h e  work of 

Huang and Keller (1972) who found t h a t  
fulvlc a c ~ d  can e x t r a c t  Al, SI, F e  and 
Mg from clays  and other  s ~ l l c a t e  
m~nera l s .  Moreover, Fotiyev (1971) has  
demonstra ted  tha t  "aqueous humus" 
f rom marsh wa te r s  contalns conslder- 
able  d~ssolved s l l ~ c a  whlch fo rms  a 1:2 
complex with f u l v ~ c  acid. Carbonates  
and sulphides a r e  also r e a d ~ l y  solu- 
b ~ l ~ z e d  by aqueous humlc a c ~ d s  
(Baker, 1973). 

r: The presence of sulphlde lon ~n 

k 

t h e  groundwater sys tem does  not  appea r  
t o  b e  a to t a l  de t e r r en t  t o  t h e  mlgratlon 
of meta l -humate  complexes. Kovalev 

Y r. and Generalova (1974) ~ n v e s t ~ g a t e d  the  
\ l ' i  # . c e f f e c t s  of organlc a c ~ d s  on t h e  forma- 

t lon of F e  sulph~des .  They observed 
Flgure 22.1. Rad ioac t~ve  hydrocarbon: Oxford Formation. M a ~ n  mass  1s t h a t  t h e  presence of organlc acids,  

homogeneous hydrocarbon. B r ~ g h t  g rams  a r e  m a ~ n l y  pyr l te  e s p e c ~ a l l y  f u l v ~ c  acld, suppressed t h e  
with some chalcopyrite. Llght grey grains a r e  iron oxlde, f o r m a t ~ o n  of pyrite. Paul1 (1975) 
probably g o e t h ~ t e .  Magn~ficat lon:  X350. Mlneral ~ d e n t l f l c a -  studled the  sys tem humlc a c ~ d s :  m e t a l  
tlon by A.G. Plant.  lons, Cu, Zn, Pb, NI, Cd: sa tu ra t ed  H2S. 

Although some 60 per  c e n t  of t h e  me ta l  
humates  were  transformed Into 

transportation of U, Cu and other  t r a c e  meta ls  in to  the  sulphldes, some  30 per c e n t  r e m a ~ n e d  w ~ t h  a c ~ d  pre- 
s e d ~ m e n t s .  It 1s fur ther  postulated tha t  thls organlc c lp l ta table  humus. Boulegue and M ~ c h a r d  (1974) noted 
m a t t e r  was llkely some form of the  po lymer~c ,  poly- t h a t  polysulph~de Ions, specles  common In reduclng 
e lec t rolyte  m a t e r ~ a l  known collectively as  h u m ~ c  and groundwaters,  serve  a s  good a c ~ d ~ t y  and redox buffers  a s  
fulvic aclds. well a s  strong complexers. H u m ~ c  ac~d-polysulphide 

interactions result  in the  s t a b l l ~ z a t ~ o n  of the  organics by 
According to  S c h n ~ t z e r  and Khan (1972) the  follow- lnco rpora t~ng  polysulph~de Into t h e ~ r  s t ructure .  The 

lng Ions form very s t ab le  strong com lexes w ~ t h  f u l v ~ c  ?+ complexlng a b ~ l l t y  of these  a d d ~ t ~ o n  complexes towards  
a c ~ d :  ~ e ~ + ,  ~ l ~ ' ,  Cu2+,  pb2+ ,  c a 2 + ;  Zn , ~n~~ and M~~~ meta l  lo_ns 1s also fur ther  strengthened. O the r  ions such 
form weaker complexes. Roughly the  s a m e  order of a s  S z 0 3 -  ( L ~ s t o v a ,  1966) a r e  commonly present  in 
s t a b ~ l l t y  1s followed for meta l   on-hurn~c a c ~ d  complexes  groundwaters  and have been shown t o  form very s t ab le  
a s  well. I t  IS generally cons~dered  t h a t  t he  s t rong complexes  w ~ t h  lons such as Pb++ under weakly a c ~ d  
complexes a r e  t rue  inner-sphere or che la t e  types  whereas  cond l t~ons .  
t h e  weaker complexes a r e  outer-sphere types. For 
example,  van D ~ j k  (1971) asslgned the  following order  of 
lncreaslng stability for  d ~ v a l e n t  meta l  l on -hum~c  acld  Conclusions 
complexes: 

The relevance of th ls  work t o  t h e  format ion of Cu- 
Ba, Ca, Mg, Mn, Co, NI, Fe, Zn, Pb, Cu, ( F e  111). U hydrocarbon r e s ~ d u e s  ~n P a l e o z o ~ c  rocks can  now b e  

++ demonstra ted .  The ab111ty of h u m ~ c  a c ~ d s  t o  t ranspor t  
L ~ t t l e  work has  been done t o  d a t e  on UOz corn- U O ~ + + ,  Cu++, Pb++, Ca++, ~ e + +  and lons 1s undoubted. 

plexes, however Paul1 (1975) has  conducted e x p e r ~ m e n t s  There  1s good evldence t h a t  reduced specles, such as u4+ 
whlch lndlcate tha t  ~ 0 2 ~ '  forms very strong soluble and ions normally cons~dered  t o  b e  ~mrnobi le ,  Th4+,  z r 4 + ,  
humlc acld complexes, a t  leas t  a s  strong a s  c u 2 + .   TI^', s14+, A I ~  , a r e  a lso  rendered qui te  moblle by humic 

aclds. Thus i n t e r a c t ~ o n s  between them e l the r  in s o l u t ~ o n  
No work has been publ~shed on the  complexes whlch or  a s  coalescing gels become poss~ble .  F o t ~ y e v  (1971) has  

mlght form between u4+ ions and soluble humic ma t t e r .  suggested t h a t  kaolin could form from the  ~ n t e r a c t l o n  of 
It 1s llkely tha t  such complexes do form and a r e  s t ab le  organlc complexes of SI and Al; Huang and Keller (1972) 
under the  reduclng c o n d ~ t ~ o n s  normally experienced in conslder t h a t  b a u x ~ t e  may form as  a result  of leachlng 
groundwaters.  Kovalev and Generalova (1968) have and accumulation of Al-fulvate complexes. S ~ m i l a r l y  i t  
reported that  normall ~ m m o b ~ l e  specles such a s  the  can  be  suggested t h a t  uranot l tanates ,  of which 
hydrolyra te  ions of Ti4< ~ r ' +  and Th*+ a r e  readrly stabrl-  branner l te  1s an  end member ,  could also form ~n th ls  way, 
 zed In solution by the  complex~ng  actlon of h u m ~ c  and or coff in l te  could exsolve f rom a hydrocarbon-rlch 



solution containing both U and Si. Of course, o ther  
re la ted  mechanisms involving adsorption of U ions on to  
pre-existing hydrocarbon residues, t i tania  or silica skele ta  
likely complicate the  model. But in the  absence of 
matching quantit ies of counter  ions, uraninite itself may 
exsolve from a degrading hydrocarbon complex along with 
some  sulphides of Cu and Fe. Given sufficient t ime  this 
would likely occur spontaneously, but  t h e r e  i s  one fur ther  
aspect  which may be important  t o  the  format ion of U-rich 
hydrocarbon residues and tha t  re la tes  t o  the  well known 
abili ty of prolonged radiation (X-ray, gamma, UV) t o  
promote dehydrogenation and polymerization and 
acce le ra t e  precipitation of organic compounds. 

It is  therefore  proposed t h a t  t h e  very  even distribu- 
tion of U, and cer ta in  o ther  t r a c e  ions such a s  c a t + ,  in t h e  
South March a rea  hydrocarbons a r e  t h e  resul t  of ca t a ly t i c  
polymerization of soluble humic mater ia ls  which have a lso  
contributed t o  the  collection of these  ions en  route. Ions 
then become trapped at their  complexation s i tes  ra ther  
than  migrating t o  crystall ization loci as might happen in 
gel  reactions. Ca++  is abundant in these  hydrocarbons 
because of i t s  abil i ty to  form strong humate  complexes 
and most importantly,  because of i t s  easy availability in 
carbonate  rocks. I t s  con ten t  may well represent  t he  
saturation complexing capaci ty  of t he  original transport-  
ing organic acids. 

This mechanism is proposed a s  a strong possibility 
fo r  this particular environment.  I t  does  not  exclude o the r  
adsorption-precipitation mechanisms or  t h e  involvement 
of o ther  complexing agents  in the  mineralizing process. 
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A STUDY OF Cu-S-Se MINERALS: ELECTRON MICROPROBE ANALYSIS 
AND X-RAY POWDER DATA 

Projects  620308, 750010 

G.J. Pringlel  and A.R. ~ i l l e r '  

Various Cu-Se and Cu-S-Se minerals have been 
documented by Earley (1 950) and Harris e t  al. (1970a, 
1970b). The present study involves the  chemistry and X- 
ray diffraction character is t ics  of umangite (Cu3Se2), ber- 
zelianite ( C U , - ~ S ~ )  and a thabascai te  (Cu5 + Sell ). This 
assemblage was encountered a s  f r ac tu re  fillings in a 
highly carbonatized mafic  intrusive rock f rom Christopher 
Island, Baker Lake, N.W.T. Hemat i te  is t h e  most 
abundant gangue m ~ n e r a l  in the veins and occurs as 
anhedral aggregates  and subhedral blades tha t  a r e  up t o  
0.3 mm in length. The other  associated minerals a r e  
botryoidal pitchblende, calcite,  Fe-rich chlorite,  minor 
cerussite and minor clausthali te.  

Berzelianite and a thabascai te  occur a s  intergrowths 
forming angular p la tes  among the  hemat i t e  blades in the  
coarser grained portions of the veins (Fig. 23.1). 
Umangite occurs in t h e  finer grained portions of t h e  veins 
where i t  is commonly mantled by the  berzelianite and 
a thabascai te  mixture. Clausthali te (0.01-0.02 mm) is 
restricted t o  t h e  finer grained a reas  and occurs both a s  
inclusions in the selenides and a s  d iscre te  peripheral 
grains. 

- .  Ihe :;:.hide compositions were  determined on a 
Materials Analysis Company (MAC) e l ec t ron  rnicroprobe 
operated a t  20Kv and a specimen cu r ren t  of about  0.03 
micro-amperes. Corrections were  applied t o  the  da ta  
using the  computer  program ERPMAG, developed a t  
CANMET by combining EMPADR VII (Rucklidge and 
Gasparrini, 1969) and MAGIC IV (Colby). The s tandards  
and X-rav lines used were: synthet ic  CuSe (Cu K-., Se  K-.), 
syn the t i c  CuS (5 Ka), chalcopyrite (Fe  Ka), ga lenaU(~b  M:)' 
and hali te (C1 Ka), 

I t  proved difficult  t o  obtain analyses t h a t  were  not 
composi tes  because of t h e  na tu re  of t h e  fine grained 
athabascaite-berzelianite mixture. Analyses 3 t o  6 
(Table 23.1) a r e  spots  on what appear  t o  b e  coarser  
blades of a thabascai te  under the  microscope. Sulphur 
ranges f rom 3.3 t o  3.6 wt  per c e n t  while F e  is a s  high a s  
1.5 wt  per cent .  Analysis 12 (Table 23.1) has  t h e  highest 
copper content  and probably is close t o  the  t rue  
berzelianite composition in t h e  sample. Sulphur in the  
berzelianite approaches  3.0 wt per cen t .  

Umangite in the  finer grained portions of t he  vein 
conta ins  no sulphur and variable iron up t o  2.1 wt  

per c e n t  (Table 23.1). The umangi te  has  

Figure 23.1. Photomicrograph of fine grained athabascaite-berzelianite 
intergrowth (At-Bz) associated with the  assemblage: 
hemat i t e  (Ht) + carbonate  (Cb) + botryoidal pitchblende (U), 
Baker Lake, N.W.T. (GSC 203179). 

'Centra l  Laboratories and Administrative Services Division 

2 ~ e g i o n a l  and Economic Geology Division 

minute grey inclusions t h a t  contr ibute  
minor concentra t ions  of Pb, CI and prob- 
ably Fe. The low to t a l s  in t h e  umangite 
analyses remain unexplained, however, i t  
i s  possible t h a t  t h e  finely dispersed 
inclusions also conta in  0, H20 ,  OH or 
COs.  The powder pa t t e rn  f rom a mount 
including the  umangite and some sur- 
rounaing mater ia l  is  in excel lent  agree- 
men t  with d a t a  f rom t h e  J.C.P.D.S. f i le  
card  19-402 (Table 23.2). 

It was not possible t o  prepare 
sepa ra t e  X-ray powder diffraction 
mounts of each of the  selenide phases 
because of t he  fine intergrowth. The 
pa t t e rn  presented in Table  23.3 is  a 
mixture of a thabascai te  and berzelianite.  
Analysis 6 (Table 23.1) i s  t h e  ave rage  of 
severa l  spot analyses on t h e  a thabascai te  
blades in the  mater ia l  used t o  prepare  
th is  mount. Analysis 8 is a broad beam 
analysis of this s a m e  a r e a  including both 
a thabascai te  and berzelianite.  The a tha -  
bascai te  pa t t e rn  f rom this  a r e a  compares  
favourably with t h a t  presented by Harr is  
e t  al. (1970a). 

The type  specimens  of a thabascai te  
f rom Martin Lake, Lake Athabasca area ,  
northern Saskatchewan, were  obtained 
f rom the  National Mineral Collection for 
comparison. The specimens were  re- 
analysed (Analyses 1 and 2, Table 23.1) 
and X-ray powder mounts were  prepared 
f rom both t h e  high sulphur (2.6 w t  per  
cen t )  and the  low sulphur (0.3 wt  per 
cent)  varieties. Seven lines were  

From: Report o f  Activities, Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 
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Table 23.2 Table  23.3 

X-ray Powder Data  fo r  Umangite 

G.S.C. Film no. Umangi te 
56047 JCPDS 19-402 

d Iest d Iest 

4.28 3 4.28 10 

3.56 10 3.55 100 

3.21 8* 3.20 50 

3.11 8 3.11 6 0 

2.867 2 2.865 12 

2.565 2 2.564 16 

2.380 1 2.380 8 

2.266 8 2.264 45 

2.141 3 2.140 25 

2.024 7b 2.025 35 

2.017 9"" 2.002 2 0 

1.940 1 1.934 2 0 

1.911 4 1.910 40 

1.832 9 1.831 80 

1.780 8 1.780 60 

1.718 2** 1,715 25 

1.639 2 1.639 16 

1.603 4 1.610 2 

1.558 1 1.554 4 

1.508 2 

1.457 4 1.459 2b 

1.424 1 1.424 6b 

1.365 lb 1.366 4b 

1.360 4b 

1.358 4b 

1.286 4 1.281 4 

1.278 3. 1.278 4 

1.258 4 1.255 6 

1.233 lb 1.231 6 

1.206 2 1.205 14 

1.189 1 1.190 10 

1.156 lb*" 1.166 8 

1.147 6 1.146 2b 

1.133 3 1.132 2b 

1.113 2b 

X-Kay Powder D a t a  for  t h e  
Athabascaite-Berzelianite Mixture 

G . S . C .  Film no. Athabascaite Berzelianite _ 56046 Harris et. al. (1970A) Earley (1950) 

d Iest d Iest d Iest 

12.1 3 12.1 4 

*Lines f rom mixed ceruss i te  have  been removed e x c e p t  
where  t hey  a r e  superimposed. 

CuKa. 114.7 m m  camera .  

.9420' 4 1 
se lec ted  t o  produce refined ce l l  pa rame te r s  f o r  both  t y p e  

"includes a thabasca i t e  mater ia ls  and t h e  ma te r i a l  f rom Baker Lake. Since t o o  
**includes berze l iani te  f e w  lines were  used fo r  maximum precision t h e  resul ts  

The mount is a mixture  of umangi te  and s o m e  given in Table  23.4 can  b e  used only in a r e l a t i ve  sense  t o  
surrounding mater ia l .  show t h e  dec rease  in ce l l  pa rame te r s  with increasing 

Ex t r a  lines f rom hemat i te ,  a thabasca i t e  and sulphur content .  
berze l iani te  have been removed excep t  where  they 
overlap with umangite.  

CUK,. 114.7 m m  camera .  115 



Table 23.4 

Refined Cel l  Pa ramete r s  for  Athabascaite.  
Orthorhombic ce l l  (A) 

Sample  % S (Table 23.1) bo Co 

Baker Lake 3 .6  8.176 12.054 6.441 

Martin Lake 2.6 8 .231 12.101 6.461 

Martin Lake 0 .3  8.242 12.137 6.497 

Table 23.5 

Berzelianite Cel l  Edge with Composition 
(Harr is  et a l . ,  1970b) 

Sample  Formula Cel l  Edge ( A )  
Martin Lake "1 .751Se 5.740 + .001 

Synthet ic  129 "1 .801Se 5.746 + .001 

W. Moravia C u l .  854Se 5.748 + ,002 

Synthet ic  155 C u l  .806Se.826S, 173 5.724 + .002 

Synthet ic  159 C u l .  799Se. 699S. 300 5.702 + .001 

Synthet ic  157 Cu l  .680Se.499S.501 5.653 + .002 

Martin Lake C U ~ . ~ ~ ~ S ~ . ~ ~ ~ S . ~ ~ ~  5.696 ' .003 

Anal. 12 ,  Table 23.1 Cu1.68Fe.01Se.84S.16 5.705 + .001 

The diffraction pat tern  of berzelianite (Table 23.3) 
shows a consistently smaller d spacing than t h a t  of 
Ear lex  (1950) and gives a refined cubic ce l l  dimension of 
5.705A. The relationship between cel l  s i ze  and com- 
position of sulphur-bearing berzelianites presented by 
Harris et al. (1970b) gives 27 a tomic  % S in the  (Se:S) 
position for t he  Baker Lake specimen a s  compared t o  a 
measured value of 16 a tomic  %, (Table 23.1, analysis 12). 
Table  23.5 l ists t h e  d a t a  used by Harris with t h e  addition 
of the  berzelianite f rom Baker Lake. The th ree  sulphur- 
f r e e  samples can be  used t o  e s t ima te  the  e f f e c t  of t he  
increased copper deficiency in the  Baker Lake sample,  a s  
compared t o  the  synthet ic  compounds with approximately 

1.80 formula  units of copper. This correct ion gave  an  
e s t ima ted  cel l  edge  of 5.717A which in turn  indicates  
19 a tomic  % S in t h e  (Se:S) position. I t  is  in teres t ing t o  
no te  t h a t  when a similar correct ion is applied t o  
sample  157 the  relationship between sulphur con ten t  and 
c e l l  edge becomes nearly linear for sulphur-bearing 
berzel iani tes  with approximately 1.8 formula  units of 
copper.  

The presence of very fine in tergrowths  of 
berzelianite and a thabascai te  possibly represents  a low 
t empera tu re  re-equilibration of an  original umangite 
phase. Bernardini and Cat in i  (1968) s t a t e  t h a t  a t  150°C, 
umangi te  breaks down t o  a mixture of Cussen ,  Cu,-,Se 
and CuSe. Harr is  et al. (1970a) state t h a t  a t t e m p t s  t o  
synthes ize  a thabascai te  at 100°C with 3% S were  unsuc- 
cessful. These authors  also s t a t e  t h a t  umangi te  is  
unstable a t  135OC and can be  synthesized only with 
difficulty a t  120°C. 
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RADAR RANGE ANALYSIS FOR GEOLOGICAL MATERIALS 

Project  750037 

A.P. Annan and J.L. Davis 
Resource Geophysics and Geochemistry Division 

Introduction 

The maximum range of a radar system is a function of the  system parameters ,  t h e  t a r g e t  
pa ramete r s  and the  e lec t r ica l  properties of t h e  medium being probed. The radar  range equat ion 
c a n  b e  found in any s tandard t e x t  on radar  and e lec t romagnet ic  radiation (Ridenour, 1947). In 
the  following analysis, t h e  radar  range equation is used t o  de te rmine  t h e  maximum range a t  
which smooth and rough, plane, specular t a rge t s  can be de tec t ed  given the  geologic mater ia l  
properties,  a t tenuat ion character is t ics  and system parameters .  The range character is t ics  of 
various ground probing radars  can  then b e  compared. 

Radar  Range Equation 

The radar range equation is - .  rTX • 'RX G ~ x  'RX . C 2  . g o . . e 7 * a ~  
Q = l o  log 

64 n3 f 2  L 4  

The individual t e rms  in this equation a r e  defined with t h e  aid of t h e  block diagram shown in 
Figure  24.1. Q is t h e  sys tem performance f a c t o r  expressed in decibels. Q is t h e  r a t io  of t h e  
minimum detectable  signal power t o  the  power input t o  t h e  t ransmit t ing antenna. 

Q = 10 log [ - I  
BLOCK DIAGRAM OF RADAR RETURN 

POWER 

TX - Transmitter antenna ' - efficiency 

SOURCE POWER n 
RADIATED POWER 

PI * € T X  PS 

GTX = Transmitter antenna gain 

I POWER TO 1 
RECEIVER 

Receiver antenna 

A = Receiver antenno effective 
POWER RECEIVED area 2 

4 n f 2  
GRX = Receiver antenna gain 

C =Propagation velocity in 
medium 

f -Frequency of signal 

I v ( L a Distance o f  receiver from 
target (assumed the same 
as target distance from 
transmitter) 

L = Distance of target from 
transmitter POWER SCATTERED POWER DIRECTED 

TARGET BY TARGET 

oc = Attenuation coefficient Of P4 = 0- ps P, 9 p4 
target 

medium 

U S  Target scattering 
cross-sectional area 

Figure 24.1. Block diagram of radia ted  and r e tu rn  power f o r  a radar system. 

From: Repor t  of Activities, P a r t  B; 
Geol. Surv. Can., Paper  77-1B (1977) 



Table 24.1 

Backscatter-gain and cross-sectional area simple model coeff ic ients 

Smooth, Plane Ref lec tor  l o g  (TR) 

Rough Plane Ref lec tor  I 1  I - 1 
2 

Table 24.2. 

L is t  of ground probing radars t o  be compared 

Rayleigh Poin t  Target  

5 6 64n a 
log  - 4 

SYSl EM NAME 

GSSI 

GSS I 

Un te rberger  

Un te rberger  

SCR 718 

SCR 718 (a )  

Goodman 

Goodman (a )  

SPRI MK I 1 1  

HALS 

HALS (a )  

SPRI MK I 1 1  

HALS 

HALS (a )  

SPRI MK I11 

SPRI MK I 1  

SPRI MK I11 

SPRI MK I11 

SPRI MK I11 

Cambridge 

Watts 
Watts 

0 

REFERENCE 

Stewar t  & Unterberger, 1976 

Weber & Andrieux, 1970 

Davis, e t .  a l . ,  1973 

Evans, 1970 

Evans, 1970 

Davis, 1973 

Evans, 1970 

Evans, 1970 

Davis, 1973 

Evans, 1970 

Evans, 1970 

Davis, 1973 

Davis, 1973 

Davis, 1973 

Davis, 1973 

Davis, 1973 

F e r r a r i ,  e t .  a l . ,  1976 

Watts & England, 1976 
Watts & England, 1976 

SYSTEM KEYWORD 

2 ns 

10 ns 

440 MHz 

230 MHz 

440 MHz 

440 MHz 

620 MHz 

620 MHz 

480 MHz 

205 MHz 

205 MHz 

150 MHz 

80 MHz 

80 MHz 

60 MHz 

35 MHz 

23.4 MHz 

16.9 MHz 

12.8 MHz 

3.5 MHz 

5 MHz 
1.4 MHz 

SYSTEM TYPE 

impulse 

impulse 

pu lse  

pu lse  

pu lse  

p u l s e  

pu lse  

pu lse  

pu lse  

pu lse  

pu lse  
pp 

pulse 

pu lse  

pu lse  

pu lse  

p u l s e  

p u l s e  

pu lse  

pu lse  

monopul se 

monopul se 
monopul se 



For analysis purposes, i t  is convenient t o  regroup equation I a s  follows 
r 1 

( ) [VX  lp :"~x"~x 
40 log L + 2AL- 10 log = 10 log (3) 

where  A is t h e  a t tenuat ion  f ac to r  for  t h e  medium in dB/unit length 

A = 20 log e* = 8.69~1 (4) 

For computa t ional  purposes, t h e  units of length a r e  de termined by t h e  units chosen for 
propagation velocity,  c ( see  Appendix 1). 

The expression in equation ( 3 )  has  been grouped t o  indica te  range dependence  a s  a function 
of sys tem,  t a r g e t  and ma te r i a l  properties.  The  major f a c t o r s  s t i l l  t o  b e  specified a r e  t h e  t a r g e t  
pa rame te r s  a and g. In t h e  following section,  t h e  sca t ter ing  cross-section and backsca t t e r  gain 
a r e  discussed. 

T a r g e t  Proper t ies  

The t a rge t s  of i n t e r e s t  when probing geological  mater ia ls  a r e  o f t en  planar boundaries. To  
th is  end, e s t ima te s  of t h e  "go" f a c t o r  for  specular reflecting,  smooth  and rough boundaries a r e  
outlined. 

Smooth,  Plane,  Specular Re f l ec to r  

The power re turned by a smooth,  plane,  specular r e f l ec to r  is most easily compu ted  using 
image  theory as i l lus t ra ted  in Figure 24.2. The plane r e f l ec t s  t h e  incident signal in such a 
manner  t h a t  i t  appea r s  a s  if a n  image  of t h e  t ransmit ter ,  reduced in power by t h e  power 
ref lec t ion  coeff ic ient ,  R,  of t h e  boundary, is  radiating upwards f rom a d is tance  tw ice  a s  f a r  away 
a s  t h e  plane. The power received in this case is 

Thus, t h e  backscat ter -gain ,  scattering-cross-section product is  

Rough, Plane,  Specular Re f l ec to r  

The e x a c t  power re turned f r o m  a rough, planar,  r e f l ec to r  is no t  readily ca lcula ted .  One 
e s t i m a t e  of t h e  cross-sectional a r e a  of such a t a r g e t  sugges ted  by Cook (1975) i s  t h e  a r e a  of t h e  
f i r s t  Fresnel zone. The f i rs t  Fresnel zone  is t h a t  a r e a  of t h e  su r f ace  f o r  which r e f l ec t ed  signals 

A t r ave l  a pa th  length  less  t han  (L where  L i s  t h e  normal  d i s t ance  t o  t h e  p lane  and X is  t h e  
wavelength of signal in t h e  medium. This yields an  e f f e c t i v e  radius fo r  a c i rcular  a r e a  on t h e  
t a r g e t  of 

r = [(L +$)2 -L'] 

The a r e a  of t h e  f i r s t  Fresnel  zone  is  

When L is la rge  compared with X ,  a becomes 

L 

The re turned energy depends on t h e  ref lec t iv i ty  of t h e  surface .  The "ga" product is  t he re fo re  

where  R is t h e  power ref lec t ion  coe f f i c i en t  of t h e  boundary. 



Source -b? 
I 
I 
I 

Boundary 

J 

First ' +Irk- - . . 
Fresnel 
Zone r 9 ($'++))t 

F i g u r e  24.2. R e f l e c t i o n  f r o m  a smooth ,  p lanar  boundary.  F igure  24.3. R e f l e c t i o n  f r o m  a rough,  p lanar  boundary.  

T a b l e  24.3 

S y s t e m  p a r a m e t e r s  f o r  t h e  r a d a r  s y s t e m s  g iven  in T a b l e  24.2 



Table 24.4 

Maximum de tec t ab le  range in me t re s  of a smooth, perfect ly  ref lec t ing plane t a r g e t  
a s  a function of mater ia l  loss for the  sys tems listed in Table 24.2 

ATTENUATION d B / m  

Point Target  

No simple solution exis ts  for  t h e  "go" product of any real,  small  target .  In general  "go" is a 
complicated function of frequency and angle  of illumination. For most  computational purposes, 
i t  i s  necessary t o  specify "go" f rom detailed knowledge of t h e  specific,  point t a r g e t  under 
consideration. 

For some  special  applications,  t h e  Rayleigh law of scat ter ing is useful. A conducting 
sphere  with radius, a, which is much less than t h e  wavelength of t h e  exci t ing signal has  an  
e f f ec t ive  cross-sectional a r e a  and backscatter-gain.  (Stratton, 1941). 

The important  f e a t u r e  of t h e  Rayleigh scat ter ing law is t h a t  i t  demonstra tes  t h e  strong 
frequency dependence of t h e  "go" product. 

Simple Targe t  Model 

For range computations,  a simple, ma themat i ca l  model is  devised here. The backscat ter -  
gain,  cross-sectional-area product is assumed t o  be  of t he  form 



T a b l e  24.5 

Maximum d e t e c t a b l e  r a n g e  in  m e t r e s  of a rough p e r f e c t l y  r e f l e c t i n g  p lane  t a r g e t  
as a f u n c t i o n  of m a t e r i a l  loss  f o r  t h e  s y s t e m s  l i s t e d  in  T a b l e  24.2 

T h e  f a c t o r  "go" in e q u a t i o n  3 yields t h e  3 t e r m s  

1 0  Ipg go = 1 0  1 t 8 2  log L + Bg log f LB 1 (13) 
T h e  c o e f f i c i e n t s  f o r  t h e  smooth-p lane-specular  r e I l e c t o r ,  t h e  rough-p lane- re f lec tor  and  t h e  

Rayle igh  poin t  t a r g e t  a r e  t a b u l a t e d  in T a b l e  24.1. T h e  s i m p l e  f o r m  of e q u a t i o n  (12) p e r m i t s  rap id  
n u m e r i c a l  s imula t ion  of q u i t e  a wide  v a r i e t y  of t a r g e t s .  Obviously, a p a r t i c u l a r  po in t  t a r g e t  c a n  
b e  s p e c i f i e d  f o r  a f ixed  f r e q u e n c y  and  loolc a n g l e  by spec i fy ing  B1 a n d  s e t t i n g  B p  = B 3  = 0. 

System 

GSSI 2ns 

GSSI lOns 

Unterberger 440 MHz 

Unterberger 230 MHz 

SCR 718 440 MHz 

SCR 718 440 MHz (a) 

Goodman 620 MHz 

Goodman 620 MHz (a) 

SPRI MK I11 480 MHz 

Hals 205 MHz 

Hals 205 MHz (a) 

SPRI MK 111 150 MHz 

Hals 80 MHz 

Hals 80 MHz (a) 

SPRI MK 111 60 MHz 

R a n g e  C a l c u l a t i o n  

T h e  ca lcu la t ion  of t h e  m a x i m u m  r a n g e  a t  which a t a r g e t  c a n  b e  d e t e c t e d  r e d u c e s  t o  so lv ing  
e q u a t i o n  ( 3 )  for  L o n c e  a l l  o t h e r  var iab les  h a v e  b e e n  spec i f ied .  Using t h e  s i m p l e  s c a t t e r i n g  model ,  
e q u a t i o n  (12), t h e  r a n g e  e q u a t i o n  (3)  b e c o m e s  

Log L + Dl L = 0 2  (14) 

- 
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Equation 13 is a t ranscendenta l  equation for  which the re  is no simple,  analy t ica l  solution. For 
computa t ional  purposes, a quick and simple numerical  procedure is  used t o  solve fo r  L given Dl  and 
DP. Details  of FORTRAN and HP-65 compu te r  programs can be  found in Annan and Davis 
(Computer  Programs fo r  Radar  Range Analysis in Geologic Materials,  in ternal  repor t ,  1977). The 
solution algorithm is a Newton i t e r a t ive  scheme.  

Computed  Resu l t s  

A number of d i f f e r en t  radar  sys t ems  were  chosen f o r  a compara t ive  study (Table 24.2). 
The various sys t em pa rame te r s  a r e  given in Table 24.3 along with t h e  uni ts  f o r  each  variable. 
One addit ional sys tem pa rame te r  has been introduced which has a significant bear ing on t h e  
uti l i ty of radar  fo r  probing geologic mater ia ls ;  this is t h e  sys tem resolution. For  a pulse o r  
impulse sys tem with a pulse-time dura t ion ,T,  t h e  minimum spat ia l  separa t ion  between t a r g e t s  
for  which t h e  sys tem can st i l l  resolve two  dis t inc t  even t s  is  

L 1 
For FM-CW systems,  t h e  resolution c a n  be  found by equat ing  T t o  / where  f b  is t h e  sys tem 

f b  
f requency bandwidth. The maximum range of e a c h  sys t em l i s ted  in Table  24.2 f o r  a perfec t ly  
reflecting,  smooth,  planar t a r g e t  is  summarized in Table  24.4. Maximum range i s  l i s ted  a s  a 
function of a t t enua t ion  fac tor .  The medium in which t h e  t a r g e t  is  embedded i s  t aken  t o  have  a 
velocity one  half of t h a t  in a vacuum. This va lue  is  qu i t e  typical  of many geological  materials.  
Table 24.5 is a tabulation of t h e  s a m e  results  f o r  a rough, perfec t ly  ref lec t ing ,  p lane  boundary. 
The wide f requency range of t h e  sys t ems  being considered precluded examinat ion  of Rayleigh 
sca t ter ing .  

Summary and Conclusions 

The  resul ts  l isted in Tables  24.4 and 24.5 yield e s t i m a t e s  of maximum t a r g e t  ranges  for  
various sys t ems  and geological  materials.  One  resul t  becomes  qu i t e  appa ren t  when compar ing 
t h e  systems. The  sys tem eff ic iencies  ETX and ERX a s  well a s  an t enna  gains  GTX and G R X  a r e  
very impor t an t  in de termining maximum range in low-loss mater ia l .  In high-loss media ,  t h e s e  
pa rame te r s  have  much less  influence on t h e  maximum range. For example ,  t h e  Unterberger  
pulse sys tems have  severa l  orders  of magni tude  g r e a t e r  r ange  than t h e  GSSI impulse sys t ems  d o  
when considering low-loss media. When losses a r e  high, t h e  maximum range i s  about  a f a c t o r  of 
2 t o  4 g r e a t e r  with t h e  higher power pulse systems. Basically, Dp can  be  viewed a s  a sys tem 
var iable  given a speci f ic  ta rget .  In low-loss materials,  range  is  approximately given by 

In a high-loss ma te r i a l  

L i s  exponentially proportional t o  t h e  sys tem pa rame te r ,  Dp, in low-loss media  while i t  is  
only l inearly proportional t o  Dzin high-loss media. Thus, f a c t o r s  such a s  high an t enna  gain and 
ef f ic iency may no t  necessari ly b e  t h e  mos t  impor t an t  p a r a m e t e r  t o  opt imize  in high-loss media. 
For t h e  two  Unterberger  systems, t h e  pulse lengths  a r e  on t h e  order  of I p s ,  which g ives  a spat ia l  
resolution of about  75 m. The GSSI impulse sys t ems  have  pulse lengths  of 10 and 2 ns  which gives 
resolutions of 75 c m  and 15 c m .  While t h e  GSSI sys t ems  have  much lower ef f ic iencies  and gains, 
t he se  pa rame te r s  have been reduced t o  obta in  high resolution. Since t h e  resolution of t h e  
Unterberger  sys t ems  a r e  less than t h e  maximum range of losses of I t o  2 db lm,  typically found in 
geological  ma te r i a l s  (Cook, 19751, resolution is an  impor t an t  pa rame te r  t o  be considered in 
sys t em design. Before using a radar  sys tem,  a reasonable knowledge of t h e  e l ec t r i ca l  proper t ies  
of t h e  environment  must  be  avai lable  in order  t h a t  a ra t ional  decision c a n  be  made  as t o  t h e  
opt imum sys tem t o  employ. 
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APPENDIX I 

Phase  Velocity and At tenuat ion Fac to r  in Te rms  of Dielect r ic  Constant  and Loss Tangent  

For radar sounding analysis i t  is  important  t o  be able  t o  conver t  quickly f rom e l e c t r i c  
property parameters  t o  wave velocity and a t tenuat ion parameters .  The complex d ie l ec t r i c  
constant  of a mater ia l  is expressed by 

where  K' is  t h e  rea l  d ie lec t r ic  constant  and t a n  6 is t h e  loss tangent  which is  t h e  r a t io  of t h e  
imaginary component of K* t o  t h e  rea l  component  of K*. 

For bulk geologic mater ia ls  t h e  magnet ic  permeabili ty does not  vary  significantly f rom t h a t  
of f r e e  space. As a result ,  a plane wave travell ing in a geologic ma te r i a l  can  b e  expressed as 

where  x is position, t is t ime,  w i s  angular f requency and k is  the  propagation constant  in t h e  
medium. k depends on the  e lec t r ica l  properties a s  follows 

- 
where  co  is t he  velocity of light in vacuum, 3 x 10' m/s. k is re-expressed a s  

where  c is t h e  phase velocity in t h e  medium 

C C 
0 0 

C = I -  

[ K '  ((1 + t a n 2 6 )  + I)] X K' 

2 

and a is t he  a t tenuat ion coeff ic ient  for t he  medium 

The approximate  fo rms  of c and a o r  small  values of t a n 6 a r e  given t o  the  right of 
equations 1 - 5 and 1 - 6 .  



BAFFIN ISLAND SHELF - SHALLOW COREHOLE DRILLING, 1976 

P ro j ec t s  760015 and 760039 

Brian MacLean and R.K.H. Falconer  
At lant ic  Geoscience Cen t r e ,  Dar tmouth  

Shallow corehole drilling was undertaken a t  nine 
principal locali t ies on the  southeas tern  Baffin Island shelf 
(Fig.. 25.1, Table  25.1) f rom CSS Hudson during cruise  76- 
029, September  22 t o  October  23, 1976 (Falconer,  1977) a s  
pa r t  of t h e  program t o  map t h e  offshore geology of t h a t  
region. The coring was carr ied  ou t  by means  of t he  
Bedford Ins t i tu te  of Oceanography's underwater e l ec t r i c  
rock co re  drill which cu t s  a 25 mm diameter  co re  and 
penet ra tes  t o  a maximum of 6 m below the  seafloor.  S i t e  
selection was on the  basis of da ta  obtained with 
continuous seismic reflection and Huntec deep tow high 
resolution seismic systems. The drilling procedure was  
similar t o  t h a t  used in 1975 (MacLean and 
Srivastava,  1976). 

Cores  of consolidated and semi-consolidated rock 
were  recovered a t  six localities. These samples  a r e  
considered t o  represent  mater ia l  in si tu a t  these  locali t ies 
a s  opposed t o  t he  o ther  s ta t ions  (Table 25.1 and Fig. 25.1) 
where no samples o ther  than from e r r a t i c s  in t h e  
overburden were  recovered. The cores  averaged 61 c m  in 
length, but  most were  relatively short .  This resulted f rom 
severa l  fac tors ,  principally: I. difficult ies in coring s o m e  
of t h e  mater ia l  encountered  (loss of sample  in t h e  c a s e  of 
semi-consolidated s t r a t a ,  and l imited bedrock penet ra t ion  
a t  some s ta t ions  due t o  co re  f ragments  jamming in t he  
co re  barrel); 2. mechanical  problems; and 3. t h e  difficulty 

of landing the  drill on the  prime t a r g e t  a r ea .  The s t rong 
southbound cu r r en t  (up t o  abou t  3 knots) along t h e  Baffin 
Island Shelf caused some  s t a t i on  keeping problems t h a t  led 
t o  t h e  ear ly  terminat ion  of drilling at four s ta t ions .  On 
t h e  whole, however, t h e  Hudson kep t  s ta t ion  well  during 
drilling by means  of t h e  main propulsion sys tem and bow 
thrus ter .  

The cont inenta l  shelf off southeas tern  Baffin Island 
was investigated previously by Gran t  (1975) who outl ined 
six main bedrock uni ts  on t h e  basis of d a t a  f rom se ismic  
ref lec t ion  and magnet ic  profiling. McMillan (1973), 
Wallace (1973) and Beh (1975) discussed t h e  geology of 
p a r t s  of t h e  Baffin Island shelf. J ansa  (1976) and MacLean 
et al. (in press) repor ted  on middle-late Ordovician s t r a t a  
and Precambrian  rocks sampled by drilling in th is  a r e a  in 
1975. The geology of adjacent  southern  Baffin Island was 
mapped on a reconnaissance basis by Blackadar (1967). 
C la rke  and Upton (1971) repor ted  on Ter t iary  sedimentary  
and volcanic rocks which occur  in a narrow be l t  along t h e  
coas t  nor thwestward  f rom C a p e  Dyer. 

Cores  composed of semi-consolidated sandstone  with 
s c a t t e r e d  gravel f r agmen t s  were  recovered a t  drill 
s ta t ions  6A, 16, and 16A (Fig. 25.1, Table  25.1). The cores  
f rom these  s ta t ions  consist  of poorly sor ted ,  mainly 
angular,  s i l t  t o  pebble sized par t ic les  with a matr ix  of 

From: Report of Activit ies,  Part B;  
Geol.  Surv. Can. ,  Paper 7 7 - 1 8  (1977)  



T a b l e  25.1 

Dri l l  S t a t i o n  D a t a  

a s s o c i a t e d  wi th  t h e  underlying s t r u c t u r e .  C o r e  s a m p l e s  
ob ta ined  at s t a t i o n s  16 and  16A may b e  f r o m  t h i s  younger  
sequence .  

Water Sea Floor 
Station Location Depth(m) Penetration Results 

(cm) 

6~ 6 ~ ~ 1 8 . 5 ' ~  62°11.77~ 385 364 5 cm gravel. 53 cm 
sandstone core (semi- 
consolidated) 

7 6 ~ ~ 1 7 . 5 ~ ~  62°14.9'14 398 124 no core recovery. 

10 6 ~ ~ 3 3 . 1 ' ~  63°14.0'~ 221 545 18 an gravel 

, . 
16A 64°19.9'~ 62°00.6'~ 285 523 16 cm gravel, 33 cm 

sandstone core 
of a g e s  r e p r e s e n t e d  by t h e  pa lynomorphs  and  t h e  pos t  

(semi-consolidated) Miocene  a g e  assigned t o  t h e  shelly microfossi ls  by 

F o r a m i n i f e r a  and o t h e r  shel ly microfoss i l s  in t h e  
c o r e s  f r o m  s t a t i o n s  6A,  16,  a n d  16A w e r e  e x a m i n e d  by 
F .M.Grads te in  and  spores  and  d inof lage l la tes  by 
G.L. Will iams and  t h e y  cons ider  t h e  s e d i m e n t  t o  b e  of 
p robable  P l i o c e n e - R e c e n t  a g e  (F.M. G r a d s t e i n ,  
G.L. Williams, pers .  comm.). P a l y n o m o r p h s  in t h e  c o r e  
f r o m  s t a t i o n  6A w e r e  of Pa leozoic ,  C r e t a c e o u s  and  Plio-  
P l e i s t o c e n e  a g e s  w h e r e a s  t h o s e  in t h e  c o r e s  f r o m  s t a -  

11 6 ~ ~ 3 2 . 7 ' ~  63°16.3'1.: 224 545 no core recovery. 

16 64°19.8'~ 62°02.3'~ 283 519 44 cm sandstone care 
(semi-consolidated) 

t ions  16 a n d - 1 6 ~  w e r e  predominant ly  of Apt ian-  
C e n o m a n i a n  a g e  t o g e t h e r  w i t h  s o m e  Senonian-Early 
P a l e o c e n e ,  E o c e n e  and P l io-Ple i s tocene  f o r m s  
(G.L. Williams. oers .  comm.).  In v iew of t h e  broad  s ~ r e a d  

65'55.3'~ 6 0 ~ 1 8 . 7 ' ~  408 120 13 cm basalt core I ind ica t ive  of depos i t ion  in a brapkish-shallow m a r i n e  

17 65O25.1'~ 59°05.4'~ 448 545(approx) 30 cm gravel 
65O24.9'~ 59°05.6f~ 453 530 73 an gravel 
65'25.7'~ 59'16.4-w 439 345 14 cm gravel 

1 22 65?4,2'N 60~20.2'W 404 118 37 cm basalt core 
e n v i r o n m e n t  w h e r e a s  t h e  a s s e m b l a g e  at s t a t i o n s  16 1 and  16A is  c h a r a c t e r i s t i c  of a sha l low oDen shelf  envi ron-  

Grads te in ,  ;he o lder  pa lynomorphs  a r e  c o n s i d e r e d  t o  h a v e  
been  der ived  through reworking  of m a t e r i a l  f r o m  o lder  
s t r a t a .  T h e  microfoss i l  a s s e m b l a e e  a t  s t a t i o n  6A is  

6 3 ° 1 ~ 5 ~  6 2 4 6 . 2 ~  8 cm gravel, 104 cm I 
gneiss core 

d i f f e r e n t  e n v i r o n m e n t s  t h a n  t h o s e  presen t ly  preva i l ing  
t h e r e  is  suppor ted  by c o n t r a s t s  b e t w e e n  t h e  microfoss i l  

6 1 ° ~ ~ . 3 n ~  64°23.1'1~ no core recovery a s s e m b l a g e s  in t h e  c o r e s  and t h o s e  of g r a b  s a m p l e s  of 
SOA 61°33.7'~ 64°23.01~ 194 253 172 cm gneiss core m a t e r i a l  f r o m  t h e  p r e s e n t  sea f loor  at t h e s e  loca l i t i es .  

R.H. Fil lon (pers.  cornm.) found t h e  l a t t e r  t o  b e  g e n e r a l l y  
c o n s i s t e n t  w i t h  t h e  d e e p e r  open  she l f  m a r i n e  e n v i r o n m e n t  

c a l c a r e o u s  mud. F o r a m i n i f e r a  a r e  p r e s e n t  in t h e  cores ,  t h a t  c u r r e n t l y  e x i s t s  in  t h o s e  a r e a s .  
a n d  t h e  c o r e  f r o m  s t a t i o n  6A a l s o  c o n t a i n s  f r a g m e n t s  of 
p l a n t  m a t e r i a l  (R.H. Fillon; pers .  comm.).  S t a t i o n  6A i s  S h o r t  c o r e s  of b a s a l t  w e r e  r e c o v e r e d  a t  t w o  main  
100 k m  e a s t  of  t h e  c o a s t  of Baf f in  Island and  is  under la in  loca l i t i es  on  t h e  shelf  s o u t h e a s t  of C a p e  Dyer  
by s t r a t a  t h a t  regionally have,  f o r  t h e  m o s t  p a r t ,  a regular  (Table  25.1). T h e s e  a r e  33 k m  ( s t a t i o n  47) and 89  k m  
g e n t l e  s e a w a r d  dip, bu t  in t h e  vicini ty of t h e  dri l l  s t a t i o n  ( s t a t i o n s  21 and  22) south-southeas t  of C a p e  Dyer ,  r e s p e c -  
t h e  s t r a t a  in t h e  upper p a r t  of t h e  s e q u e n c e  prograde .  t ive ly  (Fig. 25.1), in a n  a r e a  w h e r e  G r a n t  (1975) i n f e r r e d  
H u n t e c  d a t a  a c r o s s  t h e  s i t e  r e v e a l  a cont inuous  n e a r  t h e  p r e s e n c e  of vo lcan ic  rocks  on  t h e  bas i s  of s e i s m i c  a n d  
s u r f a c e  r e f l e c t o r  t h a t  is  over la in  by a hummocky l a y e r  of m a g n e t i c  d a t a .  T h e  c o r e  s a m p l e s  f r o m  s t a t i o n s  21  and  2 2  
unconsolidated s e d i m e n t  ranging f r o m  n e a r  z e r o  t o  8 m or  a r e  reddish brown and  d a r k  g r e y  in co lour  respec t ive ly ,  
m o r e  in thickness.  A g r a b  s a m p l e  of t h i s  m a t e r i a l  and  both  cons is t  of f i n e  gra ined  b a s a l t  and c o n t a i n  
cons is ted  of s i l t y  and  c layey  sand  with s o m e  grave l .  T h e  n u m e r o u s  z e o l i t e  f i l led vesicles.  T h e  c o r e  f r o m  s t a t i o n  47 
n e a r  s u r f a c e  r e f l e c t o r  a p p e a r s  t o  m a r k  t h e  t o p  of t h e  cons is t s  of d a r k  grey  f i n e  gra ined  b a s a l t  in  which s o m e  
s e q u e n c e  c o r e d ,  b u t  w h e t h e r  th i s  f o r m s  p a r t  of t h e  vesicles,  mainly unfi l led,  a r e  presen t .  
p rograda t iona l  s e q u e n c e  or  a th in  overlying younger  
s e q u e n c e  unresolved on  t h e  s e i s m i c  prof i les  is  n o t  c l e a r  B a s a l t i c  rocks  o c c u r  on e a s t e r n  Baf f in  Island a s  
f r o m  t h e  p r e s e n t  d a t a .  d i scont inuous  o u t c r o p s  within a n a r r o w  z o n e  s o m e  10 k m  

wide t h a t  e x t e n d s  a long  t h e  c o a s t  f r o m  just  n o r t h  of C a p e  
S t a t i o n s  16 and 16A a r e  on t h e  shelf  s e a w a r d  f r o m  Dyer  t o  n e a r  C a p e  S e a r l e  45  k m  t o  t h e  nor thwes t .  C l a r k e  

t h e  e n t r a n c e  t o  C u m b e r l a n d  Sound a p p r o x i m a t e l y  8 k m  and  Upton  (1971) r e p o r t e d  a K-Ar a g e  of 5 8  k 2 m.y. f o r  
nor th-nor thwes t  of t h e  s i t e  w h e r e  Sr ivas tava ,  (1974) t h e  b a s a l t  which in p laces  l i es  on s e d i m e n t s  conta in ing  
r e c o v e r e d  18 c m  of sands tone  c o r e  of l a t e  Albian- fossi l  f l o r a  d a t e d  by W.A. Bell  a s  P a l e o c e n e .  O f f s h o r e  t h e  
C e n o m a n i a n  a g e  (G.L. Williams, pers .  comm.). T h e  1976 s e i s m i c  r e f l e c t i o n  d a t a  r e v e a l  a n  acous t ica l ly  re la t ive ly  
dri l l ing loca l i ty  i s  underlain by s t r a t a  which f lank  a un i form s e q u e n c e  of r o c k s  t h a t  e x c e p t  f o r  a f e w  loca l  
possible d iap i r ic?  or  f a u l t  s t r u c t u r e  and h a v e  a n  a p p a r e n t .  s t r u c t u r e s  s e e m s  t o  d ip  s o u t h e a s t e r l y  a t  a n  a p p a r e n t  a n g l e  
s o u t h e a s t e r l y  dip of s o m e  15". H u n t e c  and g r a b  s a m p l e  of a p p r o x i m a t e l y  10" f r o m  t h e  v ic in i ty  of C a p e  Dyer  t o  
d a t a  f r o m  th is  loca l i ty  r e v e a l  a n e a r  s u r f a c e  r e f l e c t o r  and  s t a t i o n  22 and beyond. T h e  a t t i t u d e  of t h e s e  r o c k s  on  t h e  
over ly ing  unconsol ida ted  s e d i m e n t s  t h a t  c lose ly  r e s e m b l e  s e i s m i c  r e f l e c t i o n  prof i les  r e s e m b l e s  t h a t  of t h e  sub- 
t h o s e  a t  s t a t i o n  6 A  in t e x t u r e  and hummocky s u r f a c e .  a q u e o u s  b r e c c i a s  of e a s t e r n  Baf f in  Island i l l u s t r a t e d  by 
S e i s m i c  r e f l e c t i o n  (a i r  gun) d a t a  in t h e  g e n e r a l  a r e a  C l a r k e  and  Upton  (1971). R a d i o m e t r i c  a g e s  of t h e  c o r e  
i n d i c a t e  t h a t  a t h i n  s e q u e n c e  of younger s t r a t a  in p l a c e s  s a m p l e s  a r e  n o t  y e t  ava i lab le ,  b u t  on t h e  basis  of 
unconformably  over l ies  t h e  m o r e  s t e e p l y  dipping beds  re la t ionsh ips  in fe r red  f r o m  t h e  s e i s m i c  profi les ,  t h e  

s e q u e n c e  c o r e d  o f f s h o r e  a p p e a r s  t o  p o s t d a t e  t h e  b r e c c i a s  
e x a m i n e d  on  land by C l a r k e  and  Upton.  

4 7 66O22.5'~ 6 0 ~ 5 0 . 3 ' ~  391 295 29 cm gravel, 37 cm 
basalt core 

47A 66'21.6'~ 6 0 ~ 4 8 . 6 ' ~  391 545 30 cm gravel 

48 66°16.61~ 6 0 ~ 3 0 . 9 ~ ~  422 545 19 an gravel 

488 6b016.6'N 6 0 ~ 3 0 . 5 ' ~  427 101 16 cm gravel 

m e n t  (Grads te in ,  pers .  comm.). T h e  p r e s e n c e  of p l a n t  
r e m a i n s  is  c o m p a t i b l e  wi th  a n e a r s h o r e  e n v i r o n m e n t  f o r  
t h e  m a t e r i a l  c o r e d  a t  s t a t i o n  6A. T h e  t e x t u r e  of t h e  
s e d i m e n t s  s u g g e s t s  t h a t  f loa t ing  i c e  w a s  a n  i m p o r t a n t  
t r a n s p o r t i n g  a g e n t  at b o t h  loca l i t i es .  T h e  i n t e r p r e t a t i o n  
t h a t  t h e  s e d i m e n t s  in  t h e  c o r e s  a r e  o r o d u c t s  of e a r l i e r  a n d  



Cores  of rocks of presumed Precambrian a g e  were  
recovered a t  two localities, stations 49 and SOA, t h a t  
were  sampled to  investigate variations observed on mag- 
ne t i c  profiles in those areas.  The co re  f rom s ta t ion 49 
consists of quartz-bioti te-feldspar gneiss. This s ta t ion 
lies 17 km eas t  of a 1975 drilling locality where cores  
composed of bioti te gneiss were  obtained. These s ta t ions  
a r e  located on a basement high that  extends  eas t -  
northeasterly through Lady Franklin Island (MacLean 
et al., in press). Station 50A lies 13 km e a s t  of Resolution 
Island. The co re  recovered a t  this locality comprises 
172 c m  of light grey garnetiferous gneiss. 

Preliminary compressional wave velocity measure- 
men t s  were  performed onboard the  Hudson on sect ions  c u t  
f rom the  cores of basalt  and gneiss. Eight basalt  bedrock 
samples f rom s ta t ions  22 and 47 were  found t o  have 
velocit ies ranging between 5.2 and 6.0 kmfsec,  t h e  aver-  
a g e  velocity fo r  those rocks being 5.6 km/sec. A small  
cobble-sized f ragment  composed of dense, f ine grained 
basal t  encountered in the  unconsolidated sediment  a t  
s ta t ion 48A had a velocity of 6.8 kmfsec.  Four gneiss 
bedrock samples f rom s ta t ions  49 and 50A yielded 
velocit ies ranging from 5.0 t o  6.1 km/sec, t he  average 
velocity being 5.5 kmlsec.  Measurements on gneiss 
f r agmen t s  f rom the  overburden a t  stations 18, 47 and 48 
yielded velocit ies ranging f rom 4.8 t o  5.8 kmfsec ,  t h e  
average velocity being 5.4 km/sec. Velocity d a t a  on t h e  
semi-consolidated sandstone cores  from stations 6A, 16, 
and 16A a r e  not yet  available. These cores  could not be  
c u t  with the  equipment onboard ship without risk of 
disintegration of t h e  samples due t o  thei r  poorly lithified 
nature.  
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OCEAN BOTTOM SEISMOMETER DEVELOPMENTS 

Projects  750107 and 770010 

D.L. Barre t t ,  D.E. Heffler,  and C.E. Keen 
At lant ic  Geoscience Cen t re ,  Dartmouth 

Introduction 

A continuing research project on the  technological 
development and use of ocean bot tom seismometers (OBS) 
has  been ac t ive  a t  the  At lant ic  Geoscience Cen t re  for 
a lmost  three  years. The in teres t  in these  ins t ruments  
arose  f rom our successes with marine seismic ref ract ion 
techniques in solving the  deep crus ta l  and sedimentary 
processes near the  continental  margins of Eastern Canada 
(Keen e t  al., 1975; van der  Linden and Srivastava, 1975; 
Keen and Barre t t ,  1972; Jackson e t  al., in press). These 
results, although valuable, have been l imited by t h e  use of 
surface  sonobuoys which a r e  intrinsically res t r ic ted  in t h e  
kind and quality of da t a  which can b e  collected. Specifi- 
cally,  sonobuoy systems, unlike OBS, depend on good 
weather conditions, a r e  subject t o  dr i f t  with wind and 
current  over unknown subsurface s t ructures  and have only 
one sensor, a hydrophone, near  t h e  sea  surface.  OBS1s, on 
the  other  hand, do not have these  disadvantages and in 
addition have between one and th ree  geophones which a r e  
located on the  sea  floor, allowing both compressional (P) 
and shear (S) wave velocit ies t o  be  measured. 

The use of OBS near  cont inenta l  margins should 
significantly advance our knowledge of deta i ls  of t he  
sedimentary and crus ta l  s t ruc tu re  a t  continental  margins. 
A knowledge of both P and S wave velocit ies within the  
layering should allow a more positive relationship between 
rock type  and seismic velocit ies t o  b e  established; t he  
r a t io  Vs/Vp is  presently being investigated by t h e  petro- 
leum industry for t h e  identification of gas  layers (Tatham 
and Stoffa,  1976). Also, signals f rom OBS geophones, 
ra ther  than near surface  hydrophones, have proved t o  be 
ext remely valuable in the  identification of la ter  arrivals. 

In order t o  obtain some experience with t h e  OBS 
systems used by other  insti tutions,  t h e  authors  a s  well  a s  
R. Falconer,  R. Jackson and B.D. Loncarevic have partici-  
pated in cruises where seismic refraction or micro- 
seismicity studies were conducted. The results from 
OBS1s designed by Lamont Doherty Geological 
Observatory used on th ree  sepa ra t e  occasions in t h e  North 
At lant ic  were  disappointing for  various e lec t ronic  and 
mechanical reasons. The main problem was the  lack of 
high frequency response and hence the  di rec t  water  wave 
used for shot-receiver d is tance  was not recorded. In 
addition, t h e  horizontal  geophone in these  ins t ruments  did 
not  output  d iscre te  bursts of energy but appeared t o  
oscil late continuously a f t e r  t h e  f i r s t  onset of compression 
waves. This is probably due t o  the  compound pendulum 
e f f e c t  of t he  self-levelling suspension of the  geophone. 
We have observed a t  f i rs t  hand such l imitations of the  
sys tems operated by others  and t h e  bad and good f ea tu res  
of these  o the r  sys tems have influenced the  specifications 
s e t  in acquiring our own systems. These considerations 
included: 

I. The OBS packages should be  pop-up devices;  t ha t  
is  they should b e  unat tached in any way t o  t h e  sea  
surface  but  should fa l l  f ree ly  t o  t h e  sea  floor and 
rise again t o  the  surface  at a particular pre-set t i m e  
or on a command from t h e  ship. 

2. They should b e  a s  inexpensive as possible with- 
ou t  sacrificing reliability and d a t a  of good quality. 
Many OBS units which have been deployed by other  
insti tutions have failed t o  pop-up, or have done so 
when leas t  expected. In e i ther  case  many have been 
lost  and the  recovery r a t e  is  about  80-90%. This 
means  replacement  of t h e  lost  units and conse- 
quently the  need for  relatively inexpensive instru- 
men t s  without sacrificing reliability. One  
disadvantage of OBS's is t he  complete  loss of a l l  
d a t a  if t he  instrument is  not recovered. 

3. They should contain a t  l ea s t  two  se ismometers ,  
one horizontal  and one vertical ,  t o  d e t e c t  and 
sepa ra t e  P and S wave arrivals,  both f i r s t  and l a t e r  
events.  

4. They should b e  a s  compac t  a s  possible t o  avoid 
difficult ies in handling over t h e  side of a ship. 

5. They should be  capable of recording seismic 
signals in the  frequency range 3 - 30 Hz and water  
wave arrivals (about 100 Hz) for about  10 days  while 
located on the  sea  floor, in water  dep ths  up t o  
5000 m. 

6. In addition t o  low noise amplifiers and t a p e  
recorder electronics,  a clock for recording t ime  
accuracy to  about 10 ms over 10 days is required. 
This clock should also t r igger  t h e  re lease  mecha- 
nism. A comple te  back-up t imer  is  a lso  needed t o  
ensure  re lease  and recovery of t h e  OBS. 

Two OBS units which me t  most of the  above 
specifications were  purchased f rom the  Hawaiian Ins t i tu te  
of Geophysics (Sutton et al., in press) and modified t o  
include a release.  mechanism so - tha t  they could be  used as 
pop-up ins t ruments  (Heffler and Locke, in press). Af t e r  
init ial  tes ts ,  several  modifications had t o  be  made t o  
these  ins t ruments  t o  increase  their  frequency response 
and dynamic range on the  taped recordings and t o  lower 
t h e  e lec t ronic  noise pick-up on a l l  channels. This involved 
t h e  damping of pulses t o  t h e  t a p e  drive mechanism and 
increasing t h e  bias and signal level t o  t h e  t a p e  recording 
heads. Levels of gain were  adjusted so t h a t  minimum 
background noise in t h e  oceans  could be  recorded on tape.  
After  these  modifications and, ref inements  were  carr ied  
o u t  t h e  ins t ruments  were  moored on t h e  cont inenta l  shelf 
and severa l  airgun shots  were  fired t o  verify t h a t  thei r  
sensit ivity,  dynamic  range and frequency response were  
appropr ia te  for  ocean monitoring of ar t i f ic ia l  seismic 
sources. They were  f i rs t  used a s  operational ins t ruments  
in  August 1976, during an exper iment  near the  Juan de  
Fuca  Ridge. This OBS exper iment ,  during which both 
microseismic even t s  and explosive shots  for crus ta l  
s tudies  were  recorded, was init iated by R.D. Hyndman, 
Seismology Division, Earth Physics Branch. D.L. Bar re t t  
par t ic ipated in this exper iment  in which both t h e  At lant ic  
Geoscience Cen t re  OBS units were  deployed a s  well a s  t h e  
OBS uni ts  of t h e  Seismology Division which were  designed 
by Lister and Lewis (1976). 

From: Report of Activities, Part B; 
Geol.  Surv. Can., Paper 77-18 (1977) 



TRAVEL T I M E  (SEC)  In addition t o  the  explosive shots, a profile was  shot  
t o  the  OBS using a 1000 cu. in. airnun with a firing r a t e  
of 2 minutes a i d  ship's speed of 6 knots. ~ i ~ u r ;  26.2 
shows the  resulting profiles recorded by the  ver t ica l  
geophone (left) ,  the  horizontal geophone (centre)  and 
hydrophone (right). Several in teres t ing f ea tu res  a r e  
noteworthy. ( I )  A good ver t ica l  ref lec t ion is c l ea r  abou t  
I second below the  bot tom on both t h e  ver t ica l  and 

" '? ~1*.%k!~v%w#~'lnwrlnwrhl~ 
horizontal phones but  is  not observed on the  hydrophone; 

---wm--PhwwWw 
t he  hydrophone only d e t e c t s  t he  d i r ec t  and water  column 

I 
n ---w*n~.- multiple compressional wave, (2) sedimentary  ref ractors  

Figure 26.1. A record section f rom the  ver t ica l  geo- 
phone. Note the high background noise 
levels on some of the  t races .  This is due t o  
the  high microseismic ac t iv i ty  in the  area .  
A wa te r  wave velocity of 1.5 km/s  was used 
t o  derive the  velocit ies noted in the  text .  

Resul ts  

The four OBS units were  deployed along a 75 km line 
near the Explorer spreading cen t r e  (50°N, 13OoW) off 
southwestern British Columbia. Eighty-two shots along 
the  refraction line gave c lear  arrivals for a well-defined 
crus ta l  s t ructure .  Figure 26.1 is a record section of 
seismograms f rom t h e  ver t ica l  geophone in one of our OBS 
units. During the  experiment,  approximately 300 ea r th -  
quakes were detected by the  OBS and a s  a result, t he  
background noise level was about 20 db higher than t h a t  
observed by surface  sonobuoys and OBS in non-active 
a reas  of t h e  deep ocean. In spi te  of th is  high background 
noise, t he  compressional wave velocit ies observed f rom 
f i rs t  and second arrivals a r e  well defined. At distances 
over 7 seconds of horizontal water wave t ravel  t ime  an  
even t  is  qui te  apparent  arriving about  1 second a f t e r  f i r s t  
a r r ival  and must represent  a P-S converted wave. From 
f i r s t  arrivals, three  velocit ies can be identified: 2.2, 5.7 
and 7.0 km/sec respectively. The low mantle velocity of 
7 km/sec  is common in a reas  of young, rapidly spreading 
oceanic  crust .  The main crus ta l  velocity of 5.7 km/sec  is  
relatively high and must b e  indicative of a somewhat  
metamorphosed massive basalt. The lowest velocity 
arises from a thin layer of sediment  overlying the  basalts.  

a r e  recorded by a l l  t h ree  detectors ,  ( 3 )  c lea r  i i r s t  a r r ivals  
of compressional waves a r e  de tec t ed  by the  ver t ica l  
geophone which exhibit t he  same  velocit ies a s  the  
explosive results in Figure 26.1, (4) t he  compressional 
wave f i rs t  arrivals a r e  barely visible on t h e  horizontal  
geophone recordings, and a r e  not de t ec t ed  by t h e  hydro- 
phone, and (5) good mant le  shear waves a r e  de tec t ed  by 
the  horizontal  geophone exhibiting a velocity of 
4.0 km/sec; a small  component of these  shear waves is 
de t ec t ed  by the  ver t ica l  geophone bu t  not by t h e  
hydrophone. 

The compressional-shear wave velocity ra t io  for  t he  
highest velocity ref ractor  is comparable  t o  t h a t  observed 
in laboratory measurements  on metamorphosed basalts. A 
be t t e r  playback and display of resul ts  should reveal  t h e  
shear velocit ies in the  upper layers and afford t h e  
calculation of e las t ic  pa ramete r s  of these  rocks. 

From t h e  vertical  component  of motion, both 
Figures 26.1 and 26.2 display a zone of a t t enua ted  f i r s t  
and second arrivals within the  f i r s t  half second of t r ave l  
t ime  a t  distances of between 13 and 17 seconds of water  
wave t ime. Our f i rs t  contention is t h a t  this a t tenuat ion is 
due t o  phase in ter ference  of ar r ivals  f rom the  main 
crus ta l  layer and the  highest velocity layer. In order t o  
solve this problem adequately,  pseudo-seismograms f rom a 
layered e las t ic  model will have t o  be  generated t o  
completely f i t  t he  t imes  and ampl i tudes  of both ver t ica l  
and horizontal  components. A compute r  program t o  
achieve this end has  been wri t ten  and is presently being 
tested.  We feel  t h a t  this method of solving compressional 
and shear wave seismic da ta  resulting f rom oceanic and 
cont inenta l  s t ructure  will replace the  outmoded and 
relatively uninformative simple layered models f rom 
surface-recorded compressional wave data .  With this 
approach, t h e  problem of identifying submerged or 
floundering cont inenta l  mater ia l  a s  opposed t o  c rus t  
genera ted f rom ocean spreading, t ransform faulting and 
fracturing, and l a t e r  oceanic  crus ta l  readjus tments  should 
b e  alleviated. 

With the  encouragement  of t he  one successful 
instrument on the  West Coast ,  t he  At lant ic  Geoscience 
Cen t re  decided t o  build severa l  copies  of t h e  Hawaiian 
OBS for  use in the  1977 field season. Although t h e  new 
OBS's were  mainly copies, t h e r e  have been several 
changes due t o  unavailability of older pa r t s  and several 
constructional improvements.  The basic specifications of 
two  4.5 Hz geophones and a hydrophone continuously 
recorded on one magnet ic  t a p e  c a s s e t t e  for  up t o  10 days, 
remains  t h e  same. 

A microprocessor based clock has been designed for  
t iming and control. This low power computer  replaces  
about  6 digital  logic cards,  bu t  i t s  most  important  f e a t u r e  
i s  i t s  adaptabili ty.  I t  will b e  easy t o  reprogram t o  control  
functions such a s  a pinger or a command release. 



TRAVEL TIME (SEC)  single glass f lotation sphere  used previously i s  being 
replaced by two  cylindrical  syn the t i c  foam floats.  In 

t I I I I 1 1 - addition t o  increasing reliability, t he se  should lower t h e  
o N & ~ ~ ~ , y ,  profile and reduce  current  induced noise. 

Figure 26.2. Record sec t ions  recorded using a 1000 cu.  
in. air  gun. From l e f t  t o  r ight a r e  shown t h e  
ver t ica l  and horizontal components  and t h e  
hydrophone respectively.  The  var iable  
density display shows c l ea r  f i r s t  a r r iva ls  of 
compressional wave energy a t  t he  ver t ica l  
geophone and c l ea r  l a t e r  shear  wave ar r iva ls  
on t h e  horizontal  geophone between abou t  
10 and 30 seconds water  wave t ravel  t ime.  
The hydrophone shows a much lower signal- 
noise r a t i o  and only defines sedimentary  
velocities. 

The re lease  mechanism (Heff ler  and Locke, in press) 
is  being a l t e r ed  fo r  more  reliabil i ty and f ewer  con- 
summable  parts.  Extensive t e s t s  will b e  carr ied  ou t  
before  field use this year. 

perhaps  t h e  weakes t  p a r t  of t h e  previous design was  
t h e  physical cons t ruct ion  of t he  e lec t ronic  ca rds  and 
wiring. Wire wrap boards, high quali ty connectors  and 
be t t e r  mechanica l  design should improve this. The 
exter ior  dimensions remain  unchanged excep t  t h a t  t h e  

P re sen t  Improvements in Ins t rumenta t ion  and F u t u r e  Work 

In t h e  summer  of 1977 we  hope t o  use these  
improved ins t ruments  on t h e  cont inenta l  margin off 
Newfoundland, in Flemish Pass  and off Orphan Knoll. This 
will be  t h e  f i rs t  t ime,  t o  t h e  authors '  knowledge, t h a t  OBS 
expe r imen t s  have been conducted  a t  cont inenta l  margins. 

Hopefully by t h e  1979 field season, severa l  advances  
should be  included in t he  At lant ic  Geoscience C e n t r e  
design. The  two  obvious requirements  now are:  

1. A pinger t o  provide an  acoust ic  link t o  the  
su r f ace  so t h a t  a ship can  make periodic checks  on 
t h e  functioning of t h e  ins t rument  and t o  a id  in i t s  
recovery.  

2. A command re lease  sys tem ra the r  than a prese t  
t imer .  This is  part icularly necessary in t h e  ice- 
infes ted  a r c t i c  wa te r s  and t h e  fog-bound eas t e rn  
Canadian margins if rel iable recovery is t o  be  
ensured.  

In addit ion t o  t h e  fu tu re  use of t h e  improved 
ins t ruments ,  work is in progress t o  const ruct  e a r t h  models 
f rom which synthet ic  seismograms c a n  be  computed which 
may b e  matched with real  d a t a  obtained by t h e  OBS. 
Also, inversion of t ime-distance d a t a  t o  produce velocity 
models, including bounds on depths  and velocit ies,  will be  
performed.  With the  present capabil i ty of obtaining d a t a  
of superior quali ty,  i t  is  hoped t h a t  t hese  more  advanced 
analyt ica l  techniques will help t o  resolve s t i l l  f u r the r  t h e  
velocity s t ruc tu re  in t he  crus ta l  layers of our offshore 
margins. 
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THE DELPHI FORECASTING TECHNIQUE 

Project  720094 

K.R. Dawson 
Regional and Economic Geology Division 

In 1972, a s  a resul t  of high in teres t  in techniques for 
predicting fu tu re  supplies of heavy meta ls  in Canada, a 
project  was initiated to  examine the  Delphi technique 
developed in 1953 by the  Rand Corporation, Santa  Monica, 
California (Helmer and Rescher,  1959; Dalkey and 
Helmer, 1963). For a variety of pract ica l  reasons i t  was 
decided t o  maintain a bibliography of publications relating 
t o  the  Delphi technique and other methods for predicting 
fu tu re  developments. 

The bibliography, opera ted a s  a computer based file, 
is maintained on magnetic tape ,  is arranged in alphabet- 
ical  order by author,  and is manipulated by r emote  
Tele term 1030 terminal.  The bibliography is  moved f rom 
backup t a p e  t o  permanent  fi le for processing using the  
INTERCOM EDITOR feature .  This also is used t o  produce 
listings (Table 27.31, d o  updates and make 'character  
string'  retrievals. EDITOR has  provision for  t h e  insertion 
of 10 lines between existing lines of t e x t  which is used for  
a l l  update  runs. Specific keywords'  or ' character  strings' 
can  b e  retrieved and t h e  comple te  reference  can  be  

examined by a re t r ieval  of t he  lines enclosing the  
'keyword' (Table 27.1). Similarly, t h e  EDITOR c a n  b e  used 
t o  gene ra t e  an  index for any specified 'word' or  ' character  
string', for example  for t w o  words, 'education' and 
'business' t h a t  a r e  sca t t e red  through more  than 1300 lines 
of t e x t  (Table 27.2). 

The bibliography, which now consists of 230 entries,  
typically includes author ,  corporate  author,  t i t le ,  refer-  
ence  and a short  l ist  of keywords. The papers descr ibe  
e f fo r t s  t o  predic t  fu tu re  developments in a wide var ie ty  
of scientific and social  f ields including communications,  
urban planning, environmental problems, education, 
business and finance, transportation and medicine. 
Regret tably ,  only t w o  re fe rences  (Cetron and Ralph, 1971; 
and Torries, 1975) have any connection with e i ther  
geology or  minerals excep t  in a genera l  way. One hundred 
and seventy-four (174) en t r i e s  refer  d i rec t ly  t o  t h e  Delphi 
technique and many re fe r  t o  o ther  techniques o r  modifica- 
tions of t h e  former.  

Table 27.1 

A computer  listing for  keywords galena, copper,  meta l ,  mineral, smelting, mill. 
Each is followed by t h e  appropr ia te  r e fe rence  where  such exists. 
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Table 27.2 

A t e r m i n a l  l i s t ing  of ind ices  f o r  t h e  keywords  e d u c a t i o n  a n d  business. 
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The Delphi technique (Dalkey and Helmer, 1963) was (2) Controlled feedback, t h a t  is conducting t h e  exerc ise  
developed to  supplement objective scientific f a c t s  with in a sequence of rounds between which a summary of 
subjective opinions using a panel of exper ts  who remain results of t he  previous round is communicated back t o  the  
anonymous during t h e  sessions. The technique (Pill, 1971, participants,  is  done t o  reduce large  f luctuat ions  in t h e  
p. 57-71) has th ree  main characterist ics:  elicited opinions. 

(1) Anonymity, accomplished by use of questionnaires (3) Sta t is t ica l  Croup Response. Use of the  s ta t i s t ica l  
and/or on-line computer communication, is a method t o  group response is a device  t o  reduce group pressure  for 
reduce the  e f f e c t  of dominant individuals. conformity.  More important  i t  also assures a l l  opinions 

Table 27.3 

A computer  listing sequenced by author and printed f rom t h e  Delphi bibliography. 
Individual ent r ies  consist of author,  corporate  author ,  t i t le ,  reference  and keywords. 
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influence the  final response. The procedure is a rapid, 
ef f ic ient  way t o  sound t h e  individual opinions of a group 
of knowledgeable persons. I t  takes  less t ime t o  complete  
a questionnaire than i t  does t o  wri te  a technical paper. 
Moreover, the  Delphi exercise,  properly managed, can  be  
highly motivating for respondents because t h e  feedback 
can  be  stimulating, anonymity and group response is 
refreshing, and t h e  technique re leases  par t ic ipants  f rom 
t h e  inhibitions t h a t  result  f rom face-to-face encounters. 

To apply the  Delphi technique would involve a 
number of people, including an advisory or steering 
commit tee ,  a co-ordinator, clerical  s taf f ,  a panel of 
exper ts  and computer  programmers. The c o m m i t t e e  
assigned t o  carry  ou t  t h e  exerc ise  would identify t h e  
subject  m a t t e r  of t h e  questions and t h e  persons t o  b e  
invited a s  panel members. The co-ordinator would 
manage t h e  session. The questions a r e  carefully worded, 
background material  is assembled and these  a r e  circulated 
to  the  panel members.  The responses a r e  processed and 
the  results calculated a f t e r  each round. Two or th ree  
rounds with feedback between, a r e  commonly necessary 
and the  results tend t o  converge in to  a useful concensus 
related t o  the  questions asked. 

Delphi has been widely used in North America,  
Europe and India. Reports indicate use of t he  classical  
procedure a s  well a s  a variety of modifications t o  the  
original. One modification re la tes  t o  t h e  selection of t h e  
exper t  panel members. Individual members  a r e  required 
t o  qualify themselves for  panel duty  by self-rating the i r  
personal exper t i se  in the  subject and in the  results thei r  
opinions a r e  weighted by a corresponding f ac to r  (Brown 
and Helmer, 1964). Dean and Mathis (1969) described a 
modified Delphi procedure tha t  required linear regression 
t r ea tmen t  of the  results. This was believed t o  f ac i l i t a t e  
interpretation of the  final results. Anderson and Sproull 
(1972) describe the  PATTERN technique (Planning 
Assistance Through Technical Evaluation of Relevance 
Numbers) which has  a slight resemblance t o  Delphi. 

Bell Canada, Business Planning Group is in the  fore-  
front of Canadian users of Delphi and other forecasting 
techniques. "Delphi: The Bell Canada Experience", a 
collection of f ive  papers  by t h e  Business Planning Group 
of Bell Canada is a useful compilation of experiences with 
t h e  procedure in corporate  activit ies.  Information Canada 
used the  technique t o  study policy options for t h e  
Canadian Government.  The Canadian Pulp and Paper  
Insti tute used i t  t o  study fu tu re  developments likely t o  
occur in that  industry. 

Opinion regarding the  usefulness of t he  procedure 
ranges f rom complete  rejection t o  enthusiastic 
acceptance .  Pi11 (1  97 1) suggests t h e  results should b e  used 
at a high level of uncertainty; t h a t  one should accep t  t h e  

difficulty of gauging i t s  usefulness and measure  i t s  
eventual usefulness by i t s  performance.  Rockwell (1973) 
is less kind claiming the  Delphi is not a subst i tu te  for 
more  rigorous scientific methods. On t h e  other  hand, t h e  
large  number of universities and businesses using t h e  
procedure indicates strong accep tance  in spi te  of t hese  
limitations. 
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DISTRIBUTION O F  URANIUM IN AN ACTIVE GEOTHERMAL AREA IN T H E  AZORES 
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W.S.  itche ell', M. Z e n t i l l i l ,  and  K.A. ~ a ~ l o r '  
Regiona l  and Economic  Geology Division 

Introduction 

In t h e  s u m m e r  of 1973 a 981-m borehole  w a s  dri l led 
in t h e  island of Sao  Miguel, A z o r e s  a s  p a r t  of a cont inu ing  
inves t iga t ion  of t h e  o c e a n i c  c r u s t  by d e e p  drilling. T h e  
dri l lhole is loca ted  72 m above  s e a  leve l  on t h e  n o r t h w e s t  
f lank  of volcano,  Agua d e  P a u  (Fig. 28.1). C o r e  r e c o v e r y  
t o  a d e p t h  of 148 m w a s  sporad ic  b e c a u s e  of t h e  
unconsolidated n a t u r e  of t h e  pyroc las t ic  and lahar  
depos i t s  b u t  recovery  for  t h e  remainder  of t h e  ho le  w a s  
a l m o s t  c o m p l e t e .  T h e  c o r e  is subdivided (Fig. 28.2) i n t o  
t h r e e  subaer ia l  sequences ,  a t rans i t ion  s e q u e n c e  and a 
subaqueous  s e q u e n c e  (Muecke  e t  al . ,  1974;  McGraw,  1976). 
T e m p e r a t u r e  m e a s u r e m e n t s  (Fig. 4,  Muecke  e t  al., 1974) 
increased  rapidly t o  1 0 0 ° C  b e t w e e n  100 and 175 m, below 
which t h e r e  w a s  a g r a d u a l  i n c r e a s e  t o  a round 2 0 0 ° C  a t  
500 m. Boiling o c c u r r e d  when dri l l ing c e a s e d  and s t e a m  
was  produced a t  t h e  dri l l  head. Muecke  e t  a l .  (1974) 
sugges ted  t h a t  a t  550 m w a t e r  a t  205OC is  f lowing para l le l  
t o  t h e  a l m o s t  hor izonta l  s t r a t a  and t h a t  1 0 0 ° C  w a t e r  is  
f lowing just below a n  i m p e r m e a b l e  layer  a t  110-120 m 
depth .  

Clear ly ,  h y d r o t h e r m a l  condi t ions  e x i s t  wi th in  t h e  
dri l led vo lcan ic  s e q u e n c e  and abundant  m a t e r i a l  w a s  
a v a i l a b l e  t o  us for  a p re l iminary  inves t iga t ion  i n t o  t h e  
behaviour  of u ran ium within a n  a c t i v e  h y d r o t h e r m a l  
vo lcan ic  envi ronment .  

Methods 

with in  s e v e r a l  p o r p h y r i t i c  b a s a l t i c  u n i t s  w e r e  mapped  
using t e c h n i q u e s  s imi la r  t o  t h o s e  descr ibed  by K l e e m a n  
and  Lovering (1967). 

Data 

Whole rock uran ium c o n c e n t r a t i o n s  in s a m p l e s  
s e l e c t e d  f r o m  t h e  dr i l l  c o r e  a r e  p l o t t e d  versus  d e p t h  in 
F i g u r e  28.3. A v e r a g e  c o n c e n t r a t i o n s  of t h e  e l e m e n t  in 
t h e  d i f f e r e n t  vo lcan ic  u n i t s  a r e  t a b u l a t e d  in T a b l e  28.1. 
T h e  t r a c h y t i c  un i t s  c o n t a i n  m o r e  uran ium t h a n  any  of t h e  
b a s a l t i c  un i t s  wi th  t h e  e x c e p t i o n  of highly oxidized f low 
t o p s  which h a v e  b e e n  exposed  t o  s u b a e r i a l  wea ther ing .  
Most  of t h e  f lows e n c o u n t e r e d  in t h e  dr i l l  c o r e  a r e  
b a s a l t i c  in c h e m i s t r y  and  minera logy  (McGraw,  1976). 
A v e r a g e  uran ium c o n c e n t r a t i o n  in t h e  b a s a l t s  i s  1.33 ppm 
w i t h  s l igh t  i n c r e a s e  in c o a r s e  f lows and b r e c c i a t e d  
por t ions  of t h e  flows. Uranium,  l ike  o t h e r  e l e m e n t s  
a n a l y z e d  by McGraw (1976), shows  no  obvious var ia t ion  
w i t h  d e p t h  through t h e  basa l t s .  

T h e  s e q u e n c e  of pi l lowed f lows  be low 9 0 0  m d e p t h  
c o n t a i n s  a n  a v e r a g e  2.12 ppm U, a cons iderab ly  g r e a t e r  
c o n c e n t r a t i o n  t h a n  is  n o r m a l  f o r  t r u e  o c e a n  f loor  basa l t s .  
A v e r a g e  uran ium c o n c e n t r a t i o n  in MORBS r e c o v e r e d  
f r o m  leg  37 DSDP r a n g e  f r o m  0.10 t o  0.29 ppm U for  
o v e r  300 s a m p l e s  f r o m  f i v e  d i f f e r e n t  dri l lholes.  Basa l t s  
of  t h e  B e r m u d a  s e a m o u n t  s a m p l e d  by t h e  800  m Deep  
Dril l  b o r e h o l e  of 1972 c o n t a i n  a n  a v e r a g e  0.18 ppm U 
(66 analyses) .  

A t o t a l  of 72 s a m p l e s  f r o m  d i f f e r e n t  u n i t s  in t h e  I t  t h e r e f o r e  a p p e a r s  t h a t  t h e  re la t ive ly  higher 
dr i l l  c o r e  w e r e  ana lyzed  by t h e  fission t r a c k  m e t h o d  a v e r a g e  c o n c e n t r a t i o n  of u ran ium in A z o r e s  b a s a l t s  
(F isher ,  1970) for  homogenized  whole rock uran ium con-  r e l a t i v e  t o  o c e a n i c  b a s a l t s  may e i t h e r  b e  a n  original  
c e n t r a t i o n .  D e t a i l e d  uran ium var ia t ion  th rough a single f e a t u r e  of the i r  m o r e  a l k a l i c  c h e m i s t r y  o r  a secondary  
f low uni t  w a s  a l so  inves t iga ted  with a f u r t h e r  14 whole  e n r i c h m e n t  th rough h y d r o t h e r m a l  a l t e r a t i o n .  A c o m b i -  
rock uran ium ana lyses  and d is t r ibu t ions  of t h e  e l e m e n t  n a t i o n  of bo th  f a c t o r s  i s  l ikely and possible e v i d e n c e  of 
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F igure  28.1. Loca t ion  of 981-m d e e p  b o r e h o l e  ( D e e p  Dr i l l  1973) on S a o  Miguel, Azores .  
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From: Report of Activities,  Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



SUBAERIAL 
SEQUENCE 

111 
----- 

SUBAERIAL 
SEQUENCE 

I1 ----- 

. . . 
v v v  SUBAERIAL 
V Y  V 

SEQUENCE 
V v v  I 

----- 

8 0 0  TRANSITION 
SEQUENCE --- 

9 00 SUBAQUEOUS 
SEQUENCE 

LEGEND 

Ash, Ignimbrites 

( Basalt 

Agglomerate 

Trachytic Lavas 

loo"o"l Basalt Breccia 

1".6.01 Basalt Breccia 
and "Sandstone" 

Figure  28.2. Log showing major  l i tho logic  var ia t ions  in 
t h e  S a o  Miguel dri l l  c o r e .  

a t  l e a s t  s o m e  uran ium e n r i c h m e n t  by h y d r o t h e r m a l  
a c t i v i t y  is  s e e n  if t h e  d i s t r ibu t ion  of t h e  e l e m e n t  th rough 
a f low f r o m  879.41 - 884.29 m d e p t h  is  e x a m i n e d  
(Fig. 28.4). A d i s t i n c t  i n c r e a s e  of u ran ium c a n  b e  s e e n  at 
884.29 m, t h e  lower  c o n t a c t  of t h e  f low and a l so  in t h e  
pi l lowed f low t o p  region b e t w e e n  880.26 m and  879.4 m. 
Although t h e  c e n t r a l  p a r t  of t h e  f low c o n t a i n s  signif i-  
c a n t l y  less  uran ium t h a n  t h e  marg ina l  a r e a s ,  t h e  
c o n c e n t r a t i o n  of t h e  e l e m e n t  is v a r i a b l e  and is  much 
g r e a t e r  t h a n  in normal  pillowed basal ts .  I t  i s  n o t  possible 
t o  t e l l  w h a t  t h e  or ig ina l  u ran ium c o n t e n t  of t h e s e  a l k a l i n e  
b a s a l t s  w a s  and  t h e r e f o r e  no  e s t i m a t e  of any  o v e r a l l  
i n c r e a s e  in uran ium c a n  b e  made .  A s imi la r  s tudy  of 
uran ium dis t r ibu t ion  through s e v e r a l  f lows  of t h e  B e r m u d a  

T a b l e  of  a v e r a g e  uran ium c o n c e n t r a t i o n s  in 
d i f f e r e n t  vo lcan ic  u n i t s  e n c o u n t e r e d  

down t h e  98 1-m dr i l lho le  

Volcanic Uni t  A v e r a g e  ppm U Number  of  
Whole Rock  Analyses  

Basa l t  Flows 1.33 

C o a r s e  Basa l t  F lows  1 . 5 7  

Basa l t  Flow Margins 5 . 5 1  
(ox id ized)  

Flow B r e c c i a  1 . 5 3  

Pil lowed Flows  2 . 1 2  

T r a c h y  t i c  F lows  4 . 7 8  

. FLOWS 

0 COARSE FLOWS 

A FLOW B R E C C I A  

x PILLOWED F L O W S  

D TRACHYTIC F L O W S  

F i g u r e  28.3. P l o t  of u r a n i u m  v e r s u s  d e p t h  in d i f f e r e n t  
v o l c a n i c  units .  

s e a m o u n t  ind ica ted  s l igh t  i n c r e a s e s  in t h e  e l e m e n t  at 
only one  f low margin  and of t h e  many volcanic  u n i t s  
p e n e t r a t e d  by DSDP l e g  37 dri l l ing,  f e w  show a n y  s igns  
of  marg ina l  u ran ium e n r i c h m e n t .  Those  t h a t  d o  a r e  
invar iab ly  a l t e r e d  by f lu ids  m i g r a t i n g  along f low bound- 
a r ies .  I t  t h e r e f o r e  s e e m s  r e a s o n a b l e  t o  s u g g e s t  t h a t  t h e  
r e l a t i v e l y  high uran ium c o n c e n t r a t i o n s  found at t h e  
boundar ies  of t h e  A z o r e s  f low is  a s e c o n d a r y  e n r i c h m e n t  
c a u s e d  by a l t e r a t i o n  in  t h e  p r e s e n t l y  a c t i v e  h y d r o t h e r m a l  



Figure 28.4. P lo t  of uranium versus depth  through a 
single volcanic flow from 879.4 t o  884.2 m. 
The base of t h e  flow is strongly chlorit ized 
a t  884.2 m and the  flow top is  pillowed 
above 880.4 m. 
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Figure 28.5. Schemat i c  representa t ion  of uranium dis- 
tr ibution through one subaerially oxidized 
volcanic unit. 

environment.  However, i t  ha s  not  y e t  been possible t o  t e l l  
whether  uranium has  been introduced t o  t h e  sys t em or 
whether  t h e  e l emen t  is  simply being redistributed through 
t h e  volcanic pile with t h e  t r achy t i c  units  ac t ing  a s  
possible uranium rich source  rocks. 

In, oceanic basa l t s  i t  is possible t o  use par t i t ion  
coeff ic ients  of uranium a s  a reasonable indication of 
a l te ra t ion  intensity (Mitchell  and Aumento,  1977). 
Uranium mapping enables  us t o  de termine  concentra t ions  
of t he  e l emen t  in both matr ix  and minerals and par t i t ion  
coeff ic ients  ca lcula ted  for uranium in d i f ferent  minerals 
enclosed in fresh s ideromelane  a r e  considered t r u e  values. 
However, any a l tera t ion  of t h e  glass normally resul ts  in 
erroneously low calcula ted  parti t ion coeff ic ients  and t h e  
s a m e  is t r u e  for  coeff ic ients  ca lcula ted  for  minera ls  set in 
progressively more  a l t e r ed  microcrystall ine basa l t  matrix.  
Mapping of uranium in six thin s l ices  of subaerial  

porphyrit ic basa l t  f rom t h e  Azores  indica tes  t h a t  t h e  
ave rage  concentra t ion  of uranium in olivine, plagioclase 
and clinopyroxene is 10 ppb, 18 ppb and 30 ppb respec- 
t ively,  virtually identical  t o  values previously repor ted  
(Mitchell and Aumento,  1977) for  uranium in t h e  s ame  
minerals f rom oceanic  basalts  and u l t r amaf i c  rocks. 
However, because of pervasive strong hydrothermal  
a l t e r a t ion  no glass could be  located  t o  enable  us t o  
ca l cu l a t e  t r u e  parti t ion coeff ic ients  of uranium and thus 
we  a r e  unable t o  use th is  technique a s  a measure  of 
uranium enr ichment  through a l tera t ion .  

A noteworthy f e a t u r e  of uranium distribution in 
s eve ra l  of t h e  subaerially weathered lava  flows is  t h e  
s t rong concentra t ion  of t h e  e l emen t  in red weathered 
a r e a s  a t  flow tops. Uranium concentra t ion  decreases  
with dec rease  in intensity of red  oxide weather ing down 
through t h e  basa l t  flow t o  normal  va lues  for  t h e  basalt .  
An example  of th is  i s  seen between 159.4 and 164.9 m 
dep ths  and i s  i l lus t ra ted  graphically in Figure  28.5. Thus 
t h e r e  is evidence  t h a t  uranium is strongly concen t r a t ed  
by weather ing in oxidized tops of subaerial  flows. 
Uranium in these  weathered f r iable  zones may in pa r t  be  
derived f rom t r achy t i c  ash units which subsequently 
covered t h e  basalt  flows. 

Conclusions 

I .  The average  uranium concentra t ion  in basa l t s  
f rom t h e  Azores  is  a n  order  of magni tude  g r e a t e r  than in 
ocean ic  thole i i tes  o r  Bermuda basalts. 

2. Pillowed basal t s  appea r  t o  conta in  more  
uranium on ave rage  than coarse-grained flows which in 
t u rn  con ta in  more  uranium than fine-grained flows. 

3.  Trachy t i c  f lows conta in  much more  uranium 
than  basalts .  

4. Uranium is commonly concen t r a t ed  a t  flow 
margins probably by hydrothermal  a l te ra t ion .  

5. Very high concentra t ions  of uranium occur in 
red oxidized, weathered tops  of subaerial  flows. 

6. I t  is not ye t  possible t o  quantify complete ly  t h e  
amoun t  of uranium redistribution throughout t h e  volcanic 
pile by migrating hydrothermal fluids. 
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Introduction 

The distribution of uranium in host rocks, o r e  and 
a l tera t ion minerals of non-uraniferous deposits i s  poorly 
known. Uranium occurs a s  t r a c e  amounts  in a var ie ty  of 
o re  environments, but significant concentrations have 
been reported from porphyry copper,  "kuroko" type mas- 
sive sulphides, red bed copper,  f luorite and other  deposits. 
This study is designed t o  document the  variation and 
distribution of uranium in mineral assemblages f rom some  
of these  environments. 

Besides i t s  usefulness fo r  dating glass o r  minerals 
(i.e. Fleischer and Price,  1964; Aumento, 19691, t h e  fission 
t r ack  techniques, a s  refined a t  Dalhousie by F. Aumento 
and co-workers, a r e  an  e f f ec t ive  method for detect ing 
small  amounts  of uranium ( t o  a few ppb) in minerals and 
rocks (i.e. Mitchell and Aumento, 1977; Dostal  et al., 
1975). The uranium concentration is  inferred f rom t h e  
t r ack  density on a fi lm of sensit ive mater ia l  in c o n t a c t  
with t h e  powder (bulk analysis) or  t he  polished thin sect ion 
( t rack mapping) of t h e  ma te r i a l  produced by irradiation 
with a known dose of neutrons in a nuclear reactor .  The 
equivalence of t r ack  density with uranium concentra t ion 
is calibrated by means  of s tandards  exposed t o  t h e  s a m e  
irradiation a s  the  samples in every  run. Precision of t h e  
determinations of bulk samples is  be t t e r  t han*  12 per  c e n t  
and somewhat lower (i 25 pe r  cen t )  in mineral phases of 
low uranium concentra t ion (1-2 ppb). The precision is 
sufficient,  however, t o  d e t e c t  zonal distribution, concen- 
t r a t ion  contras ts  and t o  ca lcula te  f rac t ionat ion 
coeff ic ients  between coexisting phases. I t  permits  one t o  
discern whether  t h e  uranium is evenly distributed through- 
ou t  t he  crys ta ls  or  if i t  occurs  along grain boundaries, in 
cracks,  or  in inclusions. Uranium distributions have been 
successfully measured in a number of natural  systems, 
including skarns (Dikov et a]., 1971) and other  mineral 
assemblages (Berzina and Demidova, 1966; Berzina, 1972; 
Alekseyev e t  a]., 1969). 

Results 

As p a r t  of a preliminary .survey, over  350 bulk 
analyses for  uranium have been completed on mineral 
separa tes ,  whole-rock and o re  samples. In addition, 
polished thin sections of a number of rocks and ores  have 
been prepared for uranium t rack mapping. Preliminary 
results a r e  reported here.  

Fluor i tes  

Fluor i te  occurs  a s  an  associa ted  mineral in a var ie ty  
of o r e  deposits. In pipelike bodies associated with fe ls ic  
volcanics f rom the  Thomas Range, Utah, f luor i te  i s  
repor ted  t o  contain a s  much as  0.3 pe r  cen t  U (S taa t z  and 
Osterwald,  1959; S t a a t z  and Gri f f i t t s ,  1961). The violet 

coloration in some  f luor i tes  of t h e  USSR has been 
corre la ted  with high uranium con ten t  (Baranov, 1966). 
Radon gas  has been de tec t ed  in some  mine workings of t he  
St. Lawrence fluorite deposits, Newfoundland. In view of 
these  observations, a survey of the  uranium con ten t  of 
f luor i te  appeared justified. 

Uranium analyses of a number of fluorites from 
Eastern  Canada a r e  summarized in Table 29.1. The 
highest values were  found in St.  Lawrence, Newfoundland 
(5.76 ppm) and a t  Gays  River, Nova Scot ia  (2.59 pprn). At 
St. Lawrence, f luor i te  occurs  in veins and miaroli t ic 
cavi t ies  and is disseminated in a shallow-level, 
peralkaline, grani t ic  pluton (Teng, 1974). Within an  
individual vein in this deposit ,  t h e  uranium con ten t  of 
purple f luor i te  ( in terpre ted a s  an early-formed f luor i te  by 
Teng, 1974) is generally higher than in green, yellow or 
colourless fluorites of t he  s a m e  deposit. The highest 
value (5.76 pprn), however, was found in white,  milky 
f luor i te  a t  a vein wall in con tac t  with g ran i t e  with 
7.8 pprn U. A possible positive corre la t ion of uranium 
con ten t  with t empera tu re  of crystall ization will be  
investigated using fluid inclusions. The deta i led  distribu- 
t ion of uranium in banded f luor i te  i s  being studied by 
fission t r a c k  mapping. A t  Gays  River, Nova Scot ia  (a Zn- 
Pb deposit  in Carboniferous ca rbona te  rocks), t h e  purple 
colour or  t h e  association with hydrocarbon mater ia l  does 
not  appear t o  co r re l a t e  with higher uranium content .  

Massive Sulphides and Bar i te  

The distribution of uranium in volcanogenic massive 
sulphide environments has not been studied in detail .  
Previous investigations (Mitchell and Aumento, 1977) 
indicate  t h a t  t h e  sepa ra t e  processes of hydrothermal and 
halmyrolit ic a l tera t ion play an important  role in the  
redistribution of uranium in submarine volcanic rocks. 
Our study of distribution of uranium in an  act ive  geo- 
the rma l  sys tem in submarine t o  subaerial  rocks of t h e  
Azores (Mitchell  et al., 1977), indicates  t h a t  hydrothermal 
a l tera t ion has  led t o  a considerable U-enrichment in pa r t s  
of t h a t  system. Superimposed on primary di f ferent ia t ion 
trends,  uranium distribution is c lear ly  a f f ec t ed  by f ac to r s  
such a s  permeabili ty of t he  format ions  and physico- 
chemical  parameters.  The presence of fe ls ic  rocks 
relatively rich in uranium, higher sulphur ac t iv i t ies ,  and 
prevalent reducing conditions in some  massive sulphide 
environments,  probably strongly influenced t h e  mobility of 
uranium. In f a c t  values a s  high a s  900 pprn U have been 
determined in some  horizons of the  Kuroko deposits of 
J apan  (T. Sato,  pers. comm., 1977). Samples f rom t h e  
Buchans and Rambler  massive sulphides of Newfoundland 
have been analyzed. F rom Buchans, values f rom 3 t o  
10 pprn were  de tec t ed  in specimens of o r e  f rom the  
MacLean orebody, although t h e  galena- o r  barite-rich ores  
a r e  generally much lower (0.02 - 0.08 pprn). Assoc ia t ed  
volcanic rocks have f rom 0.9 ppm U (amygdular andesit ic 

'Depar tment  of Geology, Dalhousie University, Halifax, N.S. 

From: Repor t  of Activit ies,  P a r t  B; 
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Table 29.1 

Con ten t s  in pprn of U in Fluor i te  

No. of 
Mean Range Specimens Locali ty 

2.60 ( 0 . 2 3 - 1 . 8 0 - 5 . 7 6 )  3 Church vein, in St.  Lawrence ,  
g ran i t e  with 7.8 ppm U Newfoundland 

0.30 (0 .18  - 0.26 - 0.46)  3 Canal  vein II  

0.13 I Ta re fa re  II  

0.07 0.07 2 Lord and Lady Gulch I! 

0.09 1 Quarry.  In f e l s i t e  11 

with 1.11 ppm U 

1.21 1 In sample  with galena,  I t  

sphaler i te  

0.82 (0 .11  - 1 - 5 3 )  2 In greisen New Ross, N.S. 

0.38 (0 .13  - 0 . 9 2 )  5 In rhyolite (10.3 ppm U) Lake Ainslie, N.S. 
with ba r i t e  (0.16 ppmU) 

1.47 0.34 - 2.59 2 In minera l izedcarbonates  Gays  River,  N.S. 

1.02 1 Locali ty unknown Quebec  

basa l t )  t o  2.6 ppm U (dacite-rhyolite) .  The specimens 
from o r e  at the  Ming deposit  a t  Rambler  Mines, 
Newfoundland a l so  conta in  variable but relatively higher 
concentra t ions  of U (up t o  4.5 ppm); samples of t h e  
schis tose  metavolcanic  hos t  rocks a r e  low (0.5 pprn U). 

Massive whi te  bar i te  f rom the  Magnet Cove barium- 
lead-zinc-silver deposit  near  Walton, Nova Scotia conta ins  
0.03 ppm U, even when associated with black bituminous 
inclusions, but a s ample  of yellow-stained ba r i t e  with 
hydrocarbon-rich nodules has 0.36 pprn U. One specimen 
with e ry th r i t e  conta ins  2.17 ppm U. Specimens of banded 
sulphides conta in  1 t o  2.6 pprn U and t h e  higher values a r e  
found in specimens  containing t e n r ~ a n t i t e  or described a s  
rich in silver. One anomalous value of 13.57 pprn U was  
determined fo r  massive orange bar i te ,  but t h e  uranium 
appears  t o  be  concen t r a t ed  in very small ,  y e t  unidentified, 
inclusions. 

Some of t h e  above values f o r  ba r i t e  a r e  lower by 2 
t o  3 orders  of magnitude than those repor ted  f rom ba r i t e  
in t h e  U.S.S.R. by Plyuschchev and Ryabova (1974) which 
range f rom 1.8 t o  10.6 pprn (mean 5.0 pprn). It is  unclear 
whether t h e  ba r i t e  f rom the  above Appalachian deposits  is  
anomalously low in U, o r  if t h e  methods  used by t h e  above  
authors  (fluorescence and color imetr ic)  d o  not  d i f feren-  
t i a t e  between uranium in barite. proper o r  in inclusions 
within th is  mineral. 

Pb-Zn Deposits  in Carbona te  Rocks  

Samples f rom four Canadian Pb-Zn deposits  in 
carbonate  rocks  were  studied: I)  P ine  Point,  Dis t r ic t  of 
Mackenzie; 2) Polaris Mine, L i t t l e  Cornwallis  Island, 
District  of Franklin;  3) Newfoundland Zinc, Daniel's 
Harbour, Newfoundland, and 4) Gays  River ,  Nova Scot ia .  
The sulphides f rom t h e  four deposits  contain ex t r eme ly  
low concentra t ions  of U: galena (0.002 - 0.012 pprn), 

sphaler i te  (0.006 - 0.068 ppm), marcas i t e  (0.775 - 
1.068 pprn). Associated sparry  ca rbona te  minerals (cal-  
c i t e ,  dolomite)  a r e  poor in uranium (0.01 1 - 0.472) excep t  
those  of t h e  Polaris Mine, which a r e  anomalously rich 
(2.438 - 3.435 ppm). The concen t r a t ion  of uranium in t h e  
host  ca rbona te  rocks fa l l s  within t h e  expec ted  range (0.9 - 
2.3 pprn) for  these  kinds of rocks (Bell, 1963). Hydro- 
carbons  associated with t h e  Daniel's Harbour and Gays  
River deposits  (1.2 and 3.6 pprn ave rage ,  respectively) a r e  
unexpectedly uranium-poor. The results  a r e  being 
evaluated  in re la t ion  t o  geochemical  cons idera t ions  and 
gene t i c  models fo r  Mississippi Valley t y p e  deposits. 

Felsic,  Porphyr i t ic  Igneous Rocks  

During magmat i c  crys ta l l iza t ion ,  uranium is strongly 
par t i t ioned in to  t h e  residual me l t s  and thus  t h e  ground- 
mass  of porphyrit ic volcanic and subvolcanic rocks  
conta ins  t h e  bulk of t h e  uranium (Dostal  et al., 1975). I t  
c a n  be  expec ted  t h a t  during devitrification-alteration by 
hydrothermal processes uranium will be  redis t r ibuted  in 
t he  d i f ferent  a l te ra t ion  assemblages  formed. In some  
porphyry coppers,  radioelements  appea r  t o  be  zonally 
d is t r ibuted  (Davis and Guilbert ,  1973). There  i s  a good 
possibility t h a t  if uranium demand  follows c u r r e n t  pro- 
jections, f u t u r e  uranium requirements  will neces s i t a t e  t h e  
exploration of l a rge  low-grade uranium "porphyry" t y p e  
deposits  (Armstrong, 1974). A t  t h e  low g rades  envisaged 
(0.05% U308)  i t  is  impor tant  fo r  ex t r ac t ive  milling and 
meta l lurgica l  o r e  beneficiation processes t o  know how t h e  
uranium is bound up and dis t r ibuted  in t he  rock. 
Preliminary resul ts  f rom a smal l  number  of samples  f rom 
t h e  El Salvador porphyry copper  (Chile) indica tes  tha t :  
I )  t h e  highest  uranium concentra t ion  (average  2 pprn) 
occurs  in an  a l t e r ed  rhyolite porphyry; 2) re la t ive ly  high 
uranium concentra t ions  a r e  found in rocks which have 
undergone strong potassic a l te ra t ion ,  and 3 )  uranium 
concentra t ions  a r e  low (average  0.2 pprn) in bioti t ized 



andes i te  country  rock and in an  ear ly  porphyry intrusive. 
Unmineralized felsic volcanics f rom t h e  s a m e  region 
conta in  an average  2 ppm but some daci tes  and rhyolites 
conta in  twice  a s  much and up t o  15 ppm U. Fission t r ack  
mapping of specimens of these  porphyrit ic volcanics 
indica tes  t h a t  t h e  bulk of t he  uranium is in t h e  ground- 
mass and t h a t  most of t h e  uranium found withiri plagio- 
c l a se  crys ta ls  occurs  in zones rich in fluid inclusions. 
Early, magmat i c  magne t i t e  has very low uranium content ,  
while deuter ic  or secondary magnet i te ,  formed a t  t h e  
expense of ferromagnesian minerals,  is  relatively enriched 
in uranium. 

Uranium con ten t  in a su i te  of 16 samples  f rom a 
smal l  felsic porphyrit ic pluton associated with Mo min- 
era l iza t ion  at Deep Cove, Cape Breton Island, Nova 
Scotia,  var ies  f rom 0.65 t o  6.07 pprn U (average  2.76). 
The highest  values a r e  in t h e  groundmass of coa r se  
porphyrit ic phases and in mineralized zones with phyllic 
a l t e r a t ion  (5.56 ppm U) but values a r e  relatively lower ( I -  
2 ppm U) in phases rich in hydrothermal  b io t i te ,  K- 
feldspar,  q u a r t z  and molybdenite. 

The preliminary results  indicate t h a t  t he  fission 
t r a c k  techniques a s  used a r e  an  e f f ec t ive  tool  in t h e  s tudy 
of t h e  distribution of uranium in hydrothermal environ- 
ments.  An a t t e m p t  t o  analyze  for  thorium is being made 
using a similar technique,  a s  i t  has been shown 
(Plyushchev and Ryabova, 1974) t h a t  U and Th follow 
s e p a r a t e  pa ths  in ce r t a in  hydrothermal processes,  such a s  
t h e  format ion of greisen.  
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GEOLOGY OF THE SOUTHERN PARK RANGES, BRITISH COLUMBIA 

E.M.R. Research Agreement 1135-D13-7-165176 

D. c raw'  
Institute of Sedimentary and Petroleum Geology, Calgary 

The Southern Park Ranges l ie immediately east of 
the Rocky Mountain Trench at the Big Bend of the 
Columbia Kiver (McNaughton Lake, Parts of 83D/1, 8). 
Reconnaissance mapping and sampling in  late August 
1975, and detailed mapping and sampling during the 
summer of 1976, were carried out by the author, aided by 
P.S. Simony, University of Calgary, Department of 
Geology. 

The rocks are quartzites, carbonates and pelites in  
an apparently uninterrupted sequence from the 
Proterozoic Windermere Supergroup, through the Lower 
Cambrian Cog Group, to the Middle Cambrian Tsar Creek 
and Kinbasket units (Fyles, 1960). 

Four major subdivisions of the Windermere 
Supergroup rocks, closely corresponding to the divisions of 
Young et al. (19731, were mapped: 

(1) A grit  unit at the bottom of the sequence, 
consisting of interbedded quartzose grit  and pelite 
units, about 10 m thick, with minor thin beds of 
calcareous grit. Total thickness is in  excess of 
1000 m (base was not seen). 

(2) A slate unit, which consists of 800 to  1000 m of 
fine grained pelite with rare thin (<30 m) sandstone, 
grit, and calcareous sandstone interbeds. 

(3) A carbonate unit, which contains pure grey 
marble, sandy dolomitic carbonates, and calcareous 
quartzites and pelites. Thickness is variable, but 
does not exceed 200 m. A t  least some of the 
thickness variation is a tectonic effect, since the 
carbonates are structurally incompetent. 

(4) An upper clastic unit, containing interbedded 
fine grained pelite and quartzite in units from I to 
10 m thick. The proportion of quartzite increases 
upward in  the section t o  an apparently gradational 
contact with the overlying Cog quartzite. Thickness 
is less than 200 m. 

The Gog Group consists of three recognizable 
formations: 

(1) The McNaughton Formation a t  the base, is 
made up mainly of medium to coarse grained 
quartzite, with very minor pel i t ic partings. The 
proportion of pelite increases up-section, and the 
top of the formation is characterized by interbedded 
quartzite and pelite in units about 1 m thick. Total 
thickness of the McNaughton Formation is about 
600 m. 

(2) The Mural Formation, a carbonate unit, includes 
pure marble (with micaceous partings), dolomitic 
sandy carbonate, and calcareous sandstone. Thick- 
ness variation from 20 to 150 m probably is due to  

'Geology Department, University of Calgary 

deformation as for the carbonate unit in the 
Windermere Supergroup (above). 

(3) The Mahto Formation with lenses of basal 
conglomerate (up to  20 m thick) i n  some parts of 
the area overlies the Mural Formation. The unit 
comprises fine grained pink quartzite with minor 
amounts of interbedded pelite and carbonate. 
Total thickness of the unit generally is about 
250 m, although it thins to a minimum of approxi- 
mately 30 m in  the southeastern part of the area. 

Immediately overlying the Gog Group is the Tsar 
Creek unit. This unit contains mainly pelite, wi th 
irregular lenses and beds, up to 200 m thick, of sandy 
carbonate and quartzite (and rare, thin marble layers). 
Total thickness of the unit ranges from 200 to  600 m. 
Above the Tsar Creek unit is the Kinbasket unit, a thick 
(>I000 m, top not seen) monotonous.succession of sandy 
carbonate with layers or lenses of grey marble (up to  
200 m thick), with some intercalated pelite. 

The area has suffered two phases of deformation 
associated wi th the rise of the Porcupine Creek 
Anticlinorium, a major structural complex trending 
northwest-southeast through the eastern part of the area 
(Fig. 30.1). Folding was mainly of concentric style, wi th 
minor thickening of incompetent units i n  the fold hinges. 
Major structures are broad, open concentric folds and 
associated thrust faults. Late-stage west-dipping normal 
faults are parallel to  the trend (NW-SE) of the 
compressive structures. 

The Park Ranges have undergone a major phase of 
Barrovian-type metamorphism which occurred during and 
after the f irst phase of deformation. The pervasive 
mineral cleavage which passes through first-phase fold 
hinges and is folded around second phase folds, is a result 
o f  this phase of metamorphism. A second (minor) phase 
of metamorphism associated wi th the second phase of 
deformation is characterized by the recrystallization of 
muscovite and chlorite in an incipient cleavage parallel 
t o  the axial planes of second phase folds. 

The major (Barrovian) metamorphic phase resulted 
i n  a metamorphic progression, ranging f rom chlorite zone 
rocks i n  the eastern part of the area, to  sillimanite zone 
rocks in  the west, near the Purcell Fault (a major 
structural break near the Rocky Mountain Trench). The 
staurolite disappearance isograd and the sillimanite 
isograd are approximately coincident. The isogradic 
configuration (thermal antiform, Fig. 30.1) and trend i n  
the Park Ranges is different from that observed on the 
west side (hanging wall) of the Purcell Fault (Campbell, 
1968; Robbins, 1976; P.S. Simony, pers. comm.) and there 
is significant repetition of metamorphic zones across the 
fault, suggesting that the Purcell Fault has had post- 
metamorphic thrust displacement. Quartz c-axis 
orientation studies at a thrust fault in  the Park Ranges 
also suggest that motion occurred after the main 
metamorphic phase. 

From: Report  of Act iv i t ies ,  Part B;  
Geol .  Surv. Can., Paper 77-1B (1977) 
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Figure 30.1. Sketch geologic map and cross-section, Southern Park Ranges. 
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BEDDED VOLCANIC CHERT NEAR COALSPUR, CENTRAL FOOTHILLS, ALBERTA 

Projec t  760018 

T. Jerzykiewicz  and J.R. McLean 
Ins t i tu te  of Sedimentary  and Pet ro leum Geology, Calgary  

Introduction St ra t igraphy 

A section containing severa l  c h e r t  and bentoni te  
beds was encountered  near  t he  old coal mining town of 
Sterco ,  southeas t  of t he  town of Coalspur, Alberta 
(Fig. 31.1). 

The location i s  on t h e  nor theas tern  wall of t h e  No. 5 
Pi t ,  originally mined by Sterl ing Collieries Ltd., but  closed 
s ince  the  ear ly  1950's. The a r e a  is current ly  being 
ac t ive ly  explored and developed fo r  i t s  coal  potent ia l  but, 
because  of a paucity of good s t ra t igraphic  markers  
associa ted  with t h e  coal,  t h e  s t ra t igraphy and s t ruc tu re  of 
t h e  a r e a  a r e  problematic.  This cher t -bentoni te  zone  has 
potential  a s  a s t ra t igraphic  horizon and, also,  a s  a t ime-  
s t ra t igraphic  marker .  

The t e r m  "chert1' is  employed here in  fo r  composi- 
t ional and textura l  reasons discussed l a t e r .  Probably 
similar beds e lsewhere  have been called silicified tuffs.  
This che r t  a s  well a s  tuff and bentoni te  beds a r e  f rom t h e  
s a m e  source  - ai rborne  volcanic e j e c t a  - but  have under- 
gone  d i f ferent  d iagenet ic  processes. 

The stra, t igraphy of t h e  Upper Cretaceous-lower 
Ter t iary  succession in t h e  Foothills of cen t r a l  Alber ta  has  
never  been c l ea r  because  of a lack  of pers is tent  s t r a t i -  
graphic  markers  in a wholly cont inenta l  sequence  1000t  m 
thick. The cu r r en t  nomencla ture  in th is  and adjacent  
a r e a s  is  shown in Table  31 .l. 

The occurrence  documented he re  has not been 
described previously in t h e  l i t e r a tu re ,  al though tuff beds 
in t h e  s a m e  vicinity w e r e  observed by Sanderson (1931). 
Bentonite beds a r e  common  in t h e  Cre t aceous  and 
Ter t iary  succession of western  Canada  but  f e w  occur- 
rences  of tuff  have been repor ted  (Sanderson, 1931). The  
bes t  documented and most  widespread tuff recognized t o  
d a t e  i s  t h e  Kneehills  Tuff of L a t e  Cre t aceous  a g e  which 
fo rms  t h e  uppermost  uni t  of t h e  Edmonton Group in t h e  
cen t r a l  Alber ta  Plains (Table 31.1). This tuff  bed has  no t  
been identified in t h e  Foothil ls  of west-central  Alberta,  
but t he  cher t -bentoni te  sequence  described here  may be  
equivalent.  
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Figure  31.1. Location map. 
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Table 31.1. Description of t h e  Cher t s  

Lithostratigraphic Nomenclature 

Sanderson (1931) described the  Saunders Tuff bed 
near  Coalspur which he es t imated t o  be  274 m (900 f t )  
stratigraphically below t h e  lowest coal s eam,  t h e  
Mynheer, in t h e  coal  zone of t h a t  area.  The s t ra t igraphic  
position of the  chert-bentonite zone described he re  i s  
uncer ta in  due t o  unresolved s t ructura l  complications. I t  i s  
s i tuated in the  hanging wall  of a northeast-dipping f au l t  
whereas  the  Mynheer coal  s eam is in t h e  footwall ,  where  
i t  i s  great ly  thickened s t ructura l ly  (Alexander, 1977). The 
ver t ica l  displacement on the  f au l t  is not known at this 
t ime,  but t h e  f a c t  t h a t  t h e  block containing t h e  che r t -  
bentoni te  zone is displaced upward re la t ive  t o  t h e  coal  
s eam suggests t h a t  t h e  chert-bentonite zone may be  lower 
stratigraphically and may co r re l a t e  with the  Saunders 
Tuff,  although this is purely speculative a t  present.  

The occurrence  of the  Saunders Tuff below t h e  main 
coal  zone a t  Coalspur is comparable  t o  the  position of t h e  
Kneehills Tuff below the  Ardley coal zone (Irish, 1970; 
Carrigy, 1970; Holter e t  al., 1975) in t h e  Plains, although 
the  intervening succession is thinner than the  274 m 
(900 f t )  reported by Sanderson (1931) from the  Foothills. 
However, this is not a serious obstacle  to  corre la t ion a s  
the  whole succession thickens markedly from e a s t  t o  west. 

The che r t  beds a r e  confined t o  t h e  in terval  f rom 13  
t o  22 m (43-73 f t )  in Figure 31.2. Beds below a r e  si l ty 
claystones t o  clayey sil tstones,  with one very f ine  grained 
sandstone. Carbonaceous debris is  present  in minor 
amounts  but evidence of indigenous plant growth w a s  not 
observed. The presence of t w o  bentonite beds indicates  
t h a t  volcanic ash  was  being supplied t o  t h e  area .  The 
c h e r t  beds (P la t e  3 1.1 A, B) a r e  ext remely finely crys ta l -  
l ine  t o  aphanitic,  very  hard, and laminated (P la t e  31.2A). 
They a r e  interbedded with hard,  light grey, very  f ine  
grained, ripple-laminated sandstones (Pla te  31.2B). The 
con tac t s  between t h e  beds a r e  abrupt.  At the  top of t h e  
succession is a thin bed of silty claystone, overlain by 
another  bed of che r t ,  in turn overlain by a thick bentoni te  
bed. 

The che r t s  exhibit  distinct lamination with a l t e r -  
nating dark- and light-coloured lamina s e t s  (P la t e  31.2A). 
Se t  thickness ranges f rom one t o  several cent imetres .  
The s e t s  a r e  continuous over several me t re s  of exposure 
and consist  of very f ine  laminae which a r e  commonly 
inclined slightly t o  t h e  s e t  boundary. Penecontem- 
poraneous deformational s t ruc tu res  a r e  common and 
consis t  of: ( I )  convolute lamination (P la t e  31.2C), 
probably caused by instabili ty in density s t r a t i f i ca t ion  
together  with a horizontal  shear  fo rce  (Anketell  and 
Dzulynski, 1968); and (2) small ,  irregular ver t ica l  s t ruc-  
tu re s  which disrupt t h e  lamination (P la t e  31.2A) and a r e  
believed t o  be  wa te r  e scape  s t ruc tu res  (Lowe, 1975). 
Evidence of biotic ac t iv i ty  is  not  apparent.  Small  scours 
in t h e  lamina s e t s  (P la t e  31.2A) indicate  weak wave or  
cu r ren t  activity.  

Microscopically, t h e  che r t s  a r e  predominantly 
cryptocrystall i .ne with a small  percentage of micro- 
crystals.  Much of the  cryptocrystall ine groundmass and 
most of t he  crys ta ls  show a preferred extinction position 
parallel  t o  the  lamination. 

The darker laminae s e t s  differ f rom the  l ighter ones 
in containing small  amounts  (less than 5%) of opaque t o  
t rans lucent ,  reddish brown grains t h a t  probably represent  
organic carbonaceous ma t t e r .  

composi t ion of C h e r t s  

Semi-quantitative X-ray diffractography (without 
internal standards) indicated t h a t  t h e  dark  bands a r e  
composed of 86 per  c e n t  quar tz ,  10 per  c e n t  feldspar,  and 
4 pe r  c e n t  illite. The l ight bands a r e  composed of 91 pe r  
c e n t  qua r t z  and 9 per  c e n t  feldspar. For comparison, X- 
ray di f f rac t ion analysis of t h e  bentoni te  bed at t h e  top  of 
t h e  succession showed a whole rock composition of 57 per  
c e n t  rnontmorillonite, 42 p e r  c e n t  qua r t z  and I pe r  cen t  
feldspar . 

Chemical analyses by X-ray fluorescence (SiOZ and 
AlzOschecked by wet  chemis t ry)  on two  samples  from 
S te rco  a r e  compared in Table 31.2 with a sample  of 
Kneehills Tuff f rom t h e  cen t r a l  Plains area.  

It is apparent  t h a t  t he re  is  not a c lose  corre la t ion 
between t h e  two S te rco  samples (one f rom a light- 
coloured lamina se t ,  t he  o the r  f rom a dark se t )  and t h e  
Kneehills Tuff. A fur ther  comparison with nine samples  
of t h e  Kneehills Tuff f rom widely spaced local i t ies  
recorded by Irish (1968, p. 25),  also suggests  significant 
d i f ferences  f rom t h e  S te rco  samples. In particular,  t h e  
high K 2 0  and AlzOscontent  of t h e  S te rco  samples  
indicates  a much higher proportion of potassium feldspar 
than is  present  in t h e  Kneehills Tuff. I t  is  no t  ce r t a in  if 
t hese  chemical  d i f ferences  definitely indicated di f ferent  
sources, as the re  may have been post-depositional 
d i f ferences  which produced t h e  chemical  differences.  

An in teres t ing observation by A.E. Foscolos (pers. 
comm.), who carr ied  ou t  t h e  X-ray f luorescence analyses,  
was  t h a t  t h e  t empera tu re  necessary t o  fuse  the  samples  
(1000" C +) was markedly higher than t h a t  for most 
quartz-rich samples  (less than 800°C).  He suggested t h a t  
th is  was due t o  the  sil ica being present a s  a high 
t empera tu re  form. X-ray di f f rac t ion indicated t h e  high 
t empera tu re  form of qua r t z  r a the r  than t r idymite ,  which 
has a distinctly d i f ferent  l a t t i c e  spacing. 



C h e m i c a l  Analyses by X-ray F l u o r e s c e n c e  
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T h e r e  is  a d i sc repancy  b e t w e e n  t h e  a m o u n t  

F igure  31.2. Sw; l t ig raphic  sec t ion .  

I - bedded chert. 

2 - very fine grained siliceous sandstone. 

3 - clay (bentonitic). 

4 - silty claystone. 

5 - clayey siltstone. 

6 - clayey siltstone with coal 
intercalations. 

7 - very fine grained sandstone. 

& bentonite beds. 

Scale in metres. 

q u a r t z  ind ica ted  by X-ray d i f f r a c t i o n  and t h e  a m o u n t  of 
s i l i ca  d e t e r m i n e d  by X-ray f l u o r e s c e n c e .  T h e  e r r o r  is 
be l ieved  t o  b e  in t h e  dif ' ract ion a n a l y s e s  w h e r e  a high 
propor t ion  of c r y s t a l l i n e  q u z r t z  will mask  t h e  cont r ibu t ion  
of o t h e r  m i n e r a l s  (A.E. Foscolos,  pers .  comm.).  
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Depositional Environment 

A low e n e r g y  e n v i r o n m e n t  is  i n d i c a t e d  by t h e  
f ineness  of a l l  s e d i m e n t s  and  by t h e  f o r m a t i o n  a n d  
preserva t ion  of v e r y  f i n e  lamina t ion .  T h e  l a m i n a t i o n  in 
t h e  si l iceous s a n d s t o n e s  ( P l a t e  31.2B) is  l e n t i c u l a r  t o  
f l a s e r  ind ica t ing  per iods  of t u r b u l e n c e  a l t e r n a t i n g  wi th  
per iods  of q u i e s c e n c e  in a n  a q u e o u s  body. This  i s  c o m m o n  
in i n t e r t i d a l  s e d i m e n t s ,  b u t  may a l s o  f o r m  in a shallow 
body of s tanding  w a t e r  with per iods  of s t r o n g  wind and  
w a v e  a c t i o n  a l t e r n a t i n g  wi th  per iods  of c a l m .  

T h e r e  has  been  n o  e v i d e n c e  of a n y  m a r i n e  in f luence  
in t h e  Upper  C r e t a c e o u s - l o w e r  T e r t i a r y  s e c t i o n  a n y w h e r e  
in t h e  c e n t r a l  Foothil ls ,  b u t  t e r r e s t r i a l  f a u n a  and  f l o r a  a r e  
c o m m o n  (Allan a n d  R u t h e r f o r d ,  1924;  Irish, 1965). A 
l a c u s t r i n e  e n v i r o n m e n t  s e e m s  m o s t  probable.  

Origin of Bedded Chert 

The origin of s i l i ceous  s e d i m e n t s  is  o f t e n  e n i g m a t i c .  
However ,  t h e r e  is  a c o m m o n  assoc ia t ion  b e t w e e n  s i l i ca -  
r ich  s e d i m e n t s  and  c o n t e m p o r a n e o u s  vo lcanism (Rubey,  
1928;  Ta l ia fe r ro ,  1933). T h e  c l o s e  re la t ionsh ip ,  in  t h e  
s e c t i o n  under  cons idera t ion ,  of t h e  c h e r t  beds  wi th  
b e n t o n i t e s ,  acknowledged  t o  b e  of vo lcan ic  origin,  
s t rongly  s u g g e s t s  t h a t  t h e  c h e r t s  a r e  a l s o  of vo lcan ic  
origin.  T h e  high t e m p e r a t u r e  f o r m  of q u a r t z  is a l s o  
sugges t ive  of a vo lcan ic  origin.  

Ai rborne  vo lcanic  d e t r i t u s  is  usually in t h e  f o r m  of a 
v e r y  porous tu f f  when i t  f i r s t  s e t t l e s  in t h e  depos i t iona l  
a r e a  bu t ,  b e c a u s e  of t h e  ins tab i l i ty  of t h e  high 

t e m p e r a t u r e  v o l c a n i c  c o n s t i t u e n t s  and  t h e  access ib i l i ty  t o  
m i g r a t i n g  f lu ids  d u e  t o  t h e i r  poros i ty ,  i t  is t h e  e x c e p t i o n  
r a t h e r  t h a n  t h e  r u l e  t o  f ind t u f f s  in t h e i r  f resh ly  depos i ted  
condi t ion  (Pe t t i john ,  1975,  p. 308). 

"One of t h e  e a r l i e s t  c h a n g e s  in v i t r i c  tu f f  is  t h e  
r e l e a s e  of s i l i ca  and  depos i t ion  of h y d r a t e d  silica--opal 
a n d  chalcedony--which m a y  c o n v e r t  t h e s e  f e l s i c  t u f f s  t o  a 
d e n s e  f l in ty  rock  v e r y  much r e s e m b l i n g  a c h e r t "  
(Pe t t i john ,  1975,  p. 308). 

In o u t c r o p  and  in m a c r o s c o p i c  e x a m i n a t i o n ,  t h e  
S t e r c o  samples ,  indeed ,  r e s e m b l e  c h e r t s .  T h e  def in i t ion  
of c h e r t  (Gary  et al., 1972) is: "A hard ,  e x t r e m e l y  d e n s e  
o r  c o m p a c t ,  dull  t o  s e m i v i t r e o u s ,  c r y p t o c r y s t a l l i n e  r o c k ,  
cons is t ing  c h i e f l y  of c r y p t o c r y s t a l l i n e  s i l i ca  (ch ie f ly  
f ib rous  c h a l c e d o n y )  w i t h  lesser  a m o u n t s  of micro-  o r  
c r y p t o c r y s t a l l i n e  q u a r t z  and  a m o r p h o u s  s i l i ca  
(opal); . . . ". T h e s e  c h a r a c t e r i s t i c s  a p p l y  t o '  t h e  s a m p l e s  
shown in P l a t e  31.2 a n d  t h u s  t h e y  a r e  c a l l e d  c h e r t s .  
However ,  i t  should be  n o t e d  t h a t  t h e  a p p e a r a n c e  of t h e s e  
c h e r t s  under  t h e  m i c r o s c o p e  i s  d i s t i n c t l y  d i f f e r e n t  f r o m  
t h e  m i c r o c r y s t a l l i n e  a g g r e g a t e  t y p e  of c h e r t  t h a t  is  
f a m i l i a r  t o  m o s t  geo logis t s  in w e s t e r n  C a n a d a ,  such  a s  in 
t h e  upper  P a l e o z o i c  c a r b o n a t e  u n i t s  of t h e  Rocky 
Mounta in  F r o n t  R a n g e s  o r  t h e  C a c h e  C r e e k  Group of 
s o u t h - c e n t r a l  Bri t ish Columbia .  

T h e  m o s t  e n t i c i n g  ques t ion  s e e m s  t o  b e  t h e  g e n e t i c  
re la t ionsh ip  of t h e  s i l i ceous  s a n d s t o n e s  t o  t h e  c h e r t  beds  
a n d  t o  t h e  b e n t o n i t e  beds.  Why a r e  s o m e  beds  hard  and  
c h e r t y ,  while o t h e r s  a r e  s o f t  and  c l a y e y ,  a n d  why a r e  
r ipp le - lamina ted  s a n d s t o n e s  i n t e r b e d d e d  w i t h  t h e  c h e r t s ?  

T h e  s e q u e n c e  in F i g u r e  31.2 i l l u s t r a t e s  4 c y c l e s  o r  
a l t e r n a t i o n s  of s i l i ceous  s a n d s t o n e  ( P l a t e  31.2B) a n d  c h e r t  
( P l a t e  31.2A, C )  s t a r t i n g  wi th  a sands tone .  T h e  c o n t a c t  
b e t w e e n  t h e  t w o  l i tho logies  is  abrupt .  T h e  sand f r a c t i o n  
of  t h e  s a n d s t o n e s  is  composed  main ly  of angular  q u a r t z  
a n d  twinned  f e l d s p a r  gra ins ,  b u t  wi th  s o m e  rock  f r a g m e n t s  
of a f ine ly  t e x t u r e d  s i l i ceous  f e l s i c  vo lcan ic  a s p e c t ,  and a 



Pla te  31.IA. General view of outcrop looking northeast .  White unit  i s  t h e  
interbedded siliceous sandstone and cher t .  Geologist  i s  
1.82 m (6  f t )  tall. 

P l a t e  31.IB. Close-up view of a c h e r t  bed. Divisions on hammer handle 
a r e  one inch apar t .  



Plate 31.2A. Polished slab of laminated chert Plate 31.28. Slab of siliceous sandstone showing ripple 
showing water escape structures and lamination. 
small-scale truncation of lamination. 

Plate 31.2C. Polished slab of laminated chert with convolutions. 
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small  percentage of de t r i t a l  carbonate  grains (probably 
dolomite). The matrix-cement appears  t o  be  composed of 
micro- t o  cryptocrystall ine sil ica and clay minerals. The 
plagioclase and t h e  finely textured felsic rock f ragments  
a lmost  cer ta in ly  a r e  ult imately of volcanic, possibly 
pyroclastic, origin, whereas  t h e  carbonate  grains appear  
t o  have been derived f rom sedimentary formations.  The 
qua r t z  is not diagnostic but  is believed t o  be mostly 
volcanic in origin because i t  is similar in grain s ize  and 
angularity. It seems likely tha t  t h e  siliceous sandstone 
beds a r e  not primary pyroclastic deposits but t h a t  they 
were  derived from penecontemporaneous volcanic, a s  well 
a s  some nonvolcanic, sediments and redeposited in the  
inferred lake. The angularity of quar tz  and feldspar 
grains, however, indicates tha t  l i t t l e  abrasion has 
occurred and t h a t  the  distance of t ranspor t  was 
apparently short .  

The che r t s  contain very l i t t l e  recognizable det r i ta l  
mater ia l ,  t he  exceptions being a small  amount  of carbon- 
aceous  debris and illite. They a r e  prominently laminated 
(P la t e  31.2A, C) ,  with some  truncation of lamination 
indicating weak erosional forces,  bu t  cer ta in ly  they were  
deposited under more  tranquil  conditions than t h e  
associa ted  sandstones. This may have been a seasonal 
ef fect .  The lake was continually supplied with airborne 
volcanic ash  but,  during ce r t a in  t imes  of t h e  year,  t he re  
was an  influx of c las t ic  det r i tus  which formed t h e  
sandstone beds. A t  o ther  t imes,  de t r i t a l  input was 
negligible and t h e  airborne ash se t t led  out,  forming t h e  
c h e r t  beds. 

This does not  account  for  t he  lamination within the  
tuff ,  which itself could very probably be due t o  seasonal 
variation in the  influx of small  quantit ies of organic 
m a t t e r  and clay. The sandstones, then, would be due t o  
unusual events ,  perhaps exceptional floods, which spread 
the  coarser  debris over a larger a rea  than normal of t he  
postulated lake. 

The reason for  the  very prominent d i f ferences  in 
hardness and composition of the  che r t  and bentonite beds 
is not c lear .  Some of the  observations and conclusions of 
Rubey (1928) on the  siliceous Mowry Shale of Wyoming 
may be  pertinent.  The Mowry consists of interbedded 
siliceous shales and bentonite beds, t he  origin of which he  
was a t tempt ing to  resolve. He concluded t h a t  t he  
bentonite5 were  the  product of large ash falls which 
accumulated very rapidly with l i t t l e  opportunity for  
solution of silica. The shales were  formed by slow 
accumulation of very  f ine  grained volcanic dust,  possibly 
f rom smal ler  eruptions. The slow accumulation a lso  
permit ted  accumulation of organic m a t t e r  which Rubey 
believed was  the  chief agen t  in precipitation of silica. He 
suggested t h a t  t h e  original volcanic dust was very acidic,  
containing an unusually large  proportion of t h e  most  
soluble consti tuents--the alkalies--of t he  original igneous 
rock. 

The small  s ize  and angularity of t h e  original 
par t ic les  fac i l i ta ted  solution of t h e  soluble consti tuents,  
s o  t h a t  t h e  wa te r  in con tac t  with t h e  dust would become 
alkaline. Silica, t h e  chief component of t h e  volcanic dust,  
is much more  soluble in alkaline solution than in pure 
water .  If not soon buried, t he  par t ic les  of t he  original 
dust would be partially t o  completely dissolved and the  

surrounding wa te r  would b e  rich in silica. Rubey (1928) 
suggests t h a t  ammonium carbonate  f rom decaying organic 
m a t t e r  would then cause  precipitation of a portion of this 
si l ica a s  a gel. 

The evidence of silica being present  a s  the  high 
t empera tu re  form of qua r t z  indicates t h a t  i t  did not  
crystall ize a t  a tmospher ic  t empera tu re  and pressure 
where only t h e  low t empera tu re  form of qua r t z  is formed 
(Berry and Mason, 1959, p. 474). Therefore,  t h e  qua r t z  
must have crystall ized a t  t h e  source and been t ranspor ted  
a s  very finely crystall ine material .  This, however,  does 
not indicate why c h e r t  was formed ra ther  than bentonite.  
Probably, only pa r t  of t he  qua r t z  was transported a s  high 
temperature  crystall ine dust ,  the  res t  being precipitated 
in the  lake a s  amorphous sil ica which then crystall ized a s  
low temperature  quartz.  

The bentoni te  beds differ,  a s  suggested by Rubey 
(1928), in being deposited rapidly f rom a heavy ash fall. 
The ash was then diagenetically a l tered t o  montmorillo- 
n i te ,  with a removal of some  sil ica f rom t h e  original ash. 
Why t h e  silica is  removed r a the r  than precipi ta ted  a s  
c e m e n t  i s  unclear, bu t  presumably t h e  chemis t ry  of t h e  
groundwater precludes i t s  precipitation. 

Examination of t h e  c h e r t s  under high magnification 
indicates fa in t ,  subspherical masses with a slightly 
brownish coloration re la t ive  t o  "matrix" between. These 
may represent  original f loccules of precipi ta ted  silica. 
The preferred or ienta t ion of crys ta ls  in t h e  tuff indicate 
t h a t  they were  able  t o  reor ient  themselves subsequent t o  
deposition or  were  formed a f t e r  deposition in a s t ress  
field dominated by gravity.  Preservation of floccules 
suggest t ha t  crystall ization and li thification were  
accomplished soon a f t e r  deposition, in order  t o  preserve 
these  fragile s t ructures .  

As suggested ear l ier ,  t h e  a l ternat ing sil iceous sand- 
s tone and c h e r t  may represent  a l t e rna te  rapid and slow 
sedimentation. Possibly t h e  body of wa te r  in which they 
were  deposited maintained a high level of si l ica sa tura-  
tion. Introduction of de t r i t a l  carbonaceous mater ia l  t o  
the  lake  fac i l i ta ted  precipitation. During periods of high 
sediment influx by s t reams,  t h e  precipitated sil ica formed 
only a subordinate pa r t  of t he  deposit  but,  when t h e r e  was  
l i t t l e  or no sediment  influx, slowly se t t l ing  volcanic dust,  
precipitated sil ica and associated minor const i tuents  
formed t h e  bulk of t h e  deposit. 

The thick bentoni te  bed at t h e  top  of t h e  sect ion 
signalled t h e  end of t h e  dominance of airborne sediment  in 
th is  area.  The bed of si l ty c lays tone near  t h e  top  suggests 
t h e  beginning of a new influx of terrigenous c las t ics  in to  
t h e  a r e a  which overshadowed t h e  volcanic contribution. 
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FAULT CONTROL ON SEDIMENTATION O F  ISACHSEN FORMATION IN SVERDRUP BASIN 

Projec t  750083 

R.A. Rahmani  
Ins t i tu te  of Sedimentary and Pet ro leum Geology, Calgary  

Introduction 

The purpose of this paper is t o  demons t r a t e  t h e  
influence of basin fault ing on sediment  dispersal within, 
and on thicknesses of t he  Isachsen Formation of t h e  
Sverdrup Basin and adjoining a r e a s  of t h e  Arct ic  
Archipelago. The wri ter  has drawn his conclusions in 
large part  f rom published and unpublished works by 
H.R. Balkwill, K.J .  Roy and A.D. Miall and the  published 
works of o the r s  refer red  t o  below. Data  on Mackenzie 
King Island a r e  those  of t h e  present  writer,  col lec ted  in 
t h e  summer  of 1976. The geological se t t ing  of t h e  
Sverdrup Basin is discussed briefly with an  account  of t h e  
stratigraphy and faul t  cont ro l  on sedimenta t ion  of t h e  
Isachsen Formation.  

nor theas t  end (Tozer and Thorsteinsson, 1964; 
Thorsteinsson and Tozer,  1970; Plauchut ,  1971; Meneley et 
al., 1975). Deposition of t h e  Isachsen Format ion marks  a 
nor thwestern  Arctic-wide period of alluviation during 
which sedimenta t ion  transgressed beyond t h e  margins of 
t h e  Sverdrup Basin. Geophysical  ev idence  sugges ts  t h a t  
t h e  basin is  underlain by cont inenta l  c rus t ,  thinned at t h e  
basin's axis  (Balkwill, in prep.). Abrupt f ac i e s  t rans i t ions  
between upper Paleozoic  evapor i tes  and coeval  rocks 
suggest  t h e  possibility t h a t  r if t ing and c rus t a l  s t re tching 
were  responsible f o r  init ial  basin subsidence (Balkwill, in 
prep.). 

S t ra t igraphic  Se t t i ng  

The Isachsen Format ion of t h e  Sverdrup Basin is  a 
Geological Set t ing  Lower Cretaceous ,  f luvio-deltaic,  te r r igenous  c l a s t i c  

sequence.  Near t h e  depocentre  of t h e  basin, a t  Strand 
In the Sverdrup Basin, a largely ter r igenous  c l a s t i c  Fiord, Axel Heiberg Island, i t  cons is ts  of abou t  1400 m of 

sequence,  12 000 m thick,  was  deposited between quar tzose  sandstone,  sand - and shale  with subordinate  
Pennsylvanian and L a t e  Cre t aceous  t ime.  The basin has a conglomerate  and coal.  Near t h e  basin margins and 
nearly tr iangular shape,  elongated approximately ea s t -  beyond, i t  thins t o  less than 150 m of usually coarser  
nor theas t  t o  west-southwest,  and is asymmetr ica l ,  with elastics, including quar tzose  granule  sandstone  and sand 
t h e  thickest  rock sequence  occurr ing  near  i t s  ea s t -  (in p laces  conglomeratic),  with minor amoun t s  of shale. 

Figure 32.1. Map showing relationship of Isachsen Format ion paleocurrents  and fault ing,  Arct ic  
Islands ( faul ts  adap ted  f rom Plauchut ,  1971, Fig. I). 

From: Report of  Activit ies,  Part B;  
Geol. S w .  Can., Paper 77-1B (1977) 
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Data  of Plauchut (1971) and Balkwill (in prep.) show t h a t  
t h e  basal con tac t  of t h e  Isachsen Formation is conform- 
able and gradational with the  underlying Deer  Bay marine  
shale on Ellef Ringnes, Amund Ringnes, western Cornwall, 
par ts  of Axel Heiberg and, perhaps, centra l  Mackenzie 
King islands (all near the  depocentre) where the  basal beds 
a r e  of l a t e  Valanginian age. Near and beyond the  basin 
margins, however, t he  basal con tac t  is  unconformable on 
older rocks and the  basal beds a r e  of Aptian age  (Miall, 
1975; Balkwill, in prep.). 

On Amund Ringnes, Ellef Ringnes, King Christian 
and Cornwall islands, in t h e  cen t r a l  pa r t s  of t h e  Sverdrup 
Basin, t h e  Isachsen Formation consists of medium grained 
sandstone and shale  with subordinate conglomerate  and 
coal  (Roy, 1974). These rocks commonly occur a s  poorly 
developed fining-upward sequences of channel and over- 
bank deposits. These fining-upward sequences usually 
have coarse  members  (conglomerate and sand) a s  thick a s  
30 m which suggested t o  Roy (1974) t h a t  t he  depositing 
s t reams in this a r e a  were  in the  order of 30 m deep a t  
bankfull stage.  This depth would be  co r rec t  assuming t h a t  
t he  coarse members  represent single point bar sequences. 
Paleocurrent analysis of Isachsen cross-strata in this 
region shows a major northward t ranspor t  direction 
suggesting t h e  "Possibility of a major river sys tem 
enter ing t h e  depositional basin f rom the  south in t h e  
vicinity of Bathurst  Island and Grinnell Peninsula and 
forming a fan-shaped distribution sys tem in t h e  vicinity of 
t h e  Sverdrup Islands" (Roy, 1974) (Fig. 32.1). Unpublished 
paleocurrent d a t a  f rom Axel Heiberg and Ellesmere 
islands suggest fluvial sedimentary t ranspor t  t o  the  west 
and southwest (K.J. Roy, pers. comm., 1976). However, 
post-Isachsen deformation (Eurekan Orogeny) in Axel 
Heiberg and Ellesmere islands made difficult  the  task of 
relating paleocurrents t o  faulting. On northern Bathurst  
Island, beds corre la t ive  with the  Isachsen Formation 
consist  of coa r se  grained sandstone with pebble beds; no 
paleocurrent d a t a  a r e  available (Kerr, 1974). On 
Mackenzie King Island, where  t h e  Isachsen Formation 
thins t o  150 m, i t  i s  composed a lmost  entirely of 
quartzose,  coa r se  grained sandstone and sand with abun- 
dan t  granule-size sca t t e red  grains and less common smal l  
pebbles. The sand f rac t ion is very well sor ted  and 
rounded, si l ica cemen ted  and, in places, slightly ca l -  
careous.  Sedimentary s t ruc tu res  in approximate  order  of 
abundance are:  ( I )  large-scale planar cross-stratif ication 
(thicker than .50 c m ,  alpha and epsilon types of Allen, 
1963) (Figs. 32.2, 32.3); (2) non-stratified pebbly sand- 
stone; (3) small-scale cross-stratif ication (thinner than 
15 cm) (Fig. 32.4); (4)  inverse graded pebbly sandstone; 
(5) inverse graded small-scale cross-stratif ication; and (6) 
r a re  occurrences  of antidunes (Fig. 32.5). On Mackenzie 
King Island, 28 paleocurrent  measurements  were  made 
f rom small- and large-scale cross-stratif ication, and t h e  
weighted vector  mean azimuth of 306' indicates t ranspor t  
direction toward t h e  northwest (Fig. 32.1). The unimodal, 
unidirectional, low-variance t ranspor t  along with t h e  
a lmost  unfossiliferous na tu re  of t h e  sandstone on 
Mackenzie King Island suggest a fluvial origin for  t h e  
Isachsen Formation. Textures  and sedimentary  s t ruc tu res  
indicate t h a t  t h e  Isachsen s t r eams  on Mackenzie King 
Island were  of t he  high gradient,  low sinuosity, braided 
type by analogy with sediments in modern braided s t r eams  
(Coilinson, 1970; Smith,  1971). In f ac t ,  t h e  sedimentary 
character is t ics  of t he  Isachsen Formation on Mackenzie 
King Island compare  so closely with those of Isachsen 
s t r a t a  on Banks Island t h a t  t h e  inferred paleohydrological 
pa ramete r s  fo r  t h e  Banks Island Isachsen paleost reams 

arrived at by Miall (1976) could b e  used t o  descr ibe  t h e  
Isachsen paleost reams of Mackenzie King Island. With 
some  margin of er ror ,  Miall (1976) e s t ima ted  t h a t  t h e  
mean channel depth of Isachsen s t r e a m s  ranged between 
2.5 and 4.0 m and the  bankfull wa te r  depth ranged 
between 4 and 5 m. Est imates  of mean annual discharge 
ranged between 250 and 640 m3/s .  and mean annual flow 
velocity a t  50 cm/s.  Among others ,  Miall (1975, Fig. 7; 
1976, Fig. 10) suggested t h a t  t he re  was  a fluvial communi- 
ca t ion,  during Isachsen t ime,  between Banks and Sverdrup 
Basins. Miall (1975, p. 572) s t a t ed  t h a t  t h e  "...Banks 
Island a r e a  is  believed t o  have provided the  headwaters  of 
t h e  s t r eams  which flowed in to  t h e  wes t  end of Sverdrup 
Basin" via t h e  Eglinton Island graben valley, hence 
transporting sediments  in an  essentially northward 
direction. 

Sedimentary Transport  and Faulting 

The available paleocurrent d a t a  for  t h e  lsachsen 
Formation a r e  plotted on a map showing major f au l t s  
(adapted f rom Plauchut,  1971). I t  por t rays  an  in teres t ing 
relationship between t ranspor t  directions and or ienta t ion 
of faul t  blocks (Fig. 32.1). Transport  directions on Ellef 
Ringnes, Amund Ringnes, King Christian and Cornwall  
islands appear  t o  suggest a fluvio-deltaic sys tem t h a t  
fans-out northward within a fau l t  block having similar 
directional or ienta t ion (Fig. 32.1). On Mackenzie King 
Island, a fluvial sys tem flowing northwestward has  been 
established for  t h e  Isachsen Format ion and i t  appears  t o  
occur  also in a fau l t  block of similar or ienta t ion 
(Fig. 32.1). Also, a s  mentioned ear l ier ,  a north-flowing 
fluvial system is inferred t o  have en te red  the  western  end 
of the  Sverdrup Basin through t h e  fault-bound valley of 
Eglinton Island (Fig. 32.1). 

Review of some recen t  l i t e r a tu re  on t h e  Sverdrup 
Basin suggests t h a t  d i f ferent ia l  basin subsidence due t o  
ver t ica l  fault ing had a significant inf luence on pa t t e rns  of 
sedimenta t ion and s t ra t igraphic  thicknesses (e.g. Meneley 
et al., 1975, p. 536-539, Figs. 6-8; Balkwill, in prep. on t h e  
Cornwall  Island Hinge; Plauchut,  1971, p. 676, Fig. 1). I t  
i s  suggested he re  t h a t  fault ing o r  sharp  flexing of t h e  
basin floor exe r t ed  suff ic ient  influence on t h e  basin's 
paleotopography t o  control  fluvial t ranspor t  and dispersal  
sys tems in t h e  manner discussed above and seen in 
Figure 32.1. Additional paleocurrent  d a t a  a r e  needed in 
a reas  such a s  Pr ince  Pat r ick  and Melville islands in order  
t o  t e s t  t h e  validity of this suggestion. 

Available evidence suggests t o  the  wri ter  t ha t ,  
during Isachsen t ime,  t h e  "northwest rim" of Meneley e t  
al. (1975), a tectonically ac t ive  ridge s i tuated near  t h e  
nor thwestern  margin of t h e  Sverdrup Basin, had no 
de t r imen ta l  influence on s ty l e  of sedimentation and 
paleodrainage. 

Deposit ional History 

Any deta i led  and comprehensive account  of t h e  
sedimentary history of t h e  Isachsen Formation awai ts  t h e  
collection of additional d a t a  in t h e  a reas  of Melville, 
Prince Patrick,  Lougheed and Graham islands. The 
following, however, is  a brief t r e a t m e n t  of t he  deposi- 
tional history based on what is  available t o  the  wri ter  a t  
t h e  t i m e  of writing. 



Figure 32.6. Schematic representation of sedimentary history of the Isachsen Formation, Arctic Islands. 

e. ALBIAN: Marine transgression and 
deposition of the Christopher Formation. 

d. LATE APTIAN-EARLY ALBIAN: Marine 
invasion of central block deposited 
lower beds of Christopher Formation. 
Coeval upper beds of Isachsen 
Formation were deposited on bordering 
blocks by meandering and braided streams. 

c. EARLY APTIAN: Fluvial deposition by 
meandering streams continued in central 
block and also in the northeastern 
block. Southwestern block received 
sediments deposited by braided streams. 

b. BARREMIAN: Fluvial (meandering 
streams) and deltaic deposition 
in the central block caused north 
and northwest sedimentary 
progradation and sea withdrawal. 
Bordering blocks were still areas 
of net non-deposition. 

a. VALANGINIAN-HAUTERIVIAN: Marine 
prodelta deposition of the lower 
beds of the Isachsen in the 
central block. Bordering blocks, 
relatively uplifted, were areas 
of erosion or non-deposition. 

Mackenzie King, Western Axel Heiberg, Eastern Axel Heiberg 
Borden, Brock, Ellef Ringnes, and Western 
Prince Patrick, Amund Ringnes, Ellesmere Islands 
Eglinton and Cornwall and King 
Melville Islands Christian Islands 



Figure 32.6 is a schemat ic  representation of the  
depositional history of t he  Isachsen Formation. The 
representation is simply t o  suggest t h a t  those pa r t s  of t he  
basin within each  block have undergone similar deposi- 
tional history. Within the  centra l ,  strongly subsiding 
block, t he  Isachsen is normally thicker than 1000 m, finer 
grained, and has a conformable lower con tac t  and basal 
beds of l a t e  Valanginian age. By contras t ,  in marginal 
zones with less subsidence (i.e. relatively uplifted blocks), 
t h e  Isachsen is normally thinner than 150 m, and is  coarser  
grained (northeast  block contains finer grained Isachsen). 
In t h e  l a t t e r  si tuation, the  basal beds, Aptian in age ,  r e s t  
unconformably on the  underlying rocks (with the  excep- 
tion, perhaps, of centra l  Mackenzie King Island; Balkwill, 
pers. comm., 1976). 

In l a t e  Valanginian-early Hauterivian t ime,  t he  Deer 
Bay sea  was re t rea t ing northward a s  a result  of prograda- 
t ion from the  south of t h e  fluvio-deltaic environments in 
t h a t  direction. Therefore,  in t h e  cen t r a l  block, shallow 
marine  and transit ional sediments were  deposited during 
this period t o  form the  basal beds of t he  Isachsen 
Formation (Fig. 32.6a). The bordering blocks were  places 
of non-deposition or  erosion. Fur ther  uplift  of source  
a r e a s  during Hauterivian-Barremian t i m e  resulted in t h e  
complete  northward withdrawal of t he  sea ,  leaving t h e  
en t i r e  Sverdrup Basin subaerially exposed (Fig. 32.6b). 
During this t ime,  s t r eams  entered the  centra l  block via 
Bathurst  Island f rom t h e  south and Ellesmere Island f rom 
t h e  northeast ,  draining source a reas  in t h e  southern Arc t i c  
Islands and mainland and northwestern Greenland, 
respectively. These s t r eams  were  of high-gradient, low- 
sinuosity, braided type a t  their  proximal end, and 
deposited coa r se  sand and gravel (e.g. on nor thern  
Bathurst  Island). They changed progressively t o  low- 
gradient,  high-sinuosity meander type a t  the i r  inter-  
media te  and distal  par ts  where finer sand with subordinate 
pebble beds was deposited. During tha t  t ime,  t h e  
bordering blocks were  a reas  of some  positive relief and 
received no appreciable volume of sediments;  nor were  
they contributing much det r i tus ,  if any, t o  the  cen t r a l  
block (based on available paleocurrent data).  At the  onset  
of Aptian t ime, continued uplift in t h e  source a rea  and 
slowdown in the  r a t e  of d i f ferent ia l  subsidence in t h e  
cen t r a l  block caused a northwest Arctic-wide period of 
alluviation (Fig. 32 .6~) .  The cen t r a l  block continued t o  
receive  alluvial sediments from low-gradient meandering 
s t r eams  flowing northward and west t o  south-westward. 
The nor theas t  block also appears  t o  have received 
sediments  f rom s t r eams  of similar na tu re  t o  those of t h e ,  
centra l  block. However, t he  southwest block was t h e  s i t e  
of alluvial deposition by high-gradient, low-sinuosity, 
braided s t r eams ,  transporting sediments  t o  the  northwest 
f rom sources in t h e  southern Arc t i c  Islands and mainland, 
and t o  t h e  north-northeast  through t h e  Eglinton Island 
graben valley from source a reas  near  Banks Island 
(Fig. 32.1). During l a t e  Aptian-early Albian t ime,  t h e  s e a  
entered t h e  Sverdrup Basin from the  north and northwest 
t o  occupy t h e  cen t r a l  block, a s  a result  of increasing r a t e  
of subsidence. This subsidence resulted in t h e  deposition 
of mar ine  beds of t he  lower Christopher Formation while, 
simultaneously, arenaceous cont inenta l  beds of the  coeval  
upper Isachsen Formation were  being deposited on the  

bordering blocks t h a t  remained subaerially exposed 
(Fig. 32.6d). Finally, in A.lbian t ime ,  t he  en t i r e  Sverdrup 
Basin and vicinity (e.g. Banks Island) were  invaded by 
marine environments in which were  deposited sediments  
of t he  Christopher Formation (Fig. 32.6e). 
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Introduction 

Ammonite faunas  from the  Wilkie Point Formation 
of Toarcian t o  Early Bathonian age  on Prince Pat r ick  
Island, Canadian Arct ic  Archipelago (Fig. 33.1), were  
collected in 1954 and 1958 (Tozer and Thorsteinsson, 1964; 
Frebold, 1975). Samples from the  matr ices  of macro- 
fossils were obtained f rom GSC locali t ies 24643, 24648, 
24651, 24661, 24664 and 35324. Figure 33.2 indicates t h e  
geographic and s t ra t igraphic  positions of these  localities. 

Age assignments of the  samples f rom the  Wilkie 
Point Formation a r e  based on t h e  recovered ammoni te  
faunas (Fig. 33.3). 

The samples were  processed for palynology with 
standard processing techniques and palynomorphs were  
recovered f rom six samples (Fig. 33.3); GSC locality 24664 

contained no microplankton. The productive samples 
yielded a diversity of fossil spores and pollen (not 
discussed in this paper) and well-preserved 
microplankton. 

The l a t t e r  listed in order of abundance include: 

Nannoceratopsis gracil is  Alberti  
N. senex sp. nov. 
Meiourogonyaulax sp. cf.  M. def landrei  Sar jeant  
Micrhystridium sp. 
Veryhachiurn sp. 
?Dictyopyxidia sp. 

BETWEEN MOULD 1.6 TO 8 Km. 
BAY AND WALKER NORTH AND EAST 

INLET OF MOULD BAY 
WEATHER STATION EAST 

4.8 Km. 
SOUTH 30' EAST @ INTREPID INLET, 
OF MOULD BAY 

@ WEATHER STATION 

0 FINE- GRAINED WHITE AND LIGHT 
GREY SANDSTONE AND SAND 

U 
SANDSTONE AND SAND WITH HARD 
RED BANKS AND FOSSIL WOOD -?- 

1 a GREY SANDSTONE AND SAND I 1 a CONGLOMERATE 

1 BROWN, HARD CALCAREOUS SANDSTONE 

From: Report of Activities,  Part B; 
Geol. Surv. Can.,  Paper 77-1B (1977) 

Figure 33.1. Location map of Wilkie Point Formation 
outcrops A, B, C and D, with studied fossil 

DUSKY RED IRONSTONE 
G.S.C. 24648 $~~~:qoCALITY 

COVERED OR POORLY 
EXPOSED INTERVAL 

locali t ies,  western Queen Elizabeth Islands, 
Arc t i c  Archipelago. 

Figure 33.2. Columnar sections of Wilkie Point 
Formation, Pr ince  Pat r ick  Island, with 
studied fossil locali t ies ( a f t e r  Tozer and 

'Chevron Standard Limited Thorsteinsson, 1964, p. 128, Fig. 8). 



Figure 33.3. Correlation of microplankton assemblages with ammonite faunas, Wilkie Point 
Formation, Prince Patrick Island. 
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Of particular interest was the occurrence of a new The occurrence and frequency distribution of the 
species of Nannoceratopsis Deflandre. This species, recorded microplankton is summarized in Figure 33.3. 
recorded by several authors (Evitt, 1961; Morgenroth, The samples and slides bearing type specimens and 
1970; Johnson and Hills, 1973) as a variant of Nannocera- figured specimens used in this study are stored in the 
topsis gracilis Alberti, did not occur as high in the section collections of the Geological Survey of Canada, 601 
of N. gracilis and, in most cases, could be distinguished Booth Street, Ottawa. 
readily from that species by its morphology. The new 
species is considered stratigraphically significant and has 
a range from (?Late) Pleinsbachian to Early Bajocian. 
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This emended diagnosis excludes fo rms  having a 
microre t icula te  to  scab ra t e  o r  nearly smooth ornamenta-  
tion and a distinctly ovoid, rounded outline with only the  
dorsal antapical  horn developed. 

Occurrence  (see Fig. 33.3). Nannoceratopsis graci l i s  
occurs  in abundance a t  GSC locali t ies 24661 and 35324, 
represented by two  morphotypes which di f fer  in outline: 
one form with a well-developed dorsal antapical  horn and 
a short  ventra l  antapical horn, separa ted by a concave 
a r e a  (PI. 33.2, figs. 5-13), and one form with a very 
prominent dorsal antapical  horn and one poorly t o  
slightly developed ventra l  antapical  horn (PI. 33.2, 
figs. 1-4, Fig. 33.4). The s t ra t igraphic  significance of 
this d i f ference  in outline has not y e t  been evaluated. 

The form Nannoceratopsis gracil is  var. A of 
Johnson and Hills (1973, p. 208, PI. 3,  fig. 16) was not 

Figure 33.4. Diagrammatic  sketch showing the  ver t ica l  encountered in the  samples. 
distribution and the  variability of Nanno- 
cera topsis  gracil is  Alberti emend. and Nan- 
noceratopsis senex sp. nov. Nannoceratopsis senex sp. nov. 

P l a t e  33.1, figures 1-9, Figure 33.4 
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The author thanks the  Geological Survey of Canada Nannoceratopsis deflandrei Evi t t ,  1961, PI. I ,  fig. I only. 

for permitt ing examination of the  mater ia l  and for t he  Nannoceratopsis gracil is  Alberta,  Johnson and Hills, 
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permission t o  publish these data.  W.W. Brideaux and H.R. Diagnosis. A species of Nannoceratopsis having a dis- Balkwill (Insti tute of Sedimentary and Petroleum Geology, t inc t ly  rounded, ovoid outline, being dorso-ventrally Calgary crit ically read the  manuscript and their  sugges- more  or  less symmetrical ,  with a nearly smooth t o  tions for improvement a r e  greatfully acknowledged. microre t icula te  or s cab ra t e  surface .  

Systemat ics  

Order DINOPHYSIALES Lindemann, 1928 

Description. Latera l  outline distinctly rounded t o  ovoid. 
Ventral  side smoothly curved. A dorsal antapical  horn 
with a finely pointed end is usually well  developed. 
Ventral  antaoical  horn absent.  Surface  sculoture 

Family NANNOCERATOPSITACEAE Sarjeant microre t icula te  or s cab ra t e  t o  nearly smooth. 
and Downie, 1974 Paracingulum and a small  precingular a rea  visible in 

Genus Nannoceratopsis Deflandre, 1938 some specimens. Other  f ea tu res  a s  for genus. 

Nannoceratopsis graci l i s  Alberti, 1961 emend. 

P la t e  33.1, f igures 10-14, P la t e  33.2, f igures 1-13 

Nannoceratopsis? gracil is  Alberti, 1961, p. 30, PI. 7,  
figs. 16, 17. 
Nannoceratopsis def landrei  Evitt ,  1961, p. 308, PI. 1, 
figs. 2-14. 

Emended diagnosis. Latera l  outline variable: subtri-  
angular with two antapical horns (ventral  horn always 
much shor ter  and less well developed than the  dorsal horn) 
t o  nearly ovoid with a poorly developed ventral  horn and a 
pronounced dorsal horn. Postcingular ventra l  a r e a  above 
ventra l  horn and below parasulcal a r e a  more or less 
s t ra ight  and parallel  t o  apical-antapical axis, somet imes  
pronouncedly bulging. Periphragm sculpture reticulate.  
All other f ea tu res  a s  in Evi t t  (1961). 

Remarks. The emended diagnosis of Nannoceratopsis 
gracil is  Alberti  r e s t r i c t s  t he  morphology of t h e  species  t o  
forms having a distinctly re t icula te  ornamentation, one 
dorsal antapical  horn and one short  ventral  antapical  horn, 
which may be  poorly developed. 

Comparison. This species d i f fers  f rom Nannoceratopsis 
graci l i s  Alberti  1961, emend. and f rom al l  o the r  known 
species  of t h e  genus in possessing a n  ext remely rounded 
outline, both dorsally and ventrally,  with only the  dorsal 
antapical  horn (well) developed, and in the  reduction or 
absence of the  ornamentation (reticulation) on i t s  sur- 
f a c e  t h a t  is  cha rac te r i s t i c  for  N. graci l i s  Alberti ,  emend. 
Nannoceratopsis senex sp. nov. lacks  a ventra l  antapical  
horn, which distinguishes i t  f rom N. pellucida Deflandre,  
1938 and f rom N. spiculata Stover,  1966. 

The (?Late) Pleinsbachian t o  Early Bajocian s t ra t i -  
graphic  range of N. senex sp. nov. d i f fers  from the  
ranges  of a l l  o ther  species of t h e  genus Nannoceratopsis. 

Holotype (PI. 33.1, figs. 6 ,  7). GSC 53017, single mount. 
Wilkie Point Formation, B.P. e t  al .  Panarct ic  Emerald 
K-33 well, interval 4280 t o  4300 f e e t  (1425-1430 m), 
where i t  is associated with Nannoceratopsis graci l i s  
Alberti, emend, Micrhystridium spp., Mancodinium semi-  
t abu la tum Morgenroth and small  "?algal spheres1' 
(abundant). This interval i s  considered (?Late) 
Pleinsbachian t o  Toarcian in age. 



Nannoceratopsis senex sp . nov . 
Figure I. Paratype GSC 53018 from GSC locality 24651, slide 18527-1, co-ordinates 

364x1032 (interference contrast). 

Figure 2. Paratype GSC 5301 9 from GSC locality 24651, slide 18527-1, co-ordinates 
369x1044 (interference contrast). 

Figures 3, 4. Paratype GSC 53029 from GSC locality 24651, slide 18527-3, co-ordinates 
318x1149, showing pronounced, pointed, dorsal antapical horn (Fig. 3, 
interference contrast). 

Figure 5. Paratype GSC 53021 from GSC locality 24651, slide 18527-1, co-ordinates 
131 XI 178 (interference contrast). 

Figures 6, 7. Holotype GSC 53017 from B.P. e t  al. Panarctic Emerald K-33 well (4280- 
4300 ft.), slide 18087, single mount No. 201 (Fig. 7, interference contrast). 

Figures 8, 9. Paratype GSC 53022 from GSC locality 24651, slide 18327-1, co-ordinates 
247x1008 (interference contrast),  showing paracingulum, apical region, 
microreticulation. 

Namoceratopsis gracilis Alberti emend. 
(pronounced reticulation, ventral antapical horn poorly developed) 

Figures 10, 14. GSC 53023 from GSC locality 24651, slide 18527-3, co-ordinates 310x1074 
(Fig. 10, interference contrast). 

Figure I I. GSC 53024 from GSC locality 24648, slide 18526-4, co-ordinates 212x1062. 

Figure 12. GSC 52035 from GSC locality 24648, slide 18526-2, co-ordinates 284x1068. 

Figure 13. GSC 53026 from GSC locality 24648, slide 18526-2, co-ordinates 392x1025. 

?Dicty opy xidia sp. 

Figures 15, 16. GSC 53027 from GSC locality 24648, slide 18526-4, co-ordinates 141 XI 174; 
1250 (Fig. 16, interference contrast). 

Micrhy stridium sp. 

Figure 17. GSC 53028 from GSC locality 24643, slide 18525-3, co-ordinates 364x1035. 

Meiourogonyaulax cf . M. deflandrei Sarjeant 

Figure 18. GSC 53029 from GSC locality 24648, slide 18526-3, co-ordinates 402x1161. 

PLATE LEGENDS 

All photographs x500 (except PI. 33.1, figs. 15, 16; ~ 1 2 5 0 )  and, unless otherwise indicated, taken in brightfield on Ilford 
Pan F film, 50 A.S.A., with a Leitz Orthomat camera mounted on Leitz Ortholux microscope, f rame no. 646 441, property of 
Chevron Standard Limited, Calgary, Alberta. The distance between the small vertical lines in all  figures is 50 p. 





Plate 33.2 

Nannoceratopsis gracilis Alberti emend. 
(forms with prominent dorsal antapical horn) 

Figures 1, 2. GSC 53030 from GSC locality 35324, slide 18530-4, co-ordinates 204X1108 
(Fig. I,  interference contrast). 

Figure 3. GSC 53031 from GSC locality 35324, slide 18530-4, co-ordinates 136x1072. 

Figure 4. GSC 53032 from GSC locality 24661, slide 18528-4, co-ordinates 362x1201. 

Nannoceratopsis gracilis Alberti emend. 

Figure 5. GSC 53033 from GSC locality 35324, slide 18530-4, co-ordinates 173x1005. 

Figure 6. GSC 53034 from GSC locality 35324, slide 18530-4, co-ordinates 203X1011. 

Figure 7. GSC 53035 from GSC locality 24661, slide 18528-4, co-ordinates 438x1104. 

Figure 8. GSC 53036 from GSC locality 24661, slide 18528-4, co-ordinates 229x1095. 

Figure 9. GSC 53047 from GSC locality 35324, slide 18530-4, co-ordinates 359x1123 
(interference contrast). 

Figure 10. GSC 53058 from GSC locality 35324, slide 18530-4, co-ordinates 244x1046. 

Figure I I. GSC 53049 from GSC locality 35324, slide 18530-4, co-ordinates 440x1 131. 

Figure 12. GSC 53040 from GSC locality 35324, slide 18530-4, co-ordinates 324x1142. 

Figure 13. GSC 53041 from GSC locality 35324, slide 18530-4, co-ordinates 153x1103 
(interference contrast). 

Meiourogonyaulax cf . M. deflandrei Sarjeant 

Figures 14, 15. GSC 53042 from GSC locality 35324, slide 18530-4, co-ordinates 373x1004 
(Fig. 15, interference contrast). 

Veryhachium sp. 

Figure 16. GSC 53043 from GSC locality 35324, slide 18530-4, co-ordinates 509x1125. 





Paratypes  (PI. 33.1, figs. 1-5). GSC 53018 t o  53021 f rom 
GSC locali ty 24651. 

Dimensions Length Width - 
Holotype 72 P 49 P 

Paratypes 72-79 p 42-48 1.1 

Average s ize  72-76 p 42-47 p 

Derivatio nominis. Senex (Latin) meaning: old man, 
referring t o  t h e  top  of i t s  s t ra t igraphic  range in t h e  Wilkie 
Point Formation below the  top of the  local range of N. 
gracilis. 

Occurrence. Wilkie Point formation (lower part), GSC 
locali t ies 24643, 24651 (abundant), 24648 (one specimen 
only); also reported f rom the  lower par t  of t h e  Savik 
Formation (Johnson and Hills, 1973); also in t h e  lower pa r t  
of t h e  Bug Creek Formation in subsurface sections in t h e  
Mackenzie Del ta  (van Helden, unpubl.). 

&. T 
sp. nov. 
Liihnde. 

'he ear l ies t  occurrence of Nannoceratopsis senex 
is in the  Lias Del ta  (?Upper Pliensbachian) from 

, Germany (Morgenroth, 1970) where i t  is recorded 
a s  Nannoceratopsis gracil is  Alberti (Morgenroth, 1970, 
PI. 11, fig. 6 only), occurring together with Mancodinium 
semitabulaturn Morgenroth. 

The youngest occurrence  of Nannoceratopsis senex 
sp. nov. is in GSC locali ty 24648, dated a s  Early Bajocian. 
Therefore,  t he  to t a l  known s t ra t igraphic  range of 
Nannoceratopsis senex sp. nov. is f rom (?Late) 
Pliensbachian t o  Early Bajoc~an.  

Johnson and Hills (1973) also noted the  restricted 
stratigraphic range of this form, being restricted t o  the  
lower par t  (20-70 m) of t h e  Savik Formation a t  Vantage 
Point (Johnson and Hills, 1973, p. 199, 200, Textfig. 10). 

Order PERIDINIALES Schutt ,  1896 

Family MICRODINIACEAE Eisenack, emend. 
Sar jeant  and Downie, 1966 

Genus Meiourogonyaulax Sarjeant,  1966 

Meiourogonyaulax cf .  M. def landrei  Sarjeant,  1968 

Pla te  33.1, f igure 18, P la t e  33.2, f igures 14, 15 

cf.  Meiourogonyaulax deflandrei Sarjeant,  1968, p. 288, 
PI. I ,  f i g . 2 0 , P I . 3 ,  fig. 13. 

Remarks. This species resembles M. def landrei  Sar jeant  
in possessing an "infrareticulate" sculpture on t h e  
pericyst. The paratabulation could not be  determined 
exactly.  

Occurrence. Five specimens were  encountered in slides 
f rom GSC locali ty 35324; only one specimen was found in 
GSC locality 24648. 

Family CANNINGIACEAE Sarjeant and Downie, 1966, 
emend. Sar jeant  and Downie, 1974 

Genus Dictyopyxidia Eisenack, 1961 

?Dictyopyxidia sp. 

P l a t e  33.1, f igures 15, 16 

Remarks. Only one specimen was encountered (GSC 
loc. 24648). The preservation did not allow fur ther  
ref inement  of t h e  identification. 

Group ACRITARCHA Evitt ,  1963 

Subgroup ACANTHOMORPHITAE Downie, 
Evitt  and Sarjeant,  1963 

Genus Veryhachiurn Deunff, 1958, 
emend. Downie and Sarjeant,  1963 

Veryhachiurn sp. 

P la t e  33.2, f igure 16 

Remarks.  Only a few specimens were  encountered (GSC 
loc. 35324). 

Genus Micrhystridium Def landre, 1937, 
emend. Lister,  1970 

Micrhystridium sp. 

P la t e  33.1, f igure 17 

Remarks.  Only a few specimens were  recorded (GSC 
locs. 24643, 24648). 

Conclusions 

The presence of Nannoceratopsis graci l i s  Alberti  
emend. in GSC locali t ies 24643, 24648, 24651 and 35324 
indicates t h a t  these  samples conta in  an  assemblage 
belonging in the  Nannoceratopsis graci l i s  range zone 
(Johnson and Hills, 1973, p. 199), with an  assigned age of 
Toarcian t o  Bajocian (Johnson and Hills, 1973, Fig. 7). 

The a g e  of GSC locali t ies 24643, 24648, 24651 and 
35324 is f rom Toarcian t o  Early Bathonian, based on 
ammoni t e s  (Fig. 33.3). Nannoceratopsis senex sp. nov. 
occurs  singly a t  GSC locali ty 24648 and in abundance a t  
GSC locali t ies 24643 and 24651. The top  of i t s  local 
s t ra t igraphic  range occurs  within the  lower pa r t  of t h e  
Nannoceratopsis gracil is  range zone in the  Lower 
Bajocian. This observation is in ag reemen t  with the  
writer 's  unpublished observation on other  sections 
(mostly subsurface) within the  Arct ic  Archipelago. 

Nannoceratopsis senex sp. nov. c a n  be  used for  
biostratigraphic subdivision of t h e  Nannoceratopsis 
graci l i s  range zone. Based on o the r  information (van 
Helden, unpubl.) about  t h e  Jurass ic  sect ion in the  
Canadian Arct ic ,  the  wri ter  believes t h a t  N. senex sp. 
nov. ranges f a r the r  down into the  Toarcian .and probably 
in to  the  Pleinsbachian (?Upper). 

Summary 

Outcrops  of t h e  Wilkie Point  Format ion on Pr ince  
Pat r ick  Island, Canadian Arc t i c  Archipelago, have been 
da ted  a s  Early Bathonian t o  Toarcian using ammonites.  
Microplankton has been recovered f rom the  matr ices  of 
t h e  macrofossils and, thus, t he  microfloral  ages  can be  
corre la ted  with those derived f rom s tudies  of the  
ammonites.  The microplankton is dominated by dino- 
f lagel la te  cys t s  of Nannoceratopsis graci l i s  Alberti ,  
emend. and N. senex  sp. nov. 
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SYSTEMATICS AND BIOSTRATIGRAPHIC IMPORTANCE O F  THE 
LOWER DEVONIAN RUGOSE CORAL GENUS EXILFRONS 

Project  680093 

A.E.H. Pedder 
Insti tute of Sedimentary and Petroleum Geology, Calgary 

Introduction 

Crickmay (1968) proposed t h e  genus Exilifrons with 
no discussion of i t s  relationships, o the r  than t o  comment  
t h a t  t h ree  of i t s  species t h a t  had previously been placed in 
Hexagonaria a r e  not "true Hexagonariae or even re la ted  
t o  the  family", and t h e  indication t h a t  he  considered i t  t o  
be an  arachnophyllid. Several years  la ter ,  Merriam 
(1974b) established a new subgenus Hexagonaria (Pinyona- 
s t r aea )  for a species tha t  he considered differed f rom 
Hexagonaria, s t r i c t  sense, by "lacking crossbar or yardarm 
car inae  and other  septa1 thickenings". Merriam made no 
mention of Crickmay's work. 

In i t s  original concept ,  Exilifrons embraced t h r e e  
genera  or  species groups. The purpose of t he  present  
contribution is t o  refine t h e  genus, so  t h a t  i t  becomes 
res t r ic ted  t o  one of these, and t o  demonstra te  t h a t  i t  i s  
apparently a good index of upper, but  probably no t  
uppermost, Lower Devonian s t r a t a  in northern Yukon 
Terr i tory  and cen t r a l  Nevada. In addition, t h e  author  
argues  t h e  a lmost  cer ta in  synonymy of Pinyonast raea  and 
Exilifrons and shows t h a t  a newly discovered occurrence  
of Exilifrons in east-central  British Columbia is likely t o  
be  of about the  same  age a s  the  Yukon and Nevada 
occurrences.  The paper also includes the  f i rs t  photo- 
graphs of thin sections of t he  holotype and a para type of 
t h e  type species of Exilifrons. 
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Systemat ics  

Family CYATHOPHYLLIDAE Dana, 1846 

Subfamily ARACHNOPHYLLINAE Dybowski, 1873 

Genus Exilifrons Crickmay, 1968, p. 3, 4 

Type species. Exilifrons exilis  Crickmay, 1968, p. 4, PI. 1,  
fig. I ,  P1.2, figs. 1, 2, 9, P1.3, f ig.5,  P1.4, fig. I .  
"Ogilvie River area ,  Yukon Territory; 65'23'N. lat., 
138O24'W. long.; near the  base of t h e  Bear Rock 
eqdivalent,  with Spongonaria pa rca  sp. n.; 700 f e e t  below 
zone of Spirinella collina. 900 f e e t  below Exilifrons 
ogilviensis, and 1800 f e e t  below Taimyrophyllum vesci- 
bal tea tum Pedder". Crickmay's Bear Rock equivalent is 
evidently t h e  unit known a s  t h e  Ogilvie Formation. The 
basal par t  of this formation is es t imated tenta t ively  t o  be  
l a t e  Zlichovian in t e rms  of t h e  Czechoslovakian s tandard 
and Emsian in t e rms  of t h e  Rhenish standard (see under 
heading Distribution). The type  locali ty is  one of severa l  

sections exposed on an unnamed range of the  Ogilvie 
Mountains, 1 t o  9 km west-northwest of t he  bridge 
carrying t h e  Dempster  Highway over the  Ogilvie River.  
Perry  et al. (1974, Sec. 8) published one of these  sections,  
giving t h e  co-ordinates a s  la t i tude  650211N, longitude 
138O26'W. The present  author  and G. Klapper briefly 
examined another  in 1976 a t  la t i tude  65°22'30"N, 
longitude 138O27'W. 

Description. Corallum compound, phaceloid t o  cerioid,  
most commonly subcerioid with some  rounded and a f ew 
f r e e  corall i tes.  Intercorall i te walls thin. Septa1 
t rabeculae  monacanthine,  f ine,  typically 0.1 t o  0.2 mm in 
diameter ,  apparently developed only in pa r t s  of some 
septa.  Sep ta  a l t e rna te ,  smooth or more  commonly bearing 
zigzag car inae;  typically markedly folded in both hori- 
zontal  and ver t ica l  senses. Sep ta  of both orders  may be 
discontinuous peripherally and withdrawn f rom t h e  wall. 
Major sep ta  extend t o  or  near  t h e  axis in most  corall i tes,  
bu t  in some  extend adaxially a s  l i t t l e  a s  half t h e  radius of 
t h e  tabularium. Adult dissepimentaria comprise a f e w  or ,  

A - Ogilvie Mountains, Yukon Territory. 
B - Mount Lady Laurier,  British Columbia. 
C - southern Sulphur Springs Range and 

Lone Mountain, Nevada. 

Figure 34.1. Map showing occurrences  of species of 
Exilifrons and approximate  position of the  
major land masses  (stippled) in l a t e  Early 
Devonian t ime. 

From: Repor t  of Activities, P a r t  B; 
Geol. Surv. Can., Paper  77-1B (1977) 



t h e  tabular ium.  Adul t  d i s s e p i m e n t a r i a  c o m p r i s e  a f e w  or ,  
m o r e  typical ly,  many rows  of d i ssep iments .  Inner 
d i ssep iments  smal le r  and  m o r e  s t e e p l y  incl ined t h a n  t h e  
o u t e r  ones.  P a r t s  of t h e  d i s s e p i m e n t a r i a  f o r m e d  during 
per iods  of rapid g r o w t h  h a v e  l a r g e r ,  no t iceably  much less  
g lobose  d i ssep iments  and may inc lude  prominent ly  
e l o n g a t e  presep iments .  The  o u t e r  d i ssep imentar ia l  sur-  
f a c e  is  m o r e  o r  l ess  f l a t  o r ,  l e s s  c o m m o n l y ,  s l ightly 
e v e r t e d .  T a b u l a e  and  tabular ia l  s u r f a c e s  vary  
cons iderab ly  wi th in  o n e  colony depending  on  t h e  length  of 
t h e  s e p t a ;  w h e r e  t h e  s e p t a  a r e  long, t a b u l a e  a r e  genera l ly  
v e r y  i n c o m p l e t e  a n d  ax ia l ly  domed;  w h e r e  t h e y  a r e  shor t ,  
t a b u l a e  a r e  normal ly  f l a t ,  o r  s l ightly sagging  axial ly,  a n d  
e l e v a t e d  periaxial ly o r  marginally.  

Synonymy T h e  t y p e  and  only s p e c i e s  r e f e r r e d  t o  Hexa-  
g o n a r i a  (P inyonas t raea)  by Merr iam w a s  Prisrnatophyllurn 
k i rk i  S t u m m  (1937, p. 437,  PI. 55, figs. 7 a ,  b), which a l s o  
h a s  b e e n  f igured  o r  discussed by M e r r i a m  (1940, PI. 16,  
f ig.  5 ;  1974b,  p. 62,  PI. 23, figs. 5-10) a n d  S t u m m  (1949, 
PI. 15,  figs. 16, 17). Although t h e  s ing le  longi tud ina l  
s e c t i o n  of t h e  ho lo type  shows s o m e  unusually f l a t  and  
c o m p l e t e  tabulae ,  t h e r e  c a n  be  l i t t l e  d o u b t  t h a t  S t u m m ' s  
s p e c i e s  is  c o n g e n e r i c  wi th  Exi l i f rons  ex i l i s .  M e r r i a m ' s  
(1974b, p. 62) d iagnos is  of H e x a g o n a r i a  (P inyonas t raea)  
k i rk i  r e a d s  "this  P i n y o n a s t r a e a  h a s  l a r g e  cora l l i t es ,  
minute ly  undulan t ,  v e r y  weakly  z igzag ,  t h i n  c a r i n a t e  s e p t a  
a n d  thin,  e v e n ,  c o m m o n l y  s t r a i g h t  walls. S o m e  of t h e  
o u t e r  d i ssep iments  a r e  sublonsdaleioid in t h e  per iphera l  

F igures  34.2 t o  34.6. Exi l i f rons  ex i l i s  C r i c k m a y ,  x3. F igures  34.2, 34.6, p a r a t y p e ,  G S C  25534. F i g u r e s  
34.3 t o  34.5, ho lo type  (des igna ted  a s  such  in C r i c k m a y ' s  hand-wr i t ing  on  t h e  
s p e c i m e n  and  a l so  in a n o n y m o u s  publ ica t ion ,  1971,  p. 97), G S C  25533. Both 
s p e c i m e n s  a r e  f r o m  n e a r  t h e  b a s e  of t h e  Ogi lv ie  F o r m a t i o n  on a n  unnamed r a n g e  of 
t h e  Ogilvie Mountains,  Yukon Ter r i to ry .  L a t i t u d e  65"23'N, longi tude  138'24'W. 
C o l l e c t o r  and  d a t e  01 c o l l e c t i o n  n o t  recorded .  



irregular zone of the  dissepimentarium". This might have 
been writ ten as well for Exilifrons exilis a s  for 
Prisrnatophyllum kirki. 

Familial assignment. Merriam placed Hexagonaria (H.) 
and H. (Pinyonastraea) with Disphyllurn, Acinophyllum, 
Cylindrophyllum, Billingsastraea, Aphroidophyllurn and 
Tairnyrophyllurn in the  family Disphyllidae. True 
Hexagonaria and Disphyllurn have fusiforme or cunea te  
sep ta  and well-delineated rnonacanthine trabeculae,  and 
certainly belong t o  the  Disphyllinae a s  diagnosed by Je l l  
(1969, p. 68). However, Acinophyllurn and Cylindro- 
phyllum have very f ine  t rabeculae  and septa  and well- 
developed zigzag carinae,  and the re fo re  belong t o  t h e  
Craspedophyllidae a s  t h a t  family is  in terpre ted by Oliver 
(1 974, 1976), whereas Aphroidophyllurn and Tairnyro- 
phyllum, which have axially modified sep ta  and closely 
spaced and adaxially depressed peripheral tabulae,  a r e  
c lear ly  t o  b e  assigned t o  the  Ptenophyllidae a s  in terpre ted 
by Birenheide (1972) and other  workers. 

Crickmay's assignment of Exilifrons to  the  Arachno- 
phyllidae is justified by the  a l t e rna te  car inae  and tabu- 
larial  morphology of Exilifrons. But s o  l i t t l e  s epa ra t e s  t h e  
Cyathophyllidae f rom t h e  Arachnophyllidae t h a t  t h e  l a t t e r  
is  b e t t e r  regarded a s  a subfamily of t he  Cyathophyllidae. 

Gener ic  distinctions. Exilifrons has  been confused at 
di f ferent  t imes  with Spongophyllurn Milne Edwards and 
Haime, 1851, Prisrnatophyllurn Simpson, 1900, Disphyllurn 
d e  Fromentel ,  1861, Hexagonaria Gurich, 1896 and Spon- 
gonaria Crickmay, 1962. Another taxon with which i t  is in 
danger of being confused is Orthocyathus  Merriam, 1974. 

Sat is factory  in terpre ta t ion of Spongophyllurn is 
impossible on existing data.  The type species,  by 
monotypy, is  5. sedgwicki Milne Edwards and Haime, 1851. 
Unfortunately,  t he  en t i r e  type  ser ies  of th is  species  is  lost  
and apparently has never been e i the r  thin sectioned or 
photographed. A neotype chosen by Jones  (1929, p. 89) 
may not have been prepared adequately,  and t o  d a t e  has 
only been crudely figured (Birenheide, 1962, PI. 9, fig. 8, 
PI. 10, fig. 10). The s t ra t igraphic  and geographic origin of 
t h e  type ser ies  is not known more  precisely than Torquay, 
Devonshire. Information on the  neotype is even more 
vague because  t h e  specimen is a pebble labeled South 
Devonshire. As f a r  a s  i t  is  possible t o  determine,  
Exilifrons is distinguished f rom Spongophyllurn by i t s  
undulant and typically ca r ina te  septa ,  be t t e r  developed 
minor septa ,  relatively smaller and less e longate  dissepi- 
ments,  and by i t s  tabulae  which should be  more  incom- 
p le t e  in cora l l i tes  having s e p t a  a s  long a s  those  of t h e  
neotype of Spongophyllurn sedgwicki. 

Figures 34.7 t o  34.9. Exilifrons sp. cf .  E. exilis  Crickmay, x3. Figure 34.7, GSC 461 11. Figures 34.8, 34.9, 
GSC 46110. Both specimens  a r e  f rom approximately 78 m above t h e  base  of t h e  
Ogilvie Formation on an  unnamed range of t h e  Ogilvie Mountains, Yukon Territory.  
Lat i tude 65"22'30HN, longitude 138'27'W. GSC locali ty C-63133. Col lec ted by 
A.E.H. Pedder,  1976. 



Figures 34.10 t o  34.12. Exilifrons sp. c f .  E. occidens (Stumm), x3. GSC 46109. Approximate ly  75 m a b o v e  
t h e  ba se  of t h e  Ogilvie Fo rma t ion  on a n  unnamed r ange  of t h e  Ogilvie Mountains,  
Yukon Terr i tory .  La t i t ude  65022'301'N, longi tude  138'27'W. GSC loca l i ty  C-63132. 
Co l l e c t ed  by A.E.H. Pedder ,  1976. 



Prismatophyllum is typified by P. prisma Lang and 
Smith,  1935. The holotype of this species is  f rom t h e  
presumed early Eifelian par t  of the  Jeffersonville Lime- 
s tone of Indiana, but  Oliver's (1976, p. 79-83, PI. 46-48) 
recent  and thorough rnonography of the  species demon- 
s t r a t e s  tha t  i t  i s  distributed widely in the  Appalachian 
Basin. Neither Crickmay nor Merriam discussed 
differences between Exilifrons or Pinyonastraea and h i s -  
matophyllum. This is  unfor tunate  since the  morphology of 
Exilifrons, on t h e  whole, more  closely resembles t h a t  of 
Prisrnatophyllum than any other  genus. It d i f fers  f rom 
Prismatophyllurn in having less highly developed car inae  
that  normally a r e  never of t he  yardarm type, prominently 
undulant s ep ta  and abundant peripheral tabellae. 

Cyathophyllum caespitosurn Goldfuss, 1826, was 
designated the  type species of Disphyllurn by Lang and 
Smith (1934, p. 80). These authors  also chose a l ec to type  
for  t he  species, which has  s ince  been figured by both  Lang 
and Smith (1935, PI. 35, figs. 4-6) and Birenheide (1969, 
PI. 2, figs. 7a, b, PI. 5, fig. 14). I t  is believed t o  have 
come  from the  Middle Devonian (Givetian) Biicheler Schi- 
ch ten  of t h e  Paff ra ther  Mulde, Bergisch Gladbach, 

Germany. Interpreted on this and o the r  obviously con- 
gener ic  species, Disphyllum is distinguished f rom 
Exilifrons in having cunea te  septa ,  coarser  t rabeculae  and 
uniformly small  dissepiments. I t  also lacks t h e  cha rac te r -  
i s t ic  septa1 undulations of Exilifrons. 

The type  species  of Hexagonaria has  been 
established by Lang e t  al. (1940, p. 69) a s  Cyathophyllum 
hexagonurn Goldfuss, 1826. A l ec to type  o r  this species,  
chosen ear l ier  by Lang and Smith  (1935, p. 550, 551) i s  
lost, but  has  been replaced by a neotype designated and 
il lustrated by Birenheide (1969, p. 40, 41, PI. 1, figs. la -d ,  
PI. 4, fig. 1 I). This specimen probably derives f rom the  
Upper Devonian (Frasnian) Ref ra th  Schichten of t h e  
Pa f f r a the r  Mulde, Bergisch Gladbach, Germany, and 
di f fers  f rom Exilifrons in having strongly fus i forme septa ,  
coa r se  monacanths,  and broad tabulae  despi te  the  
considerable length of t he  major septa .  

The holotype of Spongonaria f i l i ca t a  Cr ickmay,  
1962, which is t he  type species of Spongonaria, was  said t o  
be  from "supposed equivalent of t he  Bear Rock 
fo rma t ion .  . . . on Houston River, Yukon Territory; 

Figures 34.13 t o  34.16. Exilifrons sp. nov., x3. GSC 53073. Upper Lower Devonian l imestone in an  unnamed 
shale-siltstone succession exposed on a ridge 6.5 krn nor theas t  of Mount Lady 
Laurier,  British Columbia. Lat i tude 56"43'N, longitude 123O42'W. GSC locali ty C-  
51791. Collected by D.K. Noakes, 1975. 



65'30'N. lat., 13lo15'W. long.". This s t a t emen t  is in er ror  
because no Lower Devonian rock outcrops a t  t he  locali ty 
defined by these  co-ordinates; fur thermore ,  this locali ty is  
in t h e  District  of Mackenzie, not Yukon Territory.  
Finally, t h e  name Houston River does not appear in the  
current  gaze t t ee r s  of e i ther  Yukon Territory or  Northwest 
Territories.  Despite this minor problem, Spongonaria is  
assessed easily s ince  i t s  species a r e  common in upper 
Lower and lowest Middle Devonian s t r a t a  of western and 

a rc t i c  Canada. Compared with Exilifrons, they normally 
have shorter,  smoother  sep ta  t h a t  lack undulations, and 
have lath-like septa1 spines in t h e  axia l  region, and 
relatively broader and less compl icated tabularia.  

To the  present t ime,  t he  only species  referred t o  
Cyathophyllum (Orthocyathus) is t h e  type  species  Pr isma-  
tophyllum flexurn Stumm, 1938, f rom Lone Mountain, 
Nevada. Stumm believed t h a t  i t  c a m e  f rom t h e  upper 

Figures 34.17 t o  34.19. Exilifrons sp. cf .  E. occidens (Stumm), x3. USNM 245251. 43.9 m above t h e  base 
and 116.4 m below the  top of the  Bartine Member of t h e  McColley Canyon 
Formation, Lone Mountain, Nevada. Twp. 20 N, Rge. 51 E. Bar t ine  Ranch 
Quadrangle, Eureka County. Col lec ted by A.E.H. Pedder,  1970. 



Middle Devonian par t  of the  Nevada Limestone, but  
Merriam (.1974a, p. 35) regarded i t  a s  a const i tuent  of his 
Devonian Fauna F, which both he (1974b, p. 18) and 
Johnson and Oliver (in press) consider t o  be  l a t e  Eifelian 
or  l a t e  Couvinian. A specimen from Lone Mountain 
collected by the  writer c a m e  f rom talus above occur- 
rences  of Warrenella kirki and could be  ear ly  Givetian 
ra ther  than l a t e  Eifelian. Orthocyathus  flexum is close t o  
some species of Exilifrons, bu t  i t s  s ep ta  a r e  not folded t o  
any ex ten t  and i t s  dissepiments a r e  uniformly smaller.  
Hill and Je l l  (1969, p. 5), and others  before, have 
speculated t h a t  i t  may be  re la ted  closely t o  
Cyathophyllum, s t r i c t  sense. 

Species composition. The following described species  a r e  
assigned t o  Exilifrons with varying degrees  of confidence: 
Spongophyllum nevadense Stumm, 1937, S. expansum 
Stumm, 1937, Prismatophyllum kirki Stumm, 1937, 
Disphyllum occidens Stumm, 1938, Exilifrons exilis  
Crickmay, 1968 and Disphyllum eurekaense Merriam, 
1974. 

Hexagonaria irnpedita, H. a typ ica  and H. fur t iva ,  a l l  
described by Crickmay in 1960 and t ransferred by him t o  
Exilifrons in 1968, a r e  par t  of a species group tha t  is  well 
represented in ce r t a in  Eifelian s t r a t a  of western Canada. 
Its members  differ from typical species of Exilifrons in 
lacking car inae  and septa1 undulations, and in having more  
uniform and inwardly sloping dissepimentaria.  They a r e  
likely to  be related to  Exilifrons but a r e  sufficiently 
distinct,  morphologically and stratigraphically,  t o  be  
excluded f rom the  genus, s t r i c t  sense. Possibly they could 
b e  accommodated satisfactorily in a subgenus of 
Exilifrons. 

Exilif rons ogilviensis Crickmay, 1968, E. e x c a v a t a  
Crickmay, 1968 and E. hor iae  Crickmay, 1968 do no t  
conform t o  the  present concept  of Exilifrons and a r e  
t ransferred unequivocally t o  Spongonaria. 

Distribution. Known occurrences  of Exilifrons in Yukon 
Terr i tory  a r e  confined t o  t h e  lower beds of t h e  Ogilvie 
Formation on an unnamed range of the  Ogilvie Mountains 
(point A in Fig. 34.1). Species present  a r e  Exilifrons exilis  
from "near the  base" (Crickmay, 1968) of t he  format ion,  
and fo rms  identified a s  Exilifrons sp. cf. E. occidens f rom 
about  75 m up in the  format ion (Figs. 34.10 t o  34.12) and 
E. sp. cf .  E. exilis (Figs. 34.7 t o  34.91, 3 m higher. 
Polygnathus dehiscens and Teicher t iceras  l enz i  a r e  poresent 
in t h e  underlying Michelle Formation in this a r e a  (Fahraeus,  
1971; House and Pedder, 1963) and t h e  early Eifelian 
conodont Polygnathus cos t a tus  cos t a tus  has  been isolated 
462 m above the  base of t he  Ogilvie Formation (Perry  e t  
al., 19741, t h a t  is about 384 m above the  highest known 
occurrence  of Exilifrons. In t h e  headwaters  a r e a  of Royal 
Creek,  Polygnathus dehiscens occurs just above t h e  
highest occurrence  of Monograptus yukonensis, which is  a 
l a t e  Pragian species in Czechoslovakia (ChlupS?, 1976). 
From these  da ta ,  a l a t e  Zlichovian age  is deduced for  the  
Yukon occurrence  of Exilifrons. 

A new species of Exilifrons has  been identified 
recent ly  f rom a ridge 6.5 km nor theas t  of Mount Lady 
Laurier,  between the  headwater  a reas  of Halfway and 
Graham rivers in eas t -centra l  British Columbia 
(Figs. 34.1 3 t o  34.16 and point B in Fig. 34.1). I t  der ives  

from a limestone interbed in an  unnamed shale-siltstone 
succession, current ly  mapped a s  Middle Devonian (unit 6 
of Irish, 1970, Map 1232A). Eifelian cora ls  have been 
identified f rom high in this unit ,  but  t h e  beds providing 
Exilifrons, which, despi te  s t ruc tu ra l  complications,  a r e  
almost certainly lower in the  sequence, contain abundant 
crinoid ossicles with double axia l  canals,  and a r e  the re fo re  
likely t o  be  of l a t e  Zlichovian or  Dalejan age. 

Several species  of Exilifrons a r e  known from Nevada 
(locali t ies around point C in Fig. 34.1). Merriam (197413) 
documented occurrences  of Exilifrons kirki, E. eurekaensis  
and E. (?) nevadensis in his Devonian cora l  zone Dzon Lone 
Mountain. Johnson and Oliver (in press) e s t i m a t e  t h a t  th is  
fauna i s  f rom the  upper subzone of the  Eurekaspirifer 
pinyonensis Zone. They a lso  suggest  t ha t  i t  is  within t h e  
range of Polygnathus gronbergi (Klapper and Johnson, 
1975) and i s  l a t e  Zlichovian in  age. The present author 
has col lec ted E. sp. c f .  E. occidens (Figs. 34.17 t o  34.19), 
41.8 m above t h e  base  of t h e  Bartine Limestone on Lone 
Mountain, t h a t  i s  24.7 m above Klapper and Johnson's 
(1975, p. 7 5 )  LM 12 sample  with Polygnathus dehiscens and 
9.8 m below thei r  LM 16 sample  at t h e  base of t he  P. 
gronbergi Teilzone a s  i t  is current ly  established. This 
occurrence  may be  below those documented by Merriam, 
bu t  s ince  i t  is  st i l l  above t h e  level  of Polygnathus 
dehiscens, i t  i s  presumably a lso  l a t e  Zlichovian. Stumm 
(1 938, p. 48 1) reported Exilif rons occidens f rom "approxi- 
mate ly  1000 f e e t  above t h e  base  of t he  Nevada l imestone 
just west of Romano Ranch Mountain, e a s t  side of t he  
Sulphur Spring Mountains quadrangle,  Nevada". Thick- 
nesses given by Carlisle et al. (1957, Fig. 2) would seem t o  
place this occurrence in thei r  Union Mountain Member of 
t he  Nevada Formation. This member  consists mainly of 
unfossiliferous dolomite and sandstone (Johnson and 
Niebuhr (1976, p. 1695) consider i t  a westward-prograding 
tongue of the  Sevy Dolomite), bu t  i s  reported t o  yield t h e  
Eurekaspirifer pinyonensis fauna in places (Carlisle e t  al., 
1957, Fig. 2). A more  plausible in terpre ta t ion is  t h a t  t h e  
Exilifrons occidens c a m e  f rom near  the  top of Merriam's 
(1974b, Fig. 14) Nevada unit 2, which is the  Bartine 
Limestone of present  terminology (Murphy and 
Gronberg, 1970). Probably th is  would place i t  just above 
t h e  Polygnathus dehiscens/P. gronbergi transit ion, and 
would again suggest a l a t e  Zlichovian age. 
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LOUGHEEO ISLAND AND NEIGHBOUKING SMALL ISLANDS, 
DISTRICT OF FRANKLIN (NI'S 69C, 79D) 

Projec t  760019 

H.R. Balkwill, W.S. Hopkins, Jr., and J.H. Wall 
Ins t i tu te  of Sedimentary and Pe t ro l eum Geology 

Introduction 

Five weeks (mid-July t o  mid-August) were  spent  in 
mapping and s t ra t igraphic  study of Mesozoic s t r a t a  in t h e  
west-central  pa r t  of the  Sverdrup Basin (69C, 79D). 
Mapping was completed  on Lougheed and Mackenzie King 
islands, and a t  Sabine Peninsula (Melville Island); also, 
smal l  a r e a s  of t h e  Ringnes Islands and nor thwestern  
Melville Island were  examined (Fig. 35.la). Widespread 
snow cover hampered operations until t h e  third week of 
July. Prolonged fog and high winds brought t h e  field 
season t o  a p rema tu re  end in early August, preventing 
completion of mapping on Borden and Brock islands. The 
following paragraphs summarize  t he  surface  bedrock 
geology of Lougheed Island (Fig. 35.lb). 

Stratigraphy and S t ruc tu re  

A conformable  succession of Lower and Upper 
Cre t aceous  s t r a t a ,  assigned t o  t h e  Isachsen, Christopher,  
Hassel, Kanguk, and Eureka Sound formations,  comprises  
exposed bedrock on Lougheed Island and neighbouring 
smal l  islands (Edmund Walker, Grosvenor, and Pa t t e r son  
islands; Fig. 35.lb). The format ions  a r e  arranged about  a 
shallow syncline - here  named Lougheed Syncline - which 
has a gent le ,  sou theastward-plunging, broad trough, and a 
subdued, reversed sigmoid t r ace .  The oldest  bedrock a t  
t h e  surface  of Lougheed Island consists of partly ca l c i t e -  
cemen ted ,  carbonaceous  and coaly,  buff and l ight grey 
weathering sandstones of t h e  upper pa r t  of t h e  Isachsen 
Format ion (Lower Cretaceous),  exposed locally near  t h e  
northern coas t  of t h e  island. This incomplete  Isachsen 
succession is  es t imated  t o  be  abou t  270 m (900 ft.) thick. 
[A complete  Isachsen succession, about  340 m (1 130 ft.) 
thick, was penet ra ted  in t he  Sun KR Pana rc t i c  Skybat t le  
Bay C-I5  drill hole, near  t h e  southwestern coas t  of t h e  
island (Fig. 35.lb)l. 

The lower pa r t  of t h e  Christopher Formation (Lower 
Cretaceous)  consists of dark  olive-grey t o  dark grey silty 
shale, with character is t ica l ly  l a rge  and colourful, buff-  
orange-weathering,  ca l ca reous  mudstone concretions.  
Some tan-weathering,  ca lc i te-cemented,  f ine  t o  rnedium 
grained, partly fossil iferous sandstones,  about  I m t o  3 m 
thick,  a r e  in terca la ted  with shales in t h e  lower p a r t  of t h e  
Christopher succession. Upper Christopher s t r a t a  a r e  
dark  grey t o  black,  part ly silty shale,  with small ,  dark red- 
brown ironstone concre t ions  and, near t h e  top,  upwardly 
increasing numbers of very thin beds of f ine  grained, buff,  
noncemented t o  weakly cemen ted ,  partly glauconitic 
sandstone,  a s  a t rans i t ional  succession t o  overlying Hassel  
Formation sandstones. About 700 m (2325 ft.) of 
Christopher s t r a t a  were  pene t r a t ed  in t h e  Skyba t t l e  Bay 
C-15 dril l  hole. 

The ,Hassel  Format ion (Lower and Upper Cretaceous)  
is t he  most widely distributed and bes t  exposed unit  on 
Lougheed Island. The format ion,  which is e s t ima ted  t o  be  
about  300 m (1000 ft.) thick,  consists mainly of buff t o  

tan ,  mainly medium grained sandstone,  weakly cemen ted  
by ferruginous clay. There  a r e  abundant ,  very thin,  dark 
grey shale  in terca la t ions  in t h e  basa l  p a r t  of t h e  
format ion and, in t h e  upper pa r t ,  some  black, pyr i t ic  
shales, resembling the  black shales of t h e  overlying 
Kanguk Formation.  [ ~ n  t h a t  regard,  t h e  Christopher and 
Hassel format ions  a r e  transit ional over wide a r e a s  of 
c e n t r a l  Sverdrup Basin, but  t h e  Hassel and Kanguk 
format ions  in most p laces  have  a n  ab rup t  c o n t a c t  (Sto t t ,  
1969; Balkwill and Hopkins, 1976)]. The middle p a r t  of 
t h e  Hassel  Format ion consis ts  of qua r t zose  sandstones,  
with high-angle, tabular  cross-s t ra ta ,  carbonaceous  
det r i tus ,  scour  channels,  and some  pebble lenses;  t h e  
s t r a t a  lack mar ine  faunas. 

The Kanguk Formation (Upper Cretaceous)  under- 
l ies a la rge  pa r t  of southeas tern  Lougheed Island. The 
succession consists mainly of black,  cohesive,  papery,  
clay-rich shales,  with very thin,  yellow-grey,  t u f f aceous  
clay beds. The shales a r e  sulphurous, with yellow and 
whi te  secondary sulphate  minera l  c rus t s  on many 
outcrops,  and a r e  s o  ac id ic  t h a t  t h e  format ion suppor ts  
a lmos t  no vegetation.  The lower p a r t  of t h e  Kanguk 
succession conta ins  in tervals  of buff t o  yellow-brown, 
weakly cemen ted  t o  noncemented,  f ine  grained 
sandstone.  The most prominent of t h e  Kanguk 
sandstones is  a few tens  of m e t r e s  thick,  and l ies  about  
100 m (330 ft .)  above t h e  base of t h e  shale-dominated 
succession.  Such well-developed sandstones a r e  not 
common  in t he  Kanguk Formation of cen t r a l  and eas t e rn  
Sverdrup Basin; bu t  Plauchut  (1971, p. 675) indicated t h a t  
t h e  Kanguk Format ion a t  Eglinton Island (Fig. 35 . la)  has  
abundant  sandstones.  The Kanguk Format ion is  es t i -  
ma ted  t o  b e  abou t  200 m (660 ft.) thick.  

The youngest  s t r a t a  on Lougheed Island a r e  l ight 
grey ,  medium t o  coa r se  grained, weakly cemen ted  
sandstones of t h e  Eureka Sound Format ion.  The  unit, 
which is present  only in t h e  ea s t e rn  pa r t  of Lougheed 
Island, is not  more  than about  60 m (200 ft .)  thick,  and 
con ta ins  la rge  f r agmen t s  of carbonized wood. 
Palynomorphs f rom t h e  Eureka  Sound beds indica te  t h a t  
t h e  rocks  a r e  Maastrichtian,  and thus  approximately 
coeva l  with t h e  format ion on t h e  Kingnes Islands, in 
those  p laces  where  t h e  Eureka  Sound Format ion l ies 
conformably on t h e  Kanguk Format ion (Balkwill, 1974; 
Ball<will and Hopkins, 1976). 

Lougheed Syncline has a nearly f l a t  trough region 
t h a t  plunges southeas tward  about  I deg.ree (20 m/km or 
100 ft . /mile).  The nor theas tern  flank dips about  
4 deg rees  toward the  trough. The southwestern  flank is  
locally in ter rupted  by a sys t em of low-amplitude 
regularly spaced folds. Some disharmonic,  f lexural-f low 
folds a r e  particularly well developed in t h e  upper p a r t  of 
t h e  Christopher Format ion on Edmund Walker Island. 
Folds t h e r e  a r e  a symmet r i c  northward (some have  
over turned forelimbs), and have  wavelengths as g r e a t  as 
severa l  t ens  of metres.  Near Skybat t le  Bay, t h e  
Christopher/Hassel  c o n t a c t  is locally overturned toward 

From: Report of Activities,  Part B; 
Geol.  Surv. Can., Paper 77-1B (1977) 



Quaternary: sand and mud 

Eureka Sound Formation: sandstone 

-1 Kannguk Formation: s h a l e  

Hassel Formation: sandstone 

Chris topher  Formation : sha le  

Isachchsen Formarion: sandstone 

Figure 35.1 b. Geology, Lougheed Island. 
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t h e  northeast .  The genera l  s t ruc tu ra l  s ty l e  is  suggestive 
of large-scale, slope-induced, nor theas tward-  and 
northward-directed flow of duct i le  upper Christopher 
pe l i tes  toward the  trough region of Lougheed Syncline. 
This would require the  exis tence  of a structurally high 
domain peripheral  t o  t h e  southwestern and southern coas t s  
of Lougheed Island and adjacent  smal l  islands. 
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GEOLOGICAL AND PALYNOLOGICAL INTERPRETATION O F  EUREKA SOUND FORMATION 
ON SABINE PENINSULA, NORTHERN MELVILLE ISLAND, DISTRICT O F  FRANKLIN 

P r o j e c t s  750083 and 680068 

R.A. R a h m a n i  and W.S. Hopkins, J r .  
I n s t i t u t e  of S e d i m e n t a r y  and P e t r o l e u m  Geology,  C a l g a r y  

Introduction 

A 3 3  m c o m p o s i t e  sec t ion  of t h e  E u r e k a  Sound 
Format ion ,  exposed on t h e  nor thern  t ip  of Sabine  
Peninsula,  Melville Island (Fig. 36.1), is  described.  T h e  
s ign i f icance  of t h i s  s e c t i o n  l i es  in t h e  f a c t  t h a t  t h i s  i s  o n e  
of t h e  f e w  loca t ions  w h e r e  t h e  E u r e k a  Sound F o r m a t i o n  is 
exposed  in t h e  wes te rn  half of Sverdrup  Basin ( T o z e r  and  
Thorsteinsson,  1964). T h e r e f o r e ,  a g e  d e t e r m i n a t i o n  and  
s t r u c t u r a l  and s t r a t i g r a p h i c  re la t ionsh ips  of t h e s e  rocks  
wi th  t h e  underlying f o r m a t i o n s  a r e  c r i t i c a l  f o r  t h e  
e luc ida t ion  of L a t e  C r e t a c e o u s - e a r l y  T e r t i a r y  geologica l  
h i s tory  of t h e  w e s t e r n ,  p a r t  of Sverdrup  Basin and  i t s  
re la t ionsh ips  with t h e  geologica l  e v e n t s  of t h e  s a m e  t i m e  
span  of t h e  e a s t e r n  p a r t  of Sverdrup  Basin. 

Pre l iminary  s tud ies  of t h e  s t r u c t u r a l  and s t r a t i -  
g r a p h i c  re la t ionsh ips  of Mesozoic and T e r t i a r y  rocks  in 
t h e  e a s t e r n  Sverdrup  Basin (Balkwill, 1974; Balkwil l  and 
Bustin,  1975; Balkwill e t  al., 1975;  Balkwill and Hopkins, 
1976) resu l ted  in recogni t ion  of t h r e e  phases  of t h e  
Eurekan  Orogeny:  ( I )  a phase  of up l i f t  ( M a a s t r i c h t i a n / l a t e  
Pa leocene)  exempl i f ied  by such  f e a t u r e s  a s  t h e  P r i n c e s s  
M a r g a r e t  Arch on Axel  Heiberg  Island and  t h e  C o r n w a l l  
Arch  of Amund Kingnes Island; 12) a phase  of reg iona l  
compress ion  [(?)Middle ~ o c e n e / ~ l i ~ o c e n e ]  which produced  
l a r g e  fo lds  a n d  f a u l t s  in E o c e n e  and o lder  r o c k s  in e a s t e r n  
Axel  Heiberg  and  w e s t e r n  E l l e s m e r e  Islands; a n d  (3) a 
renewed phase  of up l i f t  wi th  local  normal  fau l t ing  

(Miocene /P l iocene)  as exempl i f ied  along t h e  e a s t e r n  f lank  
of P r i n c e s s  M a r g a r e t  Arch  in e a s t e r n  Axel  H e i b e r g  Island, 
a c c o m p a n i e d  by t h e  s y n t e c t o n i c  depos i t ion  of t h e  c o a r s e  
c l a s t i c  s e d i m e n t s  which c h a r a c t e r i z e  t h e  B e a u f o r t  
F o r m a t i o n .  

Description 

About  3 3  m of m o d e r a t e l y  well  exposed  E u r e k a  
Sound F o r m a t i o n  w e r e  m e a s u r e d  in t w o  c lose ly  s p a c e d  
s e c t i o n s  d i r e c t l y  w e s t  of Colquhoun p i e r c e m e n t  d o m e  on  
t h e  n o r t h e r n  t i p  of Sabine  Peninsu la  (Fig. 36.1). S e c t i o n  1 
(Fig.  36.2) is  16 m th ick  and  c o n t a i n s  t h e  g r a d a t i o n a l  
Kanguk-Eureka  Sound c o n t a c t  n e a r  t h e  base;  t h e  b e d s  d i p  
a b o u t  12 d e g r e e s  w e s t w a r d  a w a y  f r o m  t h e  p i e r c e m e n t  
d o m e .  S e c t i o n  2 (Fig. 36.2) i s  23  m th ick ,  composed  
e n t i r e l y  of E u r e k a  Sound beds. It o v e r l a p s  wi th  and is  
b e t t e r  exposed  t h a n  S e c t i o n  I .  T h e  E u r e k a  Sound beds  of 
S e c t i o n  2 a r e  near ly  h o r i z o n t a l  a n d  t h e  t o p  of t h e  s e c t i o n  
i s  t h e  p r e s e n t  e ros iona l  s u r f a c e .  S t r a t i g r a p h i c  e v i d e n c e  
s u g g e s t s  t h a t  t h e s e  t w o  s e c t i o n s  a r e  s e p a r a t e d  by a 
r e v e r s e  f a u l t ,  probably a s  a r e s u l t  of t h e  e v a p o r i t e  
in t rus ion  nearby .  T h e  b a s e  of t h e  E u r e k a  Sound F o r m a t i o n  
in t h i s  loca t ion  w a s  p laced  a t  t h e  f i r s t  a p p e a r a n c e  of l igh t  
g r e y  sand  beds  a b o v e  t h e  d a r k  brown s i l ty  and  a r g i l l a c e o u s  
rock  t y p e s  of t h e  underlying Kanguk F o r m a t i o n .  T h e  
Kanguk-Eureka  Sound c o n t a c t  is  g r a d a t i o n a l  and  c o n f o r m  
a b l e ,  as ind ica ted  by l i tho logica l  and pa leonto logica l  
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Map of  w e s t e r n  A r c t i c  Is lands showing l o c a -  
t ion  of s tudy-area .  Inse t  m a p  shows loca t ion  
of  S e c t i o n s  1 and  2. 
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evidence discussed below. For reasons of t i m e  shor tage  in 
t he  field, Section 1 only was sampled and detailed 
lithological notes were  not  taken (Fig. 36.2). 

This exposure of Eureka Sound Formation generally 
represents  a coarsening-upward sequence of sand, si l t ,  and 
mud. The rocks of t h e  upper par t  of t he  Kanguk 
Formation a r e  generally argil laceous and of shallow- 
marine nature  based on micropaleontological in terpre ta-  
tions by J.H. Wall. Lithological and palynological d a t a  
suggest t ha t  this sequence becomes progressively 
nonmarine upward. In Section 2, t h e  Eureka Sound 
Formation is composed mainly of very f ine  t o  medium 
grained sand, excep t  for t he  uppermost 3.5 m which a r e  
shale. 

Friability of t h e  si l t  and sand beds tends  t o  obscure 
t h e  sedimentary s t ruc tures .  However, t he  volumetrically 
dominant sedimentary s t ruc tu re  observed is large-scale 
cross-stratif ication which comprises t he  ent i re  thickness 
of two thick (6 m each)  sand beds in t he  midale pa r t  of 
Section 2 (Fig. 36.2). The lower of these  two  beds 
conta ins  ripple laminations in t h e  t op  1 m, and both beds 
a r e  fining upward. The fo re se t s  of t h e  cross-stratif ied 
beds dip southeasterly (120"). These  cross-stratif ied beds 
extend t h e  en t i r e  width of t h e  outcrop, a d is tance  of 
about  200 t o  250 m. Lack of t i m e  prevented t rac ing t h e  
e x t e n t  of t he  sedimentary  s t ruc tu re s  along the  third 
dimension. The remaining beds, in t h e  lower pa r t  of 
Section 2, a r e  laminated only vaguely. A carbonaceous  
shale-filled channel, oriented approximately NE-SW (30° ) ,  
occurs  near t he  4 m level above the  base of Section 2. 
This channel,  scoured in to  t h e  underlying very fine grained 
sand, contains incompletely carbonized wood and logs. 
Other  sedimentary  s t ruc tu re s  observed a r e  organic bur- 
rows in two beds near t he  base of Section 2 and plant root 
remnants  (Fig. 36.2, Sec. 2). 

Sieve grain s i ze  data  a r e  shown in Figure 36.3 
plotted on probability paper using quar ter  phi intervals. 
Three  of t h e  seven sand samples  shown have bimodal s i ze  
distribution. The sands of t h e  Eureka Sound Formation 
a r e  moderately well t o  modera te ly  sor ted  [using Folk's 
(1966) terminology] and a r e  generally angular t o  very 
angular (Power's scale) in t h e  modal and f ine  grades,  but  
generally show be t t e r  rounding in t h e  coarser  grades. In 
some  of t h e  samples,  however, i t  was  observed t h a t  t h e  
f iner  sand grade,  which is  usually angular,  also commonly 
contains rounded grains. Qua r t z  makes  up 90 per c e n t  o r  
more  of t h e  sand, whereas feldspar,  dark  rock f ragments ,  
accessory minerals,  and muscovite const i tu te  t h e  
remaining fraction.  Carbonaceous debris is present 
throughout, e i ther  disseminated or concentra ted  in 
d iscre te  laminae.  

Palynology 

Eleven samples were  col lec ted  for  palynological 
analysis f rom these  two sec t ions  (see  Fig. 36.2). Ten of 
t h e  eleven were  productive in both microspores and 
megaspores. The  s t ra t igraphic  position and GSC locali ty 
numbers a r e  indicated on t h e  accompanying range c h a r t  
(Fig. 36.4). Samples  C-60024 and C-60030 a r e  isolated 
samples  taken f rom what was  considered in t h e  field t o  b e  
t h e  oldest  exposed s t r a t a  of t h e  Eureka  Sound Formation,  
a conclusion borne ou t  by palynological analysis. 
Section 1 is represented by samples C-60020 (20) t o  C- 
60023 (23) and Section 2 by samples C-60025 (25) t o  C- 
60029 (29), inclusive. 
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Figure 36.2. Sect ions  1 and 2 of t h e  Eureka  Sound 
Format ion on Sabine Peninsula. S e e  
Figure  36.4 fo r  GSC locali ty numbers  of 
palynologic samples. 

The to t a l  microflora is i temized on t h e  microfloral  
list (Table  36.1), and age-significant palynomorphs a r e  
indicated on t h e  accompanying range c h a r t  (Fig. 36.4). 
Two comparat ive ly  dist inct  groups of key palynomorphs 
a r e  present,  indicating a transit ion f rom Maastrichtian t o  
Paleocene.  Pollen cha rac t e r i s t i c  of, and a lmost  com- 
pletely res t r ic ted  to,  t he  Maast r icht ian  include Aquila- 
pollenites,  Fibulapollis mirificus,  Orbiculapoll is  globosus, 
Expressipollis barbatus ,  E. accu ra tus ,  Azonia,  Clancula tus ,  
Wodehouseia sp inata ,  and Integricorpus.  The 
Maastrichtian microflora appea r s  t o  be  common t o  t he  
e n t i r e  c i rcumpolar  a r e a  (see  fo r  example,  Felix and 
Burbridge, 1973; Bra t t seva ,  1965; Chlonova, 196 1 ; 
Hopkins, unpubl. data).  The second assemblage  is  marked 
by more  typical  Ter t iary  forms, especially Alnus, which 
becomes abundant  near t h e  t op  of Sect ion  2. Although 
Alnus (alder) may occur  sporadically in upper 
Maastrichtian rocks, i t  does not  become  abundant u n t ~ l  
t he  Paleocene.  Early forms of P t e roca rya ,  C a r y a  and 



99.99 and, although some a r e  age  diagnostic,  they a r e  not 
particularly useful environmentally. 

To summarize  the  microspore da ta ,  t h e  rocks from 
this  locali ty a r e  uppermost Cre taceous  t o  lowermost 
Ter t iary ,  and exemplify a r a r e  exposure of t he  
Cretaceous-Tertiary transit ion in t h e  Sverdrup Basin. This 
transit ion, based on both lithologic and palynologic evi- 
dence, l ies about 15 m above t h e  Kanguk-Eureka Sound 
boundary. The depositional environment  appears  t o  b e  
de l t a i c  in a warm t empera te  t o  even subtropical c l imate .  
The overall  c l imat ic  and environmental conditions prob- 
ably were  not dissimilar t o  those now prevailing in the  
Mississippi del ta  area .  

Phi Scale 

GRAIN SIZE 

Figure 36.3. Grain-size probability plots of Eureka Sound 
sands of Section 2. See Figure 36.2 for 
s t ra t igraphic  positions of samples numbered 
1 to  7 .  
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Lycopod~um sp. - 
Cleichcni~dites sp. 
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Orbiculapollis filohosus 
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spores of G ~ e i c h e n i a  and ~ i c a t r i c o s i s ~ o r ~ t e s  a r e  present.  
X Palynomorph present Geological Survey Locality Numbers All of these  suggest a warm, damp cl imate .  
N Characteristic Maastrichtian 

palynomorph 
20 = C-60020 26 = C-60026 

With t h e  exception of t h e  Taxodiaceae,  t he  gymno- 21 = c-60021 27 = C-60027 

sperms a r e  not common. Taxodiurn and/or Glyptostrobus O  tic PaleOcene 22 = C-60022 28 = C-60028 
23 = c-60023 29 = C-60029 

a r e  common palynomorphs, again suggesting damp and 14 = C-60024 30 = C-60030 

warm conditions. However. t h e  microflora of a l l  s a m ~ l e s  25 = c-60025 

Carpinus a r e  present and appear  t o  b e  Paleocene forms. 
Sample C-60023 (23) is  somewhat  ambiguous in t h a t  i t  
contains some Ter t iary  palynomorphs and t h e  L a t e  
Cretaceous  Orbiculapollis. This appears  t o  b e  a transit ion 
sample, occurring at the  boundary between t h e  
Cretaceous  and Ter t iary  s t r a t a .  Although i t  is  not 
discussed in this report ,  t h e  megaspore da ta  basically ' 
support  the  interpretations derived from microspore 
analysis (A.R. Sweet ,  pers. comm.). 

Consequently, we can conclude only tha t  this is a 
transit ion unit, essentially representing deposition during 
the  l a t e s t  Cretaceous  and early Tertiary.  The top two 
samples of Section 2, on the  basis of both micro- and 
megaspores, clearly a r e  Paleocene. Therefore,  sample  C- 
60023 (23) a t  t he  top of Section I would seem t o  b e  
equivalent essentially t o  C-60027 (27). 

The indicated environment of deposition is de l t a i c  
with a lowland of lakes, swamp and meandering s t reams.  

is  dominated by the  angiosperms. Unfortunately,  more  Figure 36.4. St ra t igraphic  distribution of se lec ted 
than one half of these  cannot  b e  re la ted  t o  modern fo rms  palynomorphs. 

The abundance of Sphagnum spores, plus the  excel lent  Corylus sp. 

preservation of a l l  pollen and spores indicates,  at leas t  T* SP. 

locally, t he  presence of Sphagnum bogs. Lycopodium and ~ a r a n l n i p o ~ ~ e n i t e s  sp. 

Selaginella a r e  both moderately common which suggest Sch~zosporis cf. S .  scabratus 
moist conditions; some of the  Lycopodium may have been castanca-type 
epiphytic. Representa t ives  of t he  ferns such as Osmunda x x ~ s u g n  sp. 
and L a e v i ~ a t o s p o r i t e s  occur in some places and r a re  
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In terpre ta t ion  

Table  36.1 

Microflora of Eureka Sound Formation,  
nor thern  Sabine Peninsula 

Bryophyta Sphagnaceae 

Lycopodophy ta Lycopodiaceae 

Selaginellaceae 

Pterophy ta Osrnundaceae 

Schizaeaceae 

Cleicheniaceae 

Polypodiaceae- 
Dennstaedtiaceae 

Incertae sedis 

Cycadophy ta Cycadaceae 

Coniferophyta Pinaceae 

Taxodiaceae 

Podocarpaceae 

Anthophyta Cyperaceae 

Liliaceae 

Typhaceae 

Betulaceae 

Fagaceae 

Anthophyta Juglandaceae 

Ericaceae 

Dicotyledonae - 
lncertae sedis 

Sphagnum spp. 

Lycopodium sp. 
Lycopodiacidites sp. 

Selaginella sp. 

Osmunda sp. 

Cicatricosisporites sp. 

Gleicheniidites sp. 

Laevigatosporites sp. 
Deltoidospora sp. 
vercucate monolete spores 

Undulatisporites sp. 

Cycadopites follicularis 
Wilson and Webster 

Pinus sp. 
Tsuga sp. 

lnaperturopollenites sp. 
Glyptostrobus sp. 
Taxodium sp. 
Sequoia pollenites cf. 
paleocenicus Stanley 

Podocarpus sp. 

Cyperaceae 

Liliacidites sp. 

T Y P ~ ~  sq. 
Alnus sp. 
Paraalnipollenites sp. 
cf. Betula sp. 
Carpinus cf. C. triangula 

Stanley 
cf. Corylus sp. 

Castanea sp. 

Carya cf. C. paleocenica 
Stanley 

Engelhardtia (Momipites- 
type) sp. 

Pterocarya sp. 

?Ulmus sp. 

Ericaceae 

Extratriporopollenites sp. 
Aquilapollenites cf. 

A. attenuatus Funkhouser 
Aquilapollenites spp. 
Fibulapollis mirificus 

(Chlonova) Chlonova 
Expressipollis accuratus 

Chlonova 
E. barbatus Chlonova 
Orbiculapollis globosus 

Chlonova 
Azonia sp. 
Clanculatus sp. 
Wodehwseia spinata 

Stanley 
lntegricorpus sp. (Mclntyre, 

1974, PI. 21, figs. 1-3) 
Schizosporis cf. S. scabratus 

Stanley 
Tricolpites sp. 
Triporopollenites spp. 
Tricolporopollenites spp. 

The overa l l  coarsening upward and t h e  disappear- 
ance  upward of mar ine  influence ( t h e  l a t t e r  assumption 
based on paleontological evidence) suggest  t h a t  t he  
sedimentary  regime of t h e  Eureka  Sound Format ion in this 
locali ty was  t h a t  of prograding, shallowing-upward 
environments.  

Comparison of t h e  grain s i ze  probability cu rves  
(Fig. 36.3) with those published by Visher (1969) and 
Glaister and Nelson (1974) sugges ts  t h a t  t h e  thick, cross- 
s t ra t i f ied  sand beds of t h e  present  study-area were  
formed in de l t a i c  d is t r ibutary  channel  environments,  
probably a s  la tera l ly  migrating sand waves. 

The above l i thological  and paleontological  evidence  
sugges ts  t h a t  t hese  sediments  were  deposited a s  a fluvial- 
dominated  de l t a  (see del ta ic  classification of Galloway, 
1975) prograding, probably in a nor theas ter ly  direction,  
in to  a mar ine  basin where  waves  and t idal  cu r r en t  
influence were  too  weak t o  keep up with t h e  rapid r a t e  of 
fluvial sediment  influx and t o  so r t  and round the  sand 
grains. Diagnosis of t h e  speci f ic  de l t a i c  subenvironments 
of t h e  study sequence  is  d i f f icul t  due  t o  lack of more  
detailed field observations. Tex tu re  (bimodal grain s ize  
and shape) of t h e  sand sugges ts  a multi-source rock 
provenance.  

Palynological evidence sugges ts  t h a t  deposition of 
rocks  of t h e  Eureka  Sound Format ion,  especially t h e  upper 
pa r t ,  took place  largely in lowlands of lakes,  swamps and 
s t r eams  in warm,  humid t e m p e r a t e  t o  subtropical  c l imate .  

Conclusions 

The Cretaceous-Ter t iary  t rans i t ion  in nor thern  
Sabine Peninsula is  gradat ional  within t h e  det r i ta l ,  
a renaceous  sequence  of t h e  Eureka  Sound Formation,  
about  15 m above i t s  base. Deposit ion was rapid and 
continuous a s  a fluvially dominated  de l t a i c  sequence  
prograding in to  a marine basin of low wave and t idal  
cu r r en t  energy under humid and warm t e m p e r a t e  t o  
subtropical  c l imate .  The gradual  change  of sedimentary  
regime f rom mar ine  Kanguk t o  t h e  nonmarine Eureka  
Sound marks a period of gradual uplif t  of t h e  source  area .  
This period of uplif t  (Maast r icht ian  in age)  may be  
synchronous with t h e  l a t e  Maas t r i ch t i an l l a t e  Pa l eocene  
"phase of local  uplift" (Balkwill et al., 1975) in t h e  ea s t e rn  
pa r t  of t h e  Sverdrup Basin. 
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SOME OBSERVATIONS ON THE HORN PLATEAU, DISTRICT O F  MACKENZIE 

Projec ts  710011 and 710033 

G.K. Williams 
Ins t i tu te  of Sedimentary and Pet ro leum Geology, Calgary 

During the  past  f ew  years,  several  wells have  been 
drilled on and near t h e  Horn Plateau.  In this repor t ,  by 
means  of severa l  maps and cross-sections, t h e  writer 
summarizes  t h e  subsurface information and in t eg ra t e s  i t  
with surface  data .  

Physiography 

The pla teau rises about  1500 f e e t  (450 m) above  t h e  
surrounding plain. I t  has  a streamlined form (Fig. 37.2) 
with an irregularly bowl-shaped surface.  The p la teau is 
bounded by a s t eep  sca rp  on t h e  south, more  modera t e  
scarps  on the  eas t  and north,  and by a gent le  slope on the  
west  (paraphrased f rom Craig,  1963). 

Regional Geological Se t t i ng  

The plateau l ies near t he  eas tern  margin of t h e  
Interior Plains (Fig. 37.1). Regional d ip  is t o  t h e  south- 
west.  The plains f rom which t h e  p la teau rises a r e  
underlain by Upper Devonian shales with a veneer,  a f ew  
t ens  of f ee t  thick,  of glacial  dr i f t .  The  c o r e  of t he  
p la teau is an  outl ier  of Lower Cre t aceous  sha l e  capped, 
along pa r t  of t he  south rim, by a f e w  t ens  of f e e t  of 
sandstone.  The sandstone is probably of L a t e  Cre t aceous  
aee .  

Ou tc rop  Summary 

There  a r e  only th ree  small  a r e a s  of outcrop; t h e  
locations of t hese  a r e  shown on Figure  37.3. 

At  a r e a  I ,  f i r s t  visited by Whittaker (1922, p. 54B), 
abou t  80 f e e t  (24 m)  of dark  fissile shale  outcrop a t  a n  
e levat ion  between 1500 and 1600 f e e t  (450 and 480 m) 
(Douglas and Norris, 1960, p. 20). The  s t ra t igraphic  
position of this outcrop is shown on Figure 37.6. 

Outcrop 2, on t h e  north side of t h e  p la teau (Douglas 
and Norris, 19601, cons is ts  of black pyr i t ic  sha l e  with a 
10-inch (25.4 c m )  bed of argil laceous l imestone.  This 
outcrop,  a t  a n  elevation of about  1300 f e e t  (390 m), is 
probably t h e  lower of t h e  two  radioact ive  shale  zones  
(Figs. 37.4, 37.8). 

Area  3, on  t h e  south rim of t h e  p la teau,  was  
examined by Whittaker (1923, p. 990). Whi t taker  des- 
cribed sca t t e r ed  exposures of ra ther  coarse ,  white t o  
rusty-yellow, f r iable  sandstone,  and common  large  iron- 
s t o n e  concre t ions  and par t ings  of so f t  black shale.  H e  
named th is  t h e  Rabbitskin Sandstone. The  s t ra t igraphic  
position of this outcrop is shown on Figure 37.7. 

No useful fossils h a v e  been found 
in any of t h e  outcrops.  It is  assumed 
t h a t  t h e  shales a r e  of Early Cre t a -  
ceous  age ,  equivalent t o  t h e  Fo r t  
St. John Group, and t h a t  t h e  sandstone 
probably is of L a t e  Cre t aceous  age,  
equivalent t o  t h e  Dunvegan Formation 
(Douglas, 1959; Douglas and Norris, 
1960; S to t t ,  1960). 

Cre t aceous  Lithology (subsurface) 

The  Rabbitskin Sandstone  was  
no t  encountered  in any of t h e  wells. 

Well samples, al though of poor 
quali ty,  indica te  t h a t  t h e  Lower 
Cre t aceous  shales a r e  medium grey,  
rarely dark grey,  variably bentonit ic,  
with t r a c e s  of glauconite,  si l t ,  sand, 
ironstone,  fish remains  and a coal-like 
ma te r i a l  which is probably bitumen. 
Fish sca les  and bi tumen seem t o  b e  
more  common in t h e  radioact ive  
zones. Two radioact ive  zones  a r e  
present  in well P-02 (Fig. 37.8). The 
log c h a r a c t e r  of t h e  Cre t aceous  sec-  
t ion of t h e  Horn P la t eau  wells is 
similar t o  t h a t  of wells f a r t h e r  south. 
Although detailed corre la t ion  is not 
possible, th is  similari ty tends  t o  con- 
f i rm  a n  Early Cre t aceous  age.  

Figure 37.1. Index map. 

I. Horn Pla teau 
2. Cameron Hills 
3. Trout  Lake Highlands 
4. Duck Mountain 

From: Report of ~ c t i v i t i e s ,  Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



Figure 37.2. Main topographic f ea tu re s  (contour in terval  500 ft.), and well names,  Horn Plateau.  
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Figure 37.3. Cre taceous  distribution and thickness,  Horn Pla teau.  The isopach interval is 500 f e e t .  
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Figure 37.5. Structure, top of Lonely Bay Formation, Horn Plateau. The contour interval is 100 feet. 
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Figure 37.7 North-south cross-section, Horn Plateau. 
Datum: sea  leve. 

Development of t h e  Pla teau 

There is not any s t ructura l  reason, apparently,  for  
t he  existence of t h e  plateau (Fig. 37.5). There is a 
suggestion of a slight anomaly a t  the  pre-Cretaceous 
erosion surface  (Fig. 37.4) but this is an erosional, not a 
tectonic,  fea ture .  If t h e  regional t i l t  in Figure 37.5 was  
removed, Figure 37.4 would display a very slight topo- 
graphic t e r r a c e  south of t h e  plateau. 

Marine Lower Cretaceous  shale once covered t h e  
ent i re  area .  If t he  Rabbitskin Sandstone is indeed Upper 
Cretaceous,  the  to t a l  thickness of t he  Lower Cretaceous  
is in the  order of 1000 f e e t  (300 m) (Figs. 37.3, 37.7). This 
is thinner than would b e  expected f rom regional isopachs 
(Shell Oil Company Exploration Depar tment ,  Houston, 
Texas, 1975; see map: Cre taceous  unit I1 Isopachs). The 
presence of radioactive shale  zones suggest ' that ,  through 
par t  of Early Cretaceous  t ime, this a rea  was sediment- 
starved. The topographic ter race ,  mentioned above, may 
have some bearing on the  deposition or preservation of t h e  
Rabbitskin Sandstone. 

One can  specula te  t h a t  t h e  ances t ra l  Horn Pla teau,  
i.e. in preglacial  t ime,  was similar in shape and relief t o  
t h e  present plateau. I t  was probably a sandstone-capped 
mesa, a product of post-Cretaceous erosion. Pleistocene 
i c e  erosion almost obliterated this mesa, leaving only a 
p a r t  of t h e  southern rim in t ac t  (Fig. 37.3). The sandstone 
c a p  was removed a lmost  ent i re ly  and a deep valley was  
gouged through t h e  ances t ra l  p la teau (Fig. 37.3). The 
resulting topography was  la ter  buried in thick dr i f t ;  for 
some reason the  ice-created depressions became  
Pleistocene depocentres.  

Although much of the  foregoing is  speculative,  t h e  
presence of thick d r i f t  (up t o  1400 ft .  (420 m)) and high 
pre-drift  relief is well documented (Fig. 37.8). A some- 
what comparable  si tuation occurs  in o the r  uplands: t h e  
Cameron Hills and Trout  Lake Highlands near the  Alberta- 
Northwest Terr i tor ies  boundary (Fig. 37.1) and a reas  such 
a s  Duck Mountain in Manitoba (Klassen e t  al., 1970). 

Some  Questions 

What a r e  t h e  conditions of ice-age sedimentation 
t h a t  lead t o  t h e  deposition of such thick d r i f t ?  Did 
preglacial  hills d iver t  the  erosive power bu t  encourage the  
depositional power of glaciers,  or  did t h e  hills survive 
because some other  fac tor  so  influenced t h e  glaciers? 
How much of this unusual d r i f t  thickness is  a resul t  of 
bulldozing by successive i c e  sheets?  

Why is t h e  Lower Cretaceous  section so  thin - onlap 
over a broad topographic high, s tarved sedimentation in a 
basin deep, or erosion a t  t h e  top? Is t he  Rabbitskin 
Sandstone Upper Cretaceous?  It lies over 100 miles 
(161 km) nor theas t  of t he  Dunvegan delta 's  depocentre  - 
i s  i t  reasonable t o  consider it a s  p a r t  of t h a t  del ta?  

Perhaps  s tudents  of t h e  Pleistocene know t h e  
answers t o  t h e  f i rs t  questions. ,  Possibly a micropaleon- 
tological study of available well and surface  samples will 
answer some of t h e  questions on Cretaceous  history. The 
aff in i t ies  of t h e  Rabbitskin Sandstone a r e  likely t o  remain 
conjectural .  
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REMANENT MAGNETISM OF AN ULTRAMAFIC FLOW 
FROM MUNRO TOWNSHIP, ONTARIO 

Project  730160 

E.J. Schwarz 
Regional and Economic Geology Division 

In the  course of o ther  field work ten  oriented drill 
cores  were obtained f rom an  ul t ramafic  (komatii te) flow 
west-northwest of Munro Lake t o  investigate i t s  potential  
for  paleomagnetic study. The outcrop (80" 10'W; 48'35'N) 
is well known (Pyke et al., 1973) and consists of a large 
number of subvertical  flows. Two 2.5 by 2.5 c m  
cylindrical specimens were  c u t  f rom each co re  and the  
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Figure 38.IA. Ef fec t  of stepwise AF  demagnet iza t ion in 
fields up t o  500 oersteds.  JN indicates 
re la t ive  intensity. 3 H 

B. Circles a r e  equal a rea  s tereographic  pro- 
jections of north-seeking directions a f t e r  
cleaning a t  200 oe. Triangles show 
directional changes of sample 1 from 
core  2 during s tep  cleaning. Mean 
directions a f t e r  cleaning a t  200 oe  a r e  
shown before and a f t e r  bedding t i l t  
correction. Note that  all  north-seeking 
directions a r e  up. 

stabil i ty of t he  remanent  magnetization of each speci-  
men was tes ted ,  using a l ternat ing field (AF) demagnet- 
ization. Additional specimens were  c u t  for  t he rma l  
demagnetization experiments.  

The intensity of t he  natura l  remanent  rnagnetiza- 
tion (NRM) is in the  emu/cc  range. The north- 
seeking NRM directions point upwards and form a 
distribution s t reaked towards  east-southeast .  Intensity is 
decreased strongly during stepwise AF demagnetization 
(Fig. 38.IA). Directions were  well grouped a f t e r  t he  200 
and 300 oe t r ea tmen t ,  but  tended t o  s c a t t e r  a f t e r  
t r ea tmen t  in higher fields up t o  500 oe  (Fig. 38.1B). 

Figure 38.2. Results obtained by thermal  step-cleaning 
one specimen f rom each of five cores. 
Symbols a s  in Fig. 38.1. 

From: Report of Activities, Part B; 
Geol.  Surv. Can., Paper 77-1B (1977) 



During thermal  demagnetization intensit ies 
decreased in two steps. The f i rs t  drop took place between 
250" and 450°C and accounted for about half of the  N R M  
intensity. The second drop took place in a narrow range 
from 500' t o  570°C (Fig. 38.2A). The thermal  change of 
t h e  saturation magnetization shows the  presence of only 
one magnetic compound, almost pure magnetite.  The two  
blocking temperature  ranges may be explained by the  
presence of two distinct ranges of grain sizes of 
magnet i te  in most of the  cores,  which may correspond t o  
two di f ferent  generations of magnetite.  The remanent  
magnetization does not show a well-defined end point 
direction similar t o  tha t  obtained by HF demagnetization 
(Fig. 38.28); however, some movement towards t h e  AF 
direction was observed during t h e  thermal  cleaning. The 
specimen directions a f t e r  heating a r e  also more sca t t e red  
than directions obtained a f t e r  A F  t r ea tmen t  in 200 oe. 

The c o r e  directions a r e  bes t  grouped a f t e r  
t r e a t m e n t  in 200 and 300 o e  AF. The 200 o e  t r e a t m e n t  

yields an average direction of Declination (D) = 3.4", 
Inclination (I) = -88", as 5 = 8". This direction is 
D = 183', 1 = 6" a f t e r  correct ion for t i l t  of t he  flows, 
which would apply if the  magnetization is prefolding. 
The results suggest t ha t  t he  flows possess a s t ab le  
magnetization carried by multidomain magnet i te  which 
is worth being investigated fur ther  for paleomagnet ic  
purposes. 

Guidance in the  field by Mr. HowardLovel l ,  
Ontario Depar tment  of Mines geologist, is  g rea t ly  
appreciated. 
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39. URE-3 (URANIUM RESOURCE EVALUATION FILE) - A DATA BASE FOR URANIUM RESOURCE EVALUATION 

Project  750010 

N. Prasad 
Regional and Economic Geology Division 

URE-3 is a computer-processable da ta  f i le  for  t h e  
evaluation of uranium resources. As work on this f i le  is 
s t i l l  in progress, this repor t  contains the  concepts  and 
description of the  proposed d a t a  base. The d a t a  on one 
a r e a  (Makkovik'in Labrador) have been en te red  in the  f i le  
and coding of d a t a  for o ther  a reas  is in preparation. The 
fi le when complete  will represent,  i t  is hoped, all t he  
uraniferous a reas  in Canada and will have about  500 
records. An overview of URE-3 is given by Ruzicka 
(1976). 

The selection of d a t a  i t ems  (Appendix) was made in 
consultation with t h e  sc ient is ts  of t h e  Uranium Resource 
Evaluation Section. Significant contributions and discus- 
sions were  made by L.P. Tremblay, V. Ruzicka, R.T. Bell, 
and J.Y.H. Rimsaite.  

In resource assessment a common approach is t o  
compare  known a reas  with unknown a reas  (United S ta t e s  

Atomic  Energy Commission, 1973). Many compute r  based 
fi les on mineral deposit  d a t a  cannot  easily be used for  
resource assessment of areas.  This is because  they a r e  
made t o  m e e t  o ther  objectives or  a r e  not  flexible enough 
t o  deal with t h e  concept  of areas .  URE-3 f i le  is  designed 
t o  deal with uraniferous a reas  in a sys t ema t i c  way (see 
Fig. 39.1). A unit subdivision is a 'unit record'  of t h e  fi le 
and by definition may represent  an  a r e a  a s  well a s  a 
uranium occurrence. On t h e  basis of th is  principle t h e  
URE-3 fi le may be considered a s  unique with respect  t o  
o the r  mineral deposit  files, e.g. CANMINDEX (Picklyk, 
19761, MINDEP (Wynne-Edwards et al., 1976), MOLYFILE 
(Prasad et a]., 1974). The l a t t e r  s t r ic t ly  consider a 
mineral occurrence  a s  a unit  record, which may be  
represented a s  a point on a map. 

Since t h e  object ive  of building t h e  URE-3 f i le  is t o  
ass is t  in t h e  es t imat ion of resources of speci f ic  areas ,  t h e  
a r e a s  a r e  defined and outlined in a sys t ema t i c  way. The 

Figure 39.1. Division of an  a r e a  in to  smaller logical units preceding t h e  coding in URE-3 file. Each unit 
subdivision may conta in  d a t a  which can be grouped in Idata groups' l isted on t h e  right side. 

r------- --i 
I I 

I I 

I S u b  A r e a  1 Unit Subdiv. 
I I 1 

I I 1 
I - - - - - - - - :  

M a j o r  A r e a  Sub A r e a  Uni t  Subd iv .  ' 

2 

r---------  r------- 1 
I I I 
I I I 
I I " Sub A r e a  I Unit  Subdiv .  

I 
I 

3 1 
L - -------  1 

'Compilation and coding of d a t a  in th is  a r e a  were  done by J.A. Kerswill. 

Data  Groups (see Appendix) 

- Identification of unit  subdivision 
- Location of a r e fe rence  point in uni t  subdivision 

- Radioactivity indications 

- Area of favourable rocks 

- Anomalies 
- Relationship of U-mineralization t o  geology 

- Orientation 

- Host rocks 

- Associated rocks 

- Source rocks 

- Structura l  f ea tu res  

- Alteration 

- Data  on Mineralization 

- Associated e l emen t s  

- Minerals 

- Radiogenic ages  

- Origin and classification 

- Basin considerations 

- Sedimentological considerations 

- Volcanic and intrusive considerations 

- Comments  

From: Report of Activities, P ~ X B ;  
Geol. Surv. Can., Paper 77-1B (1977) 



delineation of a r eas  is a cr i t ica l  s t ep  and has t o  precede  
the  d a t a  ent ry  in t he  coding sheets.  Definitions of t h e  
heirarchical  t e r m s  fo r  a r eas  are:  

Major a r e a s  - These broad a r e a s  a r e  based on known 
uranium mineralization and/or favourable geological  
environment.  Examples: Makkovik area ,  Wollaston Lake  
fold bel t ,  and the  southern pa r t  of Canadian Cordil lera.  
Major a r eas  a r e  outlined on 1:5 000 000 sca le  map of 
Canada. 

Subareas - Subdivision of a major a r e a  is  based on 
metallogenic cr i te r ia .  Each type  of uranium occu r rence  
in a major a r e a  would have  at leas t  one  corresponding 
subarea.  Subareas need no t  be  geographically continuous. 
They a r e  t he  working blocks for which resources will be 
calculated.  For example,  t h e  Makkovik a r e a  has t w o  
impor tant  subareas:  t he  Ki t t s  be l t  and the  Michelin bel t .  

Unit subdivision - The basic principle behind a unit  
subdivision is t h a t  i t  is geologically a homogeneous unit. 
Presence  of favourable hos t  rocks  and quali ty and quant i ty  
of exploration d a t a  available a r e  some  of t h e  c r i t e r i a  fo r  
defining a uni t  subdivision. Subareas and unit  subdivisions 
may be  outlined on 1:250 000 o r  la rger  sca le  maps. The 
dimensions of unit subdivision may be  highly variable,  
depending on the  available da ta .  Thus, (i) a single 
developed prospect or a mine where grades  or tonnages  
a r e  known, (ii) a n  a r e a  containing severa l  radioact ive  
occurrences  o r  (iii) an  a r e a  with favourable geology but n o  
known uranium occurrences,  could each  b e  an  individual 
unit  subdivision. Examples: K i t t s  deposit, Nash Prospect ,  
Inda prospect in Ki t t s  belt-subarea.  

The da t a  a r e  entered  on specially designed coding 
sheets  which consist  of t en  eighty-column compu te r  ca rds  
fo r  each  unit  subdivision. The smal les t  unit of record is  
called a 'da ta  item'. There  a r e  237 d a t a  i t ems  which 
cons t i t u t e  a 'unit record'. However all  t h e  d a t a  would not  
a lways  b e  known t o  code  237 d a t a  i t ems  and hence  t h e r e  
will b e  many blank fields. In a r e a s  of continuing 
exploration and development work some of these  blanks 
could be  filled la ter .  The re la ted  d a t a  i t ems  of a 
geological f ea tu re ,  e.g. a l te ra t ion ,  occur together  in t h e  
f i le  and may be  considered a s  links of a chain ( s ee  
Appendix). These d a t a  i t ems  a r e  collectively ca l led  'da ta  
group'. The  Appendix l ists  al l  t h e  d a t a  i t e m s  and 
corresponding d a t a  groups conta ined in URE-3 f i le  d a t a  

base. The d a t a  base managemen t  sys tem used is MARS V I  
(Multi Access Ret r ieval  Sys tem) version 2.1, available on 
CONTROL DATA'S CYBER-74 hardware .  A preprocessor 
program is used before  loading d a t a  in MARS. The 
reasons fo r  using MARS - besides  i t s  being avai lable  a t  
ou r  depa r tmen ta l  Computer  Science  C e n t r e  - a r e  i t s  
simple s t ruc ture ,  e f f i c i en t  re t r ieval -update  f e a t u r e s  and 
ease  of subsett ing d a t a  ou t  of MARS f o r  o the r  s t a t i s t i ca l  
and application programs. 

D a t a  Acquisition - Data  a r e  acquired f rom federa l  and 
provincial government  repor ts ,  geological  and mining 
publications, Atomic  Energy Control  Board repor ts ,  
mining company repor ts  and f rom field observat ions  by 
t h e  s taf f  of Uranium Resource  Evaluation Section.  Loca- 
tion of uranium occurrences  and deposi t s  will eventually 
be  derived f rom Geological Survey of Canada's  compu te r -  
based CANMINDEX f i le  (Picklyk, 1976). Uranium d a t a  fo r  
CANM[NDEX file a r e  current ly  being coded in t h e  
Uranium Resource Evaluation Section.  
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APPENDIX 

A list of the  'da ta  i tems'  and corresponding 'data groups' contained in a 'unit record'  (unit  subdivision) 
of URE-3 file. The d a t a  groups l isted here  a r e  the  same  as  shown in Figure 39.1. 

Location of a NTS number, lati tude, longitude, 
reference  point 1 description of a reference  point. 

Data  group Data  i t em 

Radioactivity 
indicators 

Identification of 
unit subdivision 

U-orebodies, radioactive outcrops, 
radioactive boulders, drilling, pre- 
dominant type  of U-mineral iza t~on,  
o the r  types  of U-mineralization, 
spatial  relationship of U-occurrences, 
distribution of U-occurrences. 

Major area:  number, a r e a ,  volume; 
sub area: number, a r ea ,  volume; 
unit  subdivision: number, a r ea ,  
units of a rea ,  units of volume, uni t  
subdivision a s  per cen t  of sub area;  
political province, geological province. 

Favourable a rea  I Area  of favourable rocks, units. 

Anomalies 

Relationship of 
U-mineralization 
with geology 

Geophysical anomalies: 
airborne-total  counts,  airborne-U, 
ground-total counts,  ground-U; 

Geochemical anomalies: 
U-in water ,  Radon in wa te r ,  
U-in soil, Radon in soil, 
U-in lake sediments,  U-in rock; 

Non-radiometric anomalies;  
Geobotanical anomalies. 

Relationship of mineralization with: 
-structure,  -alteration, 
-metamorphism, -carbon and 
-hydrocarbon. 

Orientation Foliation: -dip, -strike I geologic formation: -dip, -strike. 

Host rocks or 
host rocks in 
'basement '  

Basement/cover distinction, major 
class,  gene t i c  class, rock names 
(up t o  4), s t ra t igraphic  a g e  -lower, 
-upper. 

Source rocks 

Host rocks in 
'cover' 

S t ructura l  
f ea tu res  

Major class, gene t i c  class,  
rock names (up t o  3), s t ra t igraphic  
age  -lower, -upper. 

Alteration 

Major class, genet ic  class,  rock 
names (up t o  21, s t ra t igraphic  age  
-lower, -upper. 

Number of major fault-sets,  f au l t s  
-strike, -dip (up t o  3 se t s )  subsidiary 
faults,  folding, periods of folding, 
unconformity,  mylonitization, breccia- 
tion, zoning, metamorphism, periods 
of metamorphism. 

Level of information, grani t iza t ion,  
metasomat ism,  re t rograde metamor-  
phism, hydrothermal,  regolith, bleaching, 
felspathization, chlorit ization, limoni- 
t ization, hemat i t iza t ion,  carbonat iza-  
tion, silicification. 

Data  Group D a t a  i tem 

Alteration 
(cont.) 

Da ta  on 
Mineralization 

Mineralized direction (up t o  3):  number 
of mineralized occurrences,  strike,  
dip, ave rage  length,  maximum length,  
average width, maximum width, 
average depth ,  maximum depth,  U3 O8 
grade,  T h o 2  grade, U 3 0 8 / T h 0 2 ,  
sample-type, -condition, type  of assay. 

Mineralization d a t a  fo r  whole unit  
subdivision: average length,  
maximum length, ave rage  width, 
maximum width, average depth,  
maximum depth,  e s t ima ted  grades - 
U308,  -7't!!12, -U308/Th02,  
e s t ima ted  tonnage U3 0 8 .  

Data  on orebodies: 
trend, plunge, U308 grade,  
Tho2  gr.slde, tonnage U s 0 8  
(reserve + production). 

Associated 
e l emen t s  I Element  - amount  (up t o  5). 

Radioact ive  minerals (up t o  41, 
Minerals accompanying minerals (up t o  6). 

Radiogenic ages  

Host rocks - method of determination, 
cover h o s t r o c k s -  method of age  
determinat ion,  metamorphism - 
method of a g e  determination, 
mineralization - method of age  
determination. 

Origin and Origin of mineralization, t en ta t ive  
classification I genet ic  classification. 

Basin 1 Basin type, environment of sedimenta- 
considerations tion, reducing conditions. 

Sedimentologic 
considerations 

Volcanic and 
intrusive 
considerations 

Lithologic components: 
-feldspathic, -lithic, -volcanic, 
-carbonate,  
cemen t lma t r ix ,  friabil i ty,  framework, 
grain size,  porosity, permeabili ty,  
sorting, roundness, bedding, evaporites,  

sandstone/shale ratio,  
sandstone/conglomerate ra t io ,  
sandstone/limestone ratio,  
l a t e ra l  f ac i e s  changes,  local dip, 
vergence, direction of paleoslope, 
direction of main distributing 
channels. 

Distribution of volcanics in relation 
t o  host rocks, nature  of volcanism, 
distribution of intrusive rocks in 
relation t o  host rocks, na tu re  of 
intrusive rocks. 

Comments  1 Comment  identifier,  comment .  

Intials of coder,  month and year  of 
coding and init ials of person making 
updates,  month and year  of updating 
a r e  also entered in each record. 





40. GEOLOGICAL INVESTIGATIONS O F  THE COAL-BEARING KOOTENAY FORMATION IN THE 
SUBSURFACE O F  THE UPPER ELK RIVER VALLEY, BRITISH COLUMBIA 

Projec t  760056 

P.S. Graham,  P.R. Gunther,  and D.W. Gibson 
Ins t i tu te  of Sedimentary  and Pet ro leum Geology, Calgary  

In 1975, a preliminary study was  under taken by t h e  A.R. Cameron  (macera l  analyses), A.R. Swee t  
British Columbia Depa r tmen t  of Mines and Pet ro leum (palynology), J.H. Wall (microfossils), and Prof.  E. Ghent,  
Resources t o  de t e rmine  the  mining potent ia l  of t h e  upper University of Calgary  (low-grade metamorphism).  The  
Elk River valley. A preliminary geological  map was resul ts  of t hese  investigations will b e  repor ted  a t  a l a t e r  
prepared (Pearson and Duff, 1976) but,  because  of poor d a t e  pending completion of all  labora tory  phases  of t h e  
bedrock exposure, problems were  encountered  in trying t o  investigation.  
eva lua t e  t he  coal  potent ia l  a t  t h e  north end of t h e  valley 
(Fig. 40.1). In co-operation with t h e  British Columbia Approximately 30 km2(11 sq miles) of t h e  coal-  
Depa r tmen t  of Mines and Pet ro leum Resources,  t h e  bearing Kootenay Format ion were  s tudied  between 
Geological Survey of Canada began a program t o  expand Cadorna Creek  on t h e  south and t h e  British Columbia- 
t h e  ear l ie r  work of Pearson and Duff (1976). Alber ta  border on t h e  nor th ,  and t h e  nor thern  extension of 

t h e  Lizard Range and t h e  Elk Range on t h e  wes t  and eas t ,  
In t h e  summer  and fa l l  of 1976, a geological  mapping respectively.  The a r e a  studied l ies 5 5  km (30 miles) north 

and coring program was  under taken in t h e  upper Elk River of Elkford, British Columbia in t he  southeas tern  corner  of 
valley (Fig. 40.21, t h e  objec t ives  of which were: ( I )  t o  t h e  province (Fig. 40.21, access ib le  by a gravel  road 
obta in  addit ional geological  information in t h e  a r e a  and connect ing  Elkford t o  t h e  Kananaskis Fores t ry  Trunk Road 
prepare  a deta i led  geological  map  in support  of a test in Alber ta ,  via t h e  West Elk Pass. The upper Elk River 
drilling program; (2) t o  study t h e  Kootenay Format ion in valley a r e a  of th is  r epo r t  i s  presently being withheld f rom 
t h e  subsurface a s  a means  of linking t h e  economically c o a l  licensing by t h e  British Columbia Government .  
impor t an t  Fernie  and Cascade  Coal  basins t o  t h e  south 
and north,  respectively;  (3) t o  obta in  information on t h e  
quali ty,  quant i ty  and distribution of t h e  coa l  s eams  in t h e  Mapping Program 
a rea ,  a s  pa r t  of t h e  Federa l  Coal Resource  Evaluation 
Program;  and (4) t o  t e s t  new coal  rank corre la t ion  Additional geological  mapping was  required t o  
techniques.  conf i rm t h e  previous s t ruc tu ra l  in terpre ta t ions  of Pearson 

and Duff (19761, and also t o  obtain su r f ace  informat ion on 
The a r e a  was  mapped in July by Graham a t  a sca le  coa l  s eams  a s  an  aid in planning t h e  drilling program. 

of approximately 1:16 000 t o  de t e rmine  t h e  feasibil i ty of Resul ts  of t h e  mapping a r e  i l lus t ra ted  by Figure  40.2. 
and t h e  bes t  location fo r  drilling. Between September  and St ructura l ly ,  t h e  s tudy-area  is dominated  by t h e  
December ,  Graham,  assisted by B.R. Cormier  of t h e  Bourgeau(?) Thrust  and t h e  Alexander Creek  Syncline. 
Geological Survey, supervised t h e  drilling of four H.Q. The thrus t  runs nor thwest  along t h e  western  edge  of t h e  
s i ze  coreholes.  The c o r e  was re-examined and logged in valley bot tom,  bringing Paleozoic  ca rbona te  rocks in 
de ta i l  by Gibson, with petrographic rank s tudies  in i t ia ted  c o n t a c t  with t h e  Kootenay Formation.  Additional smal ler  
by Gunther.  Additional work is current ly  in progress by reverse  f au l t s  occur  on t h e  e a s t  side of t h e  valley north of 
o t h e r  of f icers  of t h e  Geological  Survey, including Elk River,  and may join t h e  main Bourgeau Thrust  a t  

depth.  Running para l le l  t o  t h e  main thrus t  and through 
t h e  c e n t r e  of t h e  valley is  t h e  asym- 
me t r i ca l  Alexander Creek  Syncline 
(Fig. 40.2). This syncline, m o r e  co r r ec t ly  
t e rmed  a synclinorium, comprises  two  
right-hand, e n  echelon synclines separa ted  
by a shor t  connect ing  anticline.  The 
syncline plunges both t o  t h e  north and 
south. O the r  small ,  simple-linkage 
anticline-syncline pai rs  a r e  present  and 
associa ted  with t h e  major  syncline. 
Ollerenshaw (1968) observed similar fold 
s t ruc tu re s  150 km (93 miles) t o  t h e  north in 
t h e  Limestone  Mountain a r e a  of Alberta.  

Cor ing Program 

Resul ts  of t h e  mapping were  suf- 
f iciently encouraging t o  i n i t i a t e  t h e  drilling 
phase of t h e  program. Because of depth  
l imi ta t ion  on t h e  drilling appara tus ,  four 
coreholes  were  necessary t o  p e n e t r a t e  t h e  
e n t i r e  Kootenav Formation.  The f i r s t  hole 

Figure  40.1. Upper Elk River  valley, looking northwest.  GSC 199244. 
(EV-I; see ~ i ~ . * 4 0 . 2 )  was  loca t ed  s o  t h a t  i t  

From: Repor t  of Activit ies,  P a r t  B; 
Geol. Surv. Can., Pape r  77-IB (1977) 
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would p e n e t r a t e  t h e  l o w e r  c o n t a c t  of t h e  Kootenay .  The  
loca t ion  of e a c h  succeeding  hole  w a s  designed t o  pene-  
t r a t e  younger s t r a t a  and  o v e r l a p  wi th  t h e  upper  s t r a t a  of 
t h e  previous hole,  t h u s  giving a c o m p l e t e  c o r e  of t h e  
Kootenay  Format ion .  E a c h  hole  w a s  planned t o  p e n e t r a t e  
t h e  s t r a t a  a s  c lose  a s  possible t o  r igh t  a n g l e s  in o r d e r  t o  
r e d u c e  t o t a l  i o o t a g e  t o  b e  dri l led,  ho le  devia t ion  
problems,  and t o  i m p r o v e  c o r e  recovery .  

During t h e  o p e r a t i o n ,  1641 m (5385 f t )  w e r e  dri l led 
a t  a c o s t  of $156 600.00 o r  $95.35 per m e t r e  ($29.00 per  
f t ) .  Opera t iona l  c o s t s  included e q u i p m e n t  and moves ,  
bu l ldozer  opera t ion  and  geophys ica l  logging. 

Lithostratigraphy 

R e c e n t  work by Gibson (1977a,  b) in A l b e r t a  and  
Bri t ish Columbia  h a s  d e m o n s t r a t e d  t h a t  t h e  Kootenay  
F o r m a t i o n  c a n  b e  subdivided readily i n t o  t h r e e  main  
s t r a t i g r a p h i c  units. The  n o m e n c l a t u r e  t e n t a t i v e l y  appl ied  
t o  t h e s e  un i t s  is, in ascending  o r d e r :  t h e  Basal  S a n d s t o n e  
m e m b e r ,  t h e  Coal -Bear ing  m e m b e r ,  and  t h e  Elk m e m b e r .  
R e s u l t s  of t h e  Kootenay  cor ing  p r o j e c t  descr ibed  in t h i s  
r e p o r t  have  d e m o n s t r a t e d  t h a t  s u r f a c e  Kootenay  sub- 
divisions a r e  bo th  p r a c t i c a l  a n d  appl icab le  t o  s u b s u r i a c e  
invest igat ions.  

The  Kootenay  F o r m a t i o n  in t h e  s u b s u r f a c e  of t h e  
upper  Elk River  val ley c o n s i s t s  of a n  i n t e r s t r a t i f i e d  
s e q u e n c e  of p robable  nonmar ine  s i l t s tone ,  sands tone ,  
muds tone-sha le ,  and  coa l .  Unfor tuna te ly ,  t h e  cor ing  
p r o j e c t  fa i led  t o  i n t e r s e c t  t h e  upper  and lower  c o n t a c t s  of 
t h e  f o r m a t i o n .  However ,  g raphic  c a l c u l a t i o n s  f r o m  
mapped  c o n t a c t s  and  g e o g r a p h i c  proximi ty  t o  s u r f a c e  
s e c t i o n s  m e a s u r e d  by Gibson in 1976 (1977a),  s u g g e s t  
a p p r o x i m a t e l y  90 m (300 f t )  of missing s t r a t a .  T h e  t o t a l  
K o o t e n a y  F o r m a t i o n  th ickness  in t h e  r e p o r t - a r e a  is  
e s t i m a t e d  t o  b e  a p p r o x i m a t e l y  1000 m (3300 f t ) .  The  
Kootenay  conformably  b u t  abrupt ly  over l ies  sands tone ,  
s i l t s tone ,  a n d  s h a l e  of t h e  m a r i n e  J u r a s s i c  "Passage  Beds" 
of t h e  F e r n i e  F o r m a t i o n  (Gibson, 1977a). T h e  f o r m a t i o n  i s  
over la in  unconformably  by s a n d s t o n e  and  c o n g l o m e r a t e  of 
t h e  C a d o m i n  Format ion .  T h e  P o c a t e r r a  C r e e k  M e m b e r  of 
t h e  Bla i rmore  Group,  exposed  in  t h e  Mist  Mountain a r e a  
t o  t h e  e a s t  (Gibson, 1977a),  w a s  n o t  observed  in exposures  
in t h e  vicini ty of t h e  f o u r  c o r e d  holes.  

Basal Sandstone member 

T h e  th ick ,  medium t o  l igh t  g rey ,  v e r y  f i n e  t o  
medium gra ined  q u a r t z o s e  s a n d s t o n e  r e c o r d e d  a t  t h e  b a s e  
of h o l e  EV-I (Fig. 40.3) i s  i n t e r p r e t e d  t e n t a t i v e l y  a s  t h e  
upper  p a r t  of t h e  Basal  S a n d s t o n e  m e m b e r  (Gibson, 
1977a). The  u p p e r m o s t  1 3  m (43 f t )  a r e  medium t o  vePy 
f i n e  gra ined  and  display n o r m a l  g r a d e d  bedding (i.e. f ining 
upward).  This f a c i e s  m a y  b e  e q u i v a l e n t  t o  Uni t  A 
observed  e l s e w h e r e  in e x p o s u r e s  in geographica l ly  
a d j a c e n t  a r e a s  of Bri t ish C o l u m b i a  and  A l b e r t a  (Gibson, 
1977a). T h e  lower  8 m (26 f t )  a r e  f i n e r  g ra ined ,  and  m a y  
b e  e q u i v a l e n t  t o  only t h e  upper  p a r t  of Uni t  B (Gibson,  
1977a). For  e x a m p l e ,  a t  Mist  Mounta in ,  9.6 km (6 miles)  
e a s t  of ho le  EV-I (Fig. 40.2), t h e  Basal  S a n d s t o n e  i s  79 m 
(260 f t )  th ick ,  wi th  U n i t  B a t t a i n i n g  a th ickness  of 43.6 m 
(143 f t) .  A t  Weary  Ridge ,  22.4 k m  (14 miles)  t o  t h e  south  
of h o l e  EV-I (Fig.  40.2), t h e  Basal  S a n d s t o n e  is  75.3 m 
(247 f t )  th ick  w i t h  Uni t  B r e c o r d e d  w i t h  a th ickness  of 
3 6  m (118 f t) .  

S e d i m e n t a r y  s t r u c t u r e s  a r e  u n c o m m o n  in t h e  
m e m b e r .  Thin t o  t h i c k ,  l igh t  and  d a r k  g r e y ,  planar 
lamina t ions  w e r e  observed  in t h e  l o w e r  7.6 m (25 f t ) .  
Poorly p r e s e r v e d  f ine-sca le  p lanar  c rossbedding  w a s  n o t e d  
only in t h e  upper  f e w  m e t r e s  of t h e  m e m b e r .  

T h e  c o n t a c t  w i t h  t h e  over ly ing  Coal -Bear ing  
m e m b e r  is  a b r u p t  b u t  c o n f o r m a b l e .  It i s  p l a c e d  a t  t h e  
b a s e  of t h e  f i r s t  o c c u r r e n c e  of d a r k  g r e y ,  c a r b o n a c e o u s  
s i l t s t o n e  over ly ing  t h e  t h i c k  s a n d s t o n e  of t h e  Basal 
S a n d s t o n e  m e m b e r  (EV-I; Fig. 40.3). It m u s t  b e  no ted ,  
h o w e v e r ,  t h a t ,  in e x p o s u r e s  and c o r e  f r o m  Ford ing  C o a l  
p r o p e r t y  43.2 km (27 miles)  t o  t h e  s o u t h e a s t ,  Gibson has  
r e c o r d e d  t h i c k ,  f i n e  t o  c o a r s e  gra ined  s a n d s t o n e  l i tho-  
f a c i e s  in t h e  over ly ing  Coal -Bear ing  m e m b e r .  S o m e  of 
t h e s e  u n i t s  a r e  in e x c e s s  of 24.4 m (80 f t )  t h i c k ,  a n d  a r e  
l i thological ly s imi la r  t o  t h e  s a n d s t o n e  a t  t h e  b a s e  of ho le  
EV-I (Fig. 40.3). Unti l  a l l  phases  of t h e  inves t iga t ion  a r e  
c o m p l e t e ,  o n e  c a n n o t  e l i m i n a t e  t h e  possibi l i ty t h a t  t h e  
t h i c k  s a n d s t o n e  a t  t h e  b a s e  of h o l e  EV-I is  o n e  of t h e  
t h i c k  s a n d s t o n e s  of t h e  Coal -Bear ing  m e m b e r .  F u r t h e r  
p e t r o g r a p h i c  and  c o a l  rank  work  i s  requi red  t o  reso lve  t h e  
problem.  

Coal-Bearing member 

T h e  Coal-Bearing m e m b e r ,  a n a m e  t e m p o r a r i l y  used 
by Gibson (1977a,  b), c o m p r i s e s  a t h i c k  success ion  of 
in te rbedded  s i l t s tone ,  s a n d s t o n e ,  muds tone ,  sha le ,  and  
economica l ly  i m p o r t a n t  th in  t o  t h i c k  s e a m s  of medium t o  
high vola t i l e  b i tuminous  coa l .  The  m e m b e r  has  a n  
a p p r o x i m a t e  th ickness  of 483.7 m (1587 f t )  (EV-I,  EV-2, 
EV-3; Fig. 40.3). However ,  b e c a u s e  of t h e  f a u l t i n g  in t h e  
a r e a ,  and  e v i d e n c e  of f a u l t i n g  in c o r e s  of t h e  Elk Valley 
dri l l ing p r o j e c t ,  t h e  r e c o r d e d  t h i c k n e s s  of t h e  Coal -  
Bear ing  m e m b e r  may b e  in e r r o r .  Gibson h a s  r e c o r d e d  
th icknesses  in a d j a c e n t  s u r f a c e  a r e a s  of 381 a n d  487.7 m 
(1250 a n d  1600 f t )  f o r  t h e  Coal -Bear ing  m e m b e r  a t  Mist  
Mounta in  and  t h e  p r o p e r t y  of Ford ing  C o a l  C o m p a n y  n e a r  
t h e  h e a d w a t e r s  of Ford ing  R i v e r ,  r e s p e c t i v e l y .  T h e s e  
s u r f a c e  va lues  s u g g e s t  t h a t  t h e  t h i c k n e s s  o b t a i n e d  in t h e  
s u b s u r f a c e  of t h e  u p p e r  Elk Valley may b e  a p p r o x i m a t e l y  
c o r r e c t .  

Medium d a r k  t o  d a r k  g r e y  carbonaceous-arg i l laceous  
s i l t s t o n e  f o r m s  t h e  p r e d o m i n a n t  l i thology of t h e  m e m b e r ,  
a n d  is  m o s t  c o m m o n l y  i n t e r b e d d e d  and  i n t e r l a m i n a t e d  
wi th  very  f i n e  gra ined  s a n d s t o n e  (Fig. 40.3). S i l t s t o n e  a l s o  
o c c u r s  in many of t h e  c o a l ,  m u d s t o n e  and  s h a l e  in te rva ls ,  
w h e r e  i t  is  c h a r a c t e r i s t i c a l l y  d a r k e r  g r e y ,  m o r e  
carbonaceous-arg i l laceous ,  and  c o n t a i n s  a noticeable con-  
c e n t r a t i o n  of v e g e t a l  m a t t e r .  T h e  s a n d s t o n e  i s  medium t o  
l igh t  g r e y ,  q u a r t z o s e ,  r a r e l y  c a l c a r e o u s ,  and  v e r y  f i n e  t o  
f i n e  gra ined .  Medium t o  c o a r s e  gra ined  s a n d s t o n e  is  r a r e ,  
b u t  d o e s  o c c u r ,  a s  c a n  b e  s e e n ,  f o r  e x a m p l e ,  in  t h e  
i n t e r v a l s  f r o m  3 2  t o  41.1 m (105-135 f t )  a n d  304.2 t o  
31 1.2 m (998-1021 f t )  be low t h e  s u r f a c e  in ho le  EV-2 
(Fig. 40.3). These  c o a r s e  gra ined  s a n d s t o n e s  b e c o m e  f i n e r  
upward ,  a r e  c a l c a r e o u s  in p laces ,  and  c o m m o n l y  c o n t a i n  
v i t r e o u s  c o a l  f r a g m e n t s  o r  th in  c o a l y  l a m i n a t i o n s  n e a r  
t h e i r  base.  In addi t ion ,  t h e  b a s e  of t h e  t h i c k  s a n d s t o n e  
u n i t s  i s  commonly  c h a r a c t e r i z e d  by e l o n g a t e ,  well  rounded 
t o  a n g u l a r  c l a s t s  of s i l t s t o n e  o r  muds tone .  

Muds tone  o r  s h a l e  i s  a s s o c i a t e d  wi th  t h e  s i l t s t o n e  
a n d  c o a l  l i thofac ies .  It is  d a r k  g r e y  t o  b lack ,  v e r y  
carbonaceous-arg i l laceous ,  w i t h  t h e  m u d s t o n e  in p a r t  
d i sp lay ing  a d i s t i n c t i v e  subconchoida l  f r a c t u r e .  The 



mudstone may contain brown 
ferruginous nodules or  lenticular brown 
ferruginous or pyrit iferous laminations 
and banding. Poorly- t o  well- 
preserved pelecypods and ostracodes 
have been collected f rom the  member.  
Similar fossils have been recorded by 
Pearson and Duff (1976) in the  Coal- 
Bearing member  a t  Weary Ridge t o  t h e  
south (Fig. 40.2). In co re  f rom holes 
EV-2 and EV-3 a t  levels of 260.0 and 
396.2 m (855 and 1300 f t ) ,  respectively 
(Fig. 40.3), two unusual pale yellowish 
brown bands of claystone-mudstone 
were  encountered, up t o  0.06 m (0.2 f t )  
thick, associated with dark grey mud- 
s tone  and coal. These samples were  
submitted for  X-ray diffraction and 
chemical analysis. Preliminary results 
indicate a mineral composition of 7 5  
per cen t  kaolinite and 25 per c e n t  
qua r t z  for  t h e  sample  f rom EV-2, and 
a composition of 100 per c e n t  kaolinite 
for  t he  sample  f rom EV-3. These two  
samples  a r e  thought t o  b e  "Tonsteins" 
(Meriaux, 1972), and may eventually 
serve  a s  a useful tool for correlation in 
the  area .  

Coal forms a lithologically char-  
ac t e r i s t i c  and conspicuous component 
of t h e  member in the  report-area. 
More than 50 seams  ranging in thick- 
ness from 0.12 t o  5.5 m (0.5 - 18 f t )  of 
medium to  high volatile bituminous 
coal have been recorded (Fig. 40.2). 
Further discussion of the  coal is 
present  elsewhere in this report. 

Sedimentary and biogenic s t ruc-  
tures  a r e  common. Micro- t o  fine- 
scale  planar and festoon crossbedding 
occur in some of the  sil tstone and 
liner grained sandstone s t r a t a  and less 
commonly in the  coarser  grained sand- 
s tone  beds of t h e  member.  Contor ted  
or  convolute, ripple and ripple dr i f t  
laminations a r e  common in t h e  thin t o  
medium bedded sandstones interbedded 
with the  siltstones. Trace  fossils or 
burrow s t ructures  occur in many of the  
sandy siltstones. These biogenic s t ruc-  
tures  a r e  generally uncommon in 
adjacent  exposures of t he  Kootenay 
Formation (Gibson, 1977b). This 
absence, however, may be  a t t r ibutable  
t o  the  weathered nature  of t he  s t r a t a  
and, a s  a result ,  may have gone 
unrecognized. The sedimentary s t ruc-  
tures  and s t ruc tu re  combinations sug- 
ges t  t h a t  t he  s t r a t a  of t h e  member  a r e  
character is t ic  of fluvial flood plain, 
flood basin, swamp, channel, and point 
bar depositional environments.  

Facies changes between the  sub- 
surface,  and geographically adjacent  
exposures in t h e  Mist Mountain and 
Weary Ridge a r e a  of Alberta and Figure 40.3. Lithostratigraphy logs, 

t a n c e  of coals, upper E 
, geophysi 
:Ik River c 

ca l  logs and mean maximum 
falley coring program. 



L S Lithostratigraphy 

G R Gamma Ray 

N Neutron 

D Density 

R, % vitrinite reflectance 

S C A L E  

f e e t  metres 

E s andstone 

Siltstone 

R coal 

El silty 

Argillaceous 

Calcareous 

U Coaly 

Fine-Medium Scale Crossbedding 

iE4 Ripple Drift Lamination 

lhl Ripple Lamination 

Convolute Laminat ion 

LL] Burrowing 

I)I Fossiliferous 

Core Loss 

Lithostratigraphy Logs are 
corrected for true thickness 

Figure 40.3. continued 



British Columbia a r e  uncommon in t h e  Coal-Bearing 
member. Gibson, however, has  noted that ,  t o  the  eas t ,  
coal  seams in the  h4ist Mountain a rea  of Alberta 
(Fig. 40.2) display a decrease  in number and thickness. 

The con tac t  with the  overlying Elk member  is placed 
at t h e  base of t h e  f i rs t  major sandstone above t h e  l a s t  o r  
uppermost major coal seam in t h e  Coal-Bearing member  
(EV-3; Fig. 40.3). Coal seams, although present in t h e  Elk 
member,  a r e  thin and relatively uncommon in comparison 
with those of the  Coal-Bearing member.  Accordingly, t he  
presence or absence of thick seams serves a s  a major 
cr i ter ion for differentiating s t r a t a  of t he  Coal-Bearing 
and Elk members. However, four seams were  recorded in 
the  Elk member near the  base of hole EV-4 (Fig. 40.3). 
These seams a r e  very shaly and may, upon analysis, be  
classed mainly a s  shaly coal.  Because of t he  impurities, 
these  seams, although thick in part ,  a r e  in terpre ted a s  
a typical  01 the  Coal-Bearing member  and, accordingly, 
a r e  assigned t o  the  Elk member. 

Elk member 

In t h e  subsurface of t h e  upper Elk River valley, t h e  
Elk member  is lithologically similar t o  s t r a t a  of t h e  
underlying Coal-Bearing member.  It consists of inter-  
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bedded sil tstone, sandstone, mudstone, shale, and thin 
seams  of coal. As noted above, t h e  top of t h e  member  
was not  penetra ted  during drilling and, consequently,  t h e  
e x a c t  or  t rue  thickness of t h e  member  is speculative; 
396.2 m (1300 f t )  of probable Elk s t r a t a  were  dril led in 
holes EV-3 and EV-4 (Fig. 40.3). Between 30 and 60 m 
(100 - 200 I t )  of additional s t r a t a  have been e s t ima ted  t o  
occur  between t h e  top of EV-4 and the  con tac t  with t h e  
Blairmore Croup. However, i t  must be noted tha t ,  a s  in 
the  underlying Coal-Bearing member ,  some of t h e  Elk 
member  co re  is character ized by slickensiding, numerous 
calcite-fi l led f rac tures ,  micro-faults,  and thin f au l t  
breccia zones, all c r i t e r i a  suggesting possible fault ing or  
bedding plane movement.  Fur ther  work is needed t o  
resolve the  thickness problem. 

Siltstone appears  t o  form t h e  predominant lithology 
of t h e  member,  and is most commonly interbedded and 
in ter laminated with sandstone. I t  is  dark t o  medium dark 
grey, carbonaceous-argillaceous, and in some  c a s e s  ca l -  
careous. Sil tstone is also interbedded with mudstone, 
shale and coal. The sandstone is light t o  medium grey, 
commonly calcareous,  and very f ine  t o  medium grained. 
Mudstone and shale  a r e  common in t h e  member ,  and 
commonly contain brown ferruginous nodules and lenses,  
and thin bands of vitreous coal. Some of the  mudstones 
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n e a r  t h e  b a s e  and  t o p  of ho les  EV-4 and  EV-3, respec t ive ly  
(Fig.  40.31, c o n t a i n  poorly-  t o  wel l -preserved  pelecypods,  
gas t ropods ,  and  os t racodes .  Coal  s e a m s ,  a l though presen t ,  
a r e  thin. "Needle  coal" ,  a d iagnos t ic  c o m p o n e n t  01 t h e  
upper  Elk m e m b e r  in many s u r f a c e  exposures  (Gibson, 
1977a),  was  n o t  e n c o u n t e r e d  in c o r e  of EV-4. However ,  in 
a n  exposure  n e a r  hole EV-4, a th in  unit  of "needle coal"  
w a s  observed  i m m e d i a t e l y  underlying t h e  C a d o m i n  
Format ion .  In t h e  F e r n i e  a r e a  112 k m  (70 miles)  t o  t h e  
south ,cher t -pebble  c o n g l o m e r a t e  and c o n g l o m e r a t i c  sand-  
s t o n e  f o r m  a d iagnos t ic  f a c i e s  of t h e  Elk m e m b e r  
(Gibson, 1977a,  b). This  d i s t inc t ive  f a c i e s  w a s  n o t  
observed  in c o r e  f r o m  t h e  upper  Elk River  val ley.  

S e d i m e n t a r y  and  biogenic s t r u c t u r e s  a r e  c o m m o n  
and  s imi la r  t o  those  observed  in t h e  underlying Coal -  
Bear ing  m e m b e r .  They cons is t  of f ine-sca le  crossbedding,  
r ipp le ,  r ipple d r i f t ,  and convolu te  or  c o n t o r t e d  lamina-  
t ions,  a l l  c h a r a c t e r i s t i c  of flood plain and f luvial  
depos i t iona l  envi ronments .  The  muds tones ,  sha les ,  a n d  
c o a l s  probably r e p r e s e n t  f o r m e r  l a c u s t r i n e  and  s w a m p  
depos i tona l  envi ronments .  Biogenic s t r u c t u r e s  a r e  
s imi la r ,  b u t  l ess  c o m m o n  t h a n  those  in t h e  Coal-Bearing 
m e m b e r .  

F a c i e s  c h a n g e s  b e t w e e n  t h e  s u b s u r f a c e  and  
exposures  of t h e  Elk m e m b e r  in a d j a c e n t  a r e a s  a r e  shown 
by t h e  sands tones  and by t h e  o c c u r r e n c e  a n d  c o n c e n t r a -  
t ion  of mudstone,  s h a l e  and  coa l /coa ly  shale.  For  
e x a m p l e ,  in t h e  Mist Mountain a r e a  t o  t h e  e a s t  (Fig. 40.2), 
Gibson h a s  no ted  t h a t  medium t o  c o a r s e  gra ined  s a n d s t o n e  
is  m o r e  c o m m o n ,  and  in g e n e r a l  is  c o a r s e r  g ra ined  t h a n  
t h a t  e n c o u n t e r e d  in t h e  s u b s u r f a c e  Elk of t h e  upper  Elk 
R i v e r  val ley.  In addi t ion ,  muds tone ,  sha le ,  c o a l  and  coa ly  
s t r a t a  w e r e  observed  t o  d e c r e a s e  in c o n c e n t r a t i o n  t o w a r d  
t h e  Mist Mountain a r e a .  

The  c o n t a c t  of t h e  Elk m e m b e r  and C a d o m i n  
F o r m a t i o n  was  n o t  p e n e t r a t e d  in ho le  EV-4 (Fig. 40.3); 
however ,  i t  w a s  observed  in exposures  n e a r  hole EV-4. 
T h e  d a r k e r  g r e y ,  c a r b o n a c e o u s  s i l t s tone ,  muds tone ,  sand-  
s t o n e ,  and  c o a l  of t h e  upper  Elk m e m b e r  a r e  over la in  
unconformably  by thick-bedded c h e r t - p e b b l e  con-  
g l o m e r a t e  and s a n d s t o n e  of t h e  C a d o m i n  Format ion .  

Coal Rank Studies 

C o a l  rank  s t u d i e s  w e r e  in i t i a ted  a s  a c o r r e l a t i o n  
technique .  It h a s  b e e n  d e m o n s t r a t e d  by Hacquebard  a n d  
Donaldson (1974) t h a t  c o a l  rank (Ro) va lues  in t h e  
K o o t e n a y  i n c r e a s e  wi th  d e p t h .  C o a l  s e a m s  of s imi la r  
d e p t h  will local ly show s imi la r  ranks  and ,  t h e r e f o r e ,  c a n  
b e  used a s  a too l  f o r  cor re la t ion .  

C o a l  s a m p l e s  f o r  p e t r o g r a p h i c  s t u d i e s  w e r e  
c o l l e c t e d  f r o m  a l l  s e a m s  0.3 m ( I  f t )  th ick  o r  g r e a t e r .  
F r o m  t h e  four  c o r e d  holes,  a t o t a l  of 130 s a m p l e s  w e r e  
t a k e n ,  of which 7 3  now h a v e  b e e n  e x a m i n e d  t o  d e t e r m i n e  
p e t r o g r a p h i c  rank. In addi t ion ,  64  of t h e s e  s a m p l e s  w e r e  
s u b m i t t e d  f o r  p r o x i m a t e  ana lyses ;  t h e s e  w e r e  c o l l e c t e d  
f r o m  a l l  s e a m s  1.2 m (4 f t )  th ick  or  g r e a t e r .  

S a m p l e s  w e r e  p r e p a r e d  using t h e  s t a n d a r d  
p r o c e d u r e s  ou t l ined  in t h e  handbook of t h e  A m e r i c a n  
Soc ie ty  f o r  Tes t ing  and  M a t e r i a l s  (1973, p. 4 1  1-414). T h e  
s a m p l e s  w e r e  c rushed  t o  minus  20 m e s h  s i z e  and  t h e n  
r i f f led ,  s o  t h a t  a n  unbiased sp l i t  could  b e  ob ta ined .  Next ,  
p e l l e t s  w e r e  m a d e  in a p r e s s u r e  b o m b  a t  5000 p.s.i., using 

a t h e r m a l  s e t t i n g  mount ing  medium.  Finally,  t h e y  w e r e  
polished wi th  0.3 1~ m a n d  0.05 1~ m a l u m i n a  gr i t s .  T h e  
m e a n  v i t r i n i t e  r e f l e c t a n c e ,  v a l u e  f o r  e a c h  s a m p l e  w a s  
c a l c u l a t e d  f r o m  50  va lues  of m a x i m u m  r e f l e c t a n c e  
m e a s u r e d  on  v i t r i n i t e  in t h e  sample .  Hacquebard  and  
Donaldson (1970, p. 1141) d e s c r i b e  t h e  m e t h o d  and  equip- 
m e n t  in de ta i l .  

The  m e a n  m a x i m u m  r e f l e c t a n c e  (Ro)  va lues  and  
s t a n d a r d  devia t ions  w e r e  p l o t t e d  on g r a p h s  of d e p t h  versus  
R o  (Fig. 40.4a-d). A b e s t - f i t  s t r a i g h t  l ine  ( R o  grad ien t )  
w a s  p l o t t e d  ini t ial ly on t h e  graph  c o n t a i n i n g  t h e  R o  
i n f o r m a t i o n  per ta in ing  t o  t h e  EV-2 hole. B e c a u s e  t h i s  
ho le  a p p e a r e d  t o  b e  t h e  l e a s t  d i s turbed  a s  f a r  as 
increas ing  rank  w a s  c o n c e r n e d  (Fig.  40.4a-d), t h e  EV-2 R o  
g r a d i e n t  w a s  t h e n  used a s  t h e  n o r m  o r  s tandard .  This  
s t a n d a r d  g r a d i e n t  w a s  t h e n  p l o t t e d  th rough t h e  d a t a  po in ts  
o n  t h e  o t h e r  t h r e e  g r a p h s  using a bes t - f i t .  A t  t h i s  s t a g e ,  
c o r r e l a t i o n  and  s t r u c t u r a l  i n t e r p r e t a t i o n s  w e r e  possible. 

For  e x a m p l e ,  f r o m  geologica l  mapping  and  c o r e  
e x a m i n a t i o n ,  i t  h a s  b e e n  d e m o n s t r a t e d  t h a t  m a j o r  a n d  
minor  f a u l t s  o c c u r  in t h e  repor t -a rea .  F i g u r e  40.4a, when  
c o m p a r e d  wi th  F i g u r e  40.4b ( t h e  norm),  d e m o n s t r a t e s  
e v i d e n c e  of p robable  f a u l t s .  B e t w e e n  t h e  c o a l  s a m p l e  a t  
250 m (820 f t )  a n d  t h e  s a m p l e  at 2 8 5  m (935 f t ) ,  a s  
s u g g e s t e d  by t h e  o f f s e t t i n g  of t h e  b e s t - f i t  R o  g r a d i e n t  
l ine,  a t h r u s t  f a u l t  i s  proposed.  A th in  z o n e  of f a u l t  gouge  
w a s  observed  a t  260 m (854 f t) ,  f u r t h e r  suppor t ing  t h e  
i n t e r p r e t a t i o n .  B e t w e e n  t h e  c o a l  s a m p l e s  a t  91 and  122  m 
(298 a n d  400 f t) ,  b e c a u s e  of missing R o  values,  a normal  
f a u l t  i s  proposed.  T h e  t o t a l  s p a n  of r e f l e c t a n c e  va lues  f o r  
EV-I (0.81 - 1.16 Ro; Fig. 40.4a) a n d  EV-2 (0.82 - 1.16 Ro; 
Fig.  40.4b) a r e ,  s t a t i s t i c a l l y  speaking ,  t h e  s a m e .  Evidence  
f r o m  R o  and  geophys ica l  logs s t rongly  s u g g e s t  EV-I and  
EV-2 a r e  in p a r t  r e p e a t  sec t ions ,  p robably  c a u s e d  by 
t h r u s t  fau l t ing .  

F i g u r e  40.5 i s  a p lo t  of m e a n  R o  va lues  f o r  a l l  four 
holes. If t h e  b e s t - f i t  R o  g r a d i e n t  (Fig. 40.4b) is  p l o t t e d  o n  
t h i s  g raph ,  c o m p l i c a t i o n s  a r e  a p p a r e n t .  When t h e  g r a d i e n t  
i s  p l o t t e d  th rough t h e  po in ts  be low 487.7 m (1600 f t ) ,  it 
d o e s  n o t  i n t e r s e c t  t h e  po in ts  a b o v e  t h e  position. In 
c o n t r a s t ,  o n e  m a y  s u g g e s t  t h a t  t h e  g r a d i e n t  o v e r  t h e  t o t a l  
K o o t e n a y  F o r m a t i o n  m a y  b e  a c u r v e d  r a t h e r  t h a n  a 
s t r a i g h t  line. Accordingly,  t h e  d i s c r e p a n c y  in F i g u r e  40.5 
m a y  b e  a t t r i b u t e d  t o  a curv ing  g r a d i e n t ,  a n d  n o t  
necessar i ly  a f a u l t .  Addit ional  s a m p l e s  and  f u r t h e r  
a n a l y s e s  a r e  n e e d e d  t o  c l a r i f y  t h e  problem s o  t h a t  a 
reasonable  explana t ion  c a n  b e  derived.  

Another  unusual  a s p e c t  of t h e  rank  s t u d y  is  t h e  low 
r a n g e  of a b s o l u t e  rank  va lues  when c o m p a r e d  t o  o t h e r  
a d j a c e n t  a r e a s .  For e x a m p l e ,  Hacquebard  and Donaldson 
(1974) d o c u m e n t  R o  va lues  f r o m  t w o  s e c t i o n s  in t h e  Elk 
R i v e r  valley: Ford ing  R i v e r  at Eagle  Mounta in ,  and  Line  
C r e e k  Ridge.  They  r e c o r d e d  R o  v a l u e s  f r o m  t h e  C o a l -  
Bear ing  m e m b e r  ranging  f r o m  1.13 t o  1.43 a t  Ford ing  
R i v e r  (337 m (1 124 f t )  th ick)  a n d  f r o m  0.97 t o  1.49 a t  L ine  
C r e e k  (308 m (1026 f t )  thick).  T h e  h i g h e s t  R o  v a l u e  in t h e  
s t u d y  a r e a  a p p r o a c h e s  1.16 Ro.  In t e r m s  of ASTM rank,  
c o a l s  ob ta ined  f r o m  t h e  cor ing  p r o j e c t  in t h e  upper  Elk 
R i v e r  val ley a r e  m e d i u m  t o  high v o l a t i l e  b i tuminous  
whereas ,  genera l ly ,  K o o t e n a y  c o a l s  f r o m  o t h e r  a r e a s  a r e  
low t o  medium v o l a t i l e  bi tuminous.  T h e  l o w e r  r a n k s  found 
in t h e  s tudy-area  m a y  b e  expla ined ,  in p a r t ,  by a l o w e r  
g e o t h e r m a l  g r a d i e n t ,  which  in t u r n  is  r e f l e c t e d  by t h e  
lower  R o  grad ien t .  T h e  g r a d i e n t s  a r e  a s  follows: s tudy-  
a r e a ,  0.079 Ro/100 m (0.024 Ro/100  f t ) ;  Ford ing  River ,  



0.092 Ro/100 m (0.028 Ro/100 f t ) ;  and Line Creek,  
0.164 Ro/100 m (0.050 Ro/100 f t ) .  These gradients would 
tend t o  indicate a regional trend in the  geothermal  
gradient,  which increases in a southerly direction in t h e  
Elk River valley. 

Conclusions 

I. The restored thickness of t h e  Kootenay Formation is  
consis tent  with o the r  sect ions  in t h e  s a m e  geologic se t t i ng  
t o  t h e  north and south. 

2. Seams of mineable thickness were  encountered but 
their  la tera l  ex ten t  was not determined. 

3. The average rank of the  coal  seams in the  study-area 
is unusually low in comparison t o  the  ranks of adjacent  
studied areas.  

4. Petrographic rank studies can  be  used a s  an  aid t o  coal  
s eam correlation and t o  del ineate  major tec tonic  move- 
ment  in the  Kootenay Formation of t h e  upper Elk River 
valley. 
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lntroduc tion Member D, abou t  1800 f e e t  [548.6 m] of a l ternat ing red 
calcareous  sandstone and argil laceous limestone." Subse- 

Thorsteinsson and For t ier  (1954) introduced the  t e r m  quently,  t h e  lower beds of member A a t  i t s  t ype  section 
Read Bay Formation, and subdivided the  formation into have been assigned t o  the  Cape  Storm Format ion of Kerr 
four  informal members: A, B, C and D, in ascending (1975), and the  base of member A now is drawn a t  the  
order. The type sections of members A and B were  base  of  lithologic unit no. 46 of Thorsteinsson (1958, p. 51) 
located a t  Goodsir Creek,  eas tern  Cornwallis Island, (Thorsteinsson, pers. comm., Dec. 1976). A t  Goodsir 
whereas those of members  C and D were  located some Creek,  t h e  revised thicknesses of members  A and B a r e  
23 km to  the  north, in an  unnamed c reek  entering the  335.4 and 64.9 m, respectively (Thorsteinsson, pers. 
southwestern side of Read Bay (Thorsteinsson, 1958, p. 49, comm., March 1977). For the  most recent  account  on t h e  
64, 65, 69). The type sections and other  collecting s i tes  geology of Cornwallis Island, t h e  reader  is  referred to  
a r e  shown on Figure 41 -1. Thorsteinsson (in Thorsteinsson Thorsteinsson and Kerr (1968). 
and Tozer, 1970, p. 558, 559) gave the following summary 
account  of t he  Read l3a Formation at i t s  type  sections: In 1968, t he  writer collected from some of the  
"Member A, 1875 f e e t  f71.5 m] of mainly thin bedded locali t ies a t  Goodsir Creek repor ted  herein (GSC 
argil laceous l imestone alternating with generally thick locs. 83335-83349) (see McGregor and Uyeno, 1969). 
bedded biostromal and fossil f ragmental  limestone; Material  f rom a l l  o ther  locali t ies was provided by and 
Member 8, 60 to  10'0 f e e t  [18.3-30.5 m] of shale  and minor col lec ted over a period of several field seasons by 
sandstone; Member C,  3775 f e e t  [I 150.6 m] of beds similar R. Thorsteinsson. 
t o  Member A, but with biostromal and biohermal develop- 
ments  tha t  a r e  thicker and commonly dolomitized; The conodont faunas  summarized herein a r e  dis- 

cussed in full  taxonomy by Uyeno and Thorsteinsson (in 
' 94O o miles '930 10 

prep.). The writer is  indebted t o  Dr. Thorsteinsson for 
I 

lSUIND 
access  t o  the  .stratigraphic information contained in t h a t  

I I I manuscript .  
0 kilometres 20 

C-19839 

READ BAY 

7s0 

CORNHALLIS ISLAND 

WELLINGTON CHANNEL 

Figure 41.1. Index m a p  showing t h e  collecting s i tes  of t h e  
Read Bay Formation on eas t e rn  Cornwallis and 
western Devon Islands. At Goodsir Creek,  
do t t ed  line marks  t h e  boundary between t h e  
C a p e  Storm (C.S.) and Read Bay (R.B.) forma-  
tions. Inset m a p  shows t h e  geographic position 
of the  enlarged map. 

Previous  Conodont Studies 

Previous investigations of conodonts in s t r a t a  
equivalent in t i m e  t o  the  type Read Bay Format ion 
include the  following: Weyant's (1 971) study of 
member  C ,  Read Bay Formation, south of Laura  Lakes 
(Fig. 41.11, and the  Douro Formation e a s t  of Camp Creek 
and in an a rea  north of Pr ince  Alfred Bay, both on Devon 
Island. Conodont species  f rom these  locali t ies were  listed 
(Weyant, 1971, Table  8 ,  p. 40). Of t h e  th ree  cr i t ica l  
p la t form e lemen t s  (all spathognathodontan) on the  list, 
only one was  i l lustrated and described. Corre la t ion of 
Weyant's faunas  with those of t he  present  report ,  conse- 
quently,  is ext remely difficult. Mirza (1976) studied the  
conodonts of t he  Cape  Storm and C a p e  Phillips format ions  
a t  Vendom Fiord, southwestern Ellesmere Island. In t h a t  
study, pa r t s  of t he  C a p e  Phillips Format ion a r e  shown a s  
corre la t ives  of t h e  Douro Format ion (in revised sense, 
allowing fo r  t h e  C a p e  Storm Formation; Fig. 4, p. 12, 
Sec.  B, p. 191-193) but,  unfortunately,  no conodonts were  
recovered f rom this interval.  

Conodont Biostratigraphy 

The conodont biostratigraphy of pa r t s  of t he  Read 
Bay Format ion and i t s  subjacent unit, t h e  C a p e  Storm 
Formation, a t  Goodsir Creek and the  Read Bay area ,  is 
summarized in Figure 41.2. In the  following discussion, all  
mor phot ypes of Ozarkodina confluens (Branson and Mehl) 
a r e  those of Klapper and Murphy (1974). The figured 
specimens a r e  in t h e  collections of t h e  Geological Survey 
of Canada, Ot tawa.  

From: Report of Activities, part 
Geol. Surv. Can.,  Paper 77-1B (1977) 



PLATE 41.1 

All  f igures x40. Figures 1, 2, 7 and 8 f rom Cape  Storm Formation; 
all  o thers  f rom Read Bay Formation on eas tern  Cornwallis Island 

Figures 1, 2. Asymmetrical  palmate  e lement  

Posterior and anter ior  views, GSC 49769, C a p e  Storm Formation, Goodsir Creek,  GSC loc. 83335. 

Figures 3-6. 

3. 

4-6. 

Ozarkodina cf .  0. eurekaensis Klapper 

Outer la tera l  view of a P e lement ,  GSC 49770. 

Upper, outer la tera l  and lower views of a P e lement ,  GSC 49771; both f rom member  C ,  GSC loc. C-19839. 

Figures 7, 8. Ozarkodina cf. 0. n. sp. B of Klapper (in Klapper and Murphy, 1974) 

Outer la tera l  and upper views of a P e lement ,  GSC 49772, Cape Storm Formation, Goodsir Creek,  GSC 
loc. 83343. 

Figures 9 ,  10. Pedavis l a t i a l a t a  (Wal liser) 

Upper and lower views of an  I e lement ,  GSC 49773, member  C ,  Goodsir Creek,  GSC loc. C-63576. 

Figures 11, 12. Ozarkodina remscheidensis rernscheidensis (Ziegler) 

Latera l  and lower views of a P e lement ,  GSC 49774, member  C,  Read Bay a rea ,  GSC loc. C-54046. 

Figures 13, 14. Pelekysgnathus n. sp. A 

Latera l  and upper views of an  I e l emen t ,  GSC 49775, member  C, Goodsir Creek,  GSC loc. C-19837. 

Figures 15, 16. Pelekysgnathus n. sp. B 

Inner la tera l  and lower views of an  I e lement ,  GSC 49776, member D, Read Bay a rea ,  GSC loc. C-49976. 

Figure 17. Kockelella variabilis IValliser 

Inner la tera l  view of a Pb e lement ,  GSC 49777, member  B, Goodsir Creek, GSC loc. 83349. 

Ozarkodina confluens (Branson and Mehl) morphotype y of Klapper (in Klapper and Murphy, 1974) 

Latera l  view of a P e lement ,  GSC 49778, member  C ,  Goodsir Creek, GSC loc. C-19837. 

Figure 18. 

Figures 19, 20. Polygnathoides siluricus Branson and Mehl 

Upper and lower views of a P e lement ,  GSC 49779, member  A, Goodsir Creek,  GSC loc. C-63573. 

Ozarkodina n. sp. A of Klapper (in Klapper and Murphy, 1974) Figures 21, 26. 

Latera l  views of two P e lements ,  GSC 49780 and 49781, respectively,  both from member  C,  Goodsir 
Creek, GSC loc. C-63576. 

Figures 22-24. 

22, 23. 

24. 

Ozarkodina n. sp. G .  

Inner la tera l  and lower views of a P e lement ,  GSC 49782. 

Outer  l a t e ra l  view of a P element ,  GSC 49783; both f rom member  D, Read Bay a rea ,  GSC loc. C-49976. 

Figure 25. Ancoradella ploeckensis Walliser 

Upper view of a P e lement ,  GSC 49784, member  A, Goodsir Creek,  GSC loc. 83347. 

Figures 27-30. 

27-29. 

30. 

Figure 3 1. 

Pedavis n. sp. T 

Upper, ou te r  la tera l  and lower views of an  I e lement ,  GSC 49785. 

Upper view of an I e lement ,  GSC 49786; both f rom member  C,  Goodsir Creek,  GSC loc. C-19837. 

Ozarkodina confluens (Branson and Mehl) morphotype a of Klapper (in Klapper and Murphy, 1974) 

Latera l  view of a P e lement ,  GSC 49787, member A, Goodsir Creek,  GSC loc. 83348. 

Figure 32. Ozarkodina n. sp. B of Klapper (in Klapper and Murphy, 1974) 

Upper view of a P e lement ,  GSC 49788, member A, Goodsir Creek, GSC loc. C-63573. 





Cape  Storm Formation 

The lowest sampled interval of t he  C a p e  Storm 
Formation is 398.1 m below the  top (GSC loc. 83335). 
This yielded a meagre conodont fauna which includes 
asymmetr ica l  palmate  e lements  (PI. 4 1 . I ,  figs. 1, 2). If 
this form were laterally skewed, it would resemble 
remotely the blade e lement  of Rhipidognathus 
symmetr icus  Branson, Mehl and Branson, a La te  
Ordovician form (Kohut and Sweet ,  1968). A similar form 
also is present in a sample from the Leopold Formation a t  
t he  Port  Leopold area  in northeastern Somerset Island 
(CSC loc. C-30089), collected by 8. Jones (see  Jones  and 
Dixon, 1975). A t  this stage,  i t  js difficult  t o  assess the 
biostratigraphic significance of the  palmate  form. 

At the  level of 9.1 m below the  top of the  C a p e  
Storm Formation (GSC loc. 83345) is  Ozarkodina n. sp. B 
of Klapper (in Klapper and Murphy, 1974) and 55.2 rn 
below tha t  (GSC loc. 83343), 0. cf.  0. n. sp. B (PI. 41.1, 
figs. 7 ,  8 )  occurs. The la ter  d i f fers  f rom 0. n. sp. B only 
in the  degree  of development of accessory denticles on 
t h e  inner side, and may be  i t s  progenitor. Ozarkodina n. 
sp. B was reported, in the  Rober ts  Mountains Formation of 
Nevada, t o  be associated with Polygnathoides siluricus 
Branson and Mehl (Klapper and Murphy, 1974, p. 12, 15). 
Weyant (1971, Table 8 ,  p. 40, sample 15836) also recorded 
i t s  presence in the  Douro Formation, 325 m above the  
base, e a s t  of Camp Creek on Devon Island. Ozarkodina 
confluens (Branson and Mehl) morphotype y and 0. exca -  
va ta  excava ta  (Branson and Mehl) occur a t  GSC 
locality C-63575, located 3.0 m below the top of the  
formation. In Nevada, the range of the  former  is f rom 
Polygnathoides siluricus Zone t o  Pelekysgnathus index 
fauna (i.e., about  middle-late Ludlovian boundary t o  early 
Pridolian) (Klapper and Murphy, 1974, p. 16). On this 
basis, a t  least  the  upper 9.1 rn of the  C a p e  Storm 
Formation a r e  considered t o  belong t o  t h e  siluricus Zone. 

Read Bay Formation 

Member A. The lowest sample  from member  A t h a t  
yielded conodonts is from 125.0 m above the  base (GSC 
loc. 83347). This locality, and another which is 213.4 m 
above the  base (CSC loc. 833481, yielded collections with 
Ozarkodina confluens morphotype a, Ancoradella,  ploeck- 
ensis Walliser and Polygnathoides siluricus (PI. 4 1. I ,  
figs. 25, 31). The overlap of the  l a t t e r  two zonal markers  
occurs in the lower par t  of the siluricus Zone a t  Cellon 
(Walliser, 1964, p. 97) and a t  P e t e  Hanson Creek IIE in 
Nevada (Klapper and Murphy, 1974, p. 12). A t  GSC 
locali ty C-63573, located 2.9 m below the  top of 
member  A, Ozarkodina n. sp. B of Klapper and Polygnath- 
oides siluricus were recovered (PI. 4 1.1, figs. 19, 20, 321, 
indicating tha t  t he  siluricus Zone extends  a t  leas t  as high 
a s  this locality. Chitinozoans also were  recovered f rom 
GSC locali ty 83348 (F.H. Cramer ,  pers. comm., 
Jan. 1970). By tracing the  carbonate  units northward into 
the  graptolite-bearing shale  fac ies  of t he  C a p e  Phillips 
Formation on eas tern  Cornwallis Island, R. Thorsteinsson 
(pers. comm., March 1977) found tha t  member  A is 
entirely above the  fri tschi-l inearis Zone. 

Figure 4 1.2 (opposite) 

Summary of conodont biostratigraphy of the  Read Bay Formation 
a t  i t s  type  sections and the  upper par t  of t h e  C a p e  Storm 
Formation a t  Coodsir Creek.  Localities with as ter isk  (*) a r e  not 
f rom t h e  type sections and their  s t ra t igraphic  positions a r e  only 
approximate.  

GSC loc.  nos. Conodont Zones Stages 

- C-49976 - ? ---- - C-54046 - uppermost 

eosteinhornensis 

- eosteinhornensis 

i v e r t i c a l  scale 

[ lower siZuricus 

- lower stturicus ( 1 )  

- ? 



Member B. The only sample of member B t h a t  
yielded any conodonts is  f rom 6.1 m above the  base of t h e  
unit (GSC loc. 83349). The recovered fauna is poorly 
preserved, with only a few specimens t h a t  a r e  sufficiently 
complete  t o  allow identification. These specimens include 
t h e  Pb (PI. 41.1, fig. 17), M and Sa e l emen t s  t h a t  can be  
assigned t o  Kockelella variabilis Walliser (apparatus G of 
Walliser, 1964; locational notation a f t e r  Sweet and Schon- 
laub (19751, and adopted by Barrick and Klapper (1976)). 
The upper l imit  of the  range of K. variabilis is t he  
siluricus Zone (Walliser, 1964, p. 40, 56, 631, which 
suggests that  the  lower par t  of member B is st i l l  within 
t h a t  zone. Chitinozoans were recovered also f rom this 
locali ty (F.H. Cramer ,  pers. comm., Jan. 1970). 

Member C. The lowest conodont-bearing sample of 
member  C a t  Goodsir Creek is  f rom 15.2 m above the  base 
(GSC loc. C-63576). This sample yielded Pedavis  la t ia la ta  
(Walliser), P. cf .  P. n. sp. T, and Ozarkodina n. sp. A of 
Klapper (in Klapper and Murphy, 1974) (PI. 41.1, figs. 9 ,  
10, 21, 26), and indicate the  l a t i a l a t a  Zone. Ozarkodina n. 
sp. A also occurs in the  l a t i a l a t a  Zone in the  Rober ts  
Mountains Formation a t  Birch Creek I1 in Nevada; and in 
the  Cellon section in the  Carnic  Alps, according t o  
Klapper and Murphy (1974, p. 15). In the  same  section a t  
Goodsir Creek,  174 m above the  base of member  C (GSC 
loc. C-198371, a r e  Pedavis  n. sp. T, Ozarkodina confluens 
m o r p h o t y p e s a a n d y ,  and Pelekysgnathus n. sp. A 
(PI. 41.1, figs. 13, 14, 18, 27-30). Associated with these 
conodonts a r e  Atrypella cf.  A. foxi Jones  and Hemiarges 
aquilonius Whittington (R. Thorsteinsson, pers. comm., 
March 1977). On the  basis of conodonts, t he  age of this 
sample  cannot be  determined precisely, but 0. confluens 
morphotype y and the  s t ra t igraphic  position of t h e  sample  
suggest an  assignment between the  l a t i a l a t a  and eostein- 
hornensis Zones. 

A t  the  type sect ion of member C, 24.4 m below the  
top  of the  unit (GSC loc. C-54046) a r e  Ozarkodina 
confluens morphotype a and 0. remscheidensis remscheid- 
ensis (Ziegler) (PI. 41.1, figs. 11, 12). These conodonts can 
be assigned t o  the  uppermost Ozarkodina remscheidensis 
eosteinhornensis Zone of l a t e  Pridolian age  (see Klapper 
and Murphy, 1974, p. 19). 

At GSC locali ty C-19839, located some 12 km north 
of t h e  member C type  section, and stratigraphically near 
the  top  of member  C,  t he  fauna contains Ozarkodina 
confluens morphot ypes a and y, and 0. cf .  0. eurekaensis 
Klapper (PI. 41.1, figs. 3-6). The l a t t e r  has  been reported 
previously f rom the  Rober ts  Mountains Formation at Birch 
Creek I1 in Nevada in the  eosteinhornensis Zone (in 
res t r ic ted  sense; Klapper and Murphy, 1974, Table 2), and 
is of l a t e  Pridolian age. 

Member D. Faunal control  of member  D a t  i t s  t ype  
section is res t r ic ted  t o  the  basal p a r t  of t h e  unit. A t  GSC 
locali ty C-49976, 21.3 m above the  base of member  D, a r e  
Ozarkodina n. sp. G with large  basal cavity,  and 
Pelekysgnathus n. sp. B (PI. 41.1, figs. 15, 16, 22-24). In 
la tera l  view, the  fo rmer  has t h e  general outline of some  
morphotypes of 0. confluens or 0. remscheidensis r em-  
scheidensis, but t h e  basal cavi ty  is  similar t o  tha t  of 0. n. 
sp. F of Klapper (in Klapper and Murphy, 1974). The age  
of this fauna can be s t a t ed  only in broad t e r m s  of l a t e  
Pridolian through early Lochkovian. 

The only other  available collection of conodonts 
f rom member  D is f rom western Devon Island (GSC 
loc. C-54044). The exac t  s t ra t igraphic  position of this 

locality within t h e  member  is difficult  t o  determine 
accurate ly ,  bu t  R. Thorsteinsson e s t ima tes  i t  t o  b e  about  
1000 f e e t  (300 m) above i t s  base. The collection includes 
Ozarkodina remscheidensis remscheidensis and 0. n. sp. F 
of Klapper. The f i r s t  occurrence  of 0. n. sp. F at Birch 
Creek I1 in Nevada is well above (48.5 m) t h e  base of t h e  
lcriodus woschmidti Zone, and is within t h e  early 
Lochkovian age  s t r a t a  (Klapper and Murphy, 1974, 
Table  2). 0. n. sp. F continues higher into the  
Ozarkodina eurekaensis  Zone in Nevada. 
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STRATIGRAPHIC RECONNAISSANCE O F  LOWER PALEOZOIC ROCKS, 
EASTERN DEVON ISLAND, ARCTIC ARCHIPELAGO 

Pro jec t  680015 

R.L. Chr is t ie  
Ins t i tu te  of Sedimentary  and Pe t ro l eum Geology, Calgary  

Introduction Previous Geological  Work 

This repor t  provides preliminary results  of a recon- 
naissance s t ra t igraphic  study of t he  eas tern  par t  of Devon 
Island e a s t  of 87OW, an a r e a  of about  26 000 km2 (10 000 
sq. miles) (see  Fig. 42.1 ). Field work along t h e  coas ts  was 
carr ied  ou t  during April and May of 1968 and 1969 using 
dog sleds, motor  toboggans, and a i r c r a f t  for  support. The 
s t ra t igraphic  sections were  measured during t h e  summer  
months  (June t o  August) f rom camps  established by 
a i rcraf t .  

Eastern Devon Island forms pa r t  of t he  e levated  
eas tern  edge of t h e  Canadian Arct ic  Archipelago. The 
eas t e rn  ex t r emi ty  of the  island is a mountainous a r e a  
underlain by Precambrian  crystall ine rocks whereas,  t o  
t he  west,  a dissected plateau is  underlain mainly by f la t -  
lying Paleozoic  beds. Ice-cover is  widespread. 

LEGEND 

C r e t a c e o u s  a n d  
T e r t i a r y  b a s i n s  

S v e r d r u p  B a s i n  

F r a n k l i n i a n  I n t e r i o r  KI G e o s y n c l i n e  P l a t f o r m  

C a n a d i a n  S h i e l d  
S c a l e  : 200 krn 

Figure 42.1. S t ra t igraphic-s t ructura l  provinces of t h e  
ea s t e rn  par t  of t he  Canadian Arc t i c  
Archipelago. 

The ear l ies t  geological  observations on ( t h e  then- 
called) North Devon Island were  made in 1824 by 
Dr. Neill, t h e  ship's doctor  on W.E. Parry ' s  third voyage t o  
t h e  Arct ic  Archipelago. Fu r the r  d a t a  were  obtained 
during Leopold MIClintock's voyage in t he  Fox in 1858. 
The  information f rom these  voyages, mainly of t h e  coas t  
be tween Philpotts  Island and C a p e  Warrender, we re  
incorporated in Haughton's geological  appendix t o  
MIClintock's published accoun t  (see  Haughton, 1859). 
A.P. Low, of t h e  Geological  Survey of Canada,  described 
t h e  geological  and physiographic f ea tu re s  of t h e  south- 
ea s t e rn  pa r t  of t he  island a f t e r  cruising the  south c o a s t  in 
t h e  Neptune in 1904, and landing a t  Cuming Inlet (Low, 
1906). Other  descriptions were  provided by L.J. Weeks 
(1927, p. 137) of t he  Survey, who accompanied the  CCS 
Arc t i c  In 1925 on her annual cru ise  t o  t h e  ea s t e rn  pa r t s  of 
t h e  Archipelago. 

D.B. Wales, R.P. Nickelsen, and V.E. Kur t z  col lec ted  
Middle Cambrian  fossils near  Dundas Harbour in 1948 and 
1949 and measured t h e  local  Paleozoic  sec t ion  (Wales, 
1949; Kur t z  et al., 1952). Dundas Harbour was  visited 
briefly in 1950 by V.K. P re s t ,  of t h e  Geological Survey of 
Canada, who col lec ted  Precambrian  rocks and measured 
t h e  heights of beach t e r r a c e s  (Pres t ,  1952). D.A. Nichols 
(1936) ear l ie r  had published notes  on shell remains f rom 
these  raised beaches.  

Locali t ies a t  Burnet t  Inlet, on t h e  south coas t ,  and 
o the r s  be tween Sverdrup Inlet and C a p e  Sparbo, on t h e  
nor th  coas t ,  were  visited by B.F. Glenis ter  and E.F. Roots  
during t h e  Geological Survey of Canada's  "Operation 
Franklin1' in 1955 (For t ier  et al., 1963, p. 179-194). S t r a t i -  
graphic  sections were  measured and t h e  basemen t  rocks 
were  examined. In 1960, t h e  Arc t i c  Ins t i tu te  of North 
America  established, under t h e  leadership of S. Apollonio, 
a sc ient i f ic  research s ta t ion  near  C a p e  Skogn. Geological  
s tudies  were  done by J.W. Cowie  and A. Ormiston (Cowie,  
1961). Glacial, periglacial ,  and beach studies have been 
ca r r i ed  o u t  by o the r  researchers  in following years. 

Dr. J.W. Cowie,  of t h e  University of Bristol, a ccom-  
panied t h e  author  in 1968 in t h e  measuring of s t r a t i -  
graphic  sec t ions  a t  Cuming Inlet. 

S t ra t igraphy of Lower Pa l eozo ic  Rocks  

The Paleozoic  rocks described in this repor t  form a 
l i t t le-disturbed veneer t h a t  is dissected t o  expose the  
older,  P recambr i an  rocks  in ce r t a in  valleys and fiords. 
Paleozoic  rocks form a s t ruc tura l ly  conformable  succes- 
sion t h a t  s t r ikes  generally north-south and dips at a very 
g e n t l e  ang le  t o  t h e  west.  The border of t h e  Paleozoic  
region is much indented and marked by s c a t t e r e d  out l ie rs  
of bedded rocks. 

From: Report o f  Activities,  Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



f e e t  metres 

pale grey 
and 

pale brown 
weathering 

pale grey 

weathering 

LEGEND 

- - - -  
g Rabbit P o i n t  - -  
a weathering 

y y gypsum-anhydrite 

limestone - dolomite 
-- -- - shale - - -  - - - - -- siltstone 

. .  . . . . sandstone . .  . .  

intraformational 
conglomerate 

stromatoporoidal, 
donticdl 

stromatoporoidal, 
digitate 

mud cracks 

irregular bedding 
surfaces 

chert nodules 

fossiliferous, 
fossil collection 

networks, mottled, 
blotchy 

Figure 42.2. Graphic representation of composite stratigraphic section, lower Paleozoic rocks of eastern Devon Island. 



The Paleozoic, bedded rocks include sandstone, in the  lower par t  by lines of small  cliffs due t o  more 
dolomite, l imestone, intraformational conglomerate,  and resistant dolomite beds. The beds a r e  character ized by 
gypsum. The units range in age  from Early Cambrian to  variable lithology but have a uniform thickness of about 
Middle Ordovician. 300 m (1000 ft.). 

The stratigraphy of the  Lower Paleozoic rocks, a s  
presented here,  is  based on several measured sections a t  
locali t ies on both the  south and north coas t s  of t h e  island. 
The sections studied by Kurtz  et al. (1952) a t  Dundas 
Harbour, although referred t o  in t h e  text ,  were  not visited 
by the  author. This report  is preliminary in nature  and the  
correlation of units is tenta t ive .  

Cambrian 

Lower and Middle Cambrian 

The Precambrian crystall ine rocks of eas tern  Devon 
Island a r e  overlain unconformably by a thin- t o  medium- 
bedded sequence of carbonate  and c las t ic  rocks in which 
a r e  found, near Dundas Harbour, fossils of Early and 
Middle Cambrian age. The Lower Cambrian beds des- 
cribed here a r e  assigned t o  the  Rabbit Point Formation of 
Kurtz e t  al .  (1952). Overlying beds appear t o  be corre la-  
t ive with the  Bear Point and Ooyahgah formations of t he  
s a m e  authors. The uppermost thin beds, here  considered 
t o  b e  probably Middle Cambrian, form a basal member  of 
t h e  Ordovician Mingo River Formation of Kurtz  et al. 
(1952). 

Rabbit Point Formation. A basal sandstone unit, t h e  
Rabbit Point Formation (Kurtz  e t  al., 1952), is widespread 
but in places ra ther  thin or perhaps absent.  At the  type 
section, west of Dundas Harbour (Fig. 42.3, loc. 4), the  
unit is 26.5 m (85 ft.) thick and consists of calcareous,  
medium t o  fine grained sandstone, in par t  glauconitic. 
Olenellus and linguloid brachiopods ( I ) '  were  collected by 
Kurtz  and Wales 7.6 m (25 ft.) above the  base. A t  Cuming 
Inlet, about  80 km (50 miles) t o  the  wes t  (Fig. 42.3, 
loc. 61, about  21 m (70 ft.) of white-weathering, medium 
and fine grained sandstone with green shale beds were  
measured. A t  Burnet t  Inlet, 32 km (.20 miles) west  of 
Cuming Inlet (Fig. 42.3, loc. 71, Glenister (1963, p. 181) 
noted about 14 m (45 ft.) of quar tzose  sandstone, coarse  
a t  t he  base and medium grained upward. 

The Rabbit Point Formation appears  much reduced 
in thickness a t  locality 3 (Fig. 42.31, 24 km (15 miles) 
northwest of t he  type locality, where a basal sandstone 
bed about  1.5 m (5 ft.) thick is present and overlain by a 
dolomitic l imestone bed. The overlying 15 m (50 ft.) of 
s t r a t a  a r e  covered but t he re  i s  no evidence in t h e  ta lus  
t h a t  sandstone is present. 

Basal sandstones of t he  Rabbit Point Formation a r e  
more prominent on the  north coas t  of Devon Island, where 
Glenister (1963, p. 186, 187) measured an incompletely 
exposed section of sandstone about 60 m (200 ft.) thick 
(Fig. 42.3, loc. I). 

Undivided Bear Point-Ooyahgah Formations. Con- 
formably overlying the  Rabbit  Point Formation is  a 
sequence consisting mainly of thin-bedded dolomite and 
dolomitic l imestone with minor amounts  of sandstone and 
shaly t o  silty carbonate.  The thin bedded carbonate  
sequence forms rubbly slopes, in many places interrupted 

The Middle Cambrian sequence described here  is 
presumed t o  comprise mainly the  Bear Point and the  
Ooyahgah format ions  of Kurtz  et al. (19521, bu t  i t  includes 
a lso  about  12 m (40 ft.) of beds assigned by them t o  the  
Mingo River Formation. The Middle Cambrian sequence is  
t r ea t ed  a s  a unit because a mappable c o n t a c t  separating 
t h e  formations was not evident in the  field. The difficulty 
in separating the Bear Point and Ooyahgah format ions  
may have been due to  the reconnaissance nature  of t he  
r ecen t  field work, but i t  is  suspected tha t  division is not 
pract ica l  outside the  type area .  

The Middle Cambrian carbonate  beds include mainly 
grey t o  yellow-grey, thin-to medium-bedded, f ine  grained 
dolomite,  limy dolomite, and dolomitic l imestone, and 
shaly t o  silty dolomite. Sandstone, commonly limy or 
dolomitic,  forms 10 t o  20 per c e n t  of t h e  section, and 
intraformational conglomerate  forms an abundant and 
conspicuous component of t he  unit. Locally conspicuous, 
mainly in the  middle par t  of t he  unit, a r e  s t romatol i t ic  
beds variously with d igi ta te  and domai or layered forms. 
Thin gypsum-anhydrite or gypsiferous shale s t r a t a  occur 
locally in the  middle and upper par ts  of t h e  section. 
Sandstone and sandy beds occur  generally a s  medium or 
thick beds in t h e  upper half of t h e  unit. In addition, one 
or  two  thin sandstone beds occur  locally within abou t  30 m 
(100 ft.) of t h e  base. A prominent sandstone member  is 
widely distributed in t h e  upper pa r t  of t h e  Middle 
Cambrian carbonate  beds (Fig. 42.3). 

Several fossil collections were  obtained by Kurtz  
and Wales f rom thin carbonate  beds equivalent t o  beds 
described here. The early collections (Kurtz  e t  al., 1952) 
were  made west  of Dundas Harbour but, in spi te  of careful  
search by J.W. Cowie in 1960 and by Cowie and Chris t ie  in 
1968, similar collections were  not found outside t h e  type 
locali ty,  although linguloid brachiopods were  found a t  t w o  
horizons (2, 3)  a t  Cuming Inlet. Evidently conditions for 
preservation - perhaps less dolomitization - were  more  
favourable in the  Dundas Harbour region than elsewhere.  

Middle Cambrian Pa te r ina  was collected (4) in the  
type sect ion of the' Ooyahgah Formation, from shale  beds 
a few tens  of f e e t  below fossiliferous Lower Ordovician 
beds and i t  appears,  therefore ,  t h a t  Upper Cambrian beds 
a r e  missing f rom the  section. 

Ordovician 

Lower Ordovician 

Cape Clay Formation. The thin-bedded dolomite,  
l imestone, intraformational conglomerate,  and sandstone 
of Middle Cambrian age a r e  overlain conformably by 
distinctive thick-bedded dolomite,  here  assigned t o  the  
Cape  Clay Formation. The C a p e  Clay Format ion was 
defined by Koch (1929a, p. 14; 1929b, p. 230) in 
Washington Land, Greenland, where  i t  conformably over- 
l ies t h e  Cass  Fiord Formation. 

' Fossiliferous horizons a r e  identified on Figure 42.2 by appropr ia te  circled numbers. 
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Table 42.1 

Table of Formations 

Era 

.rl 

N 
0 

G 
U 

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

L) 
'rl 

N 
0 

rl 
a 
h 

Period 
or 

Quaternary 
t o 

Recent 

The thick-bedded dolomite,  here  called the  Cape  
Clay Formation, and the  uppermost few tens  of f e e t  of 
t he  thin-bedded sequence were  named the  Mingo River 
Format ion by Kurtz  et al. (1952). The unity of t h e  
format ion presumably was based on the  cliff-forming 
cha rac te r  of both t h e  uppermost thin beds and t h e  thick- 
bedded dolomite,  and on the  presence, in cer ta in  thin 
beds, of Syrnphysurina and Dendrograptus (5). Hystri-  
curus? nudis was found (7) in the  lowermost p a r t  of t he  
thick-bedded member, and an  early Ordovician age  was  

B 
.rl 

3 
QI 

PI 

assigned t o  the  formation. The boundary between units is  
placed, in this repor t  (as noted),at  t he  base of t he  thick- 
bedded pa r t  of t he  Mingo River Formation. The reasons 
are :  

M 

c: 
a 
-4 - 
U 
-rl 

2 
a 
o 

L 

- - - - -  
U - - 

c: 
a M 
.4 

3 
V 

L 

Diabase (dykes) 

Gneiss, granitoid gneiss; quartz- 
feldspar-biotite gneiss, garnet- 
iferous gneiss, quartz-feldspar- 
garnet rock; pegmatite 

I. The upper p a r t  of t h e  Mingo River Format ion is  
a distinctive,  thick-bedded dolomite and limy dolomite 
unit t h a t  may be corre la t ive  with the  Cape  Clay 
Format ion of Northwest Greenland and cen t r a l  Ellesmere 
Island (as  noted by Kurtz  et al., 1952, p. 653; s e e  also 
Christie,  1967, p. 38-40); 

Lithology 
Thickness: feet (metres) 

Till, gravel, sand, alluvium 

Formations 

Croker Bay 

- 

Nadlo Point 

Mingo River 

disconf ormity 

Ooyahgah 

Bear Point 

Rabbit Point 

Cornwallis Gp. 

Eleanor River 

carbonate 
beds 

Cape Clay 

disconf ormity 

carbonate 
beds 

Rabbit Point 

This paper 

Limestone, gypsum-anhydrite 

750 (230 )  

Limestone, dolomite, intra- 
formational conglomerate 

700 (210) 

Dolomite, dolomitic limestone, 
intraformational conglomerate, 
sands tone 

400 (120) 

Dolomite, dolomitic limestone 

120 -230 (37-70) 

Dolomite, dolomitic limestone, 
intraformational conglomerate, 
sandstone, shale, gypsum- 
anhydrite 

1000 (300)  

Sandstone, shale 
10-87 (3 -26)  

Kurtz, McNair, 
and Wales, 1952 



2. The interbedded carbonate  and intraformational 
conglomerate evidently a r e  not present everywhere 
beneath the  thick-bedded par t  of the Mingo River 
Formation; a t  some localities, sandstone directly underlies 
the  thick-bedded unit. In any case,  t he  lower beds a r e  
lithologically similar t o  the  underlying beds and a r e  in 
marked contras t  t o  the  overlying thick-bedded unit; i t  
seems preferable,  therefore,  t o  place t h e  formational 
boundary a t  a distinctive and widely distributed litho- 
logical break. 

Only a few tens of f e e t  s epa ra t e  fossiliferous beds 
assigned a Middle Cambrian age from those of Early 
Ordovician age  in the  type section of Kurtz e t  al. and i t  
appears  probable, a s  noted by those authors,  tha t  Upper 
Cambrian beds a r e  absent.  The disconformity repre- 
senting this hiatus is presumed, in the  present report ,  t o  
lie a t  the  base of the  thick beds of t he  Cape Clay 
Formation. Kurtz  e t  al .  (1952, p. 652), on t h e  other  hand, 
place the  disconformity beneath t h e  lower, thin-bedded 
p a r t  of thei r  Mingo River Formation (see Table 42.1). 

The Cape  Clay Formation of Devon Island is  very 
thick bedded, finely t o  coarsely crystall ine,  grey t o  brown 
dolomite and dolomitic l imestone characterist ically 
weathering t o  yellow-brown, red-brown, or orange, with 
distinctive lighter patches  of irregular or amoeboid form. 
The weathered surface  may be scoriaceous. Pa r t s  or a l l  
of the  unit, especially where coarsely crystall ine,  a r e  
vuggy t o  cavernous. The Cape Clay is identified easily, 
even from a distance,  because of i t s  cliff-forming nature  
and distinctive colours; the  lower beds a r e  commonly 
darker and brownish, and the  upper, yellow-white 
weathering. Kurtz  e t  al. (1952, p. 645) described the  unit 
( t he  upper pa r t  of t he  Mingo River Formation, 53.6 m 
(176 ft.) thick) a s  follows: "brownish grey, . . . fine- 
grained, massive, weathers  yellowish brown. Broad light 
coloured bands, discernible f rom a distance,  occur in t h e  
middle pa r t  of t h e  unit". 

The Cape  Clay Formation is 37 t o  70 m (120-230 ft.) 
thick in measured sections on Devon Island. 

Poorly preserved orthocerid cephalopod fossils may 
be found a t  most locali t ies in the  Cape Clay Formation. 
In addition, Hystricurus was collected ( 7 )  by Kurtz  and 
Wales near Dundas Harbour, and Glenister obtained 
Coniotrerna? sp., Eotornaria sp., Ophileta sp., Cyr tocer ina  
sp., and "cf. P i loceras  sp." south of the  west a r m  of 
Sverdrup Inlet (Fig. 42.1, loc. 1). Ophileta and 
Hystricurus were  among fossils identified by Foers te  
(1921) and Poulsen (1946) in collections from the  C a p e  
Clay Formation at Bache Peninsula (Ellesmere Island) and 
Northwest Greenland; an  "Upper Ozarkian" (Early 
Canadian) age  was assigned. 

Orthocerid cephalopod fossils were  collected (6, 8) 
a t  most Cape Clay locali t ies visited during recent  field 
work. Fossils were  obtained (8) from the  uppermost par t  
of  t he  unit west of Croker Bay (Fig. 42.3, loc. 5); these  
a r e  reported by E.L. Yochelson a s  follows (GSC loc. C-  
3305): 

echinoderm pla tes  
f ragment  of brachiopod or  pelecypod indet. 
?mollusk f r agmen t  with prominent spiral  ornament  
?Priscochiton sp. indet. 
gastropod indet. a f f .  Loxoplocus (Lophospira) 
?Bridgeha or  Helicotoma 

lenticular gastropod genus indet.  (step-like umbilicus) 
maclurit id gastropod indet. 
?maclurit id gastropod indet. (very low whorls) 
gastropod indet. a f f .  Trochonerna sp. 
high-spired gastropod indet. (possibly t w o  genera) 
cephalopod indet. 

Regarding the  age, Yochelson remarks  a s  follows: 
"The ? B r i d ~ e i n a  is known from ear lv  Earlv Ordovician. 
The macluGtid could be in to  Early drdovic lan or  Middle 
Ordovician. The possible Trochonerna could be Middle 
Ordovician". 

The evidence described above supports the  assign- 
ment of t he  fossiliferous unit of Devon Island t o  the  C a p e  
Clay Formation, and of an Early Ordovician age  t o  the  
beds. 

Kur tz  and Wales describe (as  noted earlier), in thei r  
t ype  sect ion of t h e  Mingo River Formation, about  4.5 m 
(15 ft.) of greenish grey calcareous  shale  and interbedded 
brownish l imestone immediately beneath  t h e  upper, mas- 
sive dolomite unit. Symphysurina and Dendrograptus 
gracil is? were  collected (5) f rom t h e  middle of t hese  beds. 
A green shale  bed, 20 c m  (8  in.) thick, but not  fossil- 
iferous, was noted by Christie in a sect ion a t  locali ty 5, 
about 50 km (30 miles) west of Kurtz  and Wales' locality. 
A t  no other  sect ion studied on Devon Island were  these  
shale beds seen. Possibly the  shale and associated 
l imestone should be  considered a s  discontinuous basal beds 
of t he  Cape Clay Formation. 

Unnamed Lower Ordovician ca rbona te  beds. Con- 
formably overlying t h e  C a p e  Clay Format ion is  a sequence 
of thin-bedded dolomite,  dolomitic in t raformat ional  
conglomerate,  and lesser amounts  of dolomitic sandstone 
about  120 m (400 ft.) thick. This unit  evidently is  present  
everywhere  in eas t e rn  Devon Island but  usually fo rms  
greyish ta lus  slopes between prominent c l i f fs  formed by 
t h e  underlying and overlying, relatively res is tant ,  brown- 
weathering units. This unnamed map-unit is presumed t o  
be equivalent t o  the  lower par t  (about two-thirds) of t he  
Nadlo Point Formation of Kurtz  e t  al. (1952). 

A complete  section of the  unnamed carbonate  beds 
was examined by the  writer a t  only one locality: t h a t  
west of Croker  Bay (Ioc. 5). There,  t h e  unit consists of 
about  90 m (300 ft.) of thin-bedded, f ine  grained, pale  
brown weathering dolomite and dolomite  in t raformat ional  
conglomerate  overlain by about  21 m (70 ft.) of medium- 
bedded, white-grey weathering, dolomit ic  sandstone and 
about  30 m (100 ft.) of talus-covered, greenish grey, s la ty  
carbonate ,  probably argil laceous dolomite. The lower 
dolomites a r e  si l ty t o  sandy, and conta in  abundant dark 
grey c h e r t  nodules. Both d ig i t a t e  and domal s t romatol i tes  
a r e  abundant in the  lower two-thirds of t h e  unit. 

Beds similar t o  those described above were  
examined by Kurtz  and Wales a t  the  type sect ion of the  
Nadlo Point Formation. There,  t h e  basal 14 rn (47 ft .)  of 
t h e  unit a r e  greenish grey, glauconitic,  ca lcareous  sand- 
stone. The sandstone is overlain by about  46 m (150 ft.) of 
mainly brownish grey, si l ty dolomitic l imestone, above 
which is a covered interval of 46 m (150 ft.). 

A sequence of about  60 m (200 ft.) of t h e  lower beds 
was  examined e a s t  of Sverdrup Inlet, on t h e  north c o a s t  of 
t h e  island (Fig. 42.3, loc. 2). These beds a r e  thin- t o  
medium-bedded, f ine  grained dolomite  and, when 



weathered, have a hard, silvery grey surface.  Some 
greenish shaly beds a r e  present,  but few intraformational 
conglomerates were  observed. 

No fossils have been collected f rom t h e  unnamed 
carbonate  unit overlying t h e  Cape  Clay Formation, but  i t s  
stratigraphic position clearly indicates an  Early 
Ordovician age. The unit probably contains equivalents of 
t h e  gypsiferous Baumann Fiord Formation and of the  
underlying beds ("map-unit 6" of Bache Peninsula region; 
Christie,  1967) of cen t r a l  Ellesmere Island (see  Kerr, 
1967, 1968a). Although gypsum-anhydrite may b e  present  
in some of t h e  covered intervals on Devon Island, i t  was 
nowhere observed. 

Lower and Middle Ordovician 

Eleanor River Formation. A series of cliff-forming, 
fossiliferous, brown-weathering l imestone beds, t en ta -  
tively assigned t o  the  Eleanor River Formation, conform- 
ably overlies the  unnamed carbonate  rocks described 
above. The Eleanor River Formation was defined by 
'rhorsteinsson (1958, p. 31) on Cornwallis Island. The unit 
was redescribed and assigned a new reference  section on 
Ellesmere Island by Kerr (1967, p. 103; s e e  also Kerr,  
1968a, p. 26, 80, 81). 

The Eleanor River Formation is widely exposed on 
eas tern  Devon Island, where  i t  comprises generally 
resistant,  thick beds of pale brown weathering l imestone 
and less resistant interbeds. The writer nowhere 
t raversed t h e  whole unit, bu t  probably a l l  or nearly a l l  of 
i t  is represented in the  sect ion studied by Glenister (1963) 
a t  Burnett  Inlet (loc. 7 ) ,  where a succession of about 
210 m (700 ft.) of Eleanor River beds was  measured. 

Included in the  Eleanor River Formation in this 
repor t  a r e  the  upper beds, about 76 rn (250 ft . )  thick, of 
t h e  Nadlo Point  Formation of Kurtz e t  al. (1952). The 
upper pa r t  of t he  Eleanor River Formation presumably is 
represented by lower beds of the  type Croker Bay 
Formation. 

The position of the  upper boundary of the  Eleanor 
River Formation in the  section near Dundas Harbour is  
uncertain; if t he  unit described by Kurtz  and Wales a s  
forming a "structural  ter race"  is taken t o  underlie less 
resistant,  perhaps gypsiferous beds (of the  Cornwallis 
Group), then this would be t h e  top of t h e  Eleanor River 
Formation. A thickness approaching 180 m (600 ft.) would 
then be  present.  

The Eleanor River Format ion of southeas tern  Devon 
Island ( the  unit was not visited elsewhere) includes thick- 
bedded, fine grained, grey and pale brown weathering 
l imestone; thin-bedded, yellow-grey-weathering dolomitic 
l imestone and intraformational conglomerate;  and minor 
amounts  of light grey weathering shaly carbonate  beds. 
The thick-bedded limestones a r e  character is t ica l ly  
marked on the  weathered surface  by irregular patches  or  
an  anastornosing network of a lighter brown colour, and 
emi t  a strongly petroliferous odour on breaking. Silicified 
fossils a r e  abundant a t  numerous horizons and, in addition, 
siliceous networks and c h e r t  nodules occur in upper, 
competent  beds. Bedding planes in the  thin- t o  medium- 
bedded dolomitic rocks a r e  commonly wavy and argil- 
laceous. Numerous fossiliferous beds a lso  a r e  present  in 
the  less competent  par t  of t he  unit. 

Fossils were  obtained from various levels in the  
interval assigned t o  the  Eleanor River Format ion on 
southeas tern  Devon Island (9-13). Some of these  a r e  
reported below. 

Fossil collections examined by B.S. Norford of t h e  
Geological Survey of Canada a r e  reported a s  follows: 

Bed about  37 m (120 ft.) above t h e  base west  of 
Croker Bay (GSC Ioc. C-3307) (10): 

Ce ra topea  sp. 
Maclurites sp. 
? P a l h e r i a  sp. 
Polytoechia sp. 
Diparelasma sp. 
bryozoan 
echinoderm 
tri lobite f r agmen t  
gastropods 
s t ra ight  cephalopods 

age: early Middle Ordovician (Whiterock) or pos- 
sibly l a t e s t  Early Ordovician (Canadian) 

Bed about 76 m (250 ft .)  above the  base west of 
Croker Bay (GSC loc. C-3308) (12): 

?Maclurites sp. 
echinoderm debris 
gastropods indet. 
ostracode 
tri lobites undetermined 

age: probably Middle Ordovician 

Bed about 55 m (180 ft.) above uncertain base,  west 
of  Croker Bay (GSC loc. C-3310) (not shown in 
Fig. 42.2): 

Ozarkispira sp. 
?Nanorthis sp. 
gastropod indet. 

age: Early Ordovician, probably Middle Canadian 
(about l a t e  Tremadoc) 

About 135 m (450 ft.) above base, west  of Croker 
Bay (GSC loc. C-3313) (1 3): 

Maclurites sp. 
echinoderm debris 
brachiopod indet. 
os t racode 
tri lobite undet. 

age: Middle Ordovician 

About 200 m (650 ft.) of l imestone a t  Burnet t  Inlet 
(loc. 7 )  were  assigned t o  the  Eleanor River Formation by 
Glenister (1963, p. 181, 182) on t h e  basis of lithology and 
position below the  Cornwallis Format ion (Group). Fossil 
collections from these beds were  dated provisionally by 
G.W. Sinclair a s  Middle Ordovician. 

Kurtz  and Wales obtained several fossil collections 
f rom the upper, resistant beds of t he  Nadlo Point 
Formation, which beds, a s  noted, a r e  here  included with 
t h e  Eleanor River Formation (see  Kurtz  et al., 1952, 
p. 642-644). A probable l a t e  Canadian age was suggested 
for  t he  beds. 



Table 42.2 

The lowermost 90 m (300 ft.) of the  Croker Bay 
Formation of Kurtz e t  al. comprlse mainly brown, petro- 
l iferous l imestone and these  beds, a s  noted, a r e  included 
here  tenta t ively  in t h e  Eleanor River Formlation'. Maclu- 
r i t e s  and Isotelus were obtained, for which a "~Vliddle 
Ordovician or possibly early Upper Ordovician" age  was 
assigned. 

Correlation of lower Paleozoic formations of Devon, Ellesmere,  and Cornwallis Islands. 
Age assignments fo r  tops and bot toms of format ions  follow Table 1 of Barnes, 1974. 

Middle and Upper Ordovician 

Period 

z 
4 H 
a 
3 

fl 
m 

Cornwallis Group. The Cornwallis Group was  
defined originally by Thorsteinsson (1958, p. 33) on 
Cornwallis Island a s  the  Cornwallis Formation. The unit 
was redefined and raised t o  group s t a t u s  by Kerr  (19671, 
who named th ree  reference  sect ions  near Irene Bay on 
Ellesmere Island. 

'This corre la t ion was suggested ear l ier  by Thorsteinsson (in For t ier  et al., 1963, p. 34). 

Caradocian 

Cornwallis 

Eleanor River 

Tremadocian 

Police Post 

Precambrian 

Stage EASTERN 
DEVON I. 

(this paper) 
Europe Eastern N.A. 

S .W. ELLESiTZRE 
I. 

J.W. Kerr, 

1968b 

Devon I. 

Dour0 

dolomite, 
limestor 

BACHE PENINSULA 

R.L. Christie 

1967 

CORNIVALLIS I. 

R. Thorsteinsson 
1958 

R. Thorsteinsson & 
J.W. Kerr, 1968 

Read Bay 



The Cornwallis Group typically comprises a basal 
gypsum-anhydrite and thin-bedded limestone formation, a 
middle, bluff-forming limestone formation, and a thin, 
recessive shaly l imestone formation. These a r e  named, 
respectively, t he  Bay Fiord, Thumb Mountain, and Irene 
Bay formations. Beds described by Glenister (1963, 
p. 182, 183) a t  Burnett  Inlet clearly a re  assignable t o  the  
Bay Fiord and Thumb Mountain formations. The 
Cornwallis Group forms some of the  uplands of southern 
Devon Island and is exposed widely west of Burnett  Inlet. 
The group was not examined, however, by the  author 
during the  recent  field work. 

A section composed of light brownish grey, medium- 
t o  thin-bedded limestone about 340 m (1100 ft.) thick and 
containing Maclurites and Receptacul i tes  arc t icus  was 
examined by Kurtz  and Wales west of Dundas Harbour. 
These beds were included in the  Croker Bay Formation, of 
Middle Ordovician age  (Kurtz et al., 1952). I t  is  suggested 
here  tentatively that  most or all  of this 340 m (1 115 ft.) 
section is correlative with the  Cornwallis Group, a s  
proposed by Thorsteinsson (in For t ier  e t  al., 1963, p. 34). 

Whether t h e  basal, gypsiferous unit of t h e  
Cornwallis Group, t h e  Bay Fiord Formation, is  present  
immediately west of Dundas Harbour is  uncertain.  A t  
Burnett  Inlet, 100 km (60 miles) t o  the  west (loc. 7), this 
formation is 160 m (530 ft.) thick and consists of thin 
gypsum beds alternating with l imestone and shale 
(Glenister, 1963, p. 182). A whitish, recessive unit below 
res is tant  beds e a s t  of Croker  Bay was discerned in 1969 by 
fieldglass and appeared t o  be  in the  co r rec t  s t ra t igraphic  
position for  t he  Cornwallis Formation. 

A Middle Ordovician age  is assigned t o  the  
Cornwallis beds of Burnet t  Inlet based on fossil collections 
f rom upper beds (Glenister, 1963, p. 182, 183). The group 
is known, elsewhere,  t o  range in age  f rom early Middle t o  
L a t e  Ordovician (Whiterock t o  early Richmondian), based 
on conodont biostratigraphy (see Barnes, 1974; th is  paper, 
Table 42.2). 
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43. FAUNA AND CORRELATION O F  THE TYPE SECTION O F  THE CRANSWICK FORMATION (DEVONIAN), 
MACKENZIE MOUNTAINS, YUKON TERRITORY 

Project  680093 

A.E.H. Pedder  and Gilbert   lapp per' 
Insti tute of Sedimentary and Petroleum Geology, Calgary 

Introduction Previous Paleontological Da ta  

As proposed by A.W. Norris (1968a, p .  27 ,28 ;  196813, 
p. 771), the  Cranswick Formation comprises an unnamed 
lower member of "medium brownish grey t o  black, 
aphanitic t o  fine-grained, thin-bedded t o  massive lime- 
stone1' and an  upper, also unnamed member of "black, 
fine-grained l imestone and argil laceous limestone, inter-  
bedded with black calcareous  shale". At the  composite 
type section on the  Mackenzie Mountain Front,  6 t o  12 km 
west of Snake River (65'26-27.5'N; 133'34-35'W), thick- 
nesses of these members were  given a s  208.2 f t .  (63.5 m) 
and 234.5 ft .  (71.5 m) respectively.  

A short  distance westward (probably in the  order  of 
15 km) f rom the  type locality, t he  Cranswick passes in to  a 
predominantly shale fac ies  now mapped a s  the  Road River 
Formation (D.K. Norris, 1975). Relationships t o  rock units 
si tuated t o  the  north, ea s t  and south of t he  type outcrop 
sect ion a r e  more problematical,  although the  problem may 
be  more  nomenclatorial  than stratigraphic.  For example,  
D.K. Norris (1975) has  mapped the  Cranswick and 
overlying Ogilvie format ions  t o  the  eas tern  margin of t h e  
Snake River sheet  (NTS 106F) whereas, in the  adjacent  
Rampar t  River sheet  (NTS 106G), these a r e  combined and 
mapped under the  formational name of Landry (Aitken and 
Cook, 1975). I t  should be  noted also tha t  t he  unit mapped 
as Cranswick by D.K. Norris corresponds only t o  the  lower 
of t he  two  original members  of t he  formation. The 
anonymous authors  of t h e  15th Schedule of Wells (1976, 
p. 72) do  not use the  t e rms  Cranswick, Ogilvie or  Landry 
in listing the  subsurface sequence penetra ted  by the  
Amoco PCP B-1 Cranswick Y.T. A-42 well (65°411131'N; 
133'07'52"W), which is only 18 .5km north of the  
Cranswick outcrop near the  cen t r e  of the  Snake River 
sheet ;  t h e  Gossage Limestone Member of their  termi- 
nology (8364-9863 ft.) probably corresponds, in par t ,  t o  
D.K, Norris' Cranswick Format ion and A.W. Norris' lower 
member  of t he  formation. South of t h e  east-west 
trending mountain f ront ,  in the  a rea  of t he  headwaters  of 
Cranswick River in the  southeas t  pa r t  of t he  Snake River 
sheet ,  t h e  name Cranswick was applied t o  a member  of 
t h e  Ogilvie Formation by A.W. Norris (1967, p. 16, 30-36), 
bu t  appears  t o  have been dropped in a la ter  paper 
(A.W. Norris, 1968b, Sec. 4, p. 761). D.K. Norris (1975) 
and Perry  et al. (1974, Sec. 16, p. 1094) also have recog- 
nized the  Cranswick, a s  a formation, in this area.  And 
again D.K. Norris' units pass eastward into the  lower 
Landry Formation of the  Rampar t s  River sheet.  

These nomenclatorial  problems could only be 
resolved by a regional surface  and subsurface s t ra t i -  
graphic analysis. In t h e  present  contribution, t h e  wri ters  
confine themselves essentially t o  identification and cor- 
relation of faunas  col lec ted by them in the  immediate  
vicinity of t he  type sect ion of the  Cranswick Formation in 
July 1976. 

'Depar tment  of Geology, University of Iowa; Iowa City,  Iow 

A.W. Norris reported the  presence of s t romato-  
poroids, la ter  identified by Stearn  and Mehrotra (1970, 
p. 4) a s  specimens of Trupetos t roma sp. and Feres t ro-  
matopora  sp., cup corals,  Alveolites sp., Coen i t e s  sp., 
Cypidula sp., Atrypa sp., Warrenella sp., os t racodes  and 
echinoderm ossicles with single, double and cross-like 
canals  f rom the  lower member  in the  type area ,  and 
Lingula sp., Orbiculoidea? sp., Warrenella sp., Styliolina 
sp., Tentacul i tes  sp. and echinoderm ossicles with double 
axial  canals in the  upper member of the  type area .  At 
t h a t  t ime  such echinoderm ossicles had been reported 
f rom the  early Middle Devonian of Europe and were  
considered indicative of th is  age  in western Canada. 

Perry  et al. (1974, p. 1069, 1070, 1094, PI. 1, 
figs. 14-18) figured a species of Carinagypa and listed 
Parachonetes  macrost r ia tus  (Walcott)?, Phragmostrophia 
sp,  and Strophochonetes sp. from 73 m below the  top of 
t h e  Cranswick Formation in the  southeas t  par t  of Snake 
River sheet  (65'07'40"N; 132O19'W). Their Figure  3 shows 
t h e  format ion a t  th is  locali ty t o  be  equivalent t o  a l l  but  
t h e  lowest pa r t  of t h e  Lower Devonian Emsian Stage. No 
mention was made of fossils f rom the  type  Cranswick 
outcrop. 

New Paleontological Da ta  

In the  type a rea ,  t he  lower member  of t he  
Cranswick Formation is a res is tant  cliff-forming 
limestone with a thickness of 60.8 m (base not  exposed) a t  
65'24'40f'N, 133°35'40'1W. The cliff a t  this locality is 
i l lustrated in A.W. Norris' (1968a, p. 283) P la t e  13. In the  
l i s ts  of our collections, given below, bracketed numbers 
a f t e r  conodont names indicate  the  number of specimens 
obtained f rom a 2 kg sample. Conodonts a r e  identified by 
Klapper, t h e  megafaunas by Pedder,  excep t  t h e  gonia t i tes  
which were  examined by W.W. Nassichuk. 

42.7-42.9 m below top of lower cliff-forming 
member;  GSC locality C-63102. 

Amphipora sp. 
bulbous stromatoporoids,  not  studied 
Alveolites sp. 
Spongonaria sp. cf. S. richardsonensis 

Crickmay 
S. sp. nov.? 
Planetophyllum sp. nov. 

39.2-39.3 m below top of lower cliff-forming 
member; GSC locali ty C-63103. 

Polygnathus inversus Klapper and Johnson ( I )  

27.1-27.3 m below top  of lower cliff-forming 
member;  GSC locali ty C-63106. 

Polygnathus inversus Klapper and Johnson (4) 
Panderodus sp. (5) 

a 52242 

From: Report o f  Activities, Part 8; 
Geol. Surv. Can.,  Paper 77-18 (1977) 



23.3-24.3 m below top of lower cliff-forming 
member; GSC locality C-63107. 

Favosi tes  sp. cf. F. goldfussi sensu Hill and 
Jell ,  1969 

Crassialveolites sp. 
Cavanophyllum sp. nov. 
Dohmophyllum (sensu lato) sp. 
Tairnyrophyllum sp. nov. 
Car inat ina  sp. cf.  C. lowtherensis Johnson and 

Boucot 
tr i lobite fragments,  not studied 
echinoderm ossicles with double and cross-like 

axial  canals 

21.3-21.7 m below top  of lower cliff-forming 
member; CSC locality C-63108. 

Echyropora sp. nov. 
Crassialveolites sp. 
Bogimbailites sp. nov. 
echinoderm ossicles with double and cross-like 

axial  canals 

21.4-21.5 rn below top of lower cliff-forming 
member; CSC locality C-63109. 

Polygnathus inversus Klapper and Johnson (8) 
Pandorinellina exigua exigua (Philip) (23) 
Panderodus sp. (5) 
Belodella sp. (2) 

Figures 43.1-43.7. Megafauna f rom 17.9-18.1 m above base  of exposure and 42.7-42.9 m below top  of lower 
res is tant  member of t h e  Cranswick Formation. Cliff overlooking a t r ibutary  of Snake 
River,  Mackenzie Mountain Front,  Yukon Terr i tory  (65O24'40"N; 133"35'401'W). GSC 
locali ty C-63102. Figures 43.1, 5 ,  Amphipora sp. undet. and Spongonaria sp. nov.?, x3, 
GSC 53074. Figures 43.2, 4, Planetophyllum sp. nov., x3, CSC 53075. Figures 43.3, 6, 7,  
Spongonaria sp. cf .  S. richardsonensis Cr ickmay,  x3,CSC 53076. 



Figures 43.8-43.13. Megafauna f rom 36.5-37.5 rn above base  of exposure and 23.3-24.3 rn below top of lower 
res is tant  member  of t h e  Cranswick Formation. Cliff overlooking a t r ibutary  of Snake 
River,  Mackenzie Mountain Front,  Yukon Territory (65'24'40"N; 133O35'40"W). GSC 
locali ty C-63107. Figures 43.8, 9 ,  11, 13, Cavanophyllurn sp. nov., x2.5. Figures 43.8, 13, 
GSC 46112. Figures 43.9, 11, GSC 53077. Figures 43.10, 12. Dohmophyllum (broad sense) 
sp. undet., x2.5, GSC 461 14. 



Figures 43.14-43.22. Megafauna from 36.5-37.5 m above base of exposure and 23.3-24.3 m below top of lower 
resistant member of the Cranswick Formation. Cliff overlooking a tributary of Snake 
River, Mackenzie Mountain Front, Yukon Territory (65024'40NN; 133°35'40''W). GSC 
locality C-63107. Figures 43.14, 15, Carinatina sp. cf. C. lowtherensis Johnson and 
Boucot, x2, GSC 53084. Figures 43.16, 18, 19, Favosites sp. cf. F. goldfussi sensu Hill and 
Jell, 1969, x4, GSC 53078. Figures 43.17, 20, Tairnyrophyllurn sp. nov., x2.5, GSC 461 17. 
Figures 43.21, 22, Crassialveolites sp. indet., x8, CSC 53079. 



18.8-19.0 m below top of lower cliff-forming 
member; GSC locality C-63110. 

Polygnathus inversus Klapper and Johnson (16, 
5 of which appear  transit ional t o  P. aff .  P. 
perbonus (Philip)) 

Pandorinellina exigua exigua (Philip) (27) 
Belodella sp. ( I )  
Panderodus sp. ( I )  

17.1-17.2 m below top of lower cliff-forming 
member; GSC locali ty C-63111. 

Polygnathus inversus Klapper and Johnson (3) 
P. af f .  P. perbonus (Philip) (2) 
Pelekysgnathus glenisteri  Klapper ( I )  
Pandorinellina exigua exigua (Philip) ( I )  

14.2-14.4 m below top of lower cliff-forming 
member; GSC locali ty C-63112. 

Polygnathus inversus Klapper and Johnson ( I )  
P. af f .  P. perbonus (Philip) ( I )  
Pandorinellina exigua exigua (Philip) ( I )  
Belodella sp. (4) 
Panderodus sp. (1 ) 

8.2-8.4 m below top of lower cliff-forming member; 
GSC locality C-63114. 

Polygnathus inversus Klapper and Johnson (1) 
0 
0-0.2 m below top of lower cliff-forming member; 
GSC locali ty C-63117. 

Polygnathus inversus Klapper and Johnson (4) 
Pelekysgnathus glenisteri  Klapper (5) 
Pandorinellina exigua exigua (Philip) (1) 

The upper argil laceous recessive member  was 
examined on a t r ibutary  of Snake River (65"27'45I1N; 
133°30'35"W). The lower pa r t  of the  unit and lower 
con tac t  a r e  well exposed here,  but  minor faulting and 
absence of the  upper con tac t  preclude accura t e  measure- 
ment.  A.W. Norris measured t h e  thickness of th is  member  
a s  234.5 ft .  (71.5 m) at a nearby locality (65'27-27.5'N; 
133O34-35'W). This .included a covered interval of about 
50 f t .  (15.2 m) a t  t he  base of t he  member.  We collected 
t h e  following fossils: 

Talus from lower 15 m of upper recessive member; 
GSC locali ty C-63119. 

"crushed indeterminate  gonia t i tes  and one 
uncrushed specimen t h a t  may be a species of 
Foordites" (W.W. Nassichuk). 

Approximately 10 m above base of upper recessive 
member; GSC locali ty C-63120. 

Polygnathus inversus Klapper and Johnson (1) 
Pandorinellina sp. ( I )  
Panderodus sp. (I  I ) 
Belodella sp. ( 10) 

8 m below top exposure of upper recessive member; 
GSC locali ty C-63122. 

Polygnathus serot inus  Telford (30) 
P. linguiformis linguiformis Hinde cc morpho- 

type (4) 
Pandorinellina expansa Uyeno and Mason (9) 
Panderodus sp. (2) 

With the  exception of Polygnathus l inguiformis 
linguiformis a morphotype, which has been described by 
Bultynck (1970, p. 126, PI. 9, figs. 1-7), t he  Polygnathus 

species identified in t h e  Cranswick Format ion have been 
monographed by Klapper and Johnson (1975), although in 
t h a t  publication Polygnathus serotinus, named by Telford 
(1975, p. 43, 44, PI. 7 ,  figs. 5-8), was referred t o  a s  
Polygnathus sp. nov. D. Pandorinellina exigua exigua and 
Pandorinellina expansa  have been monographed by Klapper 
(in Klapper et al., 1973, p. 319, Ozarkodina PI. 2, fig. 10) 
and Uyeno and Mason (1975, p. 718-720, PI. I ,  figs. 6 ,  9 ,  
11-19) respectively.  For description and figures of 
Pelekysgnathus glenisteri  readers a r e  referred t o  
Klapper's 1969 work (p. 12, PI. 2, figs. 22-27, 30-34). 

The megafossil species of t he  Cranswick Formation 
a r e  e i ther  new or  show some  differences from described 
species. For  this reason most a r e  i l lus t ra ted  in 
accompanying Figures 43.1 t o  43.32. 

Discussion of Conodonts 

Conodont collections from 21.5-21.6 m (C-63103) 
above t h e  base of t h e  exposed Cranswick Formation, up 
through t h e  sample  a t  approximately 10 m above t h e  base 
of t he  upper recessive member  (C-631201, conta in  Poly- 
gnathus  inversus Klapper and Johnson. Consequently,  
t hese  collections a r e  referable  t o  the  inversus Zone, 
proposed by Klapper and Johnson (in Klapper, in press), on 
the  basis of t he  sequence a t  Lone Mountain in centra l  
Nevada. The inversus Zone is l a t e  Early Devonian in age  
in t e r m s  of t h e  European succession (Klapper and Johnson, 
1975, p. 71). The zone replaces the  P. perbonus perbonus 
Faunal Unit of Perry  e t  al .  (1974, locs. S-3, 11, 13-15), 
which was used informally fo r  s t r a t a  within t h e  Ogilvie 
Format ion 140-340 km west  and northwest of t h e  type 
Cranswick outcrop. The inversus Zone also is present 
within the  Blue Fiord Formation a t  Sor Fiord, southwest 
Ellesmere Island (Pedder and Klapper, in prep.), and within 
t h e  S tua r t  Bay Formation, Bathurst  Island (McGregor and 
Uyeno, 1972). 

The occurrence  of Polygnathus af f .  P. perbonus 
(Philip) in collections C-63111 and C-63112 represents  an  
upward range extension for this distinctive form, which 
was previously known only in the  older gronbergi Zone in 
Nevada and in s t r a t a  below t h e  inversus Zone a t  Sor 
Fiord (Klapper and Johnson, 1975, Fig. 4). 

The serot inus  Zone (Klapper and Johnson, in 
Klapper, in press) is  represented by collection C-63122, 
near  the  top of the  upper recessive member  of the  
Cranswick Formation. In t e rms  of the  European succes- 
sion, t h e  serot inus  Zone is believed t o  be  older than t h e  
base of t h e  Couvinian (Cola), which is taken a s  t h e  base of 
t h e  Middle Devonian in Belgium. 

Discussion of Megafossils 

Much of the  Cranswick mater ia l  i s  too  poorly 
preserved t o  be  identified with cer ta in ty .  Spongonaria sp. 
cf .  S. richardsonensis (C-63 1021, which di f fers  from 5. 
richardsonensis, sensu s t r ic to ,  in having distinctly f l a t t e r  
dissepiments,  is  present  also in t h e  lower p a r t  of t h e  Blue 
Fiord Formation a t  Sor Fiord, Ellesmere Island. There  i t s  
s t ra t igraphic  position is above Polygnathus dehiscens,  
below P. inversus and within the  range of Pandorinellina 
exigua exigua (Pedder and Klapper, in prep.), and is 
probably equivalent t o  the  Lower Devonian Polygnathus 



Figures 43.23-43.32. Megafauna from 39.1-39.5 m above base of exposure and 21.3-21.7 m below top of lower 
resistant member of the Cranswick Formation. Cliff overlooking a tributary of Snake 
River, Mackenzie Mountain Front, Yukon Territory (65O24'40"N; 133~35'40"W). GSC 
locality C-63108. Figures 43.23-43.26, Echyropora sp. nov., x7. Figure 43.23, GSC 53080. 
Figures 43.24-43.26, GSC 53081. Figures 43.27, 28, Crassialveolites sp. undet., x8, 
GSC 53082. Figures 43.29-43.32, Bogimbailites sp. nov., x6, GSC 53083. 



gronbergi Zone of Klapper and Johnson (in Klapper, in 
press). The species of Planetophyllum in C-63102 has not  
been named, but may be  ident ica l  with fo rms  identified a s  
P. p lanetum by R ice  (1967, PI. 2, figs. 7 ,  8)  f rom t h e  
subsurface Fitzgerald Formation of nor theas tern  Alberta.  

The double and cross-like axial  canals  of some of t h e  
echinoderm ossicles, which may have derived from 
Casterocoma(?)  bicaula Johnson and Lane, in C-63 107, 
indica te  a l a t e  Early o r  ear ly  Middle Devonian age. 
Cyathophyllids such a s  Cavanophyllum have a known range 
equivalent t o  t h e  sulcatus-inversus conodont zones  
(Klapper, in press) in Australia and Canada. Car inat ina  
lowtherensis was described f i rs t  (Johnson and Boucot, 
1972, p. 37, PI. I ,  figs. 1-14, Textfig.  3)  f rom t h e  
Disappointment Bay Format ion on Lowther Island, where  
i t  occurs  with Polygnathus inversus (T.T. Uyeno, pers. 
comm., March 1977). The Cranswick specimen in C-63107 
is slightly la rger  and has a b e t t e r  developed anter ior  
geniculation and f r i l l  than figured topotypes  of C. 
lowtherensis.  However, these  d i f ferences  probably a r e  
not  very significant e i ther  taxonomically or s t ra t i -  
graphically. The Favosi tes  in C-63107 is identical  with 
t h e  form identified a s  F. sp. cf. F. goldfussi dlOrbigny by 
Hill and Je l l  (1969, p. 19, 20, PI. 6 ,  figs. I ,  2)  f rom t h e  
upper Lower Devonlan Ukalunda Beds of Queensland, 
Australia. The a g e  indicated by these  identifications is  
clearly l a t e  Early Devonian, provided t h e  Lower/Middle 
Devonian boundary is maintained a s  post-inversus Zone. 

No forms comparable  t o  t h e  new species of Bogim- 
bai l i tes  and Echyropora in C-63108 were  known previously 
in North America.  Echyropora was  proposed by Tong- 
Dzuy Thanh (in Dubatolov and Tong-Dzuy Thanh, 1965, 
p. 49-52, PI. 7 ,  figs. la-d;  Tong-Dzuy Thanh, 1966, p. 23- 
27, Textfigs. l a ,  b, PI. 1, figs. 1-51 for E. grandiporosa 
f rom the  S8ng Nho Qu? Limestone in Ha Giang Province,  
north Vietnam. Tong-Dzuy Thanh (1966, p. 25) da ted  the  
type  s t r a tum a s  "coblencien supdrieur-eif6lien infdrieur". 
In addit ion t o  t h e  Vietnamese occurrence ,  t h r ee  species  
a r e  known now from t h e  nor thern  Urals and nor theas t  
Soviet  Union. These  were  considered Middle Devonian 
when t h e  pre-Eifelian Favosi tes  regularissirnus Zone was  
considered Middle Devonian. Tables in more  r ecen t  works 
by Dubatolov (1972, p. 72) and Dubatolov and Spasskiy 
(1973, p. 14) give the  range of Russian occurrences  of 
Echyropora a s  Gedinnian t o  Zlichovian, t h a t  is, lower t o  
upper, but  possibly no t  uppermost Lower Devonian. 
Bogimbaili tes is bes t  known f rom cen t r a l  Kazakhstan 
(Bondarenko, 19661, where  i t s  range  is  believed t o  be  
res t r ic ted  t o  t he  "Gedinnian" Kokbaytal '  Horizon 
(Bondarenko e t  al., 1975; Bondarenko, 1975). I t  is present 
also in t h e  Agrelopos Limestone on t h e  Island of Chios in 
t h e  Aegean Sea  (Weissermel, 1938, p. 71-73, 
Textf  igs. 1, 2). The  a g e  of th is  occurrence  i s  no t  known 
precisely, but  Herge t  and Roth  (1968, Textfig.  2)  regarded 
t h e  Agrelopos Limestone  t o  be  of Ludlow t o  Early 
Devonian age. 

Conclusions 

Fossils col lec ted  f rom t h e  upper 42.9 m of t h e  lower 
cliff-forming l imestone  member,  and lower 10 m of t h e  
upper recessive l imestone  and shale  member  of t h e  
Cranswick Formation,  a t  t he  type outcrop, suggest  
corre la t ion  with pa r t s  of t h e  following formations:  Lower 
Blue Fiord Format ion a s  developed a t  Sor Fiord, southwest  
Ellesmere Island; S t u a r t  Bay Format ion on Bathurs t  Island; 

Disappointment Bay Format ion on Lowther  Island; Lower 
Ogilvie Formation of nor thern  Yukon Terr i tory;  Fitzgerald 
Format ion of nor theas tern  Alber ta ;  and McColley Canyon 
Format ion of Nevada. 

In t e rms  of t h e  conodont zonat ion  proposed by 
Klapper (in press), t h e  lower 20.3 m of t h e  Cranswick 
Format ion a r e  possibly equivalent t o  e i t he r  t h e  gronbergi 
or inversus Zone; t h e  upper 39.3 m of t h e  lower member  
and lower 10 m of t h e  upper member  of t h e  format ion a r e  
r e f e r r ed  t o  t h e  inversus Zone; higher beds  in t h e  upper 
member  per ta in  t o  t h e  serot inus  Zone. 

Provided t h e  LowerIMiddle Devonian boundary i s  
maintained a t  i t s  cu r r en t  North American level, t he  
Cranswick Format ion is  upper Lower Devonian in t he  type  
area .  
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MINERAL ASSEMBLAGES AT THE RABBIT LAKE URANIUM DEPOSIT, 
SASKATCHEWAN: A PRELIMINARY REPORT 

Project 750059 

3. Rimsai te  
Regional and Economic Geology Division 

This report  i s  based on t h e  study of specimens collected in 1975 of principal rock types  
and mineralized zones a t  t h e  Rabbi t  Lake uranium deposit. The specimens  of o re  a r e  mainly 
co re  f rom diamond-drill holes in the  nor theas tern  par t  of the  deposit, near  and under the  lake. 
This paper documents and extends  an oral  presentation t o  t h e  Mineralogical Association of 
Canada (Rimsaite,  1976a). 

Geological Background 

The Rabbi t  Lake uranium deposit  i s  west of Wollaston Lake a t  58"l  1'0OUN, 103"42'36"W, in 
nor theas tern  Saskatchewan. General geology of t h e  a r e a  has been described by Wallis (1971) 
and Knipping (1974). In 1976, t h e  Saskatchewan Geological Survey in co-operation with t h e  
Saskatchewan Research Council commenced a long t e rm research project  of metallogenic,  
petrographic and isotopic studies,  and detailed mapping of the  Rabbi t  Lake open pit. The 
program and f i r s t  results of t hese  studies a r e  discussed by Sibbald (1976). 

Uranium mineralization in the  Rabbi t  Lake deposit  occurs  in Aphebian breccia ted  
metasediments  within t h e  Wollaston Lake Fold Belt, in the  hanging wall of a northeast-trending 
thrus t  fault ,  near  the  unconformity with the  overlying Athabasca Formation. The metasedi- 
rnents l isted by Knipping (1974) include quar tz i te ,  rneta-arkose, b iot i te  paragneiss, c a l c - s i l ~ c a t e  
rocks and marble. They a r e  breccia ted  and t ransected by pegmatites.  Metasediments t h a t  
occur above the  thrus t  faul t  a r e  here  referred t o  a s  "uppertt, and those  below t h e  f au l t  a s  
t t lowertt  quar tz i tes  and gneisses. There  is no marked di f ference  between low grade ore  and wall 
rock, because  both a r e  composed dominantly (> 99%) of the  s a m e  common rock-forming min- 
erals. Character is t ic  t ex tu res  and f ea tu res  of minerals and rocks, such as cross-cutting 
f rac tures ,  a l tera t ions  and recurring mineral growths a r e  i l lustrated in photomicrographs 
(Fig. 44.1). Also chemical analyses of se lec ted minerals and principal rock types  a r e  given in 
Tables 44.1 and 44.2. 

Mineralogy 

Minerals identified in the  present  study, l isted according t o  Dana's classification, a r e  the  
following: 

Native elements:  

Carbon, C. 

Sulphides, Selenides and Arsenides: 

Galena, PbS; clausthali te,  PbSe; sphalerite,  ZnS; Fe-Cu sulphides l isted in order of apparent  
sequence of crystall ization: pyrite, FeS2; chalcopyrite,  (Cu, Fe)S2 (Fig. 44.4b); bornite CusFeSr ;  
chalcocite,  C u r s ;  covelli te,  CUS; nickeline, NiAs (Fig. 44.4a); carroll i te,  CosSs ,  and minerals of 
linnaeite-siegenite group (Fig. 44.3f); cobaltiferous pyrite. 

Oxides and hydrated oxides: 

Quartz, SiOr,  many var ie t ies  and generations i ~ i ~ s .  44.la, 44.ld); hemat i te ,  Fez03 ;  goethi te ,  
2Fe203-3H20,  commonly siliceous; ru t i le  and anatase ,  TiOr(Fig. 44.2); 

Uranium and U-Pb oxides: 

Pitchblende, U308, f ive  var ie t ies  and severa l  generations (Figs. 44.3, 44.4); tr iuranium 
heptaoxides, Us07(nH20); Pb-bearing, PbU207 xH2O; masuyite-becquereli te,  U O Z ( O H ) Z * H ~ O  - 
U O Z ( O H ) ~ ~ ~ H ~ O ;  vandendriesscheite,  4(U02) ( O H ) ~ * P ~ ( O H ) ~ . H ~ O ;  woelsendorfite,  2 [uo~] (OH12 
(Pb, c ~ ) o .  

From: Repor t  of Activit ies,  Pa r t  B; 
Geol. Swv.  Can., Paper  77-1B (1977) 



Figure 44.1. 

Mineral and rock t ex tu res  in t h e  Rabbi t  Lake U-deposit. (All photomicrographs t a k e n i n  t r ansmi t t ed  l ight) 

l a .  

I b. 

Ic.  

Id. 

le. 

If. 

k. 

Zoned quartz in "upper quartzite", from 38-foot depth. 

Banded "upper gneiss" composed of scapolite, pyroxene (PI, amphibole, garnet,  biotite and feldspar in sericite,  
chlorite,  eastonite,  ta lc  groundmass, all  transected by carbonate veins, from outcrop. 

Biotite partly replaced by K-feldspar in "upper gneiss" (Fig. 44.lb). 

Mylonitized zones in "lower gneiss" below the "main fault", composed of fine-grained mylonitic quar tz  (M), 
plagioclase (Ab), K-feldspar, amphibole, chlorite,  cordierite,  phlogopite, allanite,  anatase, zircon and "yttrialite" 
(Fig. 44.2), from 397-foot depth. 

Remnant pyroxene (P) partly replaced by amphibole (A), biotite laths (6) and plagioclase (Ab) in "lower gneiss" below 
the  "main fault", from 417-foot depth. 

Deformed band of chloritized biotite (6) in quar tz i te  breccia, from 85-foot depth. 

Deformed mylonite composed of dark chloritic paleosome patches in recrystallized leucocratic neosome consisting 
dominantly of zoned quartz (as in Fig. 44.la), from 636-foot depth. 

White radiating tourmaline recrystallized in paleosome patches in silicified "upper quartzite" breccia, from 85-foot 
depth. 

l i .  White radiating tourmaline aggregates, enlarged from Figure 44.lh. 



Carbonates:  

Calc i te ,  C a C 0 3 ;  magnesian calc i te ;  dolomite, (CaMg) COs;  ankerite;  s ider i te ,  FeC03 ;  malachi te ,  
CaC03.Cu(OH)2. 

Silicates: Feldspars, severa l  generations: 

Albite, oligoclase, ant iper th i te ,  microcline, orthoclase,  (Fig. 44.1~1,  per th i te ;  garnet;  diopside, 
Ca,Mg(Si03)2, Fe-diopside: tremolite,  c a , ~ g s ( S i O ~ ) b ;  actinolite,  Ca(Mg,Fe),(Si03)4 (Fig. 44.le); 
cordierite,  Mg2Al4Si5O1 scapolite,  CaC03*3CaA12 Si208 - NaCI-3NaAISi30~;  zircon, ZrSiO4; 
zoisite-epidote, Ca2(AIOH)A12(Si04)3 - ~ a z ( F e 0 H )  Fe2(SiO+)3; a l lani te  (Ca,  Feh(A1OH) 
(Al, Ce,  Fe)n(Si04)3, some radioactive; tourmaline,  Hs(Mg, Fe, C ~ ) A I ~ ( B * O H ) Z S ~ ~ O ~ ~ ,  th ree  
varieties;  black-green, orange-yellow and white,  radiating, (Figs. 44.lh,  44.li); bioti te H2K(Mg,Fe)3 
AIFe(Si04)3, (Figs. 44.lc, 44.lf); muscovite, H 2 ~ A 1 3 ( S i 0 4 ) 3 ;  eastonite,  H4 K2Mg~A14Si5024 ; phlogopite, 
H2KMg3A1(Si04)3; glauconite, K(A1, Mg, Fe) (Al, Fe) (OH)2Si3AlOlo; ce ladoni te  ( fer r ic  glauconite); 
chlorite,  H4(Mg,Fe,Al)2-3 AISi09, many varieties and several generations,  (Figs. 44.la, 44.lf, 44.4f); 
serpentine,  HsMgsSi2O9; talc,  H2Mg3(Si03)4; kaolinite, H1,AlfSi209; halloysite, A ~ z O ~ * ~ S ~ O ~ . I I H ~ O  
(hydrous kaolinite); montmoril lonite (Mg,Ca)O*A1~0~~3Si02~nH~O (Fig. 44.4f); sphene, CaTiSiO5; 
U-bearing sil icates;  coff in i te ,  USi04;  kasolite, Pb(U02)SiO+.H20; a - & O-uranophane, CaO.2U03. 
2Si02.7H20; sklodowskite, MgO, 2U03.2Si02.7H20; boltwoodite, K2Hp(U02);Si0+)2*4H20; y t t r ia l i te ,  
Y2(Th,U,Pb)Si207 (Fig. 44.2); allophane (amorphous clay). 

Phosphates: 

apat i te ,  (Ca,F) Ca4(P04)3  and C1-apatite; monazi te  (Ce,La,Di)POs, some  radioactive.  

Sulphates: 

anhydrite,  CaS04 ;  gypsum, CaS04*2H20;  zippeite,  2U03-SO4 + 3-6H20; bar i te ,  BaSO4. 

Oxygenated hydrocarbons: 

"thucholite", C * n H 2 0  + UsOs, uranium is usually present  a s  thin rims of pitchblende, t ype  P-5, 
on "thucholite", and as f r a c t u r e  fillings, (Figs. 44.4b, 44.4d). 

Mineral Assemblages 

Nine modes of occurrence  of radioactive e lements  have been distinguished and a r e  
described in ord.er of t h e  appa ren t  sequence of crystall ization. However, i t  is  important  t o  point 
o u t  t h a t  some  of t h e  pr imary and secondary radioactive minerals, such a s  pitchblende, 
uranophane, coff in i te  and others,  can be present  in more  than one generation. 

I .  Thorium- and r a re  earths-bearing grains, "yttriali te" (Fig. 44.2) have been observed in "lower 
gneisses" and quar tz i tes  as small  radioactive grains associated with ana ta se  aggregates.  These 
"yttriali te" grains produce prominent pleochroic halos in micaceous minerals. They a r e  
commonly heterogeneous,  suggesting breakdown of chemically complex radioactive minerals in to  
s imple  oxides. Par t ia l  analysis of an  a l tered uraniferous t i tanium-rare earths-bearing grain is 
given in Table 44.3-13. Relics of these  r a r e  earths-bearing grains account  for  t h e  re la t ively  
large  amount  of r a re  ea r ths  in brightly coloured Pb-rich uranium oxides and s i l ica tes  (Table 44.4). 

2. Pitchblende-bearing assemblages. On the  basis of chemical compositions and modes of 
occurrence ,  f ive principal types  of pitchblende have been distinguished and a r e  i l lustrated in 
Figures 44.3, 44.4. The "oldest primary" pitchblende, type  P-I,  occurs a s  colloform bands and/or 
breccia  f r agmen t s  in green phyllosilicate matr ix ,  commonly composed of poorly crystall ine 
(metamict )  chlorite-mica-rnontmorillonite intergrowths,  containing qua r t z  gragments,  yellow 
tourmaline,  abundant apa t i t e ,  anatase ,  and occasionally potassium feldspar (Figs. 44.3a, 44.3b, 
44.4f). The pitchblende bands of type  P-1 and t h e  host rock a r e  t ransected by numerous 
f r ac tu res  filled with secondary U-minerals, ca l c i t e  and serpentine.  As a result  of a l tera t ion and  
partial  resorption, this pitchblende exhibits various reflectivit ies.  It grades f rom t h e  well 
ref lec t ing type  P-1 t o  the  poorly reflecting P-2 type of pitchblende (Figs. 44.3c, 44.3d and 
Table 44.3). The poorly reflecting pitchblende, type  P-2, is  usually deple ted of radiogenic lead, 
partly hydrated, and conta ins  Si, A1 and C a  impurities. In some  specimens, a portion of partly 
resorbed pitchblende is surrounded by f ine  grained euhedral pitchblende, t ype  P-3, t h a t  is, 
pitchblende crystall ized in phyllosilicate ma t r ix  f rom remobilized uranium, Figure 44.3e, 
Table 44.3-7. The major remobilization of pitchblende accompanied by t h e  removal of radiogenic 
lead and t h e  crystall ization of galena, i s  re la ted  t o  t h e  t i m e  of emplacement  of sulphides, 
arsenides and selenides (Fig. 44.4a), and was followed by t h e  formation of very f ine  grained (< 1 ) ~  ) 
aggregates  consisting of pitchblende, sulphide, ca l c i t e  and coff in i te  (pitchblende type P-4, 
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Fig. 44.3f, Table 44.3-8). A fu r the r  portion of remobilized pitchblende postdates crystall ization 
of sulphides a s  i t  forms narrow rims (type P-5, Fig. 44.4) around chalcopyrite,  pyrite,  quar tz ,  
ca lc i te ,  Ti-minerals, and "thucholite". Some pitchblende rims of type  P-5 a r e  speckled (sooty) 
and overgrown by secondary uranium minerals (Fig. 44.4e). There  a r e  t w o  types  of f ine  grained 
speckled or  "sooty" pitchblende: one being t h e  result  of newly recrystall ized pitchblende grains, 
t he  o the r  representing f ine  grained remnants  of old resorbed pitchblende (Types I, 2) in 
phyllosilicate or  carbonate  groundmass. Small radioactive grains (< 1 p) d e t e c t e d  by e lec t ron 
microprobe in apa t i t e  a r e  probably re la ted  t o  "sooty pitchblende" rims. Radioactive minerals 
observed in t h e  gneisses below the  main f au l t  a r e  "yttriali te" grains and rims of pitchblende of 
the  type P-5 coat ing ana ta se  crystals.  

3. Cofiinite-bearing assemblages. Coffinite occurs  in five spatially and temporally d i f ferent  
modes: (a) a s  narrow rims coat ing massive and colloform pitchblende; (b) in quar tz-  and calc i te-  
filled f r ac tu res  (Fig. 44.4f); ( c )  interbanded with zoned quar tz ,  thus indicating recurring 
recrystall izations; (d) a s  f r a c t u r e  fillings in qua r t z  and other  minerals and associated with f ine  
grained speckled ("sooty") pitchblende (Fig. 44.4e), and (e) filling vugs within phyllosilicate 
patches  in a l tered,  impure quartzite.  The coff in i te  associated with t h e  massive pitchblende o r  
o ther  strongly radioactive minerals is  poorly crystall ine ("metamict"), and a s  such i t  may easily 
be  overlooked or  mistaken fo r  t h e  associated "sooty" pitchblende. In thin section, and thin chips, 
i t  is  slightly t ransparent  and green or brown. I t  is  an abundant mineral in the  "regolith" and 
r ecen t  weathered rocks. Coff in i te  associated with hydrated, montmorillonite-rich, 
phyllosilicates contains about 8 per c e n t  H20 ,  determined by thermogravimetr ic  method of 
analysis. 

4. Uraniferous phyllosilicates. The uranium-bearing phyllosilicates were  discovered In this study 
a s  a result  of thei r  abnormal optical  and X-ray properties. They a r e  greenish in r e f l ec t ed  light, 
brown t o  opaque in t ransmit ted  l ight and somewhat  resemble f ine  grained coffinite;  they exhibit  
marked variations in ref ract ive  indices which increase  with increasing uranium con ten t  f rom 1.56 
(U308 < I  wt. per  cent)  t o  1.67 (UsOeca 20 wt. pe r  cent),  and appear isotropic. The uraniferous 
phyllosilicates produce very fa in t ,  poor and broad X-ray d i f f r ac tomete r  pat terns ,  suggesting t h e  
presence of poorly crystall ine intergrowths of glauconite-, chlorite- and montmorillonite-like 
minerals. The U-bearing phyllosilicates contain more  potassium and less iron than t h e  associa ted  
re la ted  varieties of the  groundmass (Table 44.2-1 1, -12, -15, -16). The unusual optical  properties 
a r e  apparently due  t o  uranium present in t h e  crys ta l  structure.  The uraniferous phyllosil icates 
were  observed in the  groundmass of high grade o re  (Figs. 44.3a, 44.3b, 44.4f), in argil l i t ized 
qua r t z i t e s  containing abundant radiating (secondary) tourmaline (as in Fig. 44.li), and in l a t e  
f r ac tu res  and vugs. The U-coated and impregnated a l t e red  biot i te  f lakes  (Rimsaite,  1975, 
Fig. Ib) a r e  present  in all mineralized rocks containing bands or  single f lakes  of a l t e red  biot i te  
( a s  in Fig. 44.lf). The uranium concentration in uraniferous phyllosilicates varies f rom t r a c e  
amounts  t o  ca 60 wt. per  c e n t  (Table 44.2-12,-16). 

5. Brightly coloured uranium-lead hydrated oxides. The brightly coloured uranium oxides a r e  
common in t h e  "regolith", in recent  weathering zones and along open f r ac tu res  t o  various depths.  
In general  t h e  bright orange and yellow oxides a r e  closely associated with black pitchblende. The 
hydrated U-oxides e i ther  pseudomorphously replace  parent  pitchblende or  occur  a s  bright 
coat ings  on minerals and f rac tures .  The a l tera t ion reactions a r e  usually complex; they involve 
silica and o the r  ions l ibera ted f rom decomposing s i l ica tes  t o  form U-Pb oxides and U-Pb-bearing 
secondary sil icates.  The f ine  grained uraniferous s i l ica tes  and bright oxides commonly occur 
together  a s  f ine  grained compact  crus ts  disintegrating in to  powdery layers  when exposed t o  
weathering. 

6. Brightly colour,ed uranium-lead sil icates.  Kasolite pseudomorphs a f t e r  pitchblende were  
observed in drill c o r e  samples. The bright orange kasolite aggregates  adjoin relatively f resh  
black pitchblende in the  same  thin section. These kasolite-pitchblende assemblages a r e  f r ac tu red  
and replaced by f ine  grained carbonates  and clays. The kasolite grains adjacent  t o  ca rbona te  and 
c lay  a l t e r  t o  yellow uranophane by losing lead and gaining Ca ,  U and H 2 0 .  The brightly coloured 
o r e  samples  with abundant lead, conta in  appreciable  quant i t ies  of r a r e  ea r ths  (Table 44.4). The 
r a re  ea r ths  content  decreases  with decreasing orange coloration which is apparently re la ted  t o  
lead con ten t  of t h e  U-Pb s i l ica tes  and oxides. Uranophane is a common mineral in veins 
t ransect ing the  U-ore and in vugs. As a resul t  of recurring brecciations,  t he re  a r e  numerous 
cross-cutting f r ac tu res  filled with severa l  genera t ions  of uranophane; well-crystallized radiating 
crys ta ls  of B-uranophane occur in ear l ier  f r ac tu res ,  whereas  very fine grained t o  submicroscopic 
a-uranophane i s  common in l a t e  f r ac tu res  and vugs fi l led with clay. Some radiating uranophane 
needles grade t o  sklodowskite due t o  increasing Mg and decreasing C a  con ten t s  during crys ta l  
growth. Boltwoodite within a groundmass of phy l los i l i~a te  occurs  filling f r ac tu res  and vugs in 
qua r t z i t e  containing patches  of dolomite and radiating white tourmaline (Fig. 44.li). Secondary 
hydrated U-silicates c o a t  and fi l l  f r ac tu res  in argil l i t ized rocks. Uranophane needles with 
sklodowskite t ips form globular aggregates.  



T a b l e  44.1 

C h e m i c a l  analyses* of s e l e c t e d  r o c k s  and m i n e r a l s  f r o m  t h e  R a b b i t  L a k e  Uranium Depos i t  

- - - - - - 

Weight % I 2 3 4 5 6 7*** 8 9 10 I I 12 13 

Si02 91. 57. 42. 45. 6.  0.6 38. 47. 34. 36. 69. 5 62. 

A1203 3. 20. 16. 20. 0.0 0.0 10. 18. 7. 7.  11. 18. 16. 

Tion 0.06 0.68 1.0 0.34 0.00 0.00 0.45 0.21 0.45 0 .4  0.47 0.72 0.76 

Fe203** 1. 5. 3.1 2 .5  1. 1.1 10. 2.5 12. 20. 4.3 8. 1.1 

FeO 0 .3  1.1 1.4 1.1 0 .7  0.9 1 .2  4.  6.4 1 .  

MgO 3 .  5. 24. 19. 20. 20. 15. 8. 12. 7 .  9. 14. 9. 
M n o  0.02 0.04 0.06 0.05 0.20 0.07 0.04 0.08 0.2 0.6 0.01 0.01 0.02 

KzO 0.08 3.7 0.17 0.36 0.60 0.04 0 .1  3.2 1 .2  1.  1.1 1 . 7  0 . 7  

N a n 0  ~ 0 . 2  0.8 0 . 5  (0.2 ( 0 . 2  <0 .2  <0 .2  c0 .2  <0 .2  < 0.2 c 0 . 2  (0 .2  7.6 

CaO 0.37 0.83 1.0 0.44 29. 31. 0.5 0.85 1.4 8. 0.2 0.2 1.7 

PbO 0.02 0.03 0.02 (0.02 (0.02 <0.02 0 . 1  0.04 1 .  0 . 5  0.00 0.00 0.00 

Us08 0.79 0.06 0.33 0.31 0.04 0.02 4 .5  3.8 3 2.4 0 . 4  0 . 8  0 .4  

H z 0  1.8 7.2 12.4 11.1 0.0 0.0 8.2 14.9 11.5 8.6 5.2 7.4 3 .5  

F 0.04 0.08 0.22 0.10 0.02 0.02 0.07 0 . 2  0.07 0.06 0.11 0.15 0.04 

C1 0.02 0.01 0.06 0.04 0.02 0.02 0.04 0.02 0.03 0.03 0.02 0.05 0.04 

C 0.00 2.7 0.07 0.00 0.5 0.1 0.3 

co2 0.00 0.00 0.00 0.00 44. 48. 0.00 0.00 0 . 3  6 .1  0.00 0.00 0 .7  

pno5 0.12 0.25 0.47 0.08 0.08 0.05 0.40 0.15 0.18 0.34 0 .18  0.15 0.18 

S 0.02 0.00 0.04 0.22 0.10 0.00 5. 0.23 0.3 0.10 0.10 0.10 0.07 

B 0.05 0.05 0.05 1. < 0 . 0 5 < 0 . 0 5  0.1 0 .1  0 .1  0.03 ~ 0 . 0 5  0.10 c0 .05  

Ba 0.000 0.044 0.04 0.006 0.00 0.00 0.02 0.01 

Rb 0.004 0.014 0.01 0.01 0.00 0.00 0.00 

Sr 0.000 0.062 0.00 0.00 0.00 0.00 0.00 0.00 

Cu 0.002 0.02 0.03 0.03 0 . 3  0.02 3. 0.05 0.1 0.05 0.01 0.002 <0.001 

Ni 0.006 0.01 0.03 0.02 0.03 0.00 0 .3  0.01 0.05 0.015 0.01 0.01 0.00 

C o  5 .  0 .1  0.05 0.00 0.00 0.00 

* Analysts: J.-L. Bouvier, P.G. B6langer and G.R. Lachance. 
** Total iron a s  Fe203;  total uranium a s  U308; total water  a s  H20. In U-bearing samples FeO values a r e  not  

reliable. 

*** Ag = 0.005%. 
**** Specimens I t o  8 a r e  from the  pit; specimens 9 t o  13 a r e  drill core samples. 

1.  "Upper quartzite" composed of quartz and coatings of secondary U-minerals and sulphides, minor 
phyllosilicates (Table 44.2-2). 

2. "Pink surface clay" with detr i tal  quartz, sericitized feldspar and calcite. 

3. "Grey paleoclay - a regolith" with small quartz chips. 

4. Quartzi te  with interstitial chloritized biotite and secondary tourmaline, similar to  tha t  in Figures 44.lh, l i .  

5. Red euhedral (impure) dolomite crystals  coated with covellite and hemati te  from vugs in quartzite. 

6. Clean white tops of the euhedral dolomite crystal a t  No. 5 tourmaline-bearing quartzite. 

7 .  Fine grained black pyrite-carrollite-carbon-bearing interstices in quartzite. 

8. Grey glauconite-thucholite-bearing "regolith" containing quartz chips and coffinite. 

9.  Uranium ore  from 155-foot depth composed of pitchblende (Figs. 44.3a, 44.3b, Table 44.3-1, 2, 3), coffinite, 
uraniferous and non-radioactive phyllosilicates (Table 44.2-11, 12) and yellow tourmaline (Fig. 44.4f, 
Table 44.2-14) transected by calci te  and serpentine veinlets. 

10. Red banded quartzi te  from 187-foot depth. Quartz-tourmaline bands a l te rna te  with phyllosilicate 
bands < I  mm in width. Phyllosilicates (Table 44.2-15, 16) a r e  U-bearing or coated with iron oxides. 
Numerous fractures a r e  filled with calcite. 

11. "Lower quartzite" from main fau l t  zone, from 320-foot depth. 

I 12. "Gouge" and mylonitized "lower quartzite" just below the  main fault  zone, from 332-foot depth (rock 
similar t o  tha t  in Fig. 44.ld). I 

240 1 13. "Footwall gneiss" from 430-foot depth, 'composed of alkalic plagioclase, diopside, amphibole, phlogopite, 
chlorite. Rock similar t o  that  in Figures 44.le, 44.lg, mineral analysis in Table 44.2-25, 26. 



Table 44.2 

Electron microprobe analyses* of selected silicates from the Rabbit Lake Uranium Deposit 

Weight % 

Specimens SiOz A1203 Ti02 FeO** MgO MnO K 2 0  N a 2 0  CaO 

"Upper quartzi tell 

I .  Fibrous chlorite 34. 18. 0 .0  

2. Bleached chlorite 30. 22. 0 .4  

"Upper gneiss" 

3 .  Scapolite*** 

4 .  "Eastonite-like" 

5. "Sericite" 

6 .  Diopside 

7. Amphibole 

8 .  Groundmass "clay" 

9 .  Biotite 

10. Chloritized biotite 

"U-ore" Figs. 44.3a,  44.3b, 44.4f,  Table 44.1-9) 

1 I .  Groundmass "clay" 39.2 16.6 0 .0  

12. U-ph yllosilicate**** 21.5 6 .5  0 . 0  

13. "Eastonite" in ore  41.9 19.9 0.1 

14. Tourmaline, orange 35.8 29.1 1.3 

Banded chloritic U-quartzite (Table 44.1-10) 

15. Phyllosilicate 39.1 16.1 0.1 18.5 12.4 0.2 1.4 0 .0  0.7 

16. U-phyllosilicate**** 44.6 21.3 0.0 5.6 10.8 0 .0  3.8 0.2 0.1 

Mylonitized "lower quartzite" (Table 44.1-11) 

17. Colourless flakes 26.8 25.5 

18. Green flakes 28.3 18.8 

19. Groundmass "clay" 28.9 18.3 

20. Groundmass "clay" 33.0 21.4 

"Lower quartzitef '  breccia (Figs. 44. ld  , 44.2) 

2 1 . Phlogopite 39.3 14.0 

22. Chlorite pleochr. halo 33.7 14.8 

23. Chlorite green 32.8 14.5 

24. Chlorite bleached 34.1 15.0 

"Lower gneiss" 

25. Amphibole 

26. "Talc-like" 

* Electron microprobe analyses by M. Bonardi, C.R. Lachance and A.G. Plant using an 
energy dispersive spectrometer (Lachance and Plant, 1973) combined with manually 
adjusted spectrometers for the uranium, lead (and potassium). 

** Total iron reported a s  FeO. 

I *** Scapolite No. 3 contains 1.7% chlorine. I 
**** U-phyllosilicate No. 12 contains, in addition, U 0 2 =  54.4% and PbO = 0.4%; and 

NO. 16, U02 = 5.8%. 





Table 44.3 

Selected electron microprobe analyses* of five types of pitchblende and of associated 
secondary U-minerals from t h e  Rabbit Lake Uranium Deposit 

Weight % 

I Specimen S i 0 2  A1203 Ti02 FeO CaO MgO PbO U 0 2  Total 100-total PbO/Uo2 1 
Pitchblende type 

I .  Massive P-1 0.1 0.0 0 . 3  0.1 1 . 3  0.0 11.7 
2 .  Massive P-1 0 . 3  0 .0  0 .5  0 .2  1.4 0.0 8 .7  
3. Massive P-1 0.7 0.2 0.5 0 .1  1.7 0.0 10.1 

4 .  Resorbed P-1 3 .6  0 . 0  0 . 0  0 .0  1 .1  0 .0  18.6 
5. Resorbed P-2 3.2 0.0 0.0 0.0 2.8 0.0 13.6 
6 .  Pb-depleted P-2 3 .2  0 .0  0 .0  0 . 0  6 .0  0 .0  1 . 0  

7. Recrystallized P-3 0.0 0.0 0 .0  0.0 0.6 0.0 4 .8  

8. Recrystallized with 
sulphide P-4 9.9 0.0 0.0 0.0 5.9 0.0 0.1 

9. Rims P-5 13.9 0.0 0 .0  0.0 2.8 0.0 0.1 

Secondary U-minerals 

10. Coffinite 16.7 1 . 7  0 . 0  0 .0  1 .2  0 .2  0 . 3  75.8 95.9 4.1 11253 
11. Uranophane 12.4 0 .0  0 .0  0 .0  6 .2  0 . 0  0 .2  68.2 86.9 13.1 11341 
12. U in F e  oxides 22.2 22.0 0.2 44.6 0.6 1 .9  0 .3  2 .0  93.8 6.2 116.7 
13.  U w i t h T i a n d R E  5.1 1 .2  7.2 0 .0  1 . 8  0 .0  1 . 1  62.3 78.7 21 .3  1/53 

* Analysts: M. Bonardi, G.R. Lachance and A.G. Plant. 

1-3. Massive, f ractured pitchblende P-1 (Figs. 44.3a, 44.3b). 

I 6 Resorbed pitchblende having different reflectivities P-I and P-2 (Figs. 4 4 . 3 ~ ~  44.3d) from 
brecciated ore. I 

I 7. Rectangular recrystallized pitchblende P-3 in phyllosilicate groundmass, a s  in Figure 44.3a. I 
I 8. Impure pitchblende P-4 recrystallized with f ine  grained Fe, Cu, Co, Ni-sulphides coffinite and 

carbonate  (Fig. 44.3f). I 
9. Narrow pitchblende rims P-5 surrounding chalcopyrite (Fig. 44.4b) commonly speckled or sooty, 

overgrown by "metamict" clay or coffinite, a s  in Figure 44.4e. 

10. Coffinite associated with calc i te  in a vein, Figure 44.4f. 

I 11. Uranophane filling f ractures  in brecciated ore. I 
I 12. U-bearing iron oxides adsorbed on groundmass sil icates in red "oxidized" sample. I 
I 13. Uranium-titanium-rare earths-bearing grains, similar t o  those in Figure 44.2 in red "oxidized" o re  

containing abundant r a d i a t i n ~  tourmaline, a s  in Figure 44.lh, 44.li. I 
Figure 44.3. (opposite) 

Various types of pitchblende in the  Rabbit Lake U-deposit. (All photomicrographs taken in reflected light) 

3a. Massive and colloform pitchblende P-I, from ore  zone at 155 feet.  

3b. Brecciated bands of massive and colloform pitchblende P-1 in phyllosilicate groundmass, from the  same sample as  in 
Figure 44.3a. 

3c. "Primary" massive pitchblende P-1 surrounded by partly resorbed and Pb-depleted pitchblende P-2 (note decreasing 
reflectivity), transected by galena and clausthalite veinlets in breccia ore, from 177-foot depth. 

3d. Decreasing reflectivities from relatively fresh pitchblende P-I,  resorbed edges P-2, t o  Flb-depleted impure pitchblende 
P-2d, enlarged from Figure 44 .3~ .  

3e. Fine-grained euhedral pitchblende aggregates P-3, recrystallized in phyllosilicate groundmass adjacent t o  resorbed 
edges of massive pitchblende P-I. Euhedral pitchblende P-3 has lower P ~ / u  ratio than the  adjacent massive 
pitchblende P-I;  brecciated U-ore from 107-foot depth. 

3f. Pseudomorphs of chlorite a f t e r  euhedral pyrite (dark rectangle) with pyrite remnants (Py), surrounded by speckled 
coffinite-calcite-carrollite-chalcopyrite-covellite-pitchbJende aggregates P-4 in U-ore partly replaced by sulphides, 
from 183.5-foot depth. 





7. Oxygenated hydrocarbons and U-C impregnated clays. Black, coa r se  (ca I mm) round grains, 
t ransected by curved f r ac tu res  were  observed in drill co re  samples  in c lose  association with 
massive pitchblende (Figs. 44.413, 44.4d). In t h e  p i t  they occur associated with black euhedral  
qua r t z  and grey clay. These black grains, commonly referred t o  a s  "thucholite", a r e  composed of 
carbon, water  and t r aces  of calcium and sulphur. Some of them a r e  coated with thin pitchblende 
rims, type  P-5, which extend in to  t h e  f r ac tu res  of the  black grain, thereby accounting for  t he  
uranium content  of t h e  ffthucholite". Altered "thucholite" grains a r e  replaced by f ine  grained 
calc i te .  

Some argil l i t ized patches  in t h e  "upper" qua r t z i t e  a r e  grey t o  a lmost  black as a resul t  of 
finely dispersed black carbon (Table 44.1-7). The black C-bearing patches  contain uranium and 
occasionally fine grained Co-Ni sulphides. Fine grained U-C coatings were  also observed on 
euhedral dolomite and on black quar tz  containing in ters t i t ia l  "thucholite". The black colour 
disappears on ignition and the  t r a c e  residue a f t e r  ignition gives the  uraninite and anhydr i te  X-ray 
patterns.  

8. Uranium-bearing and common sulphates. Fine  grained, apple-green, glassy z ippei te  globules 
(< I mm), associated with gypsum, sklodowskite and uranophane were  observed in f r ac tu res  in 
montmoril lonitic clay which caps  f r agmen t s  of breccia ted  o r e  in t h e  pit. Anhydrite and gypsum 
were  identified in "thucholite" ashes;  bar i te  was found in carbonate  veinlets t ransect ing "upper" 
gneiss; and malachite associated with covel l i te  and secondary U-minerals form thin coat ings  on 
coa r se  grained euhedral dolomite. 

9. Uranium associated with red iron-rich patches. Red, oxidized rocks which occur just above 
t h e  groundwater level in t h e  open pi t  and along f r ac tu re  zones  in severa l  drill c o r e  samples,  
conta in  patches  of red phyllosilicates coa ted  with f ine  grained hemat i t e  and/or goethi te .  Some 
of these  Fe-rich coatings a r e  radioactive in spots, probably because  of uranium adsorbed on iron 
oxides (Table 44.3-12). 

Table 44.4  

Selected analyses* of brightly coloured hydrated Pb-U oxides and s i l ica tes  f rom the  Rabbit  Lake Uranium Deposit 

Weight % 

Specimen*" U308 Tho2 PbO Y N d S m  E u DY H o E r T m  Y b 

I .  Orange o re  59. 0 .08 20. 0 .23  0.0676 0.0444 0.0105 0 .19 0.0245 0.0550 0.0057 0.0352 

2.  Green o r e  70. <0.02 1 .5  0.0242 0.0024 0.0044 0.0007 0 .0088 0.0014 0.0020 0.0003 0.0020 

3 .  Yellow o r e  74. <0.02 2 .5  0.006 0.0008 0.0023 0.0002 0.0033 0.0006 0.0007 0.0001 0.0008 

* X-ray spectrographic analysis for  U, Th and Pb by G.R. Lachance; a tomic  absorption 
spect rometr ic  analysis for t he  r a re  ea r ths  by J.G. Sen Gupta  (for method used, s e e  
Sen Gupta,  1976). 

** All specimens a r e  from t h e  pit. 

1. Orange U-ore consists of f ine  grained intergrowths of uranophane, masuyite- 
becquereli te,  and woelsendorfite. 

2.  Green U-ore consists dominantly of f ine  grained uranophane-montmorillonite 
intergrowths.  

3 .  Yellow U-ore consists dominantly of fine-grained uranophane. Isotopic analysis of 
lead by TELEDYNE ISOTYPES, Westwood, New Jersey, U.S.A. indicated following 
Atom %: Pb 204 = 0.005; Pb 206 = 92.975; Pb 207 = 6.470; Pb 208 = 0.550. 

Figure 44.4. (opposite) 

Illustrations of replaced pitchblende and of pitchblende rims P-5 (Photomicrographs 44.4a t o  44.4d taken in ref lec ted light; 
44.4e and 44.4f in t ransmit ted  light) 

4a. Remnant  of pitchblende P-2 partly replaced by nickeline (NiAs) in U-ore replaced by sulphides and arsenides,  from 143- 
foo t  depth. 

4b. Pitchblende r ims P-5 surrounding calcite-clay pseudomorphs a f t e r  "thucholite" in U-ore partly replaced by chalcopyrite 
(Cpy), "thucholite" (CHI, and by speckled coffinite-calcite-sulphide-pitchblende P-4 aggregates,  f rom 153-foot depth. 

4c. Pitchblende rims P-5 surrounding recrystall ized ca rbona te  in a breccia,  f rom 177-foot depth. 

4d. Remnants  of pitchblende rims P-5 on resorbed "thucholite" (CH) with abundant galena (Ga, white) in partly resorbed 
o re  from 107-foot depth.  

4e. Speckled r ims of "sooty" pitchblende P-5s (opaque specks), enclosed in semi-transparent coff in i te  (Cf) in quar tz ,  f rom 
147-foot depth. 

4f. Host rock t o  massive pitchblende P-1 (Figs. 44.3a, 44.3b), consisting of phyllosilicates o r  "clays" (G-c), uraniferous 
"clay" (U-c) including disintegrating orange-yellow tourmal ine  (T) and quar tz ,  and t ransected by veinlets of ca l c i t e  and 
coff in i te  (Cf)  and serpent ine  (S), f rom 155-foot depth.  



Summary and Conclusions 

The present mineralogical-chemical study of se lec ted 
samples from the  Rabbit  Lake deposit provides additional 
information on the  mineralogy of the  uranium o r e  and of 
the  surrounding rocks. The results obtained on t h e  
specimens examined a r e  a s  follows: 

I: The pyroxene-amphibole-biotite layers  in t h e  "upper" 
gneisses and their  a l tera t ion products a r e  similar t o  
those in the  "lower" gneisses. 

2: The occurrences of radioactive e l emen t s  in nine 
mineral groups and di f ferent  modes, along with Co, Ni, 
Cu, Se, Th and r a re  ea r ths  minerals indicate  the  
mineralogical complexity of the  deposit. Because of 
t he  deformed, f rac tured and displaced na tu re  of t he  
"primary" pitchblende, t h e  con tac t s  between t h e  pitch- 
blende and the  host rock a r e  unclear and commonly 
masked by subsequent recrystall izations and 
alterations.  

3: In the  high grade ore,  pitchblende is  t h e  dominant U- 
mineral, and the re  a r e  lesser amounts  of secondary U- 
minerals. Because t h e  primary pitchblende is  much 
f rac tured and is  partly a l tered and resorbed along t h e  
f rac tures ,  i t  i s  believed t h a t  a l l  secondary U-minerals 
were  derived f rom t h e  "primary" pitchblende. 

The a reas  of high grade o re  a r e  surrounded by 
zones containing f r agmen t s  of "primarytt pitchblende 
or  high grade o re  enclosed within low g rade  o re  
mater ia l ,  made up mainly of secondary U-minerals and 
minor amounts  of partly resorbed par t ic les  of 
"primary" pitchblende. This suggests t h a t  t h e  high 
g rade  o re  was originally more  extensive. 

4: Below the  main thrus t  fault ,  t he  radioactive minerals 
include "yttriali te" grains, which conta in  U, Th and 
r a r e  earths,  and pitchblende (type P-5) t h a t  r ims Ti- 
minerals. 

5: Marked di f ferences  in Pb/U ra t io  in U-minerals, a s  
shown in Table 44.3, a r e  a t t r ibuted t o  th ree  fac tors ,  
singly or in combination; 

(a) temporal d i f ference  in crystall ization of primary 
and secondary U-minerals and di f ferent  periods of 
t ime  for natura l  accumulation of radiogenic lead; 

(b) migration and depletion of lead during remobiliza- 
tion of pitchblende; and 

(c) recrystall ization of l iberated U and Pb in d i f ferent  
proportions forming secondary U-Pb minerals. 

Descriptions of progressive a l tera t ion of uranium minerals 
during emplacement  of sulphides and in the  oxidation 
zone, and of phyllosilicates in the  Rabbit  Lake deposit  will 
be  presented in more  detail  in two  sepa ra t e  papers. 
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A NEW GENETIC MODEL FOR URANIUM-COPPER MINERALIZATION, 
PERMO-CARBONIFEROUS BASIN, NORTHERN NOVA SCOTIA 

Project  760014 

H.E. Dunsmore 
Regional and Economic Geology Division 

A number of uranium-copper occurrences in Upper 
Carboniferous sandstones of northern Nova Scotia a r e  
designated in an  accompanying paper (Dunsmore, 1977) a s  
t h e  Pugwash-Tatamagouche s ty le  of mineralization. The  
sca t t e red  occurrences  bear a striking resemblance, both in 
s ty le  of mineralization and geological se t t ing,  t o  deposits 
of the Colorado Pla teau a rea  of t he  southwestern United 
Sta tes .  In both areas ,  t he  mineralization occurs a s  
concordant,  tabular deposits closely associated with coali- 
f ied organic debris within nonmarine, f luviati le sandstones 
which a r e  interbedded with mudstones. One major 
d i f ference  is t h a t  volcanic ash, suspected by many t o  be  
the  source  of t he  uranium in the  Colorado Pla teau a r e a  

(Fischer, 1974) i s  not  present  in Nova Scotia,  e i the r  in t h e  
host rocks or in overlying s t r a t a .  

A new metal logenet ic  model suggests t h a t  t h e  
mineralizing solutions, together  with most  of t he  uranium 
for this t ype  of deposit, were  derived f rom thick 
sequences of underlying marine  evaporites.  Although sti l l  
speculative,  t h e  model is proposed he re  in the  hope t h a t  i t  
will s t imulate  discussion and perhaps assist  exploration in 
th is  and o the r  areas.  Should t h e  model b e  valid, 
significant uranium resources not  suspected h i the r to  may 
b e  found in the  Pugwash-Tatamagouche dis t r ic t  of 
northern Nova Scotia.  

MILES 

O W e n l w o r t h  

171 P i c t o u  Group i DEGREE OF URANIUM 
ENRICHMENT Is] C u m b e r l a n d  Group PENNSYLVANIAN 

R i v e r s d a l e  Group 
Over 100 X Bkgd. 

@ 2 0  to 100  X Bkgd. 
Canso Group 1 10  to 2 0  X Bkgd- 
Windsor  Group M I S S I S S I P P I A N  

Up to 10 X Bkgd. 
121 Hor ton  Group 

Reported But Not 
) IRE -CARBONIFEROUS ' Yet Visited 

Figure $5.1. Geology and uranium occurrences,  nor thern  Nova Scotia.  Degree of uranium 
enr ichment  in se lec ted hand specimens re la t ive  t o  mean uranium con ten t  of 
unmineralized equivalents (geology a f t e r  Geological Map of Nova Scotia,  N.S. Dept. 
of Mines, 1965). 

From: Repor t  of Activities, Part B; 
Geol. Surv. Can., Paper  77-1B (1977) 



R i p p l e - M a r k e d  
S a n d s  a n d  S i l l s  1 
H o r i z o n t a l l y  Bedded 
F i n e  S a n d s  

V E R T I C A L L Y  A C C R E T E O  

> F L O O O  B A S I N  O R  

O V E R B A N K  DEPOSITS 

T r o u g h  C r o s s - B e d d e d  
Coarse a n d  F i n e  S a n d s  

L A T E R A L L Y  A C C R E T E O  

C H A N N E L  D E P O S I T S  

Figure 45.2. Generalized s t ra t igraphic  section i l lustrating fining- 
upward cycles,  lower Pictou Group, northern Nova 
Scotia. Shaded portions represent  radioactivity 
associa ted  with coalified plant  debris. 

Distribution of Uranium Occurrences  

The geographic distribution of presently known 
surface  occurrences  is shown in Figure 45.1. The degree  
of uranium enrichment relative t o  background concentra-  
tions, a s  determined by neutron act ivat ion analysis of 
se lec ted rock specimens, is  also depicted. A number of 
these  occurrences were  previously reported and described 
in the  l i t e r a tu re  (Brummer, 1958; Gross, 1957). Because 
copper is  frequently associated with uranium, t h e  copper 
showings recorded by Fle tcher  (1905), some  of which were  
mined, proved t o  be useful guides. However, diligent 
geological prospecting would probably resul t  in the  
discovery of additional radioactive occurrences.  

Geological Set t ing 

The known uranium-copper occurrences  in th is  p a r t  
of Nova Scotia a r e  in lower Pictou Group red beds which 
comprise a low-lying erosional remnant  of a once much 
thicker c las t ic  sect ion (van d e  Poll, 1973). These rocks 
consist  of s tacked cycles  of conglomerate,  sandstone, 
si l tstone and mudstone which were  deposited in a non- 
mar ine  environment by fluvial, palustrine and lacust r ine  
processes. Sediment t ranspor t  was in an  eas ter ly  t o  
northeasterly direction (ibid). Unlike uranium mining 

dis t r ic ts  in the  southwestern  United 
S ta t e s ,  t he re  is  no evidence he re  of 
volcanic mater ia l  within the  host rocks 
which might have served a s  a source  of 
uranium. The dominant  s t ruc tu ra l  
f ea tu res  a r e  a ser ies  of salt-cored 
diapirs originating f rom exceptionally 
th ick  sequences of underlying, Lower 
Carboniferous, Windsor Group 
evaporites.  

In detail ,  uranium-copper mineral-  
ization is found at or  near  t h e  base of 
fining-upward cycles,  in d i rec t  associ- 
ation with coalified organic m a t t e r  
(Fig. 45.2). These very  localized s i t e s  
of chemical  reduction a r e  visible in 
outcrop a s  a pronounced colour 
change, from t h e  usual reddish brown 
t o  greenish grey. The organic m a t t e r  
was  observed in t w o  forms: d i sc re t e  
pieces of coalified wood which were  
originally t r e e  trunks or  branches,  and 
flakes of organic m a t t e r  on t h e  
bo t tomse t  bedding planes of cross- 
s t ra t i f ied ,  coa r se  sands. 

The fining-upward cycles,  s tacked 
one on top  of t h e  o the r ,  a r e  typically 
about 10 m thick. The channel floor 
deposits a t  t he  base  of most cycles  
consist  of a l i th ic  and qua r t z  pebble 
conglomerate.  A t  many locali t ies,  t h e  
basal lag deposit  is  also made up of 
mud chips eroded locally from t h e  
channel walls a s  t h e  meandering river 
migrated across  t h e  flood plain. 
Above the  coa r se  lag, la tera l ly  
acc re t ed  deposits of t h e  ac t ive  chan-  
nel a r e  generally preserved a s  trough 
cross-bedded coa r se  sands, passing 
upward t o  ripple-marked f ine  sands, 

both of which a r e  i'nterbedded with varying amounts  of 
horizontally laminated sands (Fig. 45.2). The upper half of 
each  cycle,- t h e  vertically acc re t ed  flood plain or  overbank 
deposits,  consists of laminated,  red-coloured s i l t s  and 
muds, commonly containing ca l c i t i c  concret ions  or  
nodules near t h e  top. These more  res is tant ,  caliche-like 
nodules a r e  somet imes  ripped up and incorporated in t h e  
lag  deposit  of t he  succeeding cycle .  A summary of our 
knowledge of fining-upward cycles  and an introduction t o  
t h e  l i t e r a tu re  i s  provided by Walker (1976). 

There a r e  a t  l ea s t  t w o  reasons why mineralization is 
found a t  or near  t h e  base  of fining-upward cycles.  Firstly,  
th is  was presumably t h e  most porous and permeable  pa r t  
of t h e  sequence, and thus t h e  preferred r o u t e  f o r  la tera l ly  
migrat ing format ional  fluids. Secondly, t h e  coalified 
plant debris, which began i t s  exis tence  a s  sca t t e red  
c lumps of vegeta t ion growing on t h e  flood plain, i s  
preferentially found there.  As meandering rivers swep t  
back and fo r th  across  the  valley floor, organic t rash  was  
picked up, became  waterlogged, and was  incorporated a s  a 
lag  deposit  mainly in t h e  basal p a r t  of e a c h  cycle.  Thus, 
postdepositional, ore-forming solutions would be  chan-  
nelled within those portions of t he  sect ion where  copper 
and uranium could be chemically fixed. Copper and iron 
would b e  precipi ta ted  a s  a resul t  of sulphate  reduction in 
t h e  presence of t h e  organic m a t t e r ,  uranium by t h e  
change in redox potential .  



Proposed Model of O r e  Format ion 

Of all the  various types and s ty les  of uranium 
enrichment in At lant ic  Canada, t h e  Pugwash- 
Tatamagouche s ty le  is  perhaps the  best  understood a t  
present. Not only does the  means of fixing the  uranium 
seem clear ,  but  w e  may a lso  have some  insight in to  t h e  
source of t he  me ta l  and of t h e  ore-forming solutions. 

The model of o re  formation which presently appears  
t o  f i t  the  d a t a  best ,  involves the  underlying Windsor Group 
evaporites. I t  is proposed t h a t  these  saline deposits were  
t h e  source of both t h e  mineralizing solutions and of most  
of t he  uranium. During t h e  evaporation of s e a  wa te r  and 
t h e  sys temat ic  precipitation of t h e  various evapor i t ic  
minerals, uranium preferentially remains  in solution (a low 
temperature ,  chemical  fractionation),  becoming highly 
concentra ted  in the  saline, residual brines (Dunsmore, 
1975). This 'mother liquor' of t h e  sedimentary rea lm is  
analogous t o  t h e  final fluid phases within a cooling magma  
chamber.  On burial and compact ion (de-watering), t hese  
uranium-enriched connate  brines would, in most cases ,  be  
expelled t o  overlying, permeable s t r a t a  (ibid). Under 
suitable hydrodynamic and chemical conditions, 
concentrations of uranium might result  a t  s i tes  of 
chemical  reduction within t h e  overlying s t r a t a .  

I t  has been calcula ted  t h a t  by the  t ime  sea  wa te r  
has evaporated t o  the  point where  potash minerals a r e  
about  t o  precipi ta te ,  t he  concentra t ion of uranium in 
solution has  increased some  18 times,  f rom a normal 
mar ine  value of 3.2 ppb t o  approximately 60 ppb 
(Dunsmore, 1975). The validity of these  calculations i s  
confirmed by Dall'Aglio and Casentini  (1970) who 
determined t h e  uranium content  of brines within a solar 
s a l t  plant in Italy. The curve  drawn f rom thei r  analytical  
d a t a  shows a lower concentra t ion of uranium during t h e  

initial s t ages  of evaporation than t h e  ca lcula ted  curve,  
but  subsequently t h e  t w o  run parallel  (Dunsmore, 1975). 
The di f ference  a t  t h e  init ial  s t age  i s  a lmost  cer ta in ly  due 
t o  fish-farming operations carr ied  on within t h e  f i r s t  few 
evaporating pans (Dall'Aglio and Casentini ,  1970). The 
organic wastes  associated with these  operations would 
probably remove unusually l a rge  quant i t ies  of uranium 
from solution. However, t h e  bulk of t h e  concentra t ion 
occurs during t h e  precipitation of hali te;  th is  i s  not  
surprising when one considers t h a t  rock sa l t  is  perhaps t h e  
l eas t  uraniferous of all  rocks. 

The advantages  of working with a simple 
ma themat i ca l  model a r e  t h a t  one can  ex t r apo la t e  t h e  
available da ta ,  and also t h a t  one c a n  a l t e r  t h e  initial 
conditions t o  s e e  what the  ou tcome  might  be. It turns o u t  
t ha t  t h e  most cr i t ica l  variable in the  equation is the  
initial uranium content  of s e a  water .  The values given 
above assume t h a t  t h e  aqueous input t o  t h e  evapor i te  
basin is normal  s e a  water ,  as found today  in t h e  middle of 
t h e  North At lant ic  and North Pacific.  However, many 
evapor i te  basins would be expec ted  t o  process wa te r s  with 
higher t r a c e  e lement  contents ,  perhaps due t o  an enriched 
hinterland. This would almost cer ta in ly  have been t h e  
c a s e  for  t h e  Mississippian, Windsor Group evapor i te  basin 
in At lant ic  Canada,  where  older Mississippian and 
Devonian igneous rocks a r e  known t o  be enriched in 
uranium. Assuming an initial uranium con ten t  double t h a t  
of normal sea  water ,  t h e  model predic ts  a final concentra-  
tion, a t  t h e  point where potash sa l t s  begin t o  precipi ta te ,  
of 195 ppb; if tr iple,  t he  corresponding value is well o v e r  
300 ppb, o r  0.3 ppm (Dunsmore, 1975). Such values 
compare  more  than favourably wi th  t h e  12 t o  46 ppb 
uranium found in groundwaters issuing f rom volcanic and 
tuffaceous  sedimentary ter ra ins  (Denson e t  al., 1956), 
evidence which apparently convinced many people t h a t  
t h e  volcanic component  was the  source  of uranium for  
sandstone-type deposits. 

Figure 45.3. Isopach m a p  of Windsor Group, in f e e t  (af ter  Howie and Barss, 1975). 



After  the  concentration of uranium and other  
e lements  by evapor i t ic  differentiation, a portion of the  
highly saline residual brines would be trapped within t h e  
saline deposits. During burial and compaction, these  
connate  brines would be e jec ted,  usually t o  overlying 
s t ra t igraphic  sequences. Proof that  this actually occurs 
was provided by Carpenter  e t  al. (1974). They found 
highly saline, evaporite-derived brines (original connate  
brines and not brines of dissolution) throughout many 
thousands of f e e t  of s t r a t a  above t h e  Louann Formation 
evaporites of t he  Gulf Coast  Basin. Faulting associated 
with compaction or the  initial s tages  of sa l t  diapirism 
would great ly  f ac i l i t a t e  the  upward migration of these  
brines. Once higher s t ra t igraphic  levels had been reached, 
t h e  brines could then be channelled la tera l ly  within 
permeable s t ra t igraphic  units, such a s  fining-upward 
cycles  or  basal conglomerates  along unconformities. 

Support for this model of ore formation was recently 
provided by Rose (1976). Primarily on chemical con- 
siderations, Rose argued tha t  t h e  most likely copper- 
transporting fluid for  many red bed, copper-uranium 
deposits was evaporite-derived, chloride-rich 
groundwaters. 

Mathematical models and theoret ica l  considerations 
a r e  only useful up t o  a point. The proof of the  puzzle will 
be  in the  rocks. 

. Application of t h e  Model 

Although deta i led  field work has  y e t  t o  be under- 
taken, evidence is accumulating t o  support t he  proposed 
model in the  Pugwash-Tatamagouche a rea  of northern 
Nova Scotia. For one thing, t he re  is  an obvious areal  
relationship between known mineralization and thick 
saline deposits. Figure 45.3 shows par t  of a Windsor 
Group isopach map  prepared by Howie and Barss (1975). 
Information f rom t h e  subsurface is st i l l  meagre,  but  a 
very thick section of Windsor Group, consisting largely of 
evapor i tes  (ibid), is  known t o  trend east-west through the  
a rea  of interest  (Fig. 45.3). Sal t  in the  th ickes t  ~ o r t i o n s  

of t he  saline deposit  has  flowed, forming t h e  salt-cored 
Malagash anticline and t h e  sa l t  diapirs in t h e  Pugwash 
area .  The known uraniferous anomalies,  in outcrop 
(Fig. 45.1) and in well waters  (Fig. 45.41, appear  t o  occur 
in t w o  broad belts t h a t  parallel  t he  axes  of t h e  Malagash 
anticline and the  evapor i te  sub-basin. One bel t  l ies  t o  t h e  
north of t h e  anticline,  including those  occurrences  in t h e  
vicinity of t he  Pugwash diapirs. The o the r  l ies t o  t h e  
south and is made up of occurrences  in t h e  Tatamagouche 
and Wentworth areas.  In all  probability, copper-uranium 
deposits were  originally more  uniformly distributed 
throughout the  a rea ,  but  those along the  axis of t h e  
Malagash anticline have been lost  t o  erosion. 

I t  is  most  encouraging t o  compare  t h e  Pugwash- 
Tatamagouche situation t o  t h a t  of uranium-mining dis- 
t r i c t s  in the  southwestern United Sta tes .  Figure  45.5 is an  
isopach map  of t h e  sa l t  fac ies  within t h e  Paradox Basin of 
Utah and Colorado; the  locations of known uranium 
deposits and of salt-cored domes and anticlines a r e  also 
plotted.  Approximately 90 per c e n t  of t h e  uranium 
reserves of t h e  a r e a  coincide areal ly  with t h e  th ickes t  
portions of t h e  saline deposit. What i s  more,  a s t rong 
positive corre la t ion exis ts  between salt-cored anticlines 
and some  of the  more  important  uranium-mining districts.  
Uranium-bearing brines may have gained access  t o  t h e  
relatively unimportant White Canyon and Monument 
Valley mining dis t r ic ts  following l a t e ra l  migration through 
t h e  thick sequences of shelf ca rbona tes  deposited seaward 
of t h e  evapor i te  basin. The evapor i tes  in th is  a r e a  a r e  
Upper Carboniferous in a g e  while t h e  uranium-copper 
deposits, located some  t w o  t o  six thousand f e e t  s t r a t i -  
graphically above the  sa l t ,  a r e  in fluviati le sandstones of 
Jurassic and Triassic age.  Although isopachous lines in 
Figure 45.5 have not been drawn beyond 3000 f e e t ,  t h e  
sa l t  f ac i e s  is es t imated t o  have originally been up t o  
7000 f e e t  (2100 m) thick, but  is  now locally in excess  of 
14 000 f e e t  (4300 m) due  t o  sa l t  flow (Hite,  1961). Thus, 
not  only is t he  thickness of s a l t  in nor thern  Nova Scot ia  
similar t o  t h a t  of t h e  Paradox Basin, but  t h e  length of t h e  
Malagash anticline is also similar t o  those  in Colorado and 
Utah. 

DEGREE OF URANIUM 
ENRICHMENT I N  OUTCROP 

Over 100 x ~ k g d .  
20  to 100 X Bkgd. 
10 to 20  X Bkgd. Repor ted But Not 
U p t o  10 X Bkgd. Yet V ~ s i t e d  

Figure 45.4. Groundwater uranium anomalies ( a f t e r  Dyck et al., 1976) and uranium 
occurrences,  northern Nova Scotia. 



In view of the  foregoing, i t  is  unfortunate,  f rom a 
uranium resources point-of-view, t h a t  t he  bulk of t he  
Windsor Group evapor i tes  in eas t e rn  Canada l i e  beneath  
the  Gulf of St. Lawrence. The Magdalen Islands, which 
probably owe  thei r  exis tence  t o  s a l t  diapirism, a r e  a tiny 
sc rap  of land rising above t h e  wa te r s  of t h e  Gulf. As 
reported in an  accompanying paper (Dunsmore, 1977), a 
number of occurrences  were  discovered there ,  although 
t h e  s ty le  of mineralization is  d i f ferent  from t h a t  in t h e  
Pugwash-Tatamagouche area.  Nevertheless, t h e  associa- 
tion with evapor i tes  is  once again clearly evident. 

Other  evidence t o  support  t he  suggestion t h a t  t h e  
ore-forming solutions were  residual evapor i t ic  brines is 
found within the  rocks themselves.  The host sandstones 
and conglomerates  a t  a number of t h e  occurrences  visited 
in northern Nova Scot ia  conta in  what  was  identified in 
hand specimens as dolomitic cements .  The l imited 
pet rographic  studies made t o  d a t e  have revealed t h e  
presence of authigenic dolomite  rhombs and micro- 
crystall ine dolomitic cements .  If fu r the r  s tudies  show 
t h a t  dolomite i s  a common secondary mineral at t h e  s i t e s  
of mineralization, t h e  source  of t he  magnesium in 
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Figure 45.5. Areal distribution of sandstone-type uranium deposits, mar ine  evapor i tes  and 
evaporite-related s t ruc tu ra l  f ea tu res  in t h e  Colorado Pla teau a rea ,  southwestern  
United S t a t e s  ( a f t e r  Lefond, 1969; Malan, 1968; Motica, 1968). 



sequences of fluviati le sandstones would pose a problem 
unless the  underlying evaporites were  involved. Residual 
evaporit ic brines would be highly charged with magnesium 
and would be expected t o  dolomitize any calc i t ic  cemen t s  
with which they c a m e  in contact .  In this context  i t  is 
interesting t o  note  t h a t  mineralized portions of t h e  Sal t  
Wash Member, t he  principal uranium host rock in the  
Colorado Pla teau area ,  contain th ree  t imes  more  mag- 
nesium than unmineralized samples of t he  same  unit 
(Shoemaker et al., 1959). The bulk of t he  excess  
magnesium associated with the  o re  was believed t o  be 
present as authigenic dolomite (ibid). Clearly,  additional 
petrographic and geochemical studies of the  host rocks in 
Nova Scotia a r e  warranted. 

There a r e  a r e a s  in northern Nova Sco t i a  underlain by 
thick sequences of evaporites where  t h e r e  is  no apparent  
mineralization. For example,  presently known uraniferous 
anomalies do not extend very f a r  west  of t h e  Pugwash 
a r e a  (Fig. 45.1, 45.4). One explanation may be  found in 
t h e  na tu re  of t h e  sediments  immediately overlying t h e  
evaporites.  In t h e  Dorchester a r e a  of eas tern  New 
Brunswick, t h e  Windsor Croup is conformably overlain by 
a s  much as 700 m of highly impermeable  Canso Group 
mudstones and siltstones. A similar si tuation is  present in 
t h e  Antigonish a r e a  of eas tern  Nova Scotia.  These rocks 
would present a very effect ive  barrier t o  upward 
migrating fluids. In t h e  Pugwash-Tatamagouche area ,  th is  
fine grained facies  is  e i ther  missing, a s  indicated by Roliff 
(19621, or was breached in the  ear ly  s tages  of s a l t  
diapirism. Thus, we may be looking a t  a relatively local 
permeabili ty window which permit ted  the  upward escape 
of metal-bearing brines t o  favourable,  fluviatile host 
rocks. 

Conclusions 

It is generally agreed by those who have worked in 
t h e  Permo-Carboniferous Basin of At lant ic  Canada t h a t  
economic grades and tonnages of uranium ore  will be 
found only a t  depth.  The rocks here a r e  probably more  
highly oxidized, and t h e  cen t r e s  of mineralization more  
thoroughly leached, than those in t h e  southwestern  United 
Sta tes .  Only those  me ta l s  which a r e  inextricably bound up 
with organic m a t t e r  remain behind t o  be viewed on t h e  
surface.  In o ther  words, w e  a r e  probably only looking a t  
t h e  pips and not a t  t h e  fruit .  This does  not necessarily 
mean,  however, t h a t  t h e  f ru i t  has not  been preserved in 
t h e  subsurface. 

In order t o  find hidden o r e  deposits at reasonable 
costs,  exploration geologists will require a genet ic  model 
with predictive capability. Effor ts  should be  di rec ted 
toward t h e  development of such a model for  uranium 
occurrences  in northern Nova Scotia. For example,  i t  was  
recognized many years a g o  (Fletcher,  1905) t h a t  severa l  
of the  la tera l ly  continuous fining-upward cycles  a r e  
preferentially mineralized, but t he  reason why is not ye t  
apparent.  The results obtained by Dyck e t  al. (19761, a 
small  portion of which a r e  shown in Figure 45.4, indicate  
t h a t  groundwater geochemistry may a lso  have an impor- 
t a n t  role in exploration in this area.  It will not be an  easy 
task,  but if the  comparisons made he re  a r e  valid, t h e  
rewards could prove t o  be substantial .  

The model presented he re  represents  but one of a 
number of ways in which a highly mobile e lement  can be 
recycled and concentra ted  in the  sedimentary-diagenctic 
environment.  
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MARINE GEOPHYSICAL AND GEOLOGICAL RESEARCH IN BAFFIN BAY AND 
THE LABRADOR SEA, CSS Hudson 1976 

Projec ts  760039 and 760015 

R.K.H. Falconer 
At lant ic  Geoscience  Cen t r e ,  Dar tmouth  

In 1976 t h e  Bedford Ins t i tu te  of Oceanography's ship 
CSS Hudson opera ted  on an eas t e rn  Arct ic  cru ise  f rom 
July 26 t o  October  23. There were  two primary programs 
fo r  t h e  season: ( I )  work in Lancas ter  Sound-Barrow S t r a i t  
f o r  t h e  period August 19 - September  03 (Cruise 76-025); 
and (2) work in Baffin Bay and Labrador Sea  prior t o  
(Cruise 76-023) and a f t e r  (Cruise 76-029) t h e  Lancas ter  
Sound work. The  Lancas t e r  Sound work was  led by 
C.F.M. Lewis of Terra in  Sciences Division, O t t awa  and 
has  been repor ted  ear l ie r  (Lewis e t  al., 1977a). The Baffin 
Bay and Labrador Sea  programs a r e  t h e  subjec t  of th is  
report .  

The planned 1976 Baffin Bay program was a con- 
t inuation of work carr ied  o u t  in 1974 (Ross and Falconer ,  
19751, and in previous years  (Keen e t  al., 1974). Numerous 
At lant ic  Geoscience  C e n t r e  and Dalhousie University 
sc ient is t s  have par t ic ipa ted  in th is  work. The 1976 
bedrock program off southeas tern  Baffin Island was  a 
continuation of work begun in 1975 (MacLean and 
Srivastava,  1976; MacLean et al., in press). 

The primary objectives for  t h e  season were:  

I )  t o  study t h e  margins of Baffin Bay with geophysical  
techniques;  primarily se ismic  ref lec t ion ,  gravi ty  and 
magnet ic  profiles,  extending the  work of Jackson 
e t  al., (in press) and Keen et al., (1974). 

2) t o  extend surveys ca r r i ed  ou t  in cen t r a l  Baffin Bay in 
1974 which had revealed magnet ic  and gravity l inea- 
t ions (Appleton et al., 1975). 

3) t o  extend s tudies  of t h e  c rus t a l  s t ruc tu re  of cen t r a l  
Baffin Bay (Keen and Barre t t ,  19721, in particular t o  
obta in  good quali ty seismic ref lec t ion  d a t a  
penet ra t ing  t o  oceanic  basement .  

4) t o  cont inue  s tudies  of t h e  bedrock geology of t he  
southeas t  Baffin Island shelf (MacLean et al., in 
press) by obtaining bedrock co re s  with a n  e l e c t r i c  
drill. 

Once  t h e  init ial  sh ip t ime allocation had been 
received,  severa l  secondary objectives were  identified.  
Secondary projec ts  a r e  an  impor tant  pa r t  of making full 
use of t h e  capabi l i t ies  of CSS Hudson and t h e  fac i l i t ies  
avai lable  a t  Bedford Insti tute.  These  objec t ives  were:  

5) t o  extend previous geophysical studies of t he  nor thern  
Labrador  Sea,  and Labrador Shelf and slope 
(Srivastava,  Evolution of t h e  Labrador S e a  and i t s  
bearing on t h e  ear ly  evolution of t h e  North At lant ic ;  
Paper  submit ted  t o  Geophys. J. Roy. Astr .  Soc., 1977. 

6) t o  c a r r y  ou t  a 3-day geophysical survey on t h e  
Labrador Shelf a s  par t  of a joint project  with t h e  
Eas tcan Group in order  t o  study t h e  distribution of 
boulders on t h e  banks. 

7) t o  provide opportunit ies fo r  ornithology s tudies  in t h e  
e a s t e r n  Arc t i c  (R.C.B. Brown, Canadian  Wildlife 
Service ,  Depa r tmen t  of t h e  Environment) 

8) t o  i n i t i a t e  chemica l  oceanography s tud ie s  in 
Lancas ter  Sound (Chemis t ry  Division, At lant ic  
Oceanographic Labora tory ,  Depa r tmen t  of t h e  
Environment,  Bedford Insti tute).  

9) t o  obta in  sediment  co re s  in Baffin Bay as pa r t  of 
continuing s tudies  of t h e  sedirnentology of t he  Bay, 
under t h e  leadership of D. Piper,  Dalhousie University 
(A. Aksu, Dalhousie University). 

100 60 90 

Figure  46.1. CSS Hudson 1976 t r acks  in Baffin Bay and 
Labrador Sea. Solid lines a r e  cruises  76-023 
and 76-029. Dashed line is t h e  re turn  t r ack  
f rom Lancas ter  Sound of c ru i se  76-025. 
Filled squares  indica te  positions of buoy 
magne tome te r  moorings. Triangle off Sco t t  
Inlet  i s  position of oil slick. 

From: Repor t  of Activit ies,  P a r t  B; 
Geol. Surv. Can., Pape r  77-1B (1977) 





10) t o  in i t ia te  a geochemical study of eas t e rn  Arct ic  
sediments (U. Lobsiger, Dalhousie University). 

11) t o  assist  in the  calibration and maintenance of the  
Defence Research Establishment Pacific acoust ic  
range in Lancaster Sound. 

12) t o  compare  t h e  performance of Loran C,  sa te l l i te ,  
and TORAN navigation sys tems on t h e  Labrador Shelf 
(D.E.Wells, Navigation Group, At lant ic  
Oceanographic Laboratory,  Bedford Institute). 

13) t o  undertake co-operative research with the  Danish 
Greenland Geological Survey on the  northwest 
Greenland margin. 

The planned schedule had t o  be drastically a l t e red  
when t h e  ship lost a propellor in Lancaster  Sound on 
August 17, just prior t o  t h e  end of cruise  76-023. The loss 
mean t  t h a t  Hudson could not ope ra t e  in i ce  and had t o  
r e tu rn  for repairs t o  St.  John's, Newfoundland on 
September  11. The ship sailed again f rom St.  John's on 
September  22. The main e f f e c t  of the  schedule changes 
on the  Baffin Bay program was tha t  t he re  was not t ime  t o  
do  planned work in northern Baffin Bay and most  of t he  
planned survey of margins of t he  bay was abandoned. The 
ships t racks  in Baffin Bay and Labrador Sea  for  t he  1976 
season a r e  shown in Figure 46.1. 

The f i r s t  work of the  a rc t i c  season was a th ree  day 
geophysical survey of t h e  Labrador Shelf in conjunction 
with t h e  Eastcan Group, who a r e  carrying o u t  a major 
petroleum exploration and drilling program on the  shelf. 
A th ree  day extension of the  season's shiptime in order t o  
do  th is  work was  made possible by di rec t  funding f rom 
Eastcan. They defined the  survey t r ack  and ran a TORAN 
navigation system which they installed. The At lant ic  
Geoscience C e n t r e  provided and operated: 12 kHz wide- 
beam and 50  kHz narrow beam e c h o  sounders, a i r  gun 
seismic reflection, Huntec high resolution deep tow 
seismic  reflection, and sidescan. The d a t a  obtained a r e  
confidential  t o  Eastcan and t h e  At lant ic  Geoscience 
Cen t re  for  15 months. The survey was very successful and 
t h e  Eastcan representa t ives  onboard said t h a t  t he  quantity 
and quality of the  d a t a  obtained was most satisfactory.  
This joint program has  provided opportunities fo r  closer 
liaison between Bedford Ins t i tu te  and Ins t i tu te  Francais  du 
Pe t ro l e  scientists.  R.H. Fillon of t h e  At lant ic  Geoscience 
C e n t r e  has already visited Par is  t o  consult  on t h e  d a t a  
obtained. 

The Eastcan program personnel were  dropped off at 
Saglek on August 2 and t h e  ship then ran a seismic 
reflection l ine across the  Labrador Sea  t o  Holsteinborg. 
This l ine passed c lose  t o  t h e  Cabot  dril lsi te on t h e  
northern Labrador Shelf, and i t  is  interesting t o  note  t h a t  
there ,  and a t  o ther  locali t ies on t h e  Labrador Shelf, gas  is 
visible in t h e  wa te r  column and in t h e  nearbot tom 
sediments.  A t  Holsteinborg, M. Roksandic of t h e  
Greenland Geological Survey joined, and the  ship then 
headed north t o  commence  surveys of t h e  Greenland 
margin of Baffin Bay. Unfortunately an  extensive  tongue 
of i ce  extended northward over  t h e  margin and i t  was not 
possible t o  carry  out  t he  planned surveys south of 72ON. 

The unseasonally l a t e  ice  meant  t h a t  mos t  of the  
margins were  inaccessible s o  i t  was decided t o  con- 
c e n t r a t e  on obtaining a single good se ismic  l ine across  t h e  
bay. The l ine  (AB in Fig. 46.1) extending f rom shelf t o  
shelf was done a t  4 knots using a 1000 cubic inch airgun. 

Five expendable sonobuoys provided a lmost  continuous 
high quality ref ract ion d a t a  in the  deep pa r t  of t he  bay. 
D a t a  f rom two  buoys yielded velocit ies corresponding t o  
'Moho' at 10  and 14 kms depth. A layer  with velocity of 
6.4 t o  7.0 kmlsec  was de tec t ed  a t  about 8 km depth on 
records from th ree  of t he  buoys. Four o the r  sonobuoy 
refract ion l ines were  shot  l a t e r  f a r the r  south  in t h e  Bay. 
Two of these  lines were  along t h e  axis of t h e  mid-bay 
gravity negative (Appleton e t  al., 1975) and t h e r e  the  
6.8 kmlsec  layer  is  at l eas t  2 km deeper  than e lsewhere  in 
t h e  Bay. Velocities typical of oceanic  layer  2 were  not  
generally seen on t h e  sonobuoy data.  Oceanic  basement  
was  not seen on the  se ismic  reflection records as the  
sediments  extend t o  below t h e  bot tom multiple. Sediment  
thickness is  a t  l ea s t  5 km in the  c e n t r e  of t h e  Bay. 
Diapiric-like s t ruc tu res  were  observed on line AB near  the  
Greenland margin on both t h e  ver t ica l  ref lec t ion record 
(Fig. 46.2) and t h e  sonobuoy record (Fig. 46.3). 

On completion of t h e  long se ismic  l ine  AB some 
se ismic  and sidescan work was  done on t h e  Baffin Shelf. 
In t h e  course of that ,  an  oil slick was  discovered just off 
S c o t t  Inlet  (Fig. 46.1), a s  repor ted  ear l ier  by Loncarevic 
and Falconer (1977). Analysis of t he  oil samples  obtained 
on cruises 76-023 and 76-025 has not provided a definit ive 
answer on whether the  oil is  natura l  or refined. Further 
investigation of t h e  a r e a  is planned for  1977 when t h e  
Hudson will be engaged on a Bedford Ins t i tu te  chemistry 
cruise  in t h e  area.  

Following t h e  work on  t h e  Baffin Shelf, t h e  Hudson 
proceeded t o  Thule for  calibration of the  gravimeter .  En 
route,  a field par ty  f rom Terrain Sciences  Division, 
Geological Survey (Blake, 1977) was  picked up  f rom t h e  
Carey  Islands. Ornithology s tudies  by R.G.B. Brown were  
made a t  t h e  Careys,  Haklyut I. north of t h e  Careys ,  and 
the  coas ta l  a r eas  toward Thule. After  t h e  Thule ca l l  
these  s tudies  were  continued towards  C a p e  York and a t  
severa l  places in Lancaster  Sound. Valuable d a t a  were  
obtained on t h e  breeding and feeding habits of birds in t h e  
large  breeding colonies of nor thwestern  Greenland and 
Lancaster  Sound. 

Sidescan d a t a  were  obtained a t  t h ree  a reas  of 
northwestern Greenland and surprisingly the re  was 
virtually no evidence of iceberg scour,  despi te  the  areas  
being infested with l a rge  icebergs,  some  of which a r e  
known t o  ground. The bottom in t h e  surveyed a r e a s  was 
very hard and possibly t h e  lack of scour r e f l ec t ed  only 
lack of sediment  so f t  enough t o  reveal  scour. Figure 46.4 
shows d a t a  from near  t h e  Carey  Islands. The "pock-like" 
marks  may be iceberg  grounding marks  but no te  t h e  lack 
of l inear scours. Sidescan d a t a  obtained ear l ier  off 
Holsteinborg a lso  showed n o  scour. However, surveys on 
t h e  Labrador Shelf and on t h e  Baffin Shelf revealed 
intensive scouring t o  water  depths of a t  l ea s t  250 m 
(Fig. 46.5). Sidescan d a t a  will be  presented a t  t h e  
Geological Association of Canada meet ing in Vancouver in 
April 1977 by C.F.M. Lewis, S.M. Blasco, 
R.K.H. Falconer,  and G. Martin. 

In Lancaster  Sound t h e  main work was  ornithology 
and chemical  oceanography. Two chemis t ry  sect ions  with 
CTD c a s t s  and deep sampling were  done, one  near t h e  
mouth of Lancaster  Sound, t h e  o the r  in eas t e rn  Barrow 
Stra i t .  These sections provided preliminary d a t a  for t he  
definit ion of major chemical  oceanography programs in 
t h e  eas t e rn  arc t ic .  A 27 day chemis t ry  cruise  onboard 
CSS Hudson is scheduled for t he  eas t e rn  a rc t i c  in 1977. 



Figure  46.4. S idescan  r e c o r d  f r o m  60  k m  n o r t h  of t h e  C a r e y  Islands. W a t e r  d e p t h  
sha l lows  f r o m  300 m t o  150 m. 

F i g u r e  46.5. S idescan  r e c o r d  f r o m  Saglek  Bank n o r t h e r n  L a b r a d o r  She l f ,  in  a p p r o x i m a t e l y  
150 rn w a t e r .  
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Cruise  76-023 had been 
scheduled t o  end a t  Resolute,  
August 19, but t he  loss of t he  
ship's propellor on August 17 near  
Pr ince  Leopold Island a l t e r ed  
tha t .  The  Defence  Research 
Establishment Paci f ic  work was 
postponed. The Hudson could not  
g o  t o  Resolute because  of ice. 
Scient i f ic  and ship's personnel 
were  t ransfer red  t o  Resolute  f rom 
Maxwell Bay and Gasgoyne Inlet  
with t he  help of t h e  Polar 
Cont inenta l  Shelf Projec t .  

Cruise  76-025 (Lewis e t  al., 
1977) then worked in Lancas ter  
Sound fo r  15  days be fo re  re turning 
t o  St. John's, Newfoundland. The 
re turn  t r ip  provided much good en  
route  d a t a  in Baffin Bay and 
Labrador Sea: t h e  oil slick was  
investigated,  sidescan and se ismic  
ref lec t ion  d a t a  were  obtained on 
t h e  Baffin Shelf, seismic ref lec-  
t ion d a t a  w e r e  obta ined in pa r t  of 
Baffin Bay and on t h e  Labrador  
Shelf, gravi ty  and magnet ic  pro- 
f i les were  continuous. 

The Hudson sailed on c ru i se  
76-029 f rom St. John's a f t e r  
repai rs  were  completed  on 
September  22. En rou te  t o  t h e  
southeas tern  Baffin Shelf, a smal l  
survey was done of s t e e p  scarps  
which had previously been 
observed a t  t he  foo t  of t h e  
Labrador  Shelf slope. Tha t  survey 
a n d  m o r e  work on t h e  r e tu rn  t r i p  
indica te  t h a t  t he re  has been mas- 
sive slumping along a t  leas t  
400 k m  of t he  Labrador slope. A 
se ismic  ref lec t ion  profile parallel  
t o  t h e  slope crossing toes  of some  
slumps is  shown in Figure  46.6. 

F igure  46.6. Seismic ref lec t ion  record  parallel  t o  t h e  s lope  off Saglek Bank - 
Bedrock drilling was  carr ied  nor thern  Labrador shelf . '  Two-way t r ave l  t i m e  2 0.1 s e c  

ou t  off southeas tern  Baffin Island represents  about  100 m in t h e  sediments.  
on  both t h e  way northward and 
t h e  r e tu rn  southward. Cores  of consolidated and semi- Piston cores  were  obta ined a t  I 1  s i t e s  in Baffin Bay 
consolidated rocks were  obta ined a t  6 o u t  of 10  si tes.  as p a r t  of a Dalhousie University project .  Analysis of 
Deta i l s  of t he  bedrock program a r e  described by MacLean these  cores  (A. Aksu, pers. comm.) has  revealed  impor t an t  
and Falconer  (1977). marke r  horizons, mainly ash,  which can  be mapped in t h e  

bay. Mater ia l  from t h e  co re s  and g rab  samples  taken a t  
In Baffin Bay magne t i c  surveys were  t h e  major  o the r  local i t ies  a r e  being used by U. Lobsiger of Dalhousie 

work. A buoy magne tome te r  was used t o  moni tor  diurnal University in a geochemical  study of s ed imen t s  in t h e  
variations.  I t  was laid f i r s t  in t he  southern  a r e a  e a s t e r n  arc t ic .  
(Fig. 46.1) and  picked up 2 days  l a t e r  dr i f t ing  f r e e  3 miles 
f rom i t s  mooring. I t  appeared t h a t  i ce  had broken t h e  Acknowledgments 
nylon mooring line. The buoy was  then moved nor thward The success  of t h e  1976 Hudson a r c t i c  cru ises  i s  due  
t o  just south of t h e  1974 survey. Lines were  run south and in la rge  measure  t o  t h e  support  of t he  Of f i ce r s  and Crew 
nor th  of t ha t  survey. The magnet ic  l ineations mapped in of CSS Hudson under t h e  leadership  of Cap ta ins  L. S t rum 
1974 (Appleton et al., 1975) d o  not  appear  t o  extend f a r  and D. Deer. The contr ibut ion  of each  individual in t h e  
e i t he r  side of t h e  1974 survey but t h e r e  a r e  o the r  sc ient i f ic  par ty  t o  t h e  resul ts  of t h e  whole  program is 
l ineations in t he  southern  par t  of t he  bay. A l imited apprecia ted .  The suppor t  fac i l i t ies  of Bedford Ins t i tu te  
amoun t  of seismic ref lec t ion  d a t a  was  obtained ac ros s  t h e  were  very valuable. Polar Cont inenta l  Shelf P ro j ec t  
Baffin Island margin in t h e  Home Bay area .  A thick through F. A l t  ass is ted  with t h e  t r ans fe r s  through 
sedimentary  basin i s  evident  in Home  Bay. Resolute.  
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STRUCTURAL GEOLOGY O F  THE ALBERT PEAK AREA, 
SOUTHEASTERN BRITISH COLUMBIA 

E.M.R. Research Agreement  1135-D13-4-69/76 

J.W. Sears '  and R.A. p r i ce1  
Regional and Economic Geology Division 

A preliminary geologic map of a 250-km2 a r e a  of 
t h e  western Selkirk Mountains southeast  of Albert  Peak,  
British Columbia, was  prepared during the  1976 field 
season. This area ,  encompassing the  northern end of t h e  
Kootenay Arc and t h e  southern margin of t h e  
Clachnacudainn salient of t h e  Shuswap metamorphic  
complex (Fig. 47.1), was  chosen for detailed study because 
i t  lies within a s t ruc tu ra l  culmination in t h e  transit ion 
zone between t h e  inf ras t ructure  and supras t ructure  of t h e  
Cordilleran orogen, in a region a f f ec t ed  by superposition 
of Mesozoic and Paleozoic  deformations.  The purpose of 
t he  project  is t o  unravel t he  s t ruc tura l  geomet ry  and 
s t ra t igraphy and t h e  deformat ional  and metamorphic  
history of t he  area ;  and t o  clarify t h e  regional tec tonic  
evolution of th is  pa r t  of t h e  Cordillera. 

Mapped rock units include Hadrynian (?) and lower 
Paleozoic sedimentary  and igneous rocks, a locally 
concordant  sheet  of granodiorite gneiss (Gilman, 19721, 
and a discordant felsic pluton associated with t he  Ba t t l e  
Range Batholith. Distinct  s t ruc tura l  levels can  be  
recognized in t h e  layered rocks. The lower two  a r e  
separa ted  by the  low-angle Standfas t  Creek  extension 
faul t  of Thompson (1972). Rocks of t h e  lowest level 
include the  sheet  of granodiorite gneiss (unit  1) and 
overlying rusty weathering peli t ic qua r t z i t e s  and grey 
platy quar tz i tes  (unit  2) t ha t  a r e  interlayered with l ight 
grey micaceous marble,  minor peli te and amphiboli te 
(units  3 and 4). This sequence  may co r r e l a t e  with t h e  
Hadrynian Horsethief Creek  Group or may represent  
isoclinally infolded ca rbona te  rocks and qua r t z i t e s  of t h e  
lower Cambrian  Badshot Formation and Hamill  Group 
respectively. Rocks in t he  next level a r e  qua r t z i t e s  and 
peli tes of t h e  Hamill Group, peli t ic marble of t h e  Badshot 
Formation,  and dark grey t o  black carbonaceous  phyllite 
of t he  lower Paleozoic  Index Format ion (units 5,  6, 7) 
folded in to  t he  isoclinal Akolkolex ant ic l ine  of Thompson 
(1972). The overlying dark  grey l imestones and phylli tes 
and l ight green phyllites, greens tone ,  g r i t t y  green phylli te 
and sandstone,  and minor feldspathic conglomerate  
(units  7 through 11) of t h e  lower Paleozoic Lardeau Group 
may be  separa ted  from the  underlying levels by one or 
more  low-angle faults .  All units  of t he  upper level appear  
t o  have  intergradational contac ts .  In t h e  southeas t  co rne r  
of t h e  a r e a  of Figure  47.1, Read (Read and Wheeler, 1975) 
has  mapped black si l iceous phyllite of t h e  Sharon Creek  
Format ion (unit 12), green phyllite and metavolcanics  of 
t h e  J o w e t t  Format ion (unit 13), and g r i t t y  green phyllite 
of t he  Broadview Format ion (unit I&),  a l l  of lower 
Paleozoic  age. A green phyllite unit (unit 9)  underlying a 
thick dark grey peli t ic l imestone (unit 8) in t h e  ea s t e rn  
p a r t  of t h e  map a r e a  has  been tenta t ive ly  in terpre ted  a s  a 
l a t e r a l  extension of rocks  which Read (Read and Wheeler, 
1975) assigned t o  t h e  J o w e t t  Formation.  

The rnegascopic s t ruc tu ra l  geometry  of t h e  a r e a  is 
character ized  by an  open synform tha t  plunges south- 
eas ter ly  off t he  flank of t he  Laure t t a  Dome of Gilman 

(1972) and is coaxial  with two  s e t s  of southeas ter ly  
plunging superposed folds. Although many a s p e c t s  of t h e  
gross s t ruc tu re  remain  enigmat ic  because  of t h e  diffi-  
cul ty  in corre la t ing  units, severa l  f au l t s  t h a t  a r e  
subparallel  t o  schistosity and composit ional layering 
appea r  t o  be  important.  In addit ion t o  t h e  S t andfas t  
Creek  Faul t  of Thompson (1972) ano the r  f au l t  s eems  t o  
b e  required t o  account  for  relationships be tween  the  
Akolkolex Anticline of Thompson (19721, and the  thick 
dark  grey peli t ic l imestone (unit 8) t h a t  ex t ends  across  
t h e  cen t r a l  pa r t  of t h e  map area .  In t h e  southern  pa r t  of 
t h e  map a r e a  th is  f au l t  may b e  responsible for  t he  
appa ren t  repeti t ion of t h e  sequence  of uni ts  7, 8, 7 
and 10. Another f au l t  a t  t h e  base  of uni t  9 ,  in t h e  
ea s t e rn  pa r t  of t h e  map area ,  may accoun t  fo r  t h e  
repet i t ion  of uni ts  8 and 10, but  t h e  mapped relations 
a lso  might be  explained by fac ies  changes,  a s  favoured by 
Read (Read and Wheeler, 1975). Fu r the r  s t ruc tura l  
complexi t ies  a r e  obvious in t h e  nor thern  pa r t  of t h e  a r e a  
where  t h e  Standfas t  Creek  Faul t  o r  a subsidiary f au l t  is  
folded about  a southeas t  plunging a symmet r i c  anticline 
t h a t  is  probably re la ted  t o  t h e  development  of t h e  
Laure t t a  Dome. The  relationships between t h e  marble  
and qua r t z i t e  unlts  overlying this prominent shear  zone  
and t h e  units below t h e  Standfas t  Creek  Faul t ,  t h e  
Akolkolex Anticline,  t h e  overlying Lardeau Group and 
s t ruc tu re s  nor theas t  of Alber t  Peak  will b e  studied 
during t h e  1977 field season. 

Or ienta t ion  d a t a  fo r  six s t ruc tu ra l  e l e m e n t s  widely 
observed in t h e  map a r e a  a r e  summarized in Figure  47.2. 
Composit ion layering (A), is isoclinally folded about  
southeast-plunging axes  (D). Schistosity (B) parallels t h e  
axia l  su r f aces  of t h e  isoclinal folds and is  i tself  deformed 
in to  upright open folds with southeas t  plunging axes  (E). 
Crenula t ion  cleavage,  (C), parallels t h e  axia l  su r f aces  of 
t hese  upright folds and in t e r sec t s  composit ional layering 
and schistosity in a crenula t ion  l ineation (F). In addit ion 
t o  t hese  e lements ,  a re l ic t  metamorphic  foliation pre- 
da t ing  t h e  schistosity (B) was  observed in some  areas ,  but 
i t s  significance has not  y e t  been fully evaluated .  

Preliminary mapping of mineral  isograds defined by 
t h e  f i rs t  appearances  for  each  of bioti te,  garnet ,  
andalus i te  and si l l imanite,  shows a def lec t ion  in t h e  
neighbourhood of t h e  fe ls ic  pluton a t  t h e  nor thern  margin 
of t h e  map  area .  Tex tu ra l  relationships sugges t  t h a t  
regional metamorphic  f ac i e s  have been overprinted by a 
c o n t a c t  metamorphic  aureole ;  boudinaged pre- 
crenula t ion  garnets  coexis t  with undeformed andalusite 
porphyroblasts. The nearby occurrence  of kyanite- 
bear ing minera l  assemblages  with t e x t u r e s  indica t ive  of 
regional syn-kinematic metamorphism (Thompson, 1972) 
may indica te  t h a t  subs tant ia l  uplift, associa ted  with t h e  
development  of t h e  Laure t t a  Dome and t h e  whole of t h e  
Clachnacudainn salient,  occurred prior t o  emplacemen t  
of t h e  felsic pluton and.  a t t endan t  c o n t a c t  metamor-  
phism. The t i m e  of emplacemen t  of t h e  fe ls ic  pluton 
may also p lace  an  upper l imit  on t h e  a g e  of t h e  Standfas t  
Creek  fault .  

'Depa r tmen t  of Geological  Sciences,  Queen's University,  K 

From: Report of Activities, Part B; 
Geol. Surv. Can., Paper 7 7 - I B  (1977)  

.ingston, On ta r io  
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Figure 47.1. (opposite) 

Geologic map  with superposed mineral  isograds: Bi - Biot i te  And- Andalusite 
G a r  - G a r n e t  S i  - Sillirnanite 

I I. Vesicular maf i c  igneous rock 

12. Sharon Creek  Formation: black si l iceous phylli te 

13. J o w e t t  Formation: green phyllite, greens tone  

14. Broadview Formation: g r i t t y  green phylli te 

15. Fels ic  pluton 

Lithic units  numbered on map: 

I. Granodiorite gneiss 

2. Pe l i t i c  quar tz i te ,  qua r t z i t e ,  pe l i te  

3. Grey marble  

4. Amphibolite 

5. Hamill  Group: grey  rnicaceous quar tz i tes ,  green pel i tes  

6. Badshot Formation: grey pel i t ic  marble  

A. 52 poles to layering 

7. Black phyllite 

8. Grey and black phyllitic l imestone  

0. 607 poles l o  schirtosily 
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ECHO SOUNDING AND SUBBOTTOM PROFILING IN DOUGLAS CHANNEL 
AND KITIMAT ARM, BRITISH COLUMBIA 

Project  750108 

Brian D. Bornhold 
Terrain Sciences Division 

Introduction 

Considerable in t e re s t  in t h e  mar ine  environments of 
Douglas Channel and Kitirnat Arm (Fig. 48.1) has been 
generated recently by a proposal t o  establish a tanker  
route  through these  waters  and an oil te rminal  a t  Kitimat.  
As  pa r t  of the assessment of this proposal, a three-day 
cruise  on CSS Par izeau was  conducted f rom February 21- 
23, 1977 along t h e  proposed and a l t e r n a t e  routes  f rom 
Dixon Entrance, north of Queen Char lo t t e  Islands, t o  
Ki t imat  principally t o  consider navigational aspects  but  
also t o  gain an  impression of possible environmental 
concerns.  This cruise  provided an opportunity t o  obtain 
ver t ica l  and side-looking echo sounding records along two  
parallel  t racks  through t h e  channels and t o  make some  
preliminary in terpre ta t ions  of t h e  thickness, nature ,  and 
possible origin of t h e  seafloor sediments.  

CSS Par izeau is equipped with an 11 kHz Simrad 
echo  sounder, having a beam angle of 20". In addition t o  
providing a profile of the seafloor topography, t he  
echograms also yielded considerable subbottom informa- 
t ion with penetra t ions  of more  than 60 m in some  areas.  
A 24 kHz side-looking sonar, with a beam angle of 11 or  
30°, capable  of looking 360" about  t h e  ship f rom 5' above 
t o  25' below the  horizontal ,  also was used during this 
cruise. The sonar transducer was aimed a t  90' t o  
s tarboard and 25' below the  horizontal with an  I l o  angle. 

Resul ts  and Discussion 

The distribution of the  principal acoust ic  units in 
Douglas Channel and Ki t imat  Arm, thei r  thicknesses,  and 
the  locations of bedrock outcrops in t h e  channel floor a r e  
summarized in Figure 48.1. Because no information on 
t h e  seismic velocit ies of t h e  sediments  in th i s  a r e a  exists,  
t h e  thicknesses were  taken di rect ly  f rom t h e  echograms 
assuming t h e  s a m e  velocity a s  sea  water.  The unusually 
high subbottom penetra t ion in the  channel bot toms sug- 
ges ts  ra ther  high sedimentary water  contents  and, 
consequently, low seismic velocities. I t  is unlikely t h a t  
t h e  velocit ies of t h e  sediments  d i f fer  by m o r e  than 10 t o  
1 5  per  cen t  f rom t h a t  of sea water.  

Four distinct sedimentary  units could be identified 
on the  basis of thei r  acoust ic  character is t ics .  The 
uppermost unit (A) consists of highly s t r a t i f i ed  muds in 
distinct lenses, each up t o  60 m thick (Fig. 48.2). The 
presence of numerous dis t inct  ref lec tors  and t h e  convex 
upward shape of t h e  sediment  bodies suggest  episodic 
sedimentation, perhaps f rom turbidity cu r ren t s  originating 
in t r ibutary  channels,  forming sediment  cones  which thin 
and pinch out  t o  the  north and south along t h e  axis of t he  
main channel. 

Underlying uni t  A is a massive, unst ra t i f ied  layer  (B) 
of t ransparent  muds which drapes evenly ove r  t h e  bedrock 
surface  (Fig. 48.2). This unit  averages  20 m in thickness 
and is absent  only where  bedrock rises s teeply  f rom t h e  

channel floor. I t  s eems  probable t h a t  t h i s  unit  i s  of the  
s a m e  a g e  a s  t h e  mar ine  clays which di rect ly  overlie 
bedrock in Kitirnat Valley and o the r  larger  valleys in this 
a r e a  (Duffell and Souther,  1964; Armstrong, 1966). The 
distribution of postglacial sediments in Ki t imat-Terrace  
Valley indicates an  isostatic depression of about  300 m. 
Thus, deglaciation was accompanied by a mar ine  trans- 
gression of at l eas t  80  km up  Ki t imat  Valley and gave rise 
t o  extensive deposition of a variety of mar ine  sediments  
throughout t h e  region (Clague and Hicock, 1976). Unit B 
is thought t o  b e  a deeper  wa te r  facies,  deposited in 500 t o  
600 m water  depth,  corre la t ive  with t h e  mar ine  clays and 
de l t a i c  sediments  exposed on land. 

Delta-front sediments  (unit  C )  (Fig. 48.3) occur  near 
t h e  head of Ki t ima t  Arm and a r e  cha rac te r i zed  by 
undulating, hummocky topography and superimposed lobes 
of sediment  extending down t h e  d e l t a  f a c e  in to  deeper  
water .  These lobes and the  associated hummocky surface  
a r e  indicative of mass  slumping of unconsolidated sedi- 
men t s  from the  upper de l t a  front.  Large-scale submarine 
slope failures a r e  not uncommon in this a rea ;  on April 27, 
1975 approximately 2.5 x lo6 m 3  of mar ine  muds slid t o  
t h e  floor of t h e  channel on t h e  eas t e rn  s ide  of Ki t imat  
Arm near  Ki t imat  (Bell and Kallman, 1976). 

A unit (D) acoustically similar t o  unit  B occurs in 
southernmost Douglas Channel and grades  northward into 
t h e  highly s t ra t i f ied  muds of unit A. These t ransparent  
muds appear  t o  be  confined t o  deeper  wa te r s  in southern 
Douglas Channel (greater  than 400 m) where  thicknesses 
up t o  60 m have accumulated. 

The side-looking echograms provide an impression of 
t h e  topography of the  channel walls and indicate  a reas  
where  bedrock outcrops.  Continuous profiles of both sides 
of t h e  channels were  obtained excep t  for  t h e  west  side of 
Ki t imat  Arm. A side-looking echogram (Fig. 48.4) f rom 
Douglas Channel shows a reas  of bedrock outcrops  along 
the  channel walls and t h e  presence of a major sill. An 
analysis of both the  ver t ica l  and side-looking echograms 
revealed two  major bedrock sills and numerous isolated 
bedrock outcrops  on t h e  channel floor (Fig. 48.1). 

Fur ther  subbottom profiling, using a 3.5 kHz echo  
sounder, and piston coring a r e  planned in order  t o  
del ineate  b e t t e r  t h e  thickness and e x t e n t  of t h e  sedi- 
mentary  units identified in this study and t o  in terpre t  
thei r  origins. 
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PLOTTING SUBROUTINES FOR THE PRESENTATION O F  GEOLOGICAL DATA 

Projects 740062, 740063 

D. Swan and R. Linden 
Terrain Sciences Division, Vancouver 

The increasing use of computers  has allowed 
geologists t o  deal with larger and larger amounts  of data .  
The accura t e  graphic presentation of large  d a t a  s e t s  i s  
t i m e  consuming and expensive if done by hand and 
requires a considerable programming e f fo r t  if done using a 
computer.  Over the  las t  two years a package of th i r teen 
plott ing subroutines, wri t ten  in FORTRAN IV, has  been 
developed t o  produce a variety of plots of geological d a t a  
se ts .  These routines generate  p lot ter  output by calling 
t h e  standard CalComp routines PLOT, SYMBOL, 
NUMBER, AXIS, and LINE (California Computer  Products,  
1969). The routines have been made as flexible a s  
possible. For example,  most  of t he  routines allow t h e  user 
t o  specify plotting of e i ther  a symbol or a numerical value 
a t  a given location. Parameters  such a s  axis lengths, 
symbol heights, and labels can be  specified in many of t h e  
routines. The s t ruc tu re  of t he  subprogram package 
provides the  user with d i f ferent  levels of control. That is, 
routines which require very l i t t l e  user input a r e  available,  
as well a s  routines which require t h e  specification of a 
large  number of parameters .  

330000 50 60 70 80 

Figures 49.1 and 49.2 demons t r a t e  t h e  types  of plot 
t h a t  can be generated using textura l  d a t a  f rom a sui te  of 
marine sediment  samples collected in the  S t r a i t  of 
Georgia (Clague, 1975a, b, 1976, 1977). Figure  49.1 
displays the  geographical location of sediment  sampling 
s ta t ions  on a s tandard U.T.M. grid, with la t i tude  and 
longitude r e fe rence  crosses along t h e  edges  of t h e  figure. 
Figures 49.2A and 4 9 - 2 8  represent  t h e  cumulat ive  and 
simple frequency grain-size curves for  one of the  sedi- 
men t  samples. Figures 49.2C and 49.2D demons t r a t e  a 
popular method of  d i f ferent ia t ing sedimentary  environ- 
ments  using bivariate plots of s t a t i s t i ca l  pa ramete r s  
derived f rom grain-size frequency distributions. The 
contours .in Figure 49.2D quantify t h e  density of points in 
the  sca t t e rg ram,  allowing eas ier  grouping of the  samples 
in to  d i f ferent  fields, using a moving average technique. 
Figure 49.2E demonstra tes  a more  r ecen t  t rend in sedi- 
mentology, t h a t  of classifying environments  using f ac to r  
analysis (note  t h a t  t he  d a t a  presented in Figure 49.2E 
represent output  f rom a f a c t o r  analysis model 
incorporating sediment  d a t a  f rom t h e  northern S t r a i t  of 
90 0 10 20 440000 

330000 50 60 70 80 90 0 10 20 440000 
Figure 49.1. Geographic locations fo r  mar ine  sediment  samples  col lec ted in t h e  S t r a i t  of Georgia. 

From: Report of Activities, Part B; 
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CUMULRTIVE CURVE FOR ST. OF GEORGIR SRMPLE 5674 63 
Georgia with data  from the southern 

0 1 2 3 4 5 6 7  
MOMENT STRNDRRD OEVlRTlON 

~ t r a i r  of Georgia (Pharo, 1972)). 
Finally, a sand-silt-clay diagram 
(Fig. 49.2F) is included as another 
example of a graphical sedimento- 
logical tool. 

Program listings and full docu- 
mentation for these plotting sub- 
routines a r e  available a s  Data Systems 
Technical Note 11, Data Systems 
Group, Geological Survey of Canada. 
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PALEOMAGNETIC REMANENCE CHARACTERISTICS O F  SURFACE TILLS FOUND IN 
THE PAKOWKI-PINHORN AREA O F  SOUTHERN ALBERTA 

Pro jec t  650027 

R.W. Barendregt l ,  J.H. Fos ter2 ,  and A. MacS. Sta lker3  
Terra in  Sciences  Division 

'[he number of till sheets  present in the  Pakowki- 
Pinhorn a rea  of southern Alber ta  is still not known. A 
number of techniques have been used t o  t ry  t o  de t e rmine  
t h e  number present and to  map the  surficial  deposits  
there ;  one method presently being tr ied is  t o  map 
rernanent magnetism. O the r  workers (Stupavsky et al., 
1974a, b; S ta lker  and Foster ,  1976; Gravenor and 
Stupavsky, 1976) previously have used a map of r emanen t  
magnetization in d i f ferent ia t ing  and, in some  cases ,  
dating such deposits. 

The remanent  magnetization of t he  t i l ls  in this a r e a  
shows strong cha rac t e r i s t i c  magnetizations.  This may 
have been acquired,  while t h e  debris was being removed 
f rom the  base of t h e  ice in t he  form of a thick slurry,  a s  
postdepositional rernanent magnetization (PDRM). If t h e  
debris forming each  till was  deposited over a ra ther  long 
period of t ime,  a s  is probable, t h e  PDRM variations in 
each  till should r e f l ec t  t h e  variation in t h e  direction of 
t h e  ear th ' s  magnet ic  f ield a s  t h e  till progressively lost  
sufficient wa te r  t o  lock in i t s  cha rac t e r i s t i c  magnetiza- 
tion. If t h e  t i l l  were  t ime-transgressive,  a s  is  probable, 
th is  would happen in d i f ferent  a r e a s  at di f ferent  times. 

Or iented  blocks and drive-core samples  of t h e  
su r f ace  t i l ls  were  taken a t  20 s i tes ,  with 6 separa te ly  
or iented  specimens  f rom each  si te.  The  natura l  
remanent  magnet iza t ion  (NRM) of each specimen was  
measured on a Schonstedt D.S.M. spinner magnetometer .  
Following this, t h e  r emanence  of each  specimen was  
measured a f t e r  al ternating-field (AF) demagnet iza t ion ,  
using a Schonstedt  GSD-I demagnet izer .  A t  l ea s t  one  
pilot  specimen per s i t e  was  A F  s t e p  demagnet ized in 
l o o o e r s t e d  (oe) s t e p s  f rom l O O t o  IOOOoe peak 
intensit ies.  An opt imum demagnet iz ing in tens i ty  was  
se lec ted  graphically fo r  t h e  pilot  specimen using t h e  
method described by Symons and Stupavsky, 1974. J f ,  a s  
happened more  than half t h e  t ime ,  t h e  pilot specimen 
demagnet iza t ion  showed no s t ab l e  cha rac t e r i s t i c  
magnet iza t ion ,  t h e  specimen was  discarded and another  
specimen was  s t ep  demagnet ized a s  a pilot. This was  
continued until e i t he r  ( I )  al l  6 specimens  fo r  t h e  s i t e  had 
been discarded o r  (2) a 'successful' pilot  demagnet iza t ion  
was  obtained. In t h e  l a t t e r  case t h e  remaining specimens  
f rom t h e  s i t e  were  A F  demagnet ized a t  t h e  s e l ec t ed  
intensity,  and the i r  r emanen t  magnet iza t ion  was  
remeasured.  The mean  di rec t ion  of rernanent  

Table  50.1 

Remanence  Da ta  by S i t e  

Number of AF demagnet iz ing Length  of Declination Inclination Precision A95* 
Unit specimens  field (oe r s t eds )  resul tant  vector  (deg rees )  (deg rees )  p a r a m e t e r  (deg rees )  

26 A F  demagnet ized 6 .78  

Virtual Geomagnet ic  Pole  
75.6"N, 234.3'W 

*A95 = radius of 95% conf idence  
**DP and DM = semi-axes of oval of 95% conf idence  along and perpendicular t o  t he  si te-pole g r e a t  c i rc le .  

'Depa r tmen t  of Geography, Queen's University, Kingston 

Kegional and Economic Geology Division 

3 ~ e r r a i n  Sciences  Division 

From: Report of Activit ies,  Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



magnetization was ca lcula ted  fo r  each  s i te ,  along with i t s  
precision pa rame te r  (K) and t h e  radius of t h e  cone of 
9 5  per  c e n t  conf idence  (A95). S i tes  with A95 g r e a t e r  t han  
30  degrees  were  discarded, a s  each s i t e  consisted of 
samples  col lec ted  f rom a single s t ra t igraphic  horizon t o  
represent,  a s  closely a s  possible, a single t ime. 

The remaining 7 t i l l  s i t e s  of t h e  20 s i t e s  originally 
sampled had a s imi lar  cha rac t e r i s t i c  magnetization.  The 
v i r tua l  geomagnet ic  pole (VGP) was  75.6ON, 234.3OW, i.e. 
in t h e  Lapteuykh Sea  a r e a  (nor theas tern  Soviet  Union). 

The single c lus ter  of cha rac t e r i s t i c  magnet iza t ions  
obtained f rom t h e  mapping of r emanen t  magnet iza t ion  
(Table 50.1) did no t  permi t  differentiation of t i l ls  in t h e  
Pakowki-Pinhorn a r e a  nor show t h e  presence  of more  than 
one  t i l l  sheet.  This result  was  unexpected,  for  t h e  
samples were  col lec ted  f rom what were  thought t o  be  two  
d i f f e r en t  till shee t s  ( t he  Labuma and a post-Labuma 
(Stalker,  1960)) on grounds of morphology, ca rbona te  
content ,  and lithology. In addition, bulk magnet ic  
susceptibil i ty studies car r ied  ou t  ear l ie r  on these  samples  
(Barendregt e t  al., 1976) clearly had identified two till 
sheets.  The single direction shown by t h e  remanent  
magnetization measurements  made by t h e  wri ters  indi- 
c a t e s  t h a t  t he  PDRM was 'locked-in' with a similar 
or ienta t ion  for  both t h e  Labuma and post-Labuma tills. 

Remanence  studies of a glacial  till a r e  of ten  
difficult  in t ha t  pebbles may mask t h e  PDRM of t h e  f ine  
grained materials;  t h e  7 s i tes  re ta ined were  composed of 
f iner mater ia l  than t h e  s i tes  discarded. The wri ters  
recognize t h a t  i t  is d i f f icul t  t o  find and sample  sui table  
ma te r i a l  in many t i l l  sheets ;  however, th is  i s  necessary fo r  
a proper study of PDRM. I t  is  suggested t h a t  specimens  
should be  examined by X-ray f o r  t h e  presence  of pebbles 
be fo re  measuring r emanen t  magnetization.  
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51. CHANGES IN THE ACTIVE LAYER FROM 1968 t o  1976 AS A RESULT O F  THE lNUVIK F I R E  

P r o j e c t  680047 

J. Ross  ~ a c k a ~ '  
T e r r a i n  S c i e n c e s  Division 

From 8 t o  18 Augus t  1968,  a fores t - tundra  f i r e  b u r n t  
in t h e  Inuvik, Nor thwes t  T e r r i t o r i e s  a r e a  (Hill, 1969). T h e  
f i r e  des t royed  t e n s  of s q u a r e  k i l o m e t r e s  of l ichen-rich 
t u n d r a  and fores t - tundra .  As  a d i r e c t  resu l t  of t h e  f i re ,  
s o m e  b a r e  hillslopes b e c a m e  gull ied,  s e d i m e n t  w a s  t r a n s -  
p o r t e d  i n t o  o t h e r w i s e  c l e a r  l akes ,  ice-r ich p e r m a f r o s t  w a s  
exposed t o  t h e r m a l  e ros ion  and  t h e r m o k a r s t  a c t i v i t y ,  f low 
s l ides  developed,  bulldozed f i r e b r e a k s  subsided,  and  t h e  
a c t i v e  l a y e r  th ickened  over  m o s t  regions. N a t u r a l  
r e v e g e t a t i o n  has  been  rapid,  in s o m e  a r e a s ,  s i n c e  1968. 
Numerous  p a p e r s  have  a l ready  b e e n  w r i t t e n  on var ious  
a s p e c t s  of t h e  Inuvik f i r e  (e.g. Heginbot tom,  1973, 1974; 
Hill, 1969;  Mackay ,  1970;  Wein, 1974; Wein and Bliss, 
1973). S o m e  y e a r s  e a r l i e r ,  Nowosad (1963) discussed t h e  
i n c r e a s e  in th ickness  of t h e  a c t i v e  layer ,  a f t e r  c lear ing ,  at 
t h e  Inuvik E x p e r i m e n t a l  F a r m .  

w e r e  p laced  in a b u r n t  a r e a  a n d  a n o t h e r  1 5  in a n  a d j a c e n t  
unburn t  a r e a .  T w o  m o r e  s i t e s  w e r e  c h o s e n  4 k m  s o u t h e a s t  
of Inuvik in a d j a c e n t  burn t  a n d  unburn t  a r e a s ,  and  10 
s t a k e s  w e r e  i n s e r t e d  a t  e a c h  s i te .  A f i f t h  s i t e ,  on  a b u r n t  
hi l ls lope b u t  w i t h  n o  nearby  u n b u r n t  s i t e ,  w a s  c h o s e n  on a 
hil ls lope 4 k m  s o u t h e a s t  of Inuvik; 8 s t a k e s  w e r e  ins ta l led  
a t  t h i s  s i t e  (Fig.  51.1). S i n c e  1968  t h e  f i v e  s i t e s  h a v e  b e e n  
r e c h e c k e d  e a c h  August:  t h e  h e i g h t s  of t h e  s t a k e s  h a v e  
b e e n  m e a s u r e d ;  t h e  s t a k e s  h a v e  b e e n  t a p p e d  down t o  t h e  
f r o s t  t a b l e  when possible; v e g e t a t i o n  and  t e r r a i n  c h a n g e s  
h a v e  been  noted ;  a n d  t h e  s i t e s  h a v e  b e e n  r e p h o t o g r a p h e d  
f requent ly .  T h e  purpose  of t h i s  r e p o r t  i s  t o  d i scuss  a c t i v e  
l a y e r  c h a n g e s  b e t w e e n  1968 and 1976 at t h e  hi l ls lope s i te .  

Hillslope Site 

On 1 5  Augus t  1968,  while t h e  f o r e s t  f i r e  w a s  s t i l l  T h e  hi l ls lope s i t e  w a s  s t a k e d  wi th in  t w o  d a y s  a f t e r  i t  
burning,  f i v e  s i t e s  w e r e  s e l e c t e d  t o  moni tor  f u t u r e  had  b e e n  burn t .  T h e  or ig ina l  v e g e t a t i o n  w a s  s c a t t e r e d  
c h a n g e s  in t h e  te r ra in .  A t  e a c h  s i t e ,  1.5 m-long wooden s p r u c e  and  w h i t e  b i rch ,  wi th  willows, a l d e r ,  l abrador  tea, 
s t a k e s ,  2 c m  square ,  w e r e  dr iven  t o  t h e  f r o s t  t ab le .  T w o  h e a t h s ,  and  a spongy ground c o v e r  of mosses,  l ichens,  and  
of t h e  s i t e s ,  o n e  b u r n t  and  t h e  o t h e r  unburn t ,  w e r e  l o c a t e d  organic- r ich  t u r f .  T h e  f i r e  s c a r r e d  t h e  t r e e s  a n d  r e d u c e d  
by t h e  "Navy Road" 3 k m  n o r t h  of Inuvik. F i f t e e n  s t a k e s  t h e  v e g e t a t i o n  m a t  t o  a l a y e r  of a s h  s e v e r a l  c e n t i m e t r e s  

th ick ,  which rose  in a c loud  wi th  e v e r y  
passing f o o t s t e p .  T h e  19 d e g r e e  s lope  
had  r idges  t rending  downslope  
(Fig. 5 1.1). E ight  s t a k e s  w e r e  dr iven  t o  
t h e  f r o s t  t a b l e  a long  t h e  c o n t o u r ,  4 on  
t h e  r idges and  4 in t h e  in te rvening  
depressions.  

T h e  q u e s t i o n  c a n  b e  ra i sed  a s  t o  
w h e t h e r  t h e  h e a t  f r o m  t h e  f o r e s t  f i r e  
c o n t r i b u t e d  t o  a c t i v e  l a y e r  t h a w ,  e i t h e r  
dur ing  t h e  c o u r s e  of t h e  f i r e  o r  a f t e r -  
wards.  T h e  d u r a t i o n  of a c t i v e  burning 
at any  g iven  s i t e  ( t r e e s  exc luded)  w a s  
usually f a r  l ess  t h a n  half  a n  hour 
b e c a u s e  of t h e  lack  of c o m b u s t i b l e  
m a t e r i a l s .  F o r  e x a m p l e ,  a h e a t  f low 
c a l c u l a t i o n  (e.g. Ingersoll  et al.,  1954,  
eq .  7.14d) shows t h a t  if t h e  t o p  of t h e  
a c t i v e  layer  w e r e  a t  IO°C, and  t h e  f i r e  
main ta ined  a t e m p e r a t u r e  of 5 0 0 ° C  f o r  
ha l f  a n  hour,  t h e  t e m p e r a t u r e  r i se  a t  a 
d e p t h  o f  3 0 c m  would hard ly  b e  
percept ib le .  

Vegetation Changes (1968-1976) 

N a t u r a l  r e v e g e t a t i o n  of t h e  hill- 
s l o p e  s i t e  has  b e e n  rapid. O n e  y e a r  
a f t e r  t h e  f i re ,  a b o u t  7 0  p e r  c e n t  of t h e  
t o t a l  a r e a  of t h e  in te r - r idge  depress ions  

F igure  51.1. Hil ls lope s i t e  showing 8 s t a k e s  1.5 m long d r i v e n  down t o  t h e  f r o s t  w a s  c o v e r e d  w i t h  b a r e  a$. T ~ O  y e a r s  
t a b l e  s e v e r a l  d a y s  a f t e r  t h e  f i re .  T h e  uneven  he ights  o f  t h e  s t a k e s  a f t e r  t h e  f i r e  (i.e. 1970), t h e r e  w a s  a 
a r e  t h e  resu l t  of a l t e r n a t e  s t a k e s  being l o c a t e d  on  r idges  and  cont inuous  c o v e r  of f i r e w e e d ,  marsh-  
depress ions  (cf. Fig. 51.2) Augus t  16, 1968. f l e a b a n e ,  and  o t h e r  p l a n t s  s tanding  

' D e p a r t m e n t  of Geography,  Univers i ty  of Bri t ish Columbia ,  Vancouver ,  Bri t ish C o l u m b i a  V6T 1W5 

From: Report of Activities, Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



Figure 51.2. The hillslope s i t e  of Figure 51.1 a s  seen on August 28, 1976. The 
depth  of thaw has  increased an  average of 57 c m  in the  
depressions and 54 c m  in the  ridges. The vegetation is  waist  high. 
Most of the  t r ees  have fallen down; the  ta l l  t r e e  on the  right is  
identifiable in Figure 51.1. 

50 c m  high. By 1974, willows and white birch had grown 
t o  I m high. However, most of t he  burnt t rees ,  which 
were  upright in 1968, now had toppled over. Eight years  
a f t e r  t h e  fire (i.e. 1976), t he  s takes  were  largely hidden by 
a luxuriant growth, and a thickening ma t  of dead and 
decaying. vegetation had covered the  ground, leaving no 
bare  ash (Fig. 51.2). 

Act ive  Layer Changes (1968-1976) 

The 1968-1976 mean thickness of t h e  ac t ive  layer  
fo r  t h e  inter-ridge depressions (mean of 4 stakes) and 
ridges (mean of 4 stakes) is plotted in Figure 51.3. 
Several trends a r e  evident. First ,  although the  ac t ive  
layer for  both the  depressions and ridges thickened rapidly 
fo r  t he  f i rs t  4 or  5 years  a f t e r  t h e  fire,  a sl ight increase  
s t i l l  occurred even e ight  years  a f t e r  t h e  fire. Second, t h e  
absolute increase f rom 1968-1976 was nearly the  s a m e  for  
both the  depressions (57 cm) and the  ridges (54 cm). 
Third, t he  percentage thickening for the  depressions 
(250 per cent) was g rea te r  than t h a t  for  t he  ridges 
(190 per cent). Fourth,  t he  1968-1976 thickening of t h e  
ac t ive  layer for both depressions and ridges can  be  
approximated by an exponential  decay curve  (Fig. 51.3). 

Discussion 

The destruction of a vegetation cover  by clearing or  
by f i re  in a permafros t  environment usually results in a 
thickening of the  ac t ive  layer (e.g. Heginbottom, 1973; 
Kurfurst ,  1976; Mackay, 1970; Nowosad, 1963; Viereck, 

1973; Wein and Bliss, 1973), because 
the re  is a summer warming of soil 
temperatures  above those previously 
experienced. On the  other  hand, t h e  
winter t empera tu res  t end  t o  remain t h e  
same ,  unless the re  has been a change in 
t h e  snow cover. The ne t  e f f e c t  is  for  
t h e  amplitude of the  ground surface  
t empera tu re  t o  increase,  and the  ac t ive  
layer therefore  must deepen until a new 
equilibrium thickness i s  established. 

If permafros t  below the  ac t ive  
layer has l i t t le  excess  ice,  t he  quasi- 
equilibrium thickness of t he  ac t ive  
layer  can occur within a year  or  t w o  
following a surface  disturbance. How- 
ever,  t h e  top of permafros t  a t  t he  
hillslope s i t e  is  i ce  rich, and prior t o  the  
f i re  the  i ce  con ten t  may have exceeded 
50 per  c e n t  by volume (Heginbottom, 
1973). The thaw of such ice-rich 
permafros t  is  a slow summer process. 
For example,  if t he  volumetr ic  i ce  
con ten t  a t  t he  top of permafros t  was 
50 per cen t ,  then the  thickening of t h e  
ac t ive  layer in t h e  depressions required 
t h e  thaw of about  114 c m  of permafros t  
t o  yield the  57 c m  of new ac t ive  layer 
soil; for  t he  ridges, thaw of 108 c m  of 
permafros t  was required t o  supply 
54 c m  of new act ive  layer soil. On a 
50 per  c e n t  i ce  con ten t  basis, t h e  hill- 
slope s i t e  would have subsided about  
50 cm. 

The summer thaw in t h e  ac t ive  layer usually 
approximates  an  exponential  or  modified exponential  
curve  (Kelly and Weaver, 1969). The exponential  cu rve  in 
Figure 51.3 has been applied t o  many types  of naturally 
occurring d a t a  (Ten Brink, 1974). The curve  is described 
by t h e  equation: 

where  At i s  t h e  thickness of t h e  ac t ive  layer  a t  t h e  end of 
August in year  t; A, is  t h e  thickness of t h e  ac t ive  layer  a t  
t=o ,  i.e. 1968; e is  t h e  base of natura l  logarithms; k i s  an  
exponential  constant  which must be  f i t t ed  for  each  s e t  of 
thaw da ta ;  and t i s  t ime  in years. The computed curves in 
Figure 51.3 have k=0.5 for  t h e  depressions and k=0.8 for  
t h e  ridges. The r a t e  of decay for  t h e  depressions 
apparently is  slower than fo r  t h e  ridges. 

As a consequence of the  fire,  t he re  is  now less 
con t ra s t  between t h e  thickness of t he  ac t ive  layer  
beneath  t h e  depressions a s  compared t o  t h e  ridges. In 
most a reas  of vege ta t ed  pat terned ground, such a s  t h e  
hillslope ridges, t he  ac t ive  layer  is  much thinner beneath  
the  depressions than beneath the  ridges. A t  t h e  hillslope 
s i te ,  t he  g rea te r  thickening of the  ac t ive  layer beneath  
t h e  depressions (250 per  cent)  a s  compared t o  the  ridges 
.(I90 per  cent)  shows t h e  fo rmer  influence of t h e  vegeta-  
t ion cover  and microtopography in keeping t h e  depressions 
colder than t h e  ridges. 
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Figure 51.3. The  observed thickening of t h e  ac t ive  layer  
fo r  t he  depressions (mean of 4 stakes) and 
ridges (mean of 4 s takes)  f rom 1968-1976 
along with computed curves.  S e e  text .  

O t h e r  Areas  

Although no t  discussed in de t a i l  here ,  t h e  four  o the r  
s taked s i tes  have shown similar changes  where  a vegeta-  
t ion cover was destroyed. At  one s i t e  with large  
vege ta t ed  ea r th  hummocks in 1968, some  hummocks have  
now lost  the i r  mound relief .  In a r e a s  of la rge  mud 
hummocks  (cf. Wein and Shilts ,  1976) t h e  vege ta t ed  
depressions now have a th icker  a c t i v e  layer,  whereas  t h e  
mud cen t r e s  have changed l i t t le.  Along some of t h e  
bulldozed firebreaks,  subsidence in excess  of 100 c m  has  
occurred  locally. 

Conclusion 

The ac t ive  layer  on a burnt  hillslope a t  Inuvik 
continued t o  thicken, but a t  a decreas ing r a t e ,  f rom 1968- 
1976. The deepening occurred  despi te  t h e  rapid growth of 
a waist-high vegeta t ion  cover.  The 8-year period required 
t o  r each  a quasi-equilibrium a c t i v e  layer  dep th  has 
resulted f rom t h e  high i ce  c o n t e n t  of t h e  t op  of 
permafros t .  The burnt hillslope probably has subsided 
nearly 50 cm.  In t h e  fu ture ,  a s  t h e  vegeta t ion  succession 
changes,  t h e  ac t ive  layer  will probably thin, t h e  upper 
permafros t  su r f ace  will agg rade  upwards, and some  i c e  
lenses a t  t h e  bot tom of t h e  ac t ive  layer will become  
incorporated in to  permafros t .  If th is  happens, t h e  ground 
su r f ace  will r i se  by a n  amoun t  equal  t o  t h e  t o t a l  th ickness  
of t h e  i c e  lenses incorporated i n t o  t h e  upward aggrading 
permafros t .  The hillslope thickening of t h e  a c t i v e  l aye r  
over a n  8-year period emphasizes  t h e  inherent danger  of 

drawing conclusions on t h e  e f f e c t  of a dis turbance  only a 
year  o r  so  a f t e r  disturbance.  The long-term a c t i v e  layer  
e f f e c t  can  only be  inferred if t he  ice  con ten t  of 
permafros t  i s  known and t h e  e x t e n t  of t h e  revegeta t ion  i s  
es t imated .  

Re fe rences  

Heginbottom, J.A. 
1973: Some e f f e c t s  of su r f ace  d is turbance  on the  

pe rmaf ros t  ac t ive  layer a t  Inuvik, N.W.T.; 
Environmental-Social Prog., Nor thern  
Pipelines, Task Force  Nor thern  Pipelines, 
O t t awa ,  Rept.  73-16, 22 p. and appendix. 

1974: The e f f e c t s  of su r f ace  disturbance on ground 
i ce  con ten t  and distribution; in Repor t  of 
Activit ies,  P a r t  A, Geol. Surv. Can., P a p e r  74- 
1 A, p. 273. 

Hill, R.M. 
1969: Review of Inuvik Fores t  F i r e  August 8-18, 

1968. Inuvik, N.W.T.; Inuvik Research 
Labora tory ,  10 p. 

Ingersoll, L.R., Zobel, O.J., and Ingersoll, A.C. 
1954: H e a t  Conduction; University of Wisconsin 

Press ,  Madison, 325 p. 

Kelly, 3.3. and Weaver,  D.F. 
1969: Physical  processes a t  t h e  su r f ace  of t h e  a r c t i c  

tundra ;  Arct ic ,  v. 22, p. 425-437. 

Kurfurst ,  P.J. 
1976: Assessment of t e r r a in  performance in t he  

Mackenzie Valley and Arc t i c  Islands; in Repor t  
of Activit ies,  P a r t  A, Geol. Surv. Can., 
Pape r  76-IA, p. 277-279. 

Mackay, J.R. 
1970: Disturbances t o  t h e  t undra  and fo re s t  tundra  

environment  of t h e  western  Arct ic ;  Can. 
Geotech.  J., v. 7,  p. 420-432. 

Nowosad, F.S. 
1963: Growing vegetables  on permafros t ;  North, 

V. 10, p. 42-45. 

Ten Brink, N.W. 
1974: Glacio-Isostasy: new d a t a  f rom West 

Greenland and geophysical  implications;  Geol. 
Soc. Am., Bull., v. 85,  p. 219-228. 

Viereck, L.A. 
1973: Wildfire in t h e  ta iga  of Alaska; J. Quat .  Res., 

V. 3, p. 465-495. 

Wein, R.W. 
1974: Recovery  of vegeta t ion  in a r c t i c  regions a f t e r  

burning; Environmental-Social Prog., Nor thern  
Pipelines, Task F o r c e  Nor thern  Pipelines, 
O t t awa ,  Rept.  74-6, 6 3  p. 

Wein, R.W. and Bliss, L.C. 
1973: Changes  in a r c t i c  er iophorum tussock 

communi t ies  following f i re ;  Ecology, v. 54, 
p. 845-852. 

Wein, R.W. and Shilts, W.W. 
1976: Tundra  f i r e s  in t h e  Dis t r ic t  of Keewatin;  in 

Repor t  of Activit ies,  P a r t  A, Geol. Surv. 
Can., Pape r  76-IA, p. 51 1-515. 





ACOUSTIC PROPERTIES O F  FROZEN SOILS 

Project 740046 

P.J. Icurfurst 
Terrain Sciences Division 

A detailed study of the  acoust ic  properties and 
behaviour of f rozen soils a t  permafrost  t empera tu res  is  
being carr ied  ou t  both in t h e  laboratory and in t h e  field by 
Terrain Sciences Division, Geological Survey of Canada. 
This study, init iated in spring of 1976, is  par t  of a 
continuing long-term research program of laboratory and 
field measurements  of physical properties of f rozen soils 
and rocks. 

Compressional and shear  wave velocit ies a r e  
measured in t h e  laboratory on f rozen soil samples t h a t  
differ in type of mater ia l  and i ce  content ;  all  samples 
were  col lec ted a t  drill s i tes  in Mackenzie Valley and 
Arc t i c  Islands where  field measurements  of se ismic  
velocit ies were  made a t  t h e  t ime  of drilling. All samples  
tes ted  a r e  subjected t o  a uniaxial s t a t e  of s t ress  a t  a 
range of t empera tu res  varying f rom + I ° C  t o  -7OC. 

pulse t o  one of the  two  piezoelect r ic  transducers.  The 
pulse of mechanical energy produced by t h e  t ransmit ter  
t r ave l s  through the  t r ansmi t t e r  face ,  specimen,  and the  
receiver  f a c e  t o  t h e  receiver  where  i t  i s  conver ted  in to  an  
e lec t r ica l  voltage signal. This signal then is  amplified and 
displayed on a horizontal axis of one beam of a dual-beam 
oscilloscope. Both the  pulsed oscil lator and the  
oscilloscope sweep a r e  tr iggered by a t ime-mark 
generator ,  which a lso  provides a c c u r a t e  t i m e  marks  on t h e  
second beam of the  oscilloscope. The sample  preparation 
and t h e  operational procedure used a r e  similar t o  those  
described in detail  by Kurfurst  and King (1972). 

The compressional and shear  wave velocit ies a r e  
obtained by measuring t h e  t i m e  taken by a pulse t o  
t r ave r se  t h e  length of t he  specimen. Their values a r e  
c lacula ted  by using the  following equation: 

A special  apparatus,  consisting of e lec t ronic  equip- l/d v v = -  
ment ,  a fluid-pressure control  sys tem,  and a loading p' s t l  - t:! 
f r ame ,  has  been installed in t h e  temperature-controlled 
cold room. The apparatus ,  original in design, enables where V is compressional wave velocity 
measurement  of compressional and shear wave velocit ies P 

sequentially on t h e  s a m e  specimen; a detailed description Vs shear  wave velocity 
of the  apparatus  was repor ted  by Kurfurst  (1977). 1 length of specimen 

Frozen soil samples of required dimensions a r e  d d i ame te r  of specimen 
placed between t h e  t ransmit ter  and the  receiver and then 
a r e  placed in the  loading f rame.  The fluid-pressure 
control  system, connected t o  t h e  loading f rame,  i s  used t o  

t l  pulse t ravel  t ime  through specimen and trans- 
ducer  holders 

apply t h e  required pressure on t h e  sample. The e n t i r e  t2 p l s e  t ravel  t i m e  through t ransducer  holders 
assemblage is connected t o  the  e lec t ronic  equipment.  A 
pulsed oscil lator is  used t o  apply a shor t  sinusoidal-voltage 
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U L T R A S O N I C  W A V E  V E L O C I T I E S  V S  T E M P E R A T U R E  
Figure 52.1. Relationship between acous t i c  wave velocity and temperature :  f ine  grained soils. 

From: Repor t  of Activit ies,  P a r t  B; 
Ceol. Surv. Can., Paper  77-1B (1977) 



U L T R A S O N I C  WAVE V E L O C I T I E S  V S  T E M P E R A T U R E  

Figure 52.2. Relationship between acoustic wave velocity and temperature: coarse grained soils. 

P O I S S O N ' S  R A T I O  V S  T E M P E R A T U R E - F I N E G R A I N E D  SOILS  

Figure 52.3. Relationship between dynamic Poisson's ratio and temperature: fine grained soils. 
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Figure 52.4. Relationship between dynamic Poisson's ratio and temperature: coarse grained soils. 

A series of tests was conducted on frozen clay 
samples of low and high plasticity. Values of compres- 
sional and shear wave velocities measured were plotted as 
a function of temperature and are shown in Figure 52.1. 
Both compressional and shear wave velocities display 
similar behaviour. Results indicate that an increase in the 
measured velocities occurs after the temperature is 
reduced below 0°C; this increase becomes pronounced 
around -I°C. After the temperature is reduced further, 
velocities increase only gradually at  a relatively slow 
rate. This behaviour of frozen clays is attributed to a 
combination of their high natural moisture content, grain 
size, and low porosity. 

Results of tests on frozen samples of poorly graded 
sands, organic soils, and peats are presented in 
Figure 52.2. A sharp increase in compressional wave 
velocities occurs immediately after reducing the tempera- 
ture below 0°C; further reduction in the temperature 
below -I°C results in further gradual velocity increase, 
which is relatively slow. Although shear wave velocities 
show the same sharp increase for a temperature range 
between +I OC and -I OC. 

Values of dynamic Poisson's ratio were calculated 
for all samples tested, using the following formula: 

where is dynamic Poisson's ratio 
dyn 

Vp compressional wave velocity 

The typical values of dynamic Poisson's ratio were 
plotted as a function of temperature for both fine and 
coarse grained soils tested (Figs. 52.3 and 52.4). 

Fine grained soils, represented by low and high 
plasticity clays (Fig. 52.3 - CL and CH groups), display a 
gradual increase in values of dynamic Poisson's ratio when 
temperature is reduced from I°C to -3OC; any further 
decrease in temperature results in only a slight increase in 
dynamic Poisson's ratio. However, poorly sorted sands, 
organic soils, and peats (Fig. 52.4 - SP, OH and Pt 
groups),representing coarse grained soils, show the 
opposite trend. When temperature is reduced below +I "C, 
values of dynamic Poisson's ratio decrease sharply until 
temperature reaches -3OC; further decrease in tempera- 
ture to -7OC produces either minor or no decrease in 
dynamic Poisson's ratio. Differences in grain size, void 
ratio, and porosity seem to  be the major factors affecting 
the values of dynamic Poisson's ratio and its behaviour. 

Field measurements of seismic velocities were made 
adjacent to  boreholes using a 12-channel refraction array 
laid out on the surface. Only high velocity first arrival 
events were used in correlation with laboratory results. 
Because the seismic refraction technique used measured 
an average velocity over a considerable distance 6100 m) 
and a considerable depth (20 to 30 m), good correlation 
between the field and laboratory results is remarkable and 
attests to the uniformity of materials surrounding the 
boreholes tested. 

Typical results of both field and laboratory values of 
compressional and shear wave velocities are summarized 
in Table 52.1. 

V; shear wave velocity 



Table 52.1 The results obtained show that: 

Comparison of Field and Laboratory Data 

Drillhole V field V lab Vs field Vs lab USCS* 
P P 

DH 2 3.11 2.79 0.82 0.85 CL 

DH 3 3.05 2.88 1.04 0.89 CL 

DH 4 2.62 2.90 0.81 1.05 CL, CH 
-. 

GL 1 3.36 3.48 0.74 0.73 SP, CH 

GL 2 2.38 2.45 0.73 0.79 CH 

S A 2.74 2.77 0.62 0.63 OH, CL, Pt  

7 B 3.04 3.09 0.64 0.71 CH, SM-SC 

M V 3.58 3.86 0.86 - MH 

TL 2.57 2.47 0.63 - OH 

Note: All values in km/s, temperature -1 OC. 

* Unified Soils Classification System 

(1) an increase in both compressional and shear wave 
velocities occurs when temperature is reduced below 
0°C due to formation of ice in large pore spaces; 

(2) the rate of velocity increase is proportional to the 
increase in the amount of ice within one soil type 
due to changes in temperature, but varies with 
different soil types; 

(3) there is a depression of temperature, a t  which most 
freezing takes place, from O°C to about -1 OC for 
fine grained soils as a portion of the water remains 
unfrozen in smaller pores even a t  and below 0°C; 

(4) a correlation exists between the type of material 
and dynamic Poisson's ratio. In general, values of 
dynamic Poisson's ratio increase for fine grained 
soils and decrease for coarse grained soils as the 
temperature is reduced below O°C; 

(5) good agreement exists between field and laboratory 
results. 
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ICEBERG CONCENTRATIONS AS AN INDICATOR O F  SUBMARINE MORAINES, 
EASTERN QUEEN ELIZABETH ISLANDS, DISTRICT O F  FRANKLIN 

Projec t  750063 

W. Blake, Jr .  
Terrain Sciences Division 

A t  a number of locali t ies in southeas tern  El lesmere  
Island and on Coburg Island (Fig. 53.2), submarine 
moraines a r e  delineated by concentra t ions  of s t randed 
icebergs or, in shallower water ,  by raf ted  floes of s e a  ice. 
Although t h e  si tuation var ies  f rom year  t o  year,  in a 
genera l  way photographs t aken  in l a t e  spring o r  ear ly  
summer ,  before  breakup, a r e  t he  most useful. This is 
part icularly t rue  if an abundance of icebergs dr i f ted  in to  
t h e  a r e a  during the  preceding summer  and autumn. 

Arc t i c  Archipelago a r e  just commencing a s  p a r t  of a long- 
t e r m  projec t  of deciphering t h e  g lac ia l  history and 
geochronology of this vas t  region. The purpose of this 
r epo r t  is t o  i l lus t ra te  a few examples  of t h e  type  of 
occu r rence  described above. 

The unnamed ou t l e t  g lac ier  shown in Figure  53.1 i s  
on t h e  west  side of Coburg Island (Fig. 53.2). No 
chronological  d a t a  a r e  available a s  t o  when t h e  outer  
submarine  moraine formed,  but  t h e  inner moraine  appears  
t o  mark t h e  position occupied by t h e  g lac ier  f r o n t  in 1959, 
fo r  t h e  ae r i a l  photographs t aken  on July 16th of t h a t  year  
reveal  t h e  presence of only a single underwater  ridge 
(Fig. 53.3). In th is  connection i t  is in teres t ing  t o  no te  t h a t  
photographs (A22540-42 and -43) t aken  f rom a n  a l t i t ude  of 
approximate ly  3090 m on August 19th,  1971, at a t i m e  
when t h e  wa te r s  around Coburg Island were  ice  f r ee ,  show 
no  t r a c e  of t h e  submarine moraines in f ron t  of t h e  glacier 
i l lus t ra ted  in Figures 53.1 and 53.3. This indica tes  t h a t  

In a r e a s  where  deta i led  soundings have been carr ied  
ou t  and hydrographic cha r t s  a r e  available (cf. LiestdI, 
1972), submarine moraine ridges can be  discerned without 
recourse  t o  indirect  methods; but  in more  r e m o t e  and 
less-studied Arc t i c  regions, mapping of moraines  by t h e  
s t randed icebergs aligned along them is a useful tool, a s  
Ldken (1973) has demonst ra ted  already off t h e  north- 
ea s t e rn  coas t  of Baffin Island. Investigations of t h e  
submarine moraines in t h e  nor thern  pa r t  of t h e  Canadian  

Figure 53.1. View nor theas tward  along t h e  nor thwest  coas t  of Coburg Island. No te  how two  submarine  moraines  
a r e  de l ineated  by t h e  pa t t e rns  in t h e  ice  in f ron t  of t h e  glacier in t h e  foreground. P a r t  of t h e  ou te r  
moraine t h a t  is  above sea  level is  indicated by t h e  large  arrow, and t h e  two  underwater  r idges a r e  
located  by t h e  smal ler  arrows. Ju ly  2, 1970 (GSC-203181). 

From: Report o f  Activities,  Part B; 
Geol.  Surv. Can., Paper 77-18  (1977)  



t h e  moraine ridges l ie in wa te r  deep  enough t h a t  they a r e  te rminal  position approximately a t  t h e  shoreline. The  
g lac ier  has since r e t r ea t ed  f rom t h e  position a t t a ined  
during t h a t  advance,  leaving a prominent moraine  
(Fig. 53.4). The outer  submarine moraine shown in 
Figure 53.1 may be  re la ted  t o  t h e  s a m e  expansion, f o r  i t  
would not  b e  unreasonable if a d v a i x e s  of out le ;  g lac iers  
on both sides of Coburg Island had taken place  a t  
approximate ly  t he  s a m e  time. 

pqq*.,~,-x"s.". -, .. -, *-.+,r i.--;--.- . 
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not  visible on - fa i r ly  low level photography. On t h e  
opposite side of Coburg Island, 'Laika Glacier '  (unofficial  
name used by the  North Water Projec t ,  leader F. Mijller, 
ETH, Zurich) advanced across  a ser ies  of raised beaches  
some t i m e  within t h e  l a s t  few thousand years,  probably 
within t he  last  few hundred years, and it reached a ' 
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Figure 53.2. LANDSAT image  of t h e  ea s t e rn  p a r t  of Jones  Sound, showing t h e  location of s i t e s  r e f e r r ed  t o  in t h e  
t ex t .  The position of t h e  unnamed glac ier ,  shown in Figure  53.2, on t h e  nor thwest  side of Coburg 
Island is indicated by the  black diamond; 'Laika Glacier '  on t h e  e a s t  side of t h e  s a m e  island 
(Fig. 53.3) is indicated by t h e  open diamond. Note  t h e  development  of t h e  North Water  at t h e  t i m e  
t h e  image  was  c r ea t ed ,  April 26, 1975 ( image E-11007-17232, spec t r a l  band 7). 



Figure >3.3.  Vertical aerial photograph of the same glacier on the northwest side of 
Coburg Island that is shown in Figure 53.2. Note the single line of bergy 
bits, rafted ice, etc., extending out from the moraine on the south side of 
the glacier. Photograph A16682-16 taken from an altitude of ca. 9100 m, 
July 16, 1959. National Air Photographic Library, Department of Energy, 
Mines and Resources, Ottawa. 



Figure 53.4. Aerial  view southeastward along t h e  e a s t  coas t  of Coburg Island. The terminal  moraine  of 'Laika 
Glacier '  c u t s  obliquely across  t h e  ser ies  of raised beaches. July 2, 1970 (GSC-203182). 

Figure 53.5. Aerial  view northward at Wilcox Glacier,  Ellesmere Island, with a group of icebergs  aligned in 
concentr ic  fashion in t h e  foreground. July  2, 1970 (GSC-203183). 

The line of icebergs shown in Figure 53.5, south of 
Wilcox Glacier,  southeastern Ellesmere Island (Fig. 53.2), 
is considerably f a r the r  from the  glacier than is t he  case  
with the  moraines on Coburg Island. The only chronologi- 
c a l  da t a  in the  immediate  vicinity a r e  from Cory Glacier,  
some 20 km t o  t h e  nor theas t  (cf. Fig. 53.6). There,  
organic mater ia l  believed t o  represent  a lagoonal deposit  
(Blake, 1970, 1975) is  present  within a beach ridge a t  an  

e levat ion of 10 m and over I km from the  present shore; 
t h e  organic mater ia l  was determined t o  be  6490 + 140 
.years old (GSC-1170). Obviously a sequence of younger 
beaches  formed before  Cory Glacier  readvanced, c r e a t e d  
a ser ies  of moraines, and diver ted  me l twa te r  t o  t r u n c a t e  
and destroy much of t h e  beach area .  In addition, one a r e a  
on t h e  lowest beaches  i s  occupied by t h e  ruins of typical  
Thule cu l tu re  houses (s i te  RbHa-I;  Fig. 53.6). I t  s e e m s  



ory Glacier 

F i g u r e  53.6. Ver t ica l  a e r i a l  photograph  of C o r y  G l a c i e r  and  t h e  a d j a c e n t  unnamed g lac ie r ,  E l les rnere  Island. 
N o t e  t h e  s t r a n d e d  i c e b e r g s  (a r rows)  on  t h e  l i m b s  of t h e  s u b m a r i n e  m o r a i n e s  and  t h e  way in which 
t h e  b e a c h e s  have  been  t r u n c a t e d  by t h e  ice-marg ina l  r iver .  T h e  b lack  d iamond i n d i c a t e s  t h e  
loca t ion  of t h e  d a t e d  lagoonal  d e p o s i t  r e f e r r e d  t o  in t h e  t e x t .  P h o t o g r a p h  A16682-170 t a k e n  f r o m  
a n  a l t i t u d e  of c a .  9100  m ,  J u l y  16 ,  1959. N a t i o n a l  Air  P h o t o g r a p h i c  Library ,  D e p a r t m e n t  of 
Energy ,  Mines and  R e s o u r c e s ,  O t t a w a .  

r e a s o n a b l e  t o  a s s u m e  t h a t  t h i s  s i t e  w a s  occupied  s o m e  a l s o  c a n  b e  a s s u m e d  t h a t  t h e  r e a d v a n c e  of C o r y  G l a c i e r  
t i m e  during t h e  l a s t  1000 y e a r s ,  fo r  a T h u l e  s e t t l e m e n t  p o s t d a t e s  t h e  o c c u p a t i o n  of s i t e  RbHa-1,  t h e n  t h e  
f a r t h e r  w e s t  a long  t h e  c o a s t  of J o n e s  Sound ( s i t e  RcHv-1) s u b m a r i n e  m o r a i n e s  f o r m e d  re la t ive ly  r e c e n t l y ,  i.e., 
c o n t a i n s  w h a l e  bone  which is  1110 2 8 0  y e a r s  old (GSC- wi th in  t h e  l a s t  f e w  hundred years .  A n o t h e r  l ine of 
1899;  Blake,  1975)'.  If t h i s  assumpt ion  i s  c o r r e c t  and  if i t  e v i d e n c e  is  provided by t h e  p r e s e n c e  of p e a t  underlying 

'McGhee  (1975) h a s  sugges ted  t h a t  " t h e  main  t h r u s t  of t h e  T h u l e  m o v e m e n t  i n t o  A r c t i c  C a n a d a  o c c u r r e d  b e t w e e n  
A.D. 1100 and  1400,  and  t h a t  by t h e  l a t t e r  d a t e  t h e  T h u l e  o c c u p a t i o n  had s p r e a d  throughout  m o s t  of t h e  C e n t r a l  and  
E a s t e r n  Arctic".  
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colluvium or solifluction debris adjacent  t o  Jakeman 
Glacier (Fig. 53.2); this mater ia l  is 1470 2 80 years old 
(GSC-1562). The advance of the  glacier t ha t  caused the  
ice-marginal river t o  impinge on the  succession of marine 
deposits and to  excavate  the  section where the  peat  is 
exposed must postdate the  development of t h e  peat.  

In Figure 53.6 t h e  stranded icebergs carr ied  on to  t h e  
submarine moraine in f ront  of both Cory Glacier and t h e  
unnamed glacier t o  t h e  nor theas t  a r e  readily discernible. 
In this area ,  because of t h e  southwestward-flowing 
cu r ren t  in Glacier St ra i t ,  t h e  icebergs tend t o  c lus ter  on 
t h e  eas tern  limbs of the  submarine moraines. The 
relationship, if any, of t h e  icebergs nearer  t he  S tewar t  
Islands t o  moraines beneath the  sea  is uncertain.  As 
observed ear l ier  with regard t o  t h e  glacier on t h e  west 
side of Coburg Island, submarine moraines in f ron t  of 
Wilcox Glacier and Cory Glacier cannot  b e  de tec t ed  on 
aer ia l  photographs taken under i ce  f r ee  conditions; e.g., 
during August 1959 (flight lines A16779 and 16787) and 
August 1971 (flight line A22540). 
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FOSSIL RECORD O F  CERATOPHYLLUM DEMERSUM L., 
ELATINE TRIANDRA VAR. AMERICANA (PURSH) FASSETT, AND 

LEERSIA ORYZOIDES (L.) SWARTZ FROM THE MISSINAIBI FORIVIATION, NORTHERN ONTARIO 

Project  690064 

Sigrid Lichti-Federovich 
Terrain Sciences Division 

Interglacial peat  beds from Moose River Crossing 
(50°19'N; 81°18'W) in northern Ontario a r e  producing plant 
subfossils of considerable paleoflorist ic interest .  An 
ear l ier  discovery (Lichti-Federovich, 1974) of macrofossils 
of a species of southern affinity (Najas guadalupensis) in 
these Missinaibi Formation beds was explained in t e rms  of 
extinction of a northern ecotype. The assemblage 
recorded t o  date ,  both a s  pollen and macrofossils, is 
predominantly of boreal affinity,  with high pollen 
frequencies of spruce  and pine. 

Further analysis has yielded macrofossil finds of 
t h ree  species whose modern ranges do not extend north of 
t he  Clay Belt region of Ontario. These a r e  Ceratophyllum 
demersum L., Ela t ine  t r iandra  var. amer i cana  (Pursh) 
Fasset t ,  and Leers ia  oryzoides (L.) Swar t z  (PI. 54.1, 
figs. 1-3). 

Aquatic plants pose several interesting phytogeo- 
graphical problems il lustrated by these discoveries. There  
is growing evidence (e-g. Harms, 1969) t h a t  inadequate 
information exis ts  about  modern ranges of these  plants in 
northern regions, compared with nonaquatic plants. This 
may be  due t o  the neglect  of aquat ic  habi ta ts  by some  
plant collectors for reasons of access,  convenience, and 
safety.  An example  is Ceratophyllum demersurn L. Harms 
(1969) records s i tes  f rom Tanana River valley in Alaska 
which extended i t s  range northward, and he  indicates t h a t  
i t  might well b e  expected elsewhere in Alaska and t h e  
Yukon. Its  range in Canada (W. Cody, pers. comm., 1977) 
extends  from Nova Scot ia  and the  Grea t  Lakes a rea  t o  
s ta t ions  on the  eas t  and west sides of Lake Winnipeg in 
Manitoba; southern Alberta;  southern British Columbia; 
and s i tes  eas t ,  north, and west  of Grea t  Slave Lake, 
Northwest Territories.  In l ight of these  range extensions, 
t h e  paleoflorist ic inference  suggested by Terasmae and 
Craig (1958) for t he  record of this species in 5500-year- 
old lake sediments f rom a pingo eas t  of Grea t  Slave Lake 
might no longer be  tenable. 

merely temporary  aggregations under given conditions of 
c l imate ,  o ther  environmental f ac to r s  and historical 
factors ' '  (West, 1964). In a recent  review of North 
American l a t e  Wisconsin vegeta t ion history, Wright 
(1976) has  suggested t h a t  tradit ional pollen zoning has  
overemphasized re la t ive  stabil i ty r a the r  than the  more 
interesting t imes  of dynamic a l tera t ion due t o  phytogeo- 
graphic ra ther  than c l imat ic  fac tors .  

Macrofossil records provide information a t  t h e  
species  level and precise ecological in terpre ta t ions  a r e  
possible, a t  leas t  theoretically.  Ceratophyllum 
demersum,  however, has  a wide modern geographical 
range, and the  growing evidence indicates that  it 
occurred in widely di f ferent  environments throughout 
most of t h e  Holocene. Ri tchie  and d e  Vries (1964) record 
i t  f rom late-glacial  sediments  in t h e  Missouri Coteau,  
Saskatchewan. Wat ts  and Bright (1968) found Cera to -  
phyllum demersum in mid-postglacial sediments  from 
Pickerel Lake, South Dakota;  and the  records referred to  
above by Terasmae and Craig (1958) a r e  f rom a s i t e  near 
Grea t  Slave Lake, Northwest Territories.  

Apparently anomalous records  such as those 
presented here  force  a re-evaluation of the  tradit ional 
in terpre ta t ion and in this particular case  indicate tha t  
t h e  flora and vegetation recorded in the  Missinaibi 
sediments  probably have no modern equivalent. 
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sediments from northwestern Georgia; however, s&ds of 
E. t r iandra  a re  distinguished readily from E. minima by 
their  hexagonal surface  reticulations. Both these  species  
a r e  a t  their  northern l imit  in the  G r e a t  Lakes a r e a  
(Rousseau, 1974; Fernald, 1950; Mason, 1969; Fasset t ,  
1940). It is significant t ha t  t he  cen t r e  of their  distribu- 
tion a rea  is the  southern deciduous fores t  and eas tern  
prairie region - t h a t  is, they a r e  not boreal species. 

An in terpre ta t ion of t h e  records in the  Missinaibi 
Formation beds, associated with species whose modern 
aff in i t ies  a r e  primarily boreal (Terasmae, 1958; Terasmae 
and Hughes, 19601, is not obvious. It is .likely tha t  these  
d a t a  add fur ther  evidence t o  the  growing body of l a t e  
Quaternary  information tha t  "our present  plant com- 
munities have no long history in t h e  Quaternary  but  a r e  

Lichti-Federovich, S. 
1974: Najas guadalupensis (Spreng.) Morong. in the  

Missinaibi Formation, northern Ontario;  in 
Repor t  of Activities, P a r t  A, Geol. Surv. 
Can., Paper  74-IA, p. 201. 

Mason, H.L. 
1969: A flora of the  marshes of California;  

University of California Press, Berkley and 
Los Angeles, 878 p. 

Ritchie,  J.C. and de  Vries, B. 
1964: Contributions t o  the  Holocene paleoecology 

of west-central  Canada. A late-glacial  
deposit  f rom the  Missouri Coteau; Can. J. 
Bot., v. 42, p. 677-692. 

From: Report of Activities, Part  B; 
Geol. Surv. Can., Paper 77-1B 11977) 



Plate 54.1. Scanning electron micrographs of fossil seeds from the Missinaibi Formation, northern Ontario. 

fig. I. Elatine triandra var. americana (Pursh) Fassett ( ~ 1 3 0 )  
fig. 2. Ceratophyllum demersurn L. (x 10) 
fig. 3. Leersia oryzoides (L.) Sw. (x26) 
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55. ANOMALOUS URANIUM CONCENTRATIONS IN TILL NORTH OF BAKER LAKE, DISTRICT OF KEEWATIN 

Pro jec t  690095 
1 

W.W. Shilts and C.M. Cunningham 
Terrain Sciences Division 

Samples of t i l l  and sediments  derived f rom till were  
col lec ted  during mapping of surficial  geology in t h e  
vicinity of t he  Keewatin Ice Divide near  Baker Lake 
(Cunningham and Shilts, 1977). Routine geochemical  
analyses  were  performed on t h e  <2 y  f rac t ions  of these  
samples,  a s  have  been done for  samples  col lec ted  s ince  
1973 during Quaternary  mapping projec ts  in Keewatin.  
Comparison of uranium values in these  samples  with a few 
samples  col lec ted  by A.N. Boydell in 1973 and with 
severa l  thousand samples  collected by R.A. Klassen in 
1975-1976 over a r e a s  of high uranium potent ia l  a t  t he  
eas ternmost  end of t he  Dubawnt Group (Helikian age) 
shows t h a t  t h e  a r e a  d i rec t ly  north of Baker Lake  and e a s t  
of Thelon River is covered by t i l ls  containing anomalously 
high amounts  of uranium in association with high con ten t s  
of zinc and molybdenum. 

Figure 55.1 shows t h e  distribution of uranium and 
molybdenum values  f rom t h e  <2y  f r ac t ions  of dr i f t .  Most 
of t he  samples  a r e  till, but some,  par t icular ly  near  
Whitehills Lake and t h e  west end of Baker Lake,  a r e  of 
ques t ionable  genesis and probably represent  mar ine  
sediments  or t i l l  reworked by mar ine  processes.  The  
meta l  con ten t s  of t h ree  samples  of gossanous mud also a r e  
indicated in Figure 55.1. The outcrop a r e a s  of Aphebian 
a g e  qua r t z i t e s  and re la ted  rocks  and of Dubawnt Croup 
sedimentary  and volcanic rocks  a r e  generalized f rom 
Wright's (1967) map. 

The l a s t  position of t h e  Keewat in  Ice Divide roughly 
follows an  a r c  drawn f rom P i t z  Lake  through Whitehills 
Lake  and along t h e  Aphebian qua r t z i t e  r idge ac ros s  
Quoich River. Prior t o  t h e  migration of t he  divide f rom - iL to 0 0 0 2 4 U I A M I U Y  8 I l ll C O m C L N T R L T I O Y  PO 2. 1. $2 $6 
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Figure 55.1. Uranium concentra t ions  in <2p  f rac t ion  of till samples,  Baker Lake area .  Note  uniformly 
high uranium concentra t ions  north of Baker Lake  and e a s t  of Thelon River. Samples  f rom 
t h e  a r ea  between Whitehills Lake  and Tehek Lake  and southeas t  of t h a t  a r e a  a lso  a r e  
enriched in Mo and Zn. Fewer  than 10 of 3000 samples  col lec ted  by R.A. Klassen in t h e  
outl ined a r e a  have  values above 8 ppm U, although severa l  zones  of uranium mineraliza- 
t ion occur  be tween  Bisse t t  Lake  and Kazan Falls  and on or near  Christopher Island. All 
samples  shown in t h e  f igure  were  col lec ted  by C.M. Cunningham and A.N. Boydell. 
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north and west in to  t h e  map area ,  flow was  generally 
south t o  southeast .  A t  the  t ime  when the  i ce  divide was  
in the  area ,  however, f low directions changed frequently 
making studies of t h e  nature  of glacial  dispersal  difficult .  

Till samples with anomalous uranium contents  a r e  
highly enriched compared to  the  thousands of samples 
collected elsewhere in Keewatin (cf. Shilts and Klassen, 
1976; Klassen and Shilts, 1977). Furthermore,  they a r e  
confined almost entirely t o  the  a rea  e a s t  of Thelon River 
and north of Baker Lake. Most of t he  samples with high 
uranium concentrations also a r e  associated with abnor- 
mally high Mo and Zn values, and the  tills in the  
anomalous a rea  generally contain more  iron than those 
outside. In contras t ,  of t he  approximately 3000 samples 
collected on one-mile cen t r e s  by R.A. Klassen in 1975- 
1976 in t h e  a r e a  indicated in Figure 55.1, f ewer  than 
10 had values higher than 8 ppm U and none were  over 
% ;I0 ppm U. Although Mo was only measured on a f ew 
hundred of those samples chosen a t  random, in all  cases  
i t  was below 2 ppm. 

Discussion: Origin of  Elevated Uranium Conten t s  of Till 

The high uranium con ten t s  in the  < 2 p  f rac t ion of 
t i l l  may result  from one or more of t he  following: 
( I )  derivation from rocks intruding or forming a par t  of 
t h e  Archean basement.  Likely sources may be  unmapped 
occurrences  of fluorite-bearing grani tes  or syeni tes  t h a t  
conta in  elevated uranium values; (2) derivation f rom 
presently unknown uranium-bearing beds within the  
Aphebian quar tz i tes  and re la ted  rocks - b o t h  those shown 
on Figure 55.1 and similar outcrops directly north of t he  
map a rea  in the  Amer Lake a rea ;  and ( 3 )  t he  high uranium 
contents  may not be  related di rec t ly  t o  bedrock sources  a t  
a l l  b u t  may be caused by enhanced cat ion exchange 
capaci ty  resulting f r o m  some uniform mineralogical 
d i f ference  between these  tills and surrounding t i l ls  with 
low uranium contents.  Although Zn, Mo, and F e  show 
enrichment roughly corresponding t o  that  of uranium, the  
e lements  Cu, Nil Co, Pb, Mn, and Cd show no 
corresponding enrichment,  making this possibility less 
likely than the  f i rs t  two. 

If the  source of t he  uranium is in some  d i sc re t e  
area(s) of bedrock, glacial  dispersal  probably has  spread 
t h e  det r i tus  southward, which seems t o  b e  the  
predominant direction of e f f ec t ive  glacial transport  a t  
and south of this lati tude, in spite of evidence of 
northward flow associated with the  ice  divide. 

An a l ternat ive  explanation of the  pa t t e rn  observed 
would b e  tha t  t he  d is tance  of de t ec t ab le  glacial  dispersal  
was  much less than t h e  spacing of samples on this grid 
(8 t o  25 km) so  t h a t  each value shown represents 
essentially lllocalll bedrock sources. Such an in terpre ta-  
tion would imply t h a t  virtually all  rocks of the  map a r e a  
a r e  likely t o  carry  enhanced uranium concentrations.  
However, this is known t o  b e  incorrect  at t h e  east end of 
Baker Lake where  uraniumdeple ted granulites 
(0.1 t o  2 ppm U) underlie glacial  deposits which conta in  
8 t o  20 ppm U (M. Schau, pers. comm., 1977). 

Of the various possible origins of uranium enrich- 
ment  in the tills of this area ,  t he  authors  favour t h e  
in terpre ta t ion that ,  al though some mineralization of t h e  
basement  may b e  contributing uranium, the  bulk of t h e  

uranium has been derived f rom sources  within t h e  
Aphebian quartzites.  Although not associated with high 
uranium values, molybdenum is enriched in t w o  gossans in 
t h e  vicinity of Aphebian qua r t z i t e  outcrops. 
Consequently, t he  observation tha t  Mo occurs in elevated 
amounts  in uranium-rich tills may support  t h e  in terpre ta-  
tion tha t  both e lements  come  f rom the  s a m e  general  
source  area.  In addition, similar qua r t z i t e s  a r e  known t o  
b e  associated with uranium mineralization in the  Amer  
Lake a rea  and elsewhere in Keewatin. Thus, t h e  pa t t e rn  
may represent  a complex uranium dispersal  train of 
significant s ize  and probably severa l  sources. 

Conclusions 

The U con ten t  of t h e  clay ( < 2 p )  f rac t ion of t i l ls  
north of Baker Lake is g rea t e r  than t h a t  of t i l ls  in any 
a r e a  measured t o  da te ;  values > I 5  ppm a r e  unusual even in 
proximity t o  uranium mineralization, and no values tha t  
high have been measured in the  severa l  thousand samples 
collected in outcrop a reas  of the  Dubawnt Group south of 
Baker Lake, a n  a r e a  wi th  several known uranium showings 
and an  a r e a  of g r e a t  economic in teres t .  The  s i ze  of t he  
anomalous a rea  and magnitude of t h e  anomalies,  however,  
canno t  b e  related easily t o  economic potential .  It is 
possible t h a t  t he  Aphebian qua r t z i t e s  of t he  Baker Lake 
map a rea  (NTS 56 D) contain uranium mineralization in 
association with Mo and Zn, particularly in the  vicinities 
e a s t  of Whitehills Lake and southwest of Tehek Lake. 
Alternatively,  uranium may b e  enriched in many a r e a s  
within the  Archean basement  and Aphebian quar tz i tes .  

Properly documented d r i f t  samples  col lec ted a t  wide 
intervals during routine geological mapping can be  of 
g r e a t  regional geochemical in teres t ,  and may outline 
a r e a s  of in teres t  for fu tu re  mineral exploration. 
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ELECTRICAL PARAMETER CONVERSION TABLE I1 

P r o j e c t  630049 

T.J. K a t s u b e  
R e s o u r c e  Geophys ics  and  G e o c h e m i s t r y  Division 

Introduction 

An e l e c t r i c a l  p a r a m e t e r  convers ion  t a b l e  h a s  b e e n  
descr ibed  by K a t s u b e  (1975). E l e c t r i c a l  m e a s u r e m e n t s  a r e  
m a d e  in a l a r g e  v a r i e t y  of f ie lds  and inves t iga tors  
f requent ly  use a d i f f e r e n t  combina t ion  of e l e c t r i c a l  
p a r a m e t e r s  t o  p r e s e n t  the i r  results .  T h e  m e t h o d  of d a t a  
display depends  on  t h e  appl ica t ion  of t h e  method  and t h e  
ob jec t ive  of t h e  m e a s u r e m e n t .  R e s u l t s  of a l l  inves t iga-  
t ions  a r e  s ign i f ican t  t o  o n e  a n o t h e r  e v e n  though t h e  f ie ld  
of inves t iga t ion  may b e  d i f f e r e n t .  The  purpose  of a 
conversion t a b l e  is t o  m a k e  i t  e a s y  t o  r e l a t e  t h e  r e s u l t s  
f rom one  inves t iga t ion  t o  another .  S ign i f ican t  deve lop-  
m e n t s  in e l e c t r i c a l  m e a s u r e m e n t s  h a v e  t a k e n  p l a c e  in t h e  
f ie lds  of geophysics,  biophysics,  e l e c t r o c h e m i s t r y  and 
c e r a m i c s  s i n c e  t h e  l a s t  conversion t a b l e  w a s  published. I t  
is  necessary  t o  p r o d u c e  a n  upda ted  version of t h e  tab le .  

D i r e c t  m e a s u r e m e n t s  h a v e  usually a p p e a r e d  in t e r m s  
of complex  res i s t iv i ty  a m p l i t u d e  and  phase-shif t  (Vec tor -  
i m p e d a n c e  m e t e r s )  o r  d i e l e c t r i c  c o n s t a n t  and  d iss ipa t ion  
f a c t o r  ( c a p a c i t a n c e  bridges and  Q-meters) .  R e s u l t s  of 
inves t iga t ions  a r e  o f t e n  produced in t e r m s  of r e a l  and 
imaginary  p e r m i t t i v i t y  (e.g. C o l e  and Cole ,  1941; Einolf 
and C a r s t e n s e n ,  1971;  physics and  chemis t ry) ,  r e a l  and 
imaginary  c o n d u c t i v i t y  (Bauer le ,  1969;  e l e c t r o c h e m i s t r y )  
and  r e a l  and  imaginary  res i s t iv i ty  (Zonge,  In s i t u  minera l  
d i sc r imina t ion  using a c o m p l e x  res i s t iv i ty  m e t h o d ;  
P r e s e n t e d  a t  t h e  42nd Annual  In te rna t iona l  Meet ing  of t h e  
Soc ie ty  of Explora t ion  Geophysicists ,  Anaheim,  Cal i f . ,  
Nov. 26-30, 1972;  Wynn and  Zonge,  1975; geophysics). T h e  
p a r a m e t e r s  used in t h e  E l e c t r i c a l  Rock P r o p e r t y  
L a b o r a t o r y  of t h e  Geologica l  Survey a r e  r e a l  r e l a t i v e  
p e r m i t t i v i t y  and res i s t iv i ty  of a para l le l  R C  c i r c u i t  
(Katsube ,  1977). 

All p a r a m e t e r s  t h a t  a r e  used t o  e x p r e s s  t h e  e l e c -  
t r i c a l  c h a r a c t e r i s t i c s  of r o c k s  a r e  vo lume independent  
p a r a m e t e r s  such  a s  res i s t iv i ty  (ox), p e r m i t t i v i t y  ( E ~ )  and  
r e l a t i v e  p e r m i t t i v i t y  (K,), and  a r e  r e l a t e d  t o  t h e  a c t u a l l y  
m e a s u r e d  p a r a m e t e r s  by t h e  fo l lowing  e q u a t i o n s  

px = k R x  (ohm m e t r e s )  

Kx = = C X / k ~ O  

w h e r e  

A 
k = ;T : g e o m e t r i c  f a c t o r  

Eo  = 8.854E-12: p e r m i t t i v i t y  of a i r  o r  v a c u u m  

A : a r e a  of s p e c i m e n  cross -sec t ion  

d : t h i c k n e s s  of s p e c i m e n  

C o m p l e x  res i s t iv i ty  (p*), c o m p l e x  c o n d u c t i v i t y  (a*) 
and c o m p l e x  r e l a t i v e  p e r m i t t i v i t y  (K*) a r e  t h e  commonly  
used p a r a m e t r i c  expressions:  

j 2  = -1 
Acknowledgments 

p', p" : r e a l  and imaginary  res i s t iv i ty  
Thanks  a r e  expressed  t o  A.P. Annan and  W.J. S c o t t  

f o r  the i r  c r i t i c i s m s  regard ing  t h e  f o r m a t  of t h i s  paper .  a ' ,  a" : r e a l  and imaginary  c o n d u c t i v i t y  

K', K" : r e a l  and i m a g i n a r y  r e l a t i v e  p e r m i t t i v i t y  
Basic Equations 

By def in i t ion  
When a n  a l t e r n a t i n g  v o l t a g e  (v) a t  s a m e  f r e q u e n c y  

( f )  is  applied a c r o s s  a rock s a m p l e  bo th  o h m i c  (11) and dis-  Kt  = K (4) 
p l a c e m e n t  c u r r e n t s  (Ic) a r e  observed .  T h e  11 is  in-phase,  
b u t  I, i s  9 0 "  out-of-phase wi th  v s o  t h a t  t h e  t o t a l  c u r r e n t  a '  = I /ox 
(I)  shows  a phase-sh i f t  of 8 and is  expressed  a s  fol lows:  

Also by def in i t ion  t h e  fol lowing t w o  re la t ionsh ips  ex is t :  
1 = 1 1  + j I c = 1 L 8  

a* = j w K * E 0  ( 5 )  
11 = I c o s  8 

S ince  bo th  11 and Ic t r a v e r s e  a rock s a m p l e  i t  c a n  b e  
s i m u l a t e d  f o r  t h a t  f r e q u e n c y  by a R C  para l le l  c i r c u i t  w i t h  
Rx and  C x  be ing  t h e  components .  The i r  va lues  a r e  d e t e r -  
mined by,  

w : angular  f r e q u e n c y  

From: Report of Activit ies,  Part B; 
Geol.  Surv. Can.,  Paper 77-1B (1977) 



Table 56.1 

Electrical  Pa ramete r  Conversion Table 

The dissipation f ac to r  (D) or loss tangent  (tan 6 )  is  defined 
by 

The equations in Table  56.1 a r e  derived f rom equations I 
through 7. 
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PORE PRESSURE MEASUREMENTS IN SENSITIVE CLAY SLOPES 

Project  740052 

Pe te r  Fransham and Denis Bat t rum ' 
Terrain Sciences Division 

Introduction 

General 

The sensit ive clays of eas tern  Canada a r e  
susceptible t o  slope instability. The determinat ion of the  
degree  of stabil i ty of a slope requires an appropr ia te  
anayltical  model which adequately represents the  slope 
fa i lure  mechanism. Input f ac to r s  into such a model are :  
slope geometry ,  stratigraphy, s t rength  pa ramete r s  for 
each soil layer,  and an e s t ima te  of the pore pressures 
ac t ing along a potential  failure plane. Obtaining the  
ac tua l  pore  pressure distribution in a slope requires t h e  
installation and monitoring of a series of p iezometers  - a 
procedure which is both time-consuming and expensive. 
On a regional scale  i t  is impract ica l  t o  instrument every  
potentially cr i t ica l  s l o ~ e :  t he re fo re  the  s l o ~ e s  
investigatkd in Ot t awa  ~ a l l e ~  were  classified into t'wo 
groups according to their  stratigraphy. Typical slopes of 
each group were  monitored, and the  d a t a  can  be  
ext rapola ted with a reasonable amount  of confidence t o  
o ther  slopes in the  region. 

classification of Clay Slopes and Soil Descriptions 

The division of sensit ive c lay  slopes in to  two  groups 
or  geological se t t ings  was based on d a t a  collected during a 
drilling and mapping project  covering Ot t awa  Valley 
(Fransham e t  al., 1976). Typical profiles of the  two 
se t t ings  a r e  shown in Figure 57.1. The main di f ference  
between the  two is the  exis tence  of a sand and a clay and 
s i l t  layer on the  surface  of se t t ing type A a s  compared t o  
se t t ing type  B which has  des iccated clay a s  an  upper 
layer. The sand a c t s  a s  a groundwater reservoir thereby 
maintaining a high water  table  and sa tura ted conditions in 
t h e  underlying clay. The des iccated crus t  is fissured and 
somewhat  more  permeable than t h e  in t ac t  clay bu t  cannot  
s to re  a significant volume of water  t o  maintain sa tura ted 
conditions near the  surface.  The red-grey colour banded 
c lay  and t h e  massive grey c lay  a r e  not thought t o  b e  
sufficiently layered t o  c r e a t e  an  anisotropic permeabili ty.  
On the  other hand the  banded s i l t  and clay and the  varved 
c lay  can  b e  expected to  have a coeff ic ient  of horizontal  
permeabili ty higher than t h e  ver t ica l  permeabili ty.  

The t i l l  ranges f rom sandy t o  silty. Because i t  is  a 
mixture  of sand, si l t ,  and boulders, a relatively low 
coeff ic ient  of permeabili ty can be  expected due t o  i t s  low 
porosity. During drilling operations open f r ac tu res  were  
encountered in the  bedrock in some  holes, and all  t h e  
drilling water  was lost. The drill rig pump has a capaci ty  
of 5 0 0 g p m ,  thus the  e f f ec t ive  permeabili ty of t he  
f rac tured bedrock must b e  relatively high. 

All irregularit ies on the  bedrock surface  have been 
ignored for t h e  purpose of this study. This is not t h e  
general  c a s e  in the  field where  t h e  bedrock su r face  is 
undulating and contains many scarps  and valleys. A f l a t  
bedrock surface  does not represent too serious a simpli- 
f ica t ion a s  some  knowledge of t h e  bedrock profile has  t o  
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Figure 57.1. Location of instrumented slopes. 

b e  established before  a stabil i ty analysis can b e  carr ied  
out.  The pore  pressure profile can b e  modified assuming 
t h a t  t h e  bedrock is a significant aquifer with permeabili t ies 
much higher than the  overlying clay. Before an  e s t i m a t e  of 
t he  pore pressures is made, judgment also is needed 
concerning the  re la t ive  influence on the  pore  pressure 
distribution of: slope geometry ,  thickness of overburden, 
location of any groundwater discharge, and depth of erosion 
of s t r eams  a t  t he  toe  of t he  slope. 

S i t e  Locations 

Setting Type A 

Two s i t e s  ( P l  and P2) of this geologic se t t ing were  
instrumented with p iezometers ;  the i r  locations and t h a t  of 
t h e  third s i t e  a r e  shown in Figure 57.2. Nine piezometers  
were  installed a t  location P I :  four were  a t  t he  c r e s t  of t h e  
slope, t h ree  at t h e  midslope, and two  at t h e  toe  of t h e  
slope. A t  each of t h e  t h r e e  piezometer  locations 
perfora ted pipes were  driven t o  a depth of 3 m and served 
t o  measure  t h e  surface  wa te r  table  elevations. Ten 
piezometers  were  installed at s i t e  P2: one group of f ive  
p iezometers  was near the  c r e s t  of the  slope, and another  
group of f ive  piezorneters was about 200 m back f rom the  
cres t .  The slope profiles, p iezometer  elevations,  mean 
pressure  heads for each piezometer ,  and the  s i t e  s t ra t ig-  
raphy for s i tes  P I  and P2  a r e  shown in Figures 57.3 and 
57.4 respectively.  

Sett ing Type B 

S i t e  P 3  is  located on t h e  Quebec side of O t t awa  
River. Nine piezometers  were  installed on the  slope: t h ree  
a t  t he  c re s t ,  three  at the  midslope, and th ree  a t  t h e  toe.  
The s i t e  profile and mean pressure heads a r e  shown in 
Figure 57.5. Because a few problems were  encountered a t  
this s i te ,  t he  d a t a  for s i t e  P3 a r e  not a s  complete  a s  for t he  
o the r  t w o  sites. The piezometers  were  installed in 1974, 

From: Report o f  Activities,  Part B 
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and the  se t  on t h e  midslope subsequently had become 
obscured with soil and grass. These piezometers  were  not 
located until l a t e  in t h e  field season, and only one set of 
readings was obtained. One of the  p iezometers  a t  t he  
c r e s t  became blocked and was useless for any fur ther  
readings. Accessibility to  the  toe  of the slope was  poor, 
and readings were di f f icul t  t o  obtain. 

Instrumentation 

General 

Considerable research has been done on the  design 
of p iezometers  and the  relative benefits of each design 
(Lindberg, 1965; Hvorslev, 1951). Hvorslev (1951) s t a t ed  
t h a t  "the to ta l  volume or flow of water  required for 
equalization of d i f ferences  in hydrostatic pressure in the  
soil and in the  measuring device  depends primarily on t h e  
permeabili ty of t he  soil, t he  type  and dimensions of t h e  
device,  and on the  hydrostatic pressure difference." The 
volume of water required t o  equalize the  pressure 
d i f ference ,  therefore ,  should b e  kept  t o  an  absolute 
minimum and the  in take  screen should be  large  so  tha t  t he  
wa te r  involved in the  equalization can b e  drawn f rom a 
g rea te r  volume of soil. I t  is also important  t h a t  no 
seepage occurs along the  piezometer-soil in ter face  other-  
wise the  pressure head will b e  influenced by seepage t o  or 
f rom s t r a t a  o ther  than the  one in which the  piezometer  is 
s e t .  

P iezometer  Design 

The piezometer  is essentially a well point grouted 
in to  the  soil or rock a t  t he  required depth .  A schemat ic  
d iagram of the  p iezometer  design is shown in Figure 
57.6A. The design is much the  same  a s  t h a t  described by 

Brooker e t  al. (1968) with the  exception of t h e  procedures 
described below, which were  followed t o  ensure  t h a t  no 
seepage occurred along t h e  soil-piezometer boundary. A 
13 cm-diameter  borehole was drilled t o  t h e  required 
depth;  unless t h e  soil was  sufficiently s t i f f ,  s t ee l  cas ing 
was  used t o  support  t h e  walls of t h e  hole. A known 
volume of si l ica sand was poured down the  hole t o  form a 
sand fi l ter between the  clay and the  well point. A 5 c m -  
d iame te r  well point was a t t ached  t o  a s t ee l  pipe of similar 
d iameter ,  and a large  rubber stopper was placed a t  t h e  top 
of the  well point. The stopper ac t ed  a s  a seal between t h e  
casing and t h e  piezometer  and helped t o  ca r ry  any sand 
down the  hole t h a t  might have become  lodged in t h e  s ide  
of t he  casing. The rubber also kep t  t h e  bentoni te  balls, 
which were  added above t h e  rubber seal,  f r o m  falling 
down around t h e  well screen. A s t ee l  washer placed 
between the  stopper and the  bentoni te  balls gave t h e  
rubber a ce r t a in  amount  of rigidity and prevented i t  f rom 
being displaced. A similar s t ee l  washer welded 30 c m  
above the  rubber stopper confined the  bentoni te  balls in 
t h e  ver t ica l  d i rec t ion and allowed t h e  balls t o  expand 
laterally t o  fo rm a good sea l  between t h e  piezometer  and 
t h e  soil. Once t h e  piezometer  was at t h e  required depth  a 
cement-bentoni te  g rou t  was pumped down between t h e  



The advantage  of this measuring sys t em is t h a t  once  
t h e  packer is inflated i t  sea ls  off t he  r e s t  of t h e  p ipe  f rom 
t h e  soil. Because t h e  volume of wa te r  required t o  
a c t i v a t e  t h e  pressure t ransducer  is small ,  t h e  response 
t i m e  for  changes  in t h e  pore  pressure  in t h e  soil should b e  

EMENT-BENTONITE rapid. 

The main disadvantage of this sys tem is t he  volume 

BENTONITE BALL 
UBBER SLlEVE of e lec t ronics  which a r e  pa r t  of t he  recording unit .  A 

schema t i c  d iagram of t he  appara tus  is shown in 
Figure  57.8. An a t t e m p t  was made  t o  reduce  t h e  size of 
t h e  gene ra to r  t o  300 wa t t s ;  however,  t h e  vol tage  was  too  
e r r a t i c  t o  allow for  a c c u r a t e  readings. The  Hewlet t  
Packard  Cha r t  recorder,  measuring abou t  15  c m  on each 

TEEL WASHER side, is about  t h e  smal les t  usable machine  available.  
Some saving in bulkiness may b e  had by e l iminat ing  the  
DC vo l tme te r  and obtaining a smaller ampliifer.  These 
reduct ions  in s ize  would b e  marginal and d o  not represent  
a major improvement  in t h e  equipment  design. A more  
useful change  would b e  t o  use  a pneumat ic  t ransducer  
which would e l iminate  t h e  need for  any e lec t ronic  
equipment .  The en t i r e  appara tus  then could b e  reduced t o  

WELL POINT a smal l  read-out box and a cylinder of g a s  t o  pressurize 
t h e  packer.  Another d isadvantage  of this sys t em is t he  
length of t i m e  required t o  obtain one  reading in clay; 
genera l ly  abou t  one  hour is required be fo re  equal iza t ion  is  

TRANSDUCER reached the re fo re  res t r ic t ing  t h e  number of p i ezomete r s  
t h a t  c a n  b e  read in a given t i m e  period. I t  would b e  f a r  
more  ef f ic ient  t o  have severa l  packers ,  which could b e  
inflated,  thereby increasing t h e  number of readings per 
day. Pneumat i c  t ransducers  a r e  relativley inexpensive,  
and t h e  c o s t  for t h ree  packer assemblies would b e  about 

WELLPOINT & SEALS PACKER ASSEMBLY t h e  s a m e  as one.e lec t r ica1  t ransducer  packer .  Considering 
t h e  savings in c o s t  and s ize  of t h e  equipment ,  i t  would b e  

Figure 57.3. P i ezomete r  design. p re fe rab le  t o  change t h e  sys t em over t o  a ser ies  of 
pneumat ic  transducer packers.  

casing and t h e  p iezometer .  The casing was  then removed, 
and t h e  hole was  filled t o  t he  top with grout  leaving only 
t h e  5 c m  pipe  showing above ground level. The e n t i r e  Resul ts  and Discussions 
p iezometer  then was  flushed o u t  with c lean water ,  
thereby removing any soil which may have entered  t h e  Genera l  
pi-ezometer during installat ion.  

The genera l  c a s e  of downdrainage in slopes of 
Po re  Pressure Measurement  O t t a w a  Valley has  been reported by various investigators 

( J a r r e t t  and Eden, 1970; Lefebvre  e t  al., 1976) and was 
An inf la table  packer  with an  e lec t r ica l  t ransducer  found in t h e  slopes ins t rumented for  this study. For 

(see  Fig. 57.68) was  lowered in to  t h e  p iezometer  t o  a s tabi l i ty  ca lcula t ions  t h e  maximum recorded value  of po re  
dep th  just above t h e  well screen.  The packer then was  
inflated by a i r  pressure result ing in an ins tantaneous  
increase in pore pressure due  t o  t h e  volume of wa te r  
displaced by the  packer.  The pressure then decreased t o  
s o m e  equilibrium value which equals  t he  pore  pressure in 
t h e  surrounding soil mass. The t i m e  required for  
equalization depends  on t h e  permeabi l i ty  of t h e  soil or 
rock, t h e  geomet ry  of t h e  p iezometer ,  and t h e  response of a 
t h e  packer  t o  t h e  inflation pressure.  7 

W 
a Figure 57.7 shows two examples of pressure  n 

equalization curves.  The bedrock in this c a s e  is highly 
f r ac tu red  and the re fo re  is permeable .  The pressure- t ime 
cu rve  dec reases  rapidly t o  t h e  equilibrium pressure  in six 
minutes. For  t h e  re la t ive ly  impermeable  clay,  t h e  
dec rease  is much slower,  requiring a t  leas t  an  hour be fo re  
equilibrium is reached. Exper iments  a r e  now underway t o  
de t e rmine  if some  relationship can  b e  obtained which will 

L 

PACKER 
INFLATED 

EOUlLlBRlUM PRESSURE - 

r e l a t e  t he  pressure equilibrium cu rves  t o  t he  permeabi l i ty  , I I t 
o 6 TIME (min) eo 

of t h e  soil. 

F igure  57.4. Pressure- t ime curves  for  c l ay  and 
f r ac tu red  bedrock 
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pressure is cri t ical .  A s ta t i s t ica l  approach is being 
formulated which will allow for a be t t e r  e s t ima te  of the  

'CHART - - 
pore  pressure variability and the  probability of a t ta in ing a RECORDER 

maximum value. Only t h e  mean pore  pressure will b e  1000 W -1lOV 
discussed he re  so  tha t  t he  general trends of t h e  pore  - VOLa'METD1- 
pressure with depth  can b e  seen. AC 

GENERATOR 
Type A 

results in flow being a lmost  ver t ica l  downward, with only 
a minor component in t h e  horizontal  direction. The 
results f rom the  piezometer  nes t  at t h e  t o e  of s i t e  P I  
shows t h a t  t h e  ver t ica l  gradients  a r e  smaller a t  t h e  t o e  of 
t h e  slope than a t  t h e  c r e s t  of midslope. In wet  periods the  

H 
pore  pressures a t  t he  t o e  of t he  slope approach 
hydrostatic.  No piezometers  were  installed a t  t he  t o e  of PACKER 
s i t e  P2. Because the  horizontal  gradients a r e  small ,  
however,  if an  extrapolation were  made t o  the  t o e  a rea ,  I I 

t he  pore pressures likely would b e  hydrostatic and the  I I 

heads  would be  close t o  the  level of t he  small  s t r eam a t  1 !-WELLPOINT 
I t h e  toe. I I 

Type B v 
The pore  pressure distribution a t  this s i t e  is  some- 

what d i f ferent  f rom tha t  at t h e  previous t w o  sites.  Figure 57.8. Equipment schemat ic .  

Downdrainage again was identified a t  t he  c r e s t  of t he  The slopes a r e  subjected t o  downdraining which adds 
slope; however,  t he  toe  had ar tes ian  pressures. This type  to the overall stability. During periods of prolonged 
of distribution is similar t o  the  neoclassical flow pa t t e rns  wetness the pressures in the upper part of the soil profile in slopes which have been described by Pa t t en  and approach hydrostatic,  thereby reverting t o  conditions Hendron (1974). The ar tes ian  pressures dissipate near the  favourable for instability; however, the clay has been 
toe if the of river at the base the ove~conso~idated due to the increase  in effective s t resses  
intersects the fractured bedrock surface resulting f rom t h e  downward flow. Thus t h e  c lays  may b e  (Scott  et al., 1976). somewhat  stronger than thev were  before  consolidation. 

Groundwater Development with T ime  

It is interesting t o  specula te  on t h e  history of 
groundwater development in Ot t awa  Valley and how the  
pore  pressure distribution has  changed with t ime. During 
i t s  early s tages  O t t a w a  River meandered and c u t  severa l  
broad channels in Champlain Sea  sediments.  A t  th is  s t age  
t h e  slopes were  submerged completely,  and no 
groundwater flow took place.  As t h e  land rose, t h e  wa te r  
level in t h e  channels dropped and mainly hydrosta t ic  
conditions prevailed in tt e portion of t h e  slope above river 
level. In the  final s tage ,  which is in e f f e c t  today, t h e  
rivers and s t r eams  have eroded down t o  bedrock and a r e  
able  t o  maintain a lower ~ i e z o m e t r i c  surface  in the  

The increase  inYstrength w i t i  t i m e  may not allow for the  
development  of the  extemely large  slides like those which 
have occurred in t h e  past .  Groundwater fluctuations,  
however,  may trigger smaller slides like the  South Nation 
River Slide of 1971. The moments  resisting fa i lure  along 
t h e  cr i t ica l  failure c i r c l e  will b e  dependent par t ly  on t h e  
pore  pressure  distribution in t h e  slope. As t h e  portion of 
t h e  slope t h a t  is  subject  t o  near  hydrosta t ic  conditions 
increases,  therefore ,  t h e  probability of fa i lure  a lso  
increase.  This would explain why most  slope fa i lures  occur 
during spring when t h e  wa te r  t ab le  is high and pore  
pressures a r e  maximum. 
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THE CELIBETA STRUCTURE COMPARED WITH OTHER BASEMENT STRUCTURES 
ON THE FLANKS O F  THE TATHLINA HIGH, DISTRICT O F  MACKENZIE 

Pro jec t s  71001 1 and 710033 

G.K. Williams 
Ins t i tu te  of Sedimentary  and Pet ro leum Geology, Calgary  

Introduction 

This study began a s  an a t t e m p t  t o  understand the  
Cel ibe ta  s t ruc ture ,  lcza ted  on the  western end of t he  
Tathl ina  High in t h e  southern pa r t  of t h e  D i s t r i c t  of 
Mackenzie, Northwest Terr i tor ies  (NTS 85, 94, 95). The 
repor ted  presence of Cre t aceous  rocks on deeply eroded 
Mississippian s t r a t a  in some  of t he  Cel ibe ta  wells (DIAND, 
1973) led some  geologists, including t h e  writer,  t o  
conclude t h a t  t h e  main s t ruc tu ra l  growth was  a pre- 
Cre taceous ,  post-Mississippian event .  If t rue ,  t h e  uplift 
should have had some  e f f e c t  on the  fac ies  of Cre t aceous  
rocks. An examination of samples  by t h e  wri ter  indicated 
no  unusual fac ies  changes  in t h e  vicinity of t h e  s t ruc ture .  
Fur thermore ,  the  study failed t o  find Cre t aceous  rocks in 
any of t he  wells drilled on the  uplift, hence the  evidence 
fo r  a pre-Cretaceous  s t ruc tu re  disappeared. The  s t ruc-  
t u r e  ( a t  leas t  most of i t )  developed, a t  t h e  ear l ies t ,  a f t e r  
Early Cretaceous  t i m e  - probably a Laramide  s t ruc ture .  

Subsurface s t ruc tu ra l  d a t a  of t h e  Cel ibe ta  fold does  
n o t  conform t o  t h e  usual Laramide  (foothills-type) s t ruc-  
tures.  Of severa l  possible s t ruc tu ra l  in terpre ta t ions ,  one 
bears  a close resemblance t o  t he  Rabbit  Lake  f au l t  zone; 
a closed dome adjacent  t o  a rejuvenated,  nor theas t -  
trending basement  fault .  Of t h e  many basement  f au l t s  
known or suspected in t h e  genera l  a r e a  of t h e  Tathlina 
High (Sikabonyi and Rodgers,  1959; Belyea, 1971; d e  Wit 

1. McDonald f a u l t  sy s t em 4. Rabbi t  Lake  s t r u c t u r e  
2. Pine Point mining a r e a  5. Cel ibe ta  s t r u c t u r e  
3. Tathlina s t ruc tu re  6.  Bovie hinge l ine  

Figure  58.1. Index map. 

From: Report of Activities, Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 

et al., 1973), t h e  Rabbit  Lake  and Tathl ina  f au l t  zones  a r e  
among t h e  bes t  documented; in both ca ses  a segmen t  of 
t h e  s t ruc tu re  has been investigated by deep  drilling a s  
well a s  by shallow s t ruc tu re  t e s t  holes. A description of 
t hese  s t ruc tu re s  is  included t o  s e rve  a s  a model for  
in terpre t ing  t h e  Cel ibe ta  s t ruc ture .  A brief summary of 
t h e  Pine  Point a r e a  is included. Although our  knowledge 
of t h e  basement  f au l t  zone  underlying the  Pine  Point a r e a  
is  unsatisfactory,  t h e  relationship of t ec ton ic  adjus tments  
t o  Middle Devonian f ac i e s  is well documented (Skall, 
1975). Such a relationship can  only be  suspected  in t he  
o the r  areas .  

The f i r s t  hypothesis of th is  paper is  t h a t  t h e  
Cel ibe ta ,  Rabbi t  Lake,  Tathlina,  and Pine  Point  f au l t  
zones  f i t  a common model which has  t he  following 
character is t ics :  

I .  A northeast-trending basemen t  f a u l t  zone  (not a 
single faul t )  of ancient ,  probably Precambrian ,  
origin. 

2. Pre-Devonian, erosion-produced topographic 
relief along t h e  f a u l t  zone. 

3. M'inor t ec ton ic  adjus tments  along t h e  zone, at 
leas t  during l a t e  Middle Devonian t ime ,  possibly 
throughout t h e  Phanerozoic.  

All of t h e  f au l t  zones discussed were  rejuvenated,  
producing folds and f au l t s  in preserved Phanerozoic  cover.  
The  a g e  of th is  cover  ranges  f rom Middle Devonian in t h e  
e a s t  t o  Early C r e t a c e o u s  in t h e  west.  T o  build an  

Table  58.1 

Table of Format ions ,  Tathlina and Rabbit  Lake Areas  
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I Middle Pine Point d o l . ,  I s .  Lonely Bay 1s .  

G 

DEVONIAN 

Lower 
aga ~ b b u t t  s s . ,  sh.  

Drift  . -  
Wabamn I s .  

.- 

Trout River s s .  

Kakisa I s .  

Redknife s l t s t n . ,  I s .  

PRECAMBRIAN Crystal l ine rocks I 

30 1 

Tathlina I s . ,  sh. 

Twin Fa l l s  I s . ,  sh. 

Hay River sh.  t 

Fort Simpson sh. 

Muskwa sh.  

Slave Point 1s .  

Watt Mountain karsted surface Horn River sh. 



Table  58.2 

Table of Formations,  Celibeta Area 

Although primarily a topographic f ea tu re ,  Belyea (1971) 
has  documented differential  subsidence on t h e  flanks of 
t h e  Tathlina High during Middle Devonian t ime. 

- Fish sca le  marker 
- Sikanni 

West 

Sikanni s s .  1 , - 1 i i = i i r -  Port 
CRETACEOUS 

LePine sh. 
Lower - sca t ter  

Scatter s s .  Buckinehorse sh. marker 

PLEISTOCENE 

- I sn. I 

Drift  

Flett  1s .  

MISSISSIPPIAN I Banff 'I1' -1 

upper 

DEVONIAN 

Dunvegan cg t .  

Middle 

4 
Lovcr 

Exshaw sh. 

Kotcho sh . ,  I s .  

Tetcho I s . ,  s h .  

Fort Simpson sh. 
Trout River s l t s t n .  \ Kakisa 1s .  

\ Redknife s h . ,  

I I Muskwa s h .  I 1 1 Horns;iver 1 Horns;Ver / Slave Point 1s .  
Watt M t z a g t e d  surface 

' Pine Point I s . ,  do l .  

Nahanni 1s .  
d d . .  a 

I 1 Headless 1 s . .  sh.  A\\\\\ Chinchaga Ebbut s s .  ] 
Arnica do l .  

LOWER PALEOZOIC I 

hypothesis on an hypothesis, one can specula te  t h a t  t he  
t ime  of the  las t  major faul t  adjustment was the  same  in 
a l l  four cases. Or,  put another  way, t he  e f f ec t s  of 
Laramide compression extended entirely across  the  
Interior Plains. 

PRECMIBRIAN 

Before discussing the  individual s t ructures  ( t r ea t -  
ment  of which varies inversely a s  the  amount  of published 
data),  i t  is  pertinent t o  describe, very briefly, t he  Tathlina 
High, on the  flanks of which th ree  of t h e  four s t ruc tu res  
a r e  located. 

Crystal l ine rocks 

The Tathlina High 

The Tathlina High is a large  basement  f ea tu re  within 
t h e  Interior Plains (Fig. 58.1). I t s  beginnings, whether  
Precambrian or lower Paleozoic,  a r e  unclear. Af ter  t h e  
period of erosion which preceded Devonian sedimentation, 
i t  was a broad topographic upland rising, perhaps, severa l  
hundred f e e t  above t h e  surrounding country. The outline 
depicted on Figure 58.1 is derived f rom onlap edges  of 
units of the  Chincaga Formation (Eifelian). The island 
was not submerged entirely until la te  in the  Givetian.  

The Pine Point Mining Area 

Middle Devonian carbonates ,  chiefly the  well-known 
Pine Point (or Presqu'ile) reef complex, occur  a t  t he  
surface  and host t h e  lead-zinc orebodies. The s t ruc tu re  of 
these  rocks (Campbell, 1957; Norris, 1965) consists of 
numerous smal l  folds, f lexures and minor faults.  Although 
these  show a g rea t  variety of trends,  a nor theas t  
orientation predominates. L i t t l e  can be  learned regarding 
basement  s t ruc tu re  f rom t h e  outcrop and mining explora- 
t ion itself. However, t h e  zone of f au l t s  which mark t h e  
southern shore  of t h e  Eas t  Arm of Grea t  Slave Lake  has  
been t r aced ,  on aeromagnet ic  maps, beneath  the  mining 
a r e a  (Burwash, 1957; Campbell, 1957). For a description 
of pa r t  of this fault  zone, t he  following is quoted f rom 
Burwash (1957): "In t h e  a r e a  nor theas t  of t h e  d e l t a  of t h e  
Slave River at leas t  t h ree  faults,  str iking nor theas t ,  can  
b e  t raced t o  t h e  western l imit  of t h e  exposed Precambrian 
surface  (Brown, 1950). Erosion of the  f au l t  blocks, 
coupled with recurrent  movement within this f au l t  zone,  
has  resulted in the  development of a grabent'. The 
magnet ic  signature of this graben, Burwash believes, can  
b e  recognized in the  Pine  Point a r e a  and beyond. 
According t o  Burwash's Figure 4, t he  northern limb of t h e  
graben underlies t h e  mineralized area .  

Tathlina Structure 

This s t ruc tu re  is i l lustrated in Figures 58.3 t o  58.6; 
topographic names, well names and symbols occur on 
Figure 58.2. Figure 58.3 incorporates  s t ruc tu re  t e s t  d a t a  
(J.C. Sproule and Associates, 1956, 1957) a s  well  a s  s o m e  
se ismic  d a t a  (Seismograph Service  Corp. of Canada, 
1956). Figures 58.4 and 58.5 document  pre-Devonian 
topography and Figure 58.6 is a r a the r  schemat i c  
in terpre ta t ion of basement s t ructure .  
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Figure 58.2. Well names, Tathlina area .  
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Figure58.3. S t ruc tu re  contours, t op  of Twin Falls 
Formation, Tathlina area.  Contour interval 
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Figure 58.4. Pre-Devonian topography, Tathlina area .  
Thickness (feet)  base of Slave Point 
Format ion t o  Precambrian. 

In shallow horizons (Upper Devonian), t he  s t ructura l  
belt ,  about  8 k m  ( 5  miles) wide, consists of two t ight  
anticlines separated by a syncline. These folds appear t o  
have been caused by a combination of pre-Devonian 
topography and post-Devonian basement  movement.  

The western side of t h e  s t ructura l  zone coincides 
with an east-facing pre-Devonian escarpment.  The lowest 
Devonian sediments in this a rea  a re  evaporites of the  
Upper Chinchaga Formation (Table 58.1) which lap out  
against  t he  base of this escarpment  (Figs. 58.4, 58.5). The 
escarpment  was not buried until l a t e  Pine  Point t i m e  
(Fig. 58.5). 

-2795 WATT MT. FM. 

PINE POINT G P .  

32 35 
CHINCHAGA FM. 

,3300 
PRECAMBRIAN 

Figure 58.5. Cross-section i l lustrating pre-Devonian faul t  
and escarpment ,  Tathlina area .  Depths in 
f ee t ,  datum-top of Slave Point Formation. 

Figure 58.6. S t ruc tu re  contours on Precambrian, Tathlina 
a rea .  Contour interval 100 f ee t .  

Most wells drilled along t h e  e a s t  side of t h e  
s t ruc tu ra l  bel t  did not  reach the  basement,  therefore  pre- 
Devonian relief remains  largely unknown. One well, 
immediately north of Tathlina Lake, bot tomed in vein 
quar tz .  If this vein qua r t z  is basement ,  i t  indicates a hill 
or ridge (Fig. 58.4); t h a t  is, an  island never covered by 
Chinchaga evaporites.  However, t he  qua r t z  vein might b e  
intrusive in to  Devonian rocks. 



Figure 58.7. Well names, Rabbit Lake area. Figure 58.9. Pre-Devonian topography, Rabbit Lake area. 
Thickness (feet) base of Slave Point 
Formation to Precambrian. Contour 
interval 100 feet. 
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An anomalous thickness of sandstone, in part 
equivalent to the Chinchage anhydrite, occurs in two wells 
(Fig. 58.41, one on each side of the valley; this suggests 
similar topographic relief on both sides. If there is 
considerable topographic relief on the eastern edge of the 
fault zone, it must indicate a hill or ridge of local extent, 
somewhat as depicted in Figure 58.4. The escarpment on 
the west side, on the other hand, is the edge of a large 
plateau. Devonian sediments continue to thin westward 
over this plateau, which is part of the Tathlina High 
(Fig. 58.1). 

PIacId Chevron G u l l  Ck F-46 

The topography indicated on Figure 58.4 is presum- 
ably a consequence of pre-Devonian faulting and erosion 
and, if this topography reflects movement, it was mainly 

J 

vertical movement and relatively upward on the north- 
west. Movement during the Devonian cannot be firmly 
demonstrated. The rapid eastward thickening of the 
section is a reflection mainly of pre-Devonian topography; 
however, regional isopachs (not shown) indicate gradual 
thickening to the southeast. If there was Devonian 
movement of the Tathlina faults, it must have been down 
on the southeast. 

Facies changes occur within the Pine Point Group in 
the general area, but no pattern that can be linked 
directly to the fault zone is apparent. Of course, there is 
nowhere near the amount of stratigraphic control that is 
available in the Pine Point area (Skall, 1975). 



In summary, t he  Tathlina s t ructura l  bel t  can b e  
in terpre ted t o  be  the  result  of: I)  pre-Devonian (probably 
Precambrian) fault ing which resulted in local topographic 
relief;  2) minor movement on these  faults,  which probably 
occurred in l a t e  Middle Devonian (Givetian) t ime,  and 
caused downthrows t o  t h e  southeast;  and 3 )  post-Devonian 
t i l t  and relatively minor adjustments along the  ear l ier  
f au l t s  which folded Devonian s t ra ta .  In this area ,  t he  
youngest s t r a t a  a r e  Upper Devonian; therefore ,  t he  age  of 
th is  l a s t  movement cannot  b e  da ted  more precisely. 

Rabbit Lake Structure 

A closed anticline south of Rabbit  Lake (Fig. 58.8) 
was  mapped f i r s t  from outcrops (J.C. Sproule and 
Associates, 1955). Subseuqent drilling discovered a small  
gas  field. The field is  about  13 km2(5 sq. miles) in area;  
closure is about  8 5  m (280 ft.). The pay-zone is about  6 m 
(20 ft.) of porous l imestone a t  t he  top of the  Pine Point 
Group. Recoverable  reserves a r e  es t imated at 12 billion 
cubic fee t .  

S t ruc tu re  t e s t  holes (J.C. Sproule and Associates, 
1956, 1957), combined with deep drilling plus outcrop 
da ta ,  result  in fairly close control  on shallow structure.  

Pronounced topographic l ineations coincide with t h e  
northern and southeastern limbs of the  Rabbit  Lake 
anticline. The in terpre ta t ion of shallow s t ruc tu re  
(Fig. 58.8) has been drawn t o  conform with t h e  speculative 
concept  of basement  fault ing (Fig. 58.10). 

Like the  Tathlina s t ructure ,  t h e  Rabbit  Lake s t ruc-  
t u r e  consists of a narrow syncline flanked by anticlines; at 
Rabbit  Lake, however, t h e  anticlines a r e  domed ra ther  
than linear. The closure of t he  gas-bearing Rabbit  Lake 
ant ic l ine  i s  due t o  t h e  presence of a narrow east-trending 
syncline. The Foetus  Lake dome, e a s t  of t h e  syncline, s i t s  
on a s t ructura l  ter race .  

Unlike the  Tathlina s t ructure ,  t he re  is no good 
evidence for  much pre-Devonian topographic relief in t h e  
Rabbit  Lake area .  What evidence the re  is (Fig. 58.9) 
suggests a shallow pre-Devonian valley coincident with 
t h e  syncline or  basement  graben. The southern l imit  of 
t h e  Chinchaga anhydrite may be misleading because this 
appears  t o  b e  a fac i e s  change ( to  dolomite) a s  well  a s  an  
onlap. Somewhat more  convincing evidence is found north 
of t he  map-area where, over a distance of 80 km 
(50 miles), a mild s t ruc tu ra l  f lexure  (up on t h e  southeast)  
is  mappable, and this coincides with a narrow valley filled 
with Lower Chinchaga evaporites.  Only t h e  southern end 
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Figure 58.1 1. Well names, Cel ibeta  area .  



of this tongue appears on Figure 58.9. Only one well ( just  
west of Foetus  Lake) is  located in the  graben, and i t  did 
not  reach basement but bottomed in the  basal Devonian 
sandstone. This sandstone is more than 30 m (100 ft.) 
thick, in contras t  t o  the  3 t o  9 m (10-30 ft.) thickness t h a t  
i s  usual in this area.  The hill nor theas t  of Foetus  Lake 
remained an island until P ine  Point t ime. 

In the  stylized s t ruc tu re  contours on the  basement 
(Fig. 58.10), t he  main f ea tu re  is a graben flanked by 
differentially t i l ted  blocks. There  is ra ther  weak evidence 
(Fig. 58.9) tha t  the  graben coincides with a pre-Devonian 
valley. There  is no evidence t o  document any movement 
during Devonian deposition; however, t h e r e  i s  insufficient 
control  t o  deny such movement.  The youngest rocks in 
t h e  a r e a  a r e  Upper Devonian, therefore  t h e  final move- 
ment  can only be dated a s  post-Late Devonian. 

Ce l ibe ta  S t ruc tu re  

The Cel ibeta  anticline i s  a one-well g a s  field. About 
1 5  m (50 ft.) of porosity a t  t he  top  of t h e  Slave Point  
l imestone contain an  es t imated 10 billion cubic  f e e t  of 
marketable  gas  (National Energy Board, 1974, 
Appendix 4). 

Many miles of seismic lines have been shot  over and 
in the  vicinity of t he  Cel ibeta  s t ructure .  Because the  
i l lustrative mater ia l  (Figs. 58.12 to58 .19)  has  been 
compiled without benef i t  of any geophysical da t a ,  t h e  
p ic ture  therefore  is  incomplete and t h e  in terpre ta t ion is 
subjective.  

Unlike t h e  Tathlina and Rabbit  Lake s t ructures ,  t he  
Cel ibeta  s t ructure  has  no topographic or  outcrop expres- 
sion. Except for one small  l imestone outcrop on the  

Upper Cretaceous, Dunvegan Fln. 
8 . .  

) Permo-Carboniferous, Elsttson Fn. 
, "  ... . 

0 Lower Cretaceous ,  Fort S t .  John Gv. Miss i s s ipp ian ,  F l e t t  Fnl 

Permian, Fantasque Fm. 

Figure 58.12. Bedrock (pre-drift) geology, Cel ibeta  area .  

Banff Fm. 



Pe t i t o t  River (Douglas and Norris, 19591, t he  s t ruc tu re  is  
buried below thick glacial  drif t .  

Within the  Dis t r ic t  of Mackenzie portion of t h e  
map-area, a l l  near-surface well samples  have been re- 
examined by t h e  wri ter  t o  de t e rmine  t h e  na tu re  of t h e  
bedrock in this heavily drift-covered area .  Markers 
published in t h e  Schedule of Wells (DIAND, 1973) indica te  
Cre taceous  beds overlying Banff sha l e  in t h ree  of t h e  
Cel ibe ta  wells. No evidence for Cre t aceous  rocks was 
found by t h e  wri ter  in any of these  wells. In a l l  wells 
drilled on the  Cel ibe ta  s t ruc ture ,  t h e  Banff shale  is 
overlain by dr i f t ,  in places up t o  180 m (600 ft.) thick. 

Bedrock (pre-drift)  geology i s  shown in Figure  58.12. 
The main change f rom previous mapping (Douglas and 
Norris, 1959) i s  in t h e  e x t e n t  of Pa l eozo ic  rocks  in t h e  
Cel ibe ta  area .  The nor theas t  t rend of t h e  s t ruc tu re ,  a s  
will b e  discussed la ter ,  is  conjec ture .  

The t ec ton ic  se t t ing  of t h e  Ce l ibe t a  s t ruc tu re  is  
i l lustrated by isopachs of t he  upper Paleozoic  sec t ion  
(Fig. 58.14). Isopachs of most  mappable  uni ts  display a 
similar picture.  The Cel ibe ta  s t ruc tu re  is s i t ua t ed  on a 
shelf (broad contour  spacing) abou t  32 km (20 miles) f rom 
t h e  Bovie hinge l ine  (close contour  spacing). The Bovie 
hinge l ine (so named because i t  coincides with t h e  Bovie 
anticline,  Fig. 58.12) divides t h e  shelf  f rom t h e  western  

T r i a s s i c  

Permian, Fantasque Fm. 

( bl iss iss ippian,  F l e t t  Fm. 

Banff Fin. 

0 Permo-Carboniferous,  Elattson Fn. pos t -Crctaceous  e r o s i o n .  

Figure  58.13. Pre-Cretaceous  geology, Cel ibe ta  area .  



Figure 58.1Q. 

Isopachs, base of Cretaceous to top of Devonian, 
Celibeta area. Contour interval 500 feet. 

Figure 58.15. Structure contours, base of Cretaceous, Figure 58.16. Structure contours, top of Devonian, 
Celibeta area. Contour interval 500 feet Celibeta area. Contour ~nterval  500 feet. 
(solid line) or 100 feet (dashed line). 

. ? 

basin. This hinge is an ancient flexure, down on the west, 
which was active throughout much of Paleozoic and 
Mesozoic time. The hinge continues south of the map- 
area, where its trend changes to south-southwest 
(Fig. 58.1). The Bovie hinge line marks the eastern limit, 
except for thin and discontinuous patches, of 
Pennsylvanian, Permian and Triassic rocks (Fig. 58.13). 

\ The large amount of structural relief on all horizons _ _  ,-- 
N W 1  

$. 6172.1M1 
11190) 

down to and including basement make it obvious that the nc 
Celibeta structure involves basement faulting. The 

ua-m question is, what is the nature of this faulting? The ,.. v . (11111) 

structure of shallow horizons (Figs. 58.15, 58.16) is drawn 
on the assumption that a northeast-trending basement 
fault coincides with the southeast limb of the fold - .  
(Fig. 58.18). 

1 0  tn 
9 - 6111-7410 TOP of Slave Polnl b. - =..of Ebbvct II-. 

(111) Ithlclule.. i n  fee,) 

Evidence for this fault comes partly from north of l O n ~  

the map-area. Structure contours on any Paleozoic 
horizon or on the basement show a slight but persistent Figure 58.17. Pre-Devonian topography, Celibeta area. 

lsopach interval 100 feet. 



jog, t h e  1000-foot contour on t h e  e a s t  of Figure 58.16 is  
an  example.  This fea ture ,  which persists  for  a d is tance  of 
about 80 km (50 miles) beyond the  map-area,  suggests a 
northeast-trending basement  faul t ,  northwest side up by a 
few tens  of fee t .  The southern l imb of t h e  Cel ibe ta  fold 
lies on trend with this flexure. Some other  f ea tu re s  
associated with this faul t  zone are :  I )  t he  location and 
trend of a s egmen t  of t he  Slave Point carbonate  f ront  in 
t h e  vicinity of Trout  River (about 80  km (50 miles) 
nor theas t  of t h e  map-area); 2) t h e  change in t rend of t h e  
Bovie hinge line f rom nearly north-south within t h e  map- 
a r e a  t o  south-southwest south of t he  map-area; and 
3) roughly, t h e  faul t  zone  coincides with t he  ea s t e rn  l imit  

.? 
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m.0761 

N W I  

.. / 
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Figure 58.1 8 .  S t ruc tu re  contours,  base of Devonian, 
Cel ibe ta  area .  Contour  in terval  1000 f ee t .  

of lower Paleozoic  o r  P ro t e rozo ic  c las t ics ;  sou theas t  of 
t h e  f au l t  zone Devonian rocks l ie  on crys ta l l ine  basement.  

F igure  58.17 summarizes  what  is  known abou t  pre- 
Devonian topography. The isopach interval,  al though t h e  
bes t  available t o  i l lus t ra te  topography, i s  f a r  f rom 
sa t i s fac tory  because: I )  t h e  t op  of t h e  Slave Point 
l imestone a lmost  cer ta in ly  s t eps  up- or down-section 
severa l  t ens  of f e e t  (aside f rom t h e  main ca rbona te  front);  
2) t h e r e  is  some  s t ra t igraphic  thinning within t h e  Pine  
Point Group due t o  d i f ferent ia l  subsidence; and 3) t h e  
marker  a t  t h e  base  of t h e  in terval  i s  some t imes  question- 
able;  Chinchaga sandstone may be  confused with lower 
Paleozoic  o r  Proterozoic  sandstone.  

In sp i t e  of i t s  weaknesses, F igure  58.17 sugges ts  t h a t  
t h e r e  was  considerable pre-Devonian topographic relief. 
The western  spur of t h e  Tathlina High was a broad upland, 
never covered by lowest Devonian sediments.  Another 
high area ,  probably an  isolated hill, lay t o  t he  south - t h e  
L i t t l e  Growl Hills. The valley south  of t h e  Ce l ibe t a  fold 
was  at l ea s t  120 m (400 ft.) d e e p  and had a s t e e p  nor thern  
bank. The combination of f e a t u r e s  - a northeast-trending 
basement  f au l t  and a pre-Devonian valley - is  analogous 
t o  t he  Tathl ina  and Rabbit  Lake f au l t  zones. Although 
the re  i s  insufficient subsurface  contro l  t o  establish 
confidence,  i t  is  reasonable t o  a s sume  t h a t  a l l  t h r ee  
s t ruc tu re s  had a similar history. T h e  Ce l ibe t a  fold can  b e  
in terpre ted  a s  a resul t  of rejuvenation of an  ancient ,  
northeast-trending basement  faul t .  

The  determinat ion  of basemen t  s t ruc tu re  in t h e  
Ce l ibe t a  a r e a  i s  hampered by uncer ta in ty  a s  t o  t h e  a g e  of 
t h e  c l a s t i c s  a t  t o t a l  depth  in severa l  wells - Devonian, 
lower Paleozoic  o r  Proterozoic.  The markers  contoured in 
Figure 58.18 probably give a close approximation t o  
Precambrian  s t ruc ture .  The pa t t e rn  shown is based on t h e  
Tathl ina  and Rabbit  Lake  models. 

northwest southeast 

Figure  58.19. Cross-section,  Cel ibe ta  a r ea .  Da tum sea  level. Line of section shown on Figure  58.12. 



All evidence,  sketchy though i t  is, indica tes  close 
s t ruc tu ra l  conformity  of a l l  horizons (Figs. 58.12, 58.15, 
58.16, 58.18, 58.19). The age  of t h e  s t r u c t u r e  i s  clearly 
post-Early Cretaceous .  Probably i t  is  a Laramide  
s t ruc tu re .  

Summary 

The Cel ibe ta  s t ruc tu re  has been in terpre ted  in such 
a way t h a t  i t  f i t s  a model common t o  t h e  Rabbit  Lake,  
Tathl ina  and Pine  Point faul t  zones; t h a t  is, a rejuvenated,  
ancient ,  basement  f au l t  zone which had, prior t o  Devonian 
deposition, been differentially eroded t o  produce a shallow 
depression. I t  must be  emphasized t h a t  t h e  Cel ibe ta  d a t a  
were  forced intentionally in to  th is  model. Alone, t h e  d a t a  
f i t  a var ie ty  of interpretations.  I t  is t o  be  hoped t h a t  
someone who has acces s  t o  geophysical d a t a  will b e  
s t imula ted  t o  confirm o r  r e j ec t  th is  in terpre ta t ion .  

The Cel ibe ta  folding occurred  a f t e r  Early 
Cre t aceous  t i m e  - probably a Laramide  event .  If a 
common pa t t e rn  of t h e  four f au l t  zones  were  t o  be  
conf i rmed,  t hen  a common t ime  of rejuvenation would b e  
a logical  assumption. The second hypothesis of th is  paper 
- t h e  influence of Laramide  compression extended 
ent i re ly  across  t h e  Interior Plains - would then b e  
e l eva t ed  t o  respectabil i ty.  
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SURFICIAL GEOLOGY O F  THE BAKER LAKE AREA, DISTRICT OF KEEWATlN 

Pro jec t  730013 

C.M. cunningham'  and W.W. Shil ts  
Terra in  Sciences  Division 

Introduction 

In 1976 Quaternary  mapping in southern Keewatin 
was continued in t h e  Baker Lake  a rea  (NTS 56 D, 66 A, 
65 P) and portions of adjoining map-areas. The objec t ives  
of th is  mapping are:  ( I )  t o  provide a map of surficial  
deposits  suitable for  input in to  environmental  studies 
associated with t he  proposed eas t e rn  a r c t i c  gas  pipeline; 
(2) t o  document  and descr ibe  t h e  complex ice  flow 
directions associated with t he  migration of t he  Keewatin 
Ice Divide (Lee  e t  al., 1957); ( 3 )  t o  descr ibe  the  l a t e -  
glacial  relationship of t he  Tyrrell  Sea  t o  possible 

f reshwater  bodies dammed wes t  of t h e  ice  divide in t h e  
Thelon-Dubawnt sys tem;  and (4) t o  descr ibe  t h e  ear l ie r  
Quaternary  history a s  revealed by borehole d a t a  and the  
study of s t ra t igraphic  sec t ions  along Kazan, Thelon, 
Dubawnt, and o ther  rivers. 

Surficial  Deposits  

In t h e  vicinity of t h e  i ce  divide (Fig. 59.1), till i s  t h e  
main deposit. A zone of marine reworking ex tends  up t o  
a l t i tudes  ranging f rom 135 m t o  over  150 m a.s.1. 

'Depa r tmen t  of Geology, University of Massachusetts ,  Amhers t ,  Massachuset ts  

- Area of gent ly  rol- 
ling silty till plains 
with relatively f ew  
lakes;  well developed 
mar ine  beaches  (below 
150 m a.s.1.); a c t ive  
mudboils; relatively 
f e w  outcrops;  post- 
glacial  s t r eams  deeply 
incised in to  bedrock; 
and no strongly 
or iented  topographic 
grain. 

- Area of bouldery, 
grey-brown sandy till, 
many outcrops  with 
fe lsenmeer ,  many 
lakes, sparse  vegeta-  
tion, with topographic 
grain strongly con- 
trolled by bedrock 
s t ructure .  

- Area of red t i l l  
cove r  on crys ta l l ine  
bedrock; outcrop 
frequency, number  of 
lakes,  and boulder 
frequency in t e rmed ia t e  
be tween a r e a s  A and 0; 
topographic grain 
strongly l ineated 
northwest-southeast  by 
g lac ia l  erosion/-  
deposition. 

From: Report o f  Activities,  Part B; 
Geol.  Surv. Can., Paper 77-1B (1977) 
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Figure 59.2. Ice flow directions generalized f rom s t r ia t ions  and drumlins or fluting. Presence of qua r t z i t e  e r r a t i c s  
a t  P i t z  Lake indicates southerly flow f rom a t  l ea s t  a s  f a r  north a s  Schul tz  Lake at some  time. 

Many s t reams,  particularly those in the  P i t z  Lake P i t z  Lake and Baker Lake, but fine grained marine  
basin, a r e  flanked below 135 m a.s.1. by del ta ic  sand and sediments  a r e  r a re  elsewhere.  Beaches a r e  particularly 
f ine  gravel (informally called 'str ip deltas') deposited by well  developed on glacial  sediments  in a r e a s  underlain by 
de l t a  progradation a s  sea level fe l l  at a relatively Dubawnt Group rocks. Major a r e a s  of sandy de l t a i c  
constant  rate. Marine silty clays covered by thin sand deposits and spectacular  fl ights of gravelly,  sandy beaches  
fo rm a persistent cover south of Thelon River between a r e  found a t  t he  northwest and nor theas t  sides of P i t z  

Lake, respectively.  



Within the  a r ea  studied in 1976, no conclusions could 
be  drawn regarding the  relationship of t h e  Tyrrell  Sea t o  
lakes in upper Thelon Valley. All shoreline f ea tu re s  found 
in t he  map-area can be  reasonably related t o  marine 
inundation. The northern l imit  of marine submergence  is 
difficult  t o  map because the  bouldery ter ra in  north of 
Baker-Schultz lakes was not  su i table  for beach format ion.  

Terrain underlain by l a t e  Precambrian  (Helikian) 
rocks of the  Dubawnt Group (Donaldson, 1965) (area  A, 
Fig. 59.1) comprises a gently rolling surface  of red till 
which is relatively rich in s i l t  and clay derived largely 
f rom red beds of t h e  Dubawnt Group. The till plain has 
f ew  linear f ea tu re s  related t o  ice  flow, such a s  drumlins 
or fluting. Till surfaces  generally a r e  covered with ac t ive  
mudboils. The gently rolling ter ra in  is broken in places by 
outcrops  of res is tant  rocks such a s  t h e  east-west trending 
ridges of intrusive and volcanic rocks north and south of 
P i t z  Lake, by a major, northwest-trending diabase dyke 
t h a t  can  be  t raced f rom Thirty Mile Lake  t o  Schul tz  Lake  
along a line passing just west  of P i t z  Lake, and by hills of 
Aphebian age  qua r t z i t e s  e a s t  and south of Schultz Lake. 

North of Baker Lake, Thelon River, and Schul tz  
Lake (area  B, Fig. 59.1), t h e  na tu re  of t h e  ter ra in  changes  
dramatically.  Vegetation is sparse  in comparison t o  
a r e a  A. The till plain is underlain by crys ta l l ine  Archean 
bedrock t h a t  protrudes in numerous felsenmeer-covered 
outcrops  with sharp  local  relief. A major ridge of 
Aphebian qua r t z i t e  ex t ends  eas t -nor theas t  f rom Whitehills 
Lake across  Quoich River. Till is  t h e  major unconsoli- 
da ted  sediment,  but  in con t r a s t  t o  t h e  red t i l ls  of a r e a s  A 
and C, i t  is  generally grey-brown, sandy, and very 
bouldery. Most mudboils a r e  relatively inact ive  and a r e  
surrounded by s tone  rings in t h e  form of sor ted  circles.  
The number of lakes  and contro l  of topographic deta i l  by 
bedrock s t ruc tu re  is  noticeably g rea t e r  in this region than 
in t h e  southern pa r t s  of t h e  map-area. 

Terra in  underlain by crys ta l l ine  Archean bedrock 
south of Thirty Mile Lake and between Schul tz  and Pi tz-  
Princess Mary lakes (area  C, Fig. 59.1) has local  relief ,  
density of lakes, and stoniness in termedia te  be tween a reas  
underlain by Dubawnt Group rocks ( a r ea  A) and a reas  
underlain by the  highly deformed and metamorphosed 
Archean-Aphebian rocks t o  t he  north ( a r ea  8).  Red till 
derived from red beds of t h e  Dubawnt Group complete ly  
covers  this area ,  forming dispersal t ra ins  t h a t  extend 
northward an undetermined dis tance  past  Schul tz  Lake  
and southeastward a s  a 75 km-wide, more  than 200 km- 
long ribbon from the  Pitz-Thirty Mile-Forde lakes a r e a  t o  
Hudson Bay. Whereas t h e  topographic grain is inherited 
largely f rom bedrock s t ruc tu re s  in t h e  northern a r e a  (B), 
t h e  or ienta t ion  of topographic f ea tu re s  of al l  sca les  and 
types  in a r e a  C is closely re la ted  t o  erosion and deposit ion 
by southeas tward  or nor theas tward  glacial  flow. 

Ice Divide - Ice Flow History 

Figure 59.2 shows generalized ice flow di rec t ions  
measured in 1976. The directions of s t r ia t ions  were  
determined by noting t h e  t rends  of ta i l s  of uneroded rock 
protec ted  in t h e  lee  of hard inclusions, such a s  pyr i te  
grains,  qua r t z  grains or veins, e t c .  ( ' ra t  tai l '  s tr iat ions).  
From Figure 59.2 i t  is evident  t h a t  i t  is d i f f icul t  t o  
delimit  t h e  i ce  divide more  precisely than i t  was  defined 
by L e e  (1 959). 

Erra t ics  of qua r t z i t e  of presumed Aphebian age  a r e  
found a t  P i t z  Lake and a r e  in terpre ted  t o  indica te  a major 
period of southward t ranspor t  f rom outcrops  of these  
rocks a t  Schultz Lake. Despi te  t h e  overwhelming 
evidence  t h a t  late-glacial  flow in th is  a r e a  was  nor thwest -  
ward,  th is  observation indica tes  t h a t  i c e  former ly  flowed 
southward f rom a c e n t r e  of outflow an unknown dis tance  
north of Schultz Lake. Tha t  t h e  major flow event  t o  
a f f e c t  t h e  map a r e a  was re la ted  t o  a c e n t r e  of outflow t o  
t h e  north is suggested fu r the r  by southeas tward  trending 
geochemical  dispersal t ra ins  in t h e  southern  p a r t  of t h e  
map a r e a  (R.A. Klassen, pers. comm., 1977) and old 
southward s t r ia t ions  measured nor th  of t h e  i ce  divide in 
t h e  Quoich River area.  A preliminary in terpre ta t ion  of 
t hese  observations could be  t h a t  t h e  Wisconsinan (or L a t e  
Wisconsinan) ice  shee t  grew with i t s  c e n t r e  of outflow in 
nor thern  Keewatin and t h a t  t h e  c e n t r e  migra ted  t o  t h e  
south and e a s t  t o  t h e  vicinity of Baker Lake  in t h e  f ina l  
phases  of glaciation.  Such migration would have  been 
contro l led  in a presently undefinable way by significant 
drawdowns caused by calving in to  lakes  abut t ing  t h e  i ce  in 
t h e  south and west  and in to  t h e  s e a  abut t ing  t h e  i c e  in t h e  
e a s t  and north. 

The  l a s t  recorded di rec t ions  of g lac ier  flow were  
generally westward o r  nor thwestward  and southeas tward  
f rom a n  a r c u a t e  zone extending through Forde,  P i t z ,  and 
Whitehills lakes  and thence  nor theas tward  across  Quoich 
River  abou t  15 t o  25 k m  south of i t s  junction with Tehe r t  
River. In a zone  f rom Schul tz  Lake  t o  Forde  Lake, west  
of P i t z  Lake, t h e  d i rec t ion  of t h e  l a s t  i ce  flow seems t o  
have  been due  west.  The  westward  flow apparent ly  
pos tdated  flow t h a t  was  north t o  nor thwest  in t h e  s a m e  
zone. Southeastward migration of t h e  ice  divide is 
conf i rmed by t h e  association of southeas tward  oriented 
s t r ia t ions  with younger westward  o r  nor thwestward  s t r ia -  
t ions  in c lose  proximity o r  on t h e  s a m e  outcrops.  

Mel twater  channels and t h e  distribution of ice- 
c o n t a c t  deposits  indica te  t h a t  t h e  P i t z  Lake  basin was 
filled with a d iscre te  ice  mass  t o  an a l t i t ude  below t h e  
hills defining the  basin shortly be fo re  flooding by mar ine  
waters.  Thus, this would be  t h e  s i t e  of one  of t h e  las t  
r emnan t s  of t he  cont inenta l  g lac ier  west of Hudson Bay. 
Remnan t  ice  masses a r e  also thought  t o  have occupied 
o the r  major lake  basins near  t h e  divide. 

S t ra t igraphy 

A t  two  sections along lower Kazan River and one 
sec t ion  on a Thelon River t r ibutary  near  Schul tz  Lake,  
boulder pavements  s epa ra t e  two  textura l ly  and composi-  
tionally contras t ing  till units. A t  present  i t  is thought 
t h a t  t h e  lower of these  units represents  ear ly  ice  flow 
f rom nor thern  Keewatin and t h a t  t h e  upper unit, al though 
no t  necessari ly corre la t ive  among all  sections,  may 
represent  t h e  period of significant shift  in ice  flow 
associa ted  with t h e  migration of t h e  i ce  divide in to  Baker 
Lake  region. The upper t i l l ,  where  observed, is 2 t o  4 m 
thick and overlies more  than 10 m of lower till. Excep t  
fo r  wave reworked zones o r  thin mar ine  sands  o r  s i l t s  a t  
t h e  surface ,  no wa te r  laid s ed imen t s  were  found in t h e  
sections.  Preliminary examinat ion  of samples  made 
avai lable  by Polar  Gas  a t  t h e  t i m e  of writ ing th is  r epo r t  
indica tes  t h a t  t hese  two  t i l l s  may b e  underlain by fluvial 
sands  (interglacial?) which over l ie  an  older till along 
Thelon River  be tween Schul tz  and Baker lakes. 
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Introduction 

Reconnaissance ter ra in  mapping was  conducted in 
north-central  Keewatin (NTS 56 E, F, K ,  L, M, and N) 
(Fig. 60.1) during summer 1976. This a rea  lies between 
the  a reas  mapped by Boydell e t  41. (1974, 1975) t o  the  
north and Cunningham and Shilts  (1977) t o  t h e  south and 
includes one of the  proposed eas tern  a r c t i c  gas  pipeline 
routes. Initially, Craig (1961) and Fyles (Wright, 1967) 
mapped the  surficial  geology and Wright (1967) and 
Hey wood (1 967) mapped the  bedrock geology. 

This project  involved preliminary airphoto in ter -  
pre ta t ion,  field checking of the  in terpre ta t ion by 
helicopter traversing, and detailed ground investigation of 
preselected sites. In addition, shallow drilling in f ine  
grained mater ia ls  was conducted by J.J. Veillette and 
M. Nixon; t h e  vegetation types were  mapped by 
Edlund (1977); and the  soils were mapped by 
Tarnocai (1977). Surficial  geology maps at a scale  of 
1:125 000 a r e  being prepared fo r  open fi le re lease  through 
the  Geological Survey of Canada. The purpose of this 
repor t  is t o  provide a brief description of the  surficial  
mater ia ls  of t h e  area.  

Mater ia ls  

Till - 

The most extensive surficial  deposit  of t he  a r e a  is a 
sandy till, although a silty till occurs in the  northern pa r t  
of NTS map-area 56 N (Fig. 60.1). 

The till surface  generally is covered by an 
abundance of angular t o  subrounded boulders commonly 
more  than 1 m in length. The boulders a r e  concentra ted  
on the  surface  f rom within t h e  till by f ros t  action. 
Usually t h e  boulders a r e  petrologically t h e  s a m e  a s  t h e  
underlying bedrock; however,  in one locality in northern 
map-area 56 K ,  the  boulders a r e  mainly gneissic in com- 
position, with less than one per c e n t  having been derived 
f rom the  rnetavolcanic bedrock which outcrops in t h e  
vicinity. Generally the  boulders cover  f rom 30 t o  50  pe r  
c e n t  of the  surface; however,  where  the  till is thin, t h e  
concentra t ions  a r e  much higher. Of par t icular  in teres t  is 
one  region in the  eas t -centra l  p a r t  of map-area 56 K 
where  the  ground surface  is complete ly  covered by 
boulders. The deposit  is drumlinized, which implies a till 
genesis for the  material .  This in terpre ta t ion is supported 
by t h e  f a c t  t h a t  even though most of t he  boulders were  
derived locally, some  have been transported for  consider- 
ab le  d is tances  (M. Schau, pers. comm., 1977). 

The thickness of t he  till varies f rom a veneer of less 
than 1 m t o  a blanket of severa l  t ens  of metres.  Where i t  
occurs  a s  a veneer,  t h e  su r face  topography conforms t o  
the  surface  of the  underlying bedrock. Where the  till is 
thicker,  i t  masks the  deta i l  of the  underlying bedrock 
topography, commonly forming a gently rolling su r face  
with an  average relief of 20 t o  30 m. Crag-and-tail 

Figure 40.1. Location map. 

landforms a r e  common, whereas  drumlins a r e  rare.  The 
di rect ion of i c e  flow indicated by these  f ea tu res  is  
generally northward, varying f r o m  northwest t o  nor theas t  
depending on the  jocation within the  area .  Various types  
of moraines, both l a rge  and small, were  encountered 
throughout t h e  area .  

The ac t ive  layer in t i l l  averages  from 50 t o  100 c m  
thick (Tarnocai, 1977). Stripes,  e i the r  a s  boulder stripes 
where  boulders a r e  abundant or a s  vegeta t ion s t r ipes  
where  t h e  vegeta t ion m a t  is  more  continuous, commonly 
a r e  formed on t h e  tills. Sorted and nonsorted ne t s  and 
c i r c l e s  occur  in a reas  of low slope angle. The sorted 
c i r c l e s  ave rage  I m in d i ame te r ,  although c i r c l e s  several 
me t re s  across  a r e  common. At  one site,  c i r c l e s  several 
t ens  of me t re s  across, having a f ine  grained c e n t r e  3 m in 
d i ame te r  and boulders up t o  2 m long in the  periphery, 
w e r e  observed. Nonsorted c i rc les  average 1 m across  and 
commonly have turf r ampar t s  around t h e  per imeter .  

From: Report of Activities, Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



One till unit, which occurs throughout the  a rea ,  is  
particularly evident on aer ia l  photographs due  t o  i t s  well 
developed stripes. These stripes,  formed by vegetation, 
a r e  composed of wide light-toned bands and narrow dark- 
toned bands associated with rills. The underlying mater ia l  
was much sandier, yet relatively def ic ient  in boulders, 
compared with the  regional till. A t  two  locations t h e  
s t r ipes  were  found t o  occur only below proglacial lake 
strandlines.  Moreover these units a r e  common below 
marine  limit. Other  occurrences a r e  all within possible 
proglacial  lake  basins. Thus i t  is concluded t h a t  these  
deposits a r e  a veneer of e i ther  lacust r ine  or marine sand 
overlying till. 

Stratified Drift  

These deposits; including both glaciofluvial and ice-  
c o n t a c t  stratif ied dr i f t ,  range in composition f rom silty 
sand to  gravel, with the  surface  of some eskers  being 
entirely covered by boulders. The cobbles and boulders 
a r e  rounded t o  subrounded, a r e  up t o  1 m in length, and 
a r e  gneissic or quar tz i t ic  in composition. These mater ia ls  
were  recognized on aerial  photographs, not only because 
of their  morphology, but  because  the  s teeper  slopes a r e  
light toned and the  f l a t t e r  tops a r e  dark toned because of 
t he  dark green and black lichens (Alectoria sp.) t h a t  grow 
preferentially on them. 

Eskers, e i ther  a s  single isolated ridges or. a s  groups 
of ridges, commonly associated with ter raced glaciofluvial 
deposits,  a r e  common throughout the  area .  They range in 
height from 2 m to  over 30 m and have s t eep  slopes and 
e i ther  f la t  or sharp crests.  Aligned towards the  north- 
northwest,  single eskers cross  the  a rea ,  in places ending in 
or leading f rom steep-sided mel twater  channels with 
boulder-covered floors c u t  in e i ther  till or bedrock. 

Larger esker complexes occur  in valleys 1 or  2 k m  
wide where the  mel twater  has removed or reworked the  
previously deposited till t o  leave behind e i ther  ba re  rock 
with a lag concentration of cobbles and boulders or  
hummocky t o  transversely ridged sand and gravel. On 
e i ther  side of t he  esker complex, a veneer of sand was  
deposited over the  till and bedrock. 

Commonly, esker  complexes g rade  in to  a valley fi l l  
of ter raced glaciofluvial mater ia l ,  but  some end in large  
de l t a s  built  into marine water .  These del tas  a r e  f l a t  
topped and commonly a r e  incised by channels. The 
backslopes a r e  s teep,  whereas  the  foreslopes, although 
s teep,  usually have t e r r aces  c u t  in to  them. 

The ac t ive  layer in these  mater ia ls  may be  up t o  2 m 
thick. A t  one s i t e  where thermis tor  t empera tu re  
measurements  were  taken, t he  sand was  found t o  b e  below 
0°C a t  a depth of 1 m even though visible ice was  not 
observed to  a depth of 2 m. Most of t he  flat-topped sand 
deposits have ice-wedge polygons, generally in a 
rectangular pa t t e rn  up t o  7 m across, developed on them;  
vegeta t ion stripes or solifluction lobes were  observed on 
t h e  flanks. A t  one location in map-area 56 K,  a possible 
pingo was found on a glaciofluvial  ter race .  I t  is  20 m 
high, 80 m in d iameter ,  and is composed of t h e  s a m e  
mater ia l  t h a t  occurs on the  valley floor. The ice-wedge 
c racks  on the  valley floor run across the  pingo and 
in tersect  a t  the summit.  Although pingos in coa r se  
mater ia l  a r e  not common, Pissar t  (1967) has  described 
some  pingos in sand and gravel  on Pr ince  Patrick Island, 
Northwest Territories.  

Several lakes were found t o  have no surface  ou t l e t  
bu t  t o  drain through the  unfrozen bases of ad jacen t  eskers  
as numerous springs or seeps. During t h e  winter,  at some  
locations this water  spreads out over the  ground su r face  
forming icings or aufeis.  In a number of cases  the  aufe is  
was sti l l  present  in the  middle of August. Obtaining l a rge  
quant i t ies  of aggregate  f rom the  unfrozen sect ions  of 
eskers  around the  seepage a reas  may b e  of possible 
economic significance. 

Marine 

Occurring mainly in the  northern pa r t  of the  a r e a  
(map-areas 56 M and N), marine deposits a r e  commonly a 
grey interbedded clay, silt, and sand unit overlain by 
brown sand. Fossils a r e  very r a r e  in this material ,  being 
found only a t  one location on a tr ibutary t o  Murchison 
River. The sand commonly is covered by vegeta t ion;  
however, t h e  sil ts  a t  t h e  surface  a r e  mostly bare. 

The thickness of mar ine  deposits varies f rom less 
than 1 m, in which case  it ref lec ts  the  topography of the  
underlying bedrock or till, t o  over 50 m a s  a valley fi l l  in 
Hayes and Murchison river valleys. In these  l a t t e r  
locali t ies t he  sand unit comprises  the  upper 10 t o  20 m. 
Between these  two ex t r emes  of thickness, t he  mar ine  
mater ia l  fo rms  a blanket deposit  which masks the  
underlying topography and fo rms  a gently rolling surface .  
Where relief is high, a s  along Hayes River, t he  deposi ts  
a r e  incised up t o  50 m by an in t r ica te  dendr i t ic  gully 
sys tem.  

Marine beaches  a r e  not  prevalent,  occurring well 
below marine  l imit .  The highest elevation of marine sil ts  
found is 275 m in the  southwest p a r t  of map-area 56 N. 

The most common pat terned ground f e a t u r e  
developed on marine mater ia l  is low-centred polygons 
which a r e  especially abundant in the  northern p a r t  of 
map-area 56 M. Other  fea tures ,  such as des iccat ion 
c racks  and nonsorted ne t s  and circles,  only have l imited 
occurrence. 

Eolian 

Along rivers and on adjacent  ter races ,  eolian 
act iv i ty  has  transported f ine  sand and sil t .  In some  places  
large  a reas  of ba re  sand have formed, which a r e  presently 
encroaching on adjacent  vegeta ted  areas.  The larges t  of 
t hese  a r e a s  i s  20 km2an,.: i.. composed of 60 c m  of eolian 
sand overlying a well developed soil (C. Tarnocai,  pers. 
comm., 1976). In a few locali t ies blowout dunes, of the  
order  of 20 m long and 1 m high, occur. These  dunes, 
being vegeta ted ,  a r e  not  a c t i v e  today; however,  they 
indicate  the  s a m e  northwest wind direction a s  t h e  modern 
eolian fea tures .  

Most eskers  in the  a r e a  have pa tches  of b a r e  sand 
along thei r  cres ts .  These a r e a s  were  probably much more  
extensive  in the  past ,  for on the  eas tern  flanks of most 
eskers an accumulation of eolian sand exists. Where the  
slopes a r e  s teep,  t h e  sand formed solifluction lobes. 
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Introduction col lec ted  by G.H. Eisbacher during Opera t ion  St.  Elias of 
t h e  Geological Survey of Canada in 1974. 

The St. Elias Mountains of southwestern  Yukon 
Terr i tory  and t h e  contiguous Alaska Range form a 
prominent topographic barrier between the  northwest Regional Geologic History 
Paci f ic  Ocean and t h e  North American continent.  The 
highest  peaks in North America  a r e  within t hese  mountain The s t ra t igraphic  and s t ruc tu ra l  relationships in t h e  
ranges. Mt. Logan, with an elevation of 5950 m,  is t he  Alaska Range, St .  Elias Mountains, Gulf of Alaska, and 
highest  point in Canada and is in t h e  Icefield Ranges of Cook Inlet have been reviewed recent ly  by MacKevet t  
t h e  St. Elias Mountains. Much of t h e  e levated  ter ra in  of (1970, 1971), Richter  and Jones  (1973), Berg e t  al .  (1972), 
this region is covered with large  icefields. Glaciers  flow Read and Monger (1975), Eisbacher (19761, Plafker  (1971), 
northeastward in to  winding low valleys or south towards  Plafker  e t  al .  (19751, and Kirschner and Lyon (1973). A 
t h e  Paci f ic  Ocean. The high peaks in t h e  St. Elias s chema t i c  composi te  s t ra t igraphic  column for  t h e  
Mountains a r e  r emnan t s  of grani t ic  ba thol i ths  sculptured St .  Elias region is  shown in Figure  61.4. 
by erosion f rom less resistant volcanic greenstone,  phyl- 
l i tes,  and carbonate  rocks (Fig. 61.1). The evolution of The pre-Cenozoic history of t h e  St .  Elias Mountains 
t h e  landscape is  geologically young and resulted f rom i s  deduced f rom i t s  sedimentary  and volcanic s t ra t igraphy 
collision of t h e  Pac i f i c  crus ta l  p la te  with t h e  cont inenta l  and f rom i t s  intrusive rocks. During L a t e  Jurass ic  - Early 
margin of North America  (Plafker,  1969). As a con- Cre t aceous  t ime  a thick succession of mar ine  flysch was 
sequence of regional compression t h e  c rus t  has  thickened deposited in two  extens ive  basins. One has been referred 
and i t s  surface  is  rising. Ear thquakes  in t h e  region a t t e s t  t o  a s  Gravina-Nutzotin Bel t  by Berg et al .  (1972) and 
t o  continuing crus ta l  unrest  in a broad zone a t  t he  s t raddles  t he  zone between t h e  St.  Elias and Coas t  
cont inenta l  margin (Tobin and Sykes, 1968; Gedney, 1970). mountains. It includes t he  Dezadeash Format ion and t h e  
In deta i l  t h e  Cenozoic  evolution of t h e  Cordil leran Nutzot in  Mountains Sequence  (Fig. 61.2). This flysch was 
landscape can be  read f rom the  s t ra t igraphy of Cenozoic  derived f rom a plutonic-volcanic t e r r ane  t o  t h e  southwest  
rocks near t h e  mountains. This repor t  is mainly concerned (Eisbacher,  1976). Another intensely deformed bel t  of 
with t h e  Cenozoic  record and s t ructura l  history of t he  Jurass ic  - Cre taceous  flysch is  preserved along t h e  Gulf 
ea s t e rn  St. Elias Mountains (Fig. 61.2). However,  d a t a  of Alaska and is refer red  t o  as Valdez - Yaku ta t  Group 
f rom the  l i t e r a tu re  on southern Alaska have been incor- (Fig. 61.2). In l a t e s t  Cre t aceous  t o  ear l ies t  Te r t i a ry  t i m e  
porated in order t o  establish a regional f ramework.  Much both c l a s t i c  basins were  tectonically foreshortened and 
of t h e  information on t h e  St. Elias Mountains was  the i r  conta ined rocks  underwent s eve re  deformation.  

Closure  of t h e  inner ea s t e rn  basin, 
t h e  Gravina - Nutzotin Belt ,  was  
accompanied by metamorphism and 
th rus t  fault ing along t h e  western  
margin of t h e  C o a s t  Mountains, 

1 followed by t h e  rise and cooling of 
! discordant  plutons of t h e  Coas t  

P lu tonic  Complex between 70 and 
50 m.y. ago. In  t h e  Cook lnlet  region 
th is  orogenic even t  i s  recognized in 
t ightly folded Upper Cre t aceous  
s t r a t a  of Cenomanian,  Turonian and 
Senonian age  (Kirschner and Lyon, 
1973). As a consequence  of this 
deformat ion c l a s t i c  deposit ion shi f ted  
southwestward in to  t h e  Gulf of 

I - .  Alaska and the  Cook Inlet. The . .CC oldes t  Ter t iary  record in t h e  Gulf of 
Alaska Province  is a Paleocene t o  
Eocene (?) flysch derived f rom the  
e a s t  and deposited along t rend with 
t h e  base of t h e  tec tonica l ly  ac t ive  

I 
cont inenta l  margin. I t  was deformed 
shortly a f t e r  deposit ion and intruded 
by ac id ic  plutons ranging in a g e  f rom 

Figure 61.1. The young erosional landscape of t h e  Icefield Ranges in t h e  western 49 t o  52 may. (Winkler, 1976). 
St .  Elias Mountains. Mt. Logan (5950 m), a g ran i t i c  massif, rises Fa r the r  t o  t h e  west  Paleocene-  
above  a low ter ra in  underlain by phyllites, l imestone,  and Eocene quar tzose  c las t ics ,  derived 
greens tone .  f rom t h e  north and nor thwest  were  

From: Report of Activities, Part B; 
Geol. Surv. Can., Paper 77-1B (1977) 



ml Miocene  - Recent  volcanics 

1 T e r t i a r y  c las t i cs  . . -.. 

J u r a -  C r e t a c e o u s  c l a s t i c s  a n d  vo lcan ics  

I 

Figure 61.2. Index map showing t h e  location of t he  St .  Elias Mountains with respect  t o  major faul t  zones and tec tono-  
s t ra t igraphic  units  discussed in t h e  text .  

deposited in to  t h e  ac t ive ly  subsiding Cook Inlet basin 
(Kirschner and Lyon, 1973). Right-lateral  t ranscurrent  
movement  of 300 km along t h e  Denali Faul t  has  disrupted 
t h e  inner Jura-Cretaceous  flysch be l t  in to  two  dis t inc t  
ou tc rop  belts, t h e  Dezadeash Format ion and t h e  Nutzotin 
Mountains Sequence (Eisbacher, 1976). 

Pr ior  t o  init iat ion of Oligocene - Miocene sedimen- 
t a t i on  a pulse of uplif t  and profound erosion a f f ec t ed  a l l  
older deposits  (Kirschner and Lyon, 1973; Plafker  et a]., 
1975). The l a t e s t  Eocene (?) - Oligocene is t he re fo re  an  
appropr ia te  t ime  interval a t  which t o  in t roduce  an  
examinat ion  of t he  paleogeomorphology of t he  St. Elias 
region. 

F a u l t s  and Oligocene Basins, Eas tern  St. Elias Mountains 

The St. Elias Mountains a r e  bounded on t h e  e a s t  by 
t h e  broad Shakwak Valley (Bostock, 1952), a young 
erosional t rench which l ies par t ly  along t h e  Denali Faul t ,  
and partly along a n  older ( l a t e s t  Cre t aceous  - ea r l i e s t  
Ter t iary)  shear  zone  between bio t i te  schis ts  of t h e  Yukon 

Crys ta l l ine  Te r rane  and Ju ra -Cre t aceous  flysch. North- 
wes t  of Kluane Lake  t h e  Shakwak Valley follows t h e  
principal s t rand of t h e  Denali Fault .  Southeas t  of Kluane 
Lake  t h e  Denali Fau l t  swings southward away f rom t h e  
Shakwak Valley but  is  s t i l l  marked by a well  def ined 
topographic  l ineament.  Southwest  of t h e  Denali  F a u l t  
numerous  f au l t  s t r ands  break ac ros s  t h e  o ldes t  sedi- 
men ta ry  and volcanic rocks  of t h e  St. Elias Mountains 
(Fig. 61.3). They a r e  high angle  faul ts  along which a l l  
rock uni ts  a r e  shat tered .  These  f au l t s  a r e  significant in 
t h a t  they col lec ted  mid-Tertiary trunk s t r eams  localizing 
subsequent deposition of c l a s t i c  ma te r i a l  in smal l  cont i -  
nenta l  basins along them. Remnan t s  of t h e  cont inenta l  
c l a s t i c s  within f au l t  bounded panels make  up t h e  
Amphi theater  Formation.  The principal a r e a s  where  
t h e  Amphi theater  Format ion is  preserved a r e  near  
C e m e n t  Creek ,  Amphi theater  Mountain, Sheep Creek ,  and 
e a s t  of Ba te s  Lake (Fig. 61.3). 

Of f se t  me tamorph ic  rocks  which yield K-Ar a g e s  of 
abou t  50 m.y. indica te  t h a t  l a rge  right-lateral  t ranscur-  
r e n t  motion along t h e  Canadian  segmen t  of t h e  Denali  
Fau l t  took place  a f t e r  50 m.y. (Eisbacher,  1976). S l ivers  
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Ter t i a ry  

- 

C r e t a c e o u s  

Ju ra s s i c  

- 

Triassic 

P e r m i a n -  
Pennsylvanian  

- 

p r e  - Devon ian  

of Te r t i a ry  c l a s t i c  rocks a r e  tec tonica l ly  involved along 
Tills t h e  faul t ,  but t h e  e x a c t  t iming of t h e  principal r ight-  

l a t e r a l  f au l t  movement  of about  300 km is unknown. D a t a  
presented  in t he  following sec t ions  show t h a t  subsidiary 
f au l t s  in t h e  ea s t e rn  St .  Elias Mountains mus t  have  been 

- Y  . y . e  particularly ac t ive  towards  t h e  end of Oligocene.  How- 
- eve r ,  t h e  main d isplacement  could have t aken  place  prior 

t o  t h e  onset of c l a s t i c  deposit ion coincident  with t h e  
regional deposit ional h ia tus  be tween 50 and 40 m.y. ago. 

Te r t i a ry  St ra t igraphy 
. . . . . . . . .  - - -  - 

.. . . . . . . . . . . .  The mid-Tertiary c las t ics  over l ie  older sedimentary  _ _ - -  . . . . . . . . . . . .  

. . . . . . . . . . . . .  --- 
Dezadeash Formation and plutonic complexes  of t h e  St. Elias Mountains with 

profound unconformity.  In Yukon Te r r i t o ry  t h e  basa l  
sequence  of conglomerate ,  sandstone,  mudstone,  and c o a l  

. . . . . . . . . .  has  been named t h e  Amphi theater  Fo rma t ion  (Muller, 
McCar thy Formation 1967). The name is derived f rom Amphi theater  Mountain 
N iz ina  Limestone which displays t he  bes t  exposed sec t ion  of mid-Tertiary 
Chitistone Limestone c l a s t i c s  in t h e  a r e a  along i t s  southern  sca rp  (Badlands 

Creek).  In adjacent  Alaska roughly co r r e l a t i ve  s t r a t a  a r e  
known as Freder ika  Format ion (MacKevet t ,  1970 and 
1971). Fa r the r  wes t  in Alaska mid-Tertiary con t inen ta l  

Nicola i  G r e e n s t o n e  rocks  comprise  t h e  Coal-Bearing Croup (Wahrhaftig et al., 
1969). The  Amphi theater  Format ion i s  probably Ol igocene 
(see  below), t he  Freder ika  Format ion seems  t o  be  mainly 
Miocene (MacKevet t ,  1970 and 1971), and the  Coal-  

Skolai  G r o u p  
Bearing Croup ranges in a g e  f rom Oligocene t o  Miocene 
(Wahrhaftig et al., 1969). 

In t h e  St. Elias Mountains and eas t e rn  Alaska  Range  
t h e  c l a s t i c  units  a r e  overlain by 300 t o  2000 m of 
subaer ia l  basa l t ic  t o  andes i t ic  f lows and volcaniclastics.  
They have been named Wrangell Lavas  in Alaska 
(Mendenhall, 1905; MacKevet t ,  1970) and th is  t e r m  has 
been used for  coeval  volcanics in t h e  Yukon Te r r i t o ry  by 
Souther  and Stanciu  (1975). K-Ar ages  obta ined f rom 
Wrangell Lavas  and re la ted  high-level f e l s i t e  intrusions in 
Canada  r anae  between 16 m.v. and 6 m.v. (J.C. Souther.  - , . 

Figure 61.4. Schemat i c  s t ra t igraphic  c h a r t  fo r  t he  pers. comm., 1976). However,  locally t h e  base  of t h e  

ea s t e rn  St .  Elias Mountains, Yukon Wrangell Lavas is probably older than 16 m.y. The  

Terr i tory .  youngest  manifes ta t ion  of volcanic ac t iv i ty  is post- 
Pleistocene.  Extensive ash-falls occur  over la rge  a r e a s  of 

Figure  61.5. 

The headwaters  of Badlands Creek  
with outcrops  of Amphi theater  
Format ion.  The dark res is tant  unit 
above t h e  ta lus  on t h e  r ight  is 
Wrangell Lavas. The  g lac ia ted  peak 
of Mt. Hoge is in t h e  background. 



Table 61.1 

Microflora from the Amphitheater Formation 



M E T E R S  

5 0 0  -1 
w e s t e r n  Yukon T e r r i t o r y  (Bostock,  1952; L e r b e k m o  and  
C a m p b e l l ,  1969). Higher p a r t s  of t h e  Wrangell  L a v a s  a r e  
i n t e r s t r a t i f i e d  wi th  t i l l  s h e e t s  and f luv ioglac ia l  depos i t s  
n e a r  t h e  White River  in Alaska  and St .  C l a r e  C r e e k  in 
Yukon T e r r i t o r y  (Capps ,  1916;  Muller, 1967). T h e  White 
River  loca l i ty  h a s  b e e n  s tud ied  in d e t a i l  by D e n t o n  and  
A r m s t r o n g  (1969) who d e t e r m i n e d  K-Ar a g e s  a s  old a s  9 t o  
10 m.y. f o r  l avas  i n t e r l a y e r e d  wi th  t i l l i t e  shee ts .  O n s e t  of 
g l a c i a t i o n  in t h e  S t .  E l ias  Mountains t h e r e f o r e  began  in 
middle  o r  l a t e  Miocene.  T h e  t i l loids a t  St .  C l a r e  C r e e k  
a n d  White River  (Fig. 61.3) a r e  t i l t ed  t e c t o n i c a l l y  and c u t  
by f a u l t s  (Denton  and Armst rong ,  1969; S o u t h e r  and 
S t a n c i u ,  1975). 

A g e  of t h e  A m p h i t h e a t e r  F o r m a t i o n  

S a m p l e s  of s h a l e  and c a r b o n a c e o u s  m u d s t o n e  f r o m  
t h e  A m p h i t h e a t e r  F o r m a t i o n  h a v e  b e e n  ana lyzed  f o r  t h e i r  
s p o r e  and  pollen c o n t e n t .  T h e  23  s a m p l e s  w e r e  ob ta ined  
f r o m  f i n e  gra ined  s e d i m e n t s  a t  C e m e n t  C r e e k ,  
A m p h i t h e a t e r  Mountain,  S h e e p  C r e e k  and  o n e  s a m p l e  
f r o m  B a t e s  L a k e  (Table  61.1). P r e s e r v a t i o n  of t h e  
pa lynomorphs  r a n g e s  f r o m  e x c e l l e n t  t o  poor, a p p a r e n t l y  
depending  on t h e  d i s t a n c e  of t h e  hos t  r o c k s  t o  over ly ing  
l a v a s  o r  intruding fe l s i tes .  

T h e  a g e  a s s i g n m e n t  of t h i s  c o m p o s i t e  a s s e m b l a g e  i s  
t e n u o u s  a t  b e s t ,  l a rge ly  b e c a u s e  m o s t  of t h e  c o n t a i n e d  
t a x a  a r e  abundant  t h r o u g h o u t  t h e  Cenozoic .  P e r h a p s  m o s t  
s ign i f ican t ly ,  no  r e p r e s e n t a t i v e s  of t h e  fami ly  C o m p o s i t a e  
w e r e  e n c o u n t e r e d ,  and  only o n e  spec imen e a c h  of t h e  
f a m i l i e s  G r a m i n e a e  and C h e n o p o d i a c e a e  w e r e  found. 
T h e s e  t h r e e  fami l ies ,  if r e p r e s e n t e d  in any  numbers ,  would 
s t rongly  sugges t  a Neogene  (Miocene-Pliocene) a g e  f o r  t h e  
sed iments .  F u r t h e r m o r e ,  o n e  s p e c i m e n  of P is t i l l ipo l len i tes  
w a s  found in a s a m p l e  f r o m  A m p h i t h e a t e r  Mountain.  This  
g e n u s  has  been  recorded  only in E o c e n e  o r  P a l e o c e n e  
rocks.  In addi t ion ,  s e v e r a l  ques t ionably  iden t i f ied  spec i -  
m e n s  of P l a t y c a r y a  w e r e  found,  a g e n u s  essen t ia l ly  
r e s t r i c t e d  t o  E o c e n e  r o c k s  in Nor th  A m e r i c a .  Also, 
probably s ign i f ican t ,  a r e  t h e  p r e s e n c e  of s e v e r a l  spec i -  
m e n s  of c f .  Dierv i l la  and  r e p r e s e n t a t i v e s  of t h e  f a m i l y  
O n a g r a c e a e .  T o  d a t e ,  in Br i t i sh  Columbia ,  t h e s e  h a v e  
b e e n  found only in O l i g o c e n e  rocks.  Momipi tes ,  which  is  
p r e s e n t  in four  samples ,  is  l a rge ly  a n  E o c e n e  f o r m ,  b u t  i s  
a l s o  known t o  o c c u r  in Ol igocene  s t r a t a .  

Genera l ly ,  e p o c h / s e r i e s  boundar ies  wi th in  c o n t i -  
n e n t a l  rocks  of t h e  P a l e o g e n e  a r e  d i f f icu l t  t o  d e f i n e ,  
p a r t l y  b e c a u s e  t h e  European  t y p e  s e c t i o n s  a r e  n o t  c l e a r l y  
def ined ,  and p a r t l y  b e c a u s e  c o r r e l a t i o n  wi th  N o r t h  
A m e r i c a n  s e c t i o n s  a r e ,  t o  say  t h e  l e a s t ,  i n c o m p l e t e .  
F ina l ly ,  C e n o z o i c  palynological  c o n t r o l ,  in n o r t h w e s t e r n  
N o r t h  A m e r i c a  is  f a r  f r o m  understood.  However ,  on  t h e  
bas i s  of a d m i t t e d l y  insuf f ic ien t  d a t a  w e  f e e l  t h e  micro-  
f l o r a  is  m o s t  likely Ol igocene ,  a l though a n  upper  E o c e n e  
a g e  is  possible. 

T h e  microf lora  is  d o m i n a t e d  by fe rns ,  a l d e r  and 
pine,  and  s u g g e s t s  a w e t  t e m p e r a t e  c l i m a t e ,  r a t h e r  unlike 
t h e  m o r e  subt ropica l  c l i m a t e  which typ ica l ly  c h a r a c t e r -  
i z e s  t h e  coas ta l .  Eocene .  T h e  middle Ol igocene  a p p e a r s ,  
at l e a s t  in Nor th  A m e r i c a ,  t o  b e  a t i m e  when c o m p a r a -  
t ive ly  a b r u p t  c l i m a t i c  d e t e r i o r a t i o n  began  (Wolfe, 1971) 
which may b e  par t ly  r e l a t e d  t o  t h e  c o n s i d e r a b l e  t e c t o n i c  
up l i f t  a t  t h e  t i m e  ( s e e  a l s o  Hopkins et al., 1972). This  
r a i s e s  t h e  possibi l i ty t h a t  t h e  f l o r a  f r o m  t h e  A m p h i t h e a t e r  
F o r m a t i o n  i n d i c a t e s  t h e  dec l in ing  t e m p e r a t u r e  s ide  of t h e  

Wrangel  l 
Lavas 

Amphitheater  

Formation 

Basalt 

Granite boulders 

Mudstone. cool 

Conglomerate,san 

F i g u r e  61.6. T y p e  s e c t i o n  of A m p h i t h e a t e r  F o r m a t i o n  
m e a s u r e d  s o u t h  of A m p h i t h e a t e r  Mounta in  
a long  t h e  h e a d w a t e r s  of Badlands  C r e e k .  
A r r o w s  i n d i c a t e  d i r e c t i o n  of ind iv idua l  l a r g e  
f o r e s e t s  in c rossbedded  c o n g l o m e r a t i c  
sands tones .  S m a l l e r  n u m b e r s  a long  t h e  l e f t  
s ide  of t h e  c o l u m n  g i v e  th ickness  
( c e n t i m e t r e s )  of  l ign i te  s e a m s .  T o p  of t h e  
A m p h i t h e a t e r  F o r m a t i o n  is  t h e  f i r s t  
o c c u r r e n c e  of b a s a l t  b locks  in d e b r i s  f low 
d e p o s i t s  (shown in black). 



Oligocene, i.e. middle or upper Oligocene. However, until 
fur ther  da t a  a r e  available i t  is unprofitable t o  specula te  
far ther .  

Sedimentology of t h e  Amphitheater Format ion 

The Oligocene Amphitheater Formation res ts  with 
profound unconformity on older Paleozoic and Mesozoic 
rocks. The basal surface  is a sharp break between an 
erosional pediment and conglomerate of t he  Amphitheater 
Formation. In several places regolith or  angular s c ree  i s  
preserved in topographic depressions of t he  bedrock. A 
reddish regolith is  well .developed along t h e  greenstone 
pediment south of Amphitheater Mountain and a t  t h e  
basal con tac t  in Cemen t  Creek. The most spectacular  
s c ree  deposits occur about 15 km south of Bates  Lake, 
where unsorted and angular mater ia l  near the  bedrock 
grades vertically and laterally into crudely s t ra t i f ied  
material .  S t ra t igraphic  thickness varies tremendously 
between outcrops. Environment of deposition, paleocur- 
rents  and composition will therefore  b e  discussed 
separately for t h e  main outcrop a r e a s  shown in 
Figure 61.3. 

Cement  Creek 

The sections exposed along and near Cemen t  Creek  
a r e  t i l ted  and broken by faults. The bulk of t h e  sediments  
a r e  coarse  grained l i thic areni tes  and polymictic conglom- 
era te .  Their thickness i s  about 200 t o  300 m near t h e  axis 
of t he  outcrop bel t  and decreases t o  zero  towards t h e  
north and south within a few kilometres. The conglom- 
e r a t e  c las ts  a r e  rounded t o  well-rounded, and include 
volcanics (30-50%), granitoids (20-40%), che r t  and 
volcanic tuffs  (3040%).  Laterally and towards the  top of 
t h e  sections t h e  fluvial succession grades  in to  thinly 
bedded sil tstones in tercala ted  with delicately laminated 
calcareous  bands. These a r e  probably lacust r ine  
sediments.  Several s eams  of l ignite less than 30 c m  thick 
occur within the  finer grained par ts  of t he  section. 

Most of t he  conglomerate is loosely packed and 
sandy portions a r e  commonly crossbedded. Crossbedding 
indicates westerly flowing paleocurrents (Fig. 61.3). 
Relatively f resh  de t r i t a l  bioti tes separa ted f rom li thic 
a ren i t e  exposed a few kilometres north of Cemen t  Creek  
yielded a K-Ar age  of 50 m.y. (GSC K-Ar 2459). This 
indicates a source  a r e a  e a s t  of t h e  Shakwak Valley where  
bioti te schists of this age a r e  exposed (Eisbacher,  1976; 
Tempelman-Kluit, 1974). The outcrops near Cemen t  
Creek a r e  thus  character ized by fluvial deposits inter-  
ca la ted  with deposits of swamps and ephemeral  lakes. 
The general  paleocurrent flow was  t o  t h e  west. 

Amphitheater Mountain 

South of Amphitheater Mountain, t he  type a r e a  of 
t h e  Amphitheater Formation, excellently exposed sect ions  
a r e  encountered in erosional gullies and ridges near the  
headwaters  of Badlands Creek (Fig. 61.5). The succession 
consists of polymictic conglomerate,  sandstone, s i l t s tone 
and numerous thin seams  of lignite. The thickness of t h e  
type sect ion a s  measured on t h e  south s ide  of 
Amphitheater Mountain is 350 m (Fig. 61.6). The 
conglomerate c las ts  a r e  made up of basic and acidic  
volcanics, granitoids, foliated metasediments,  c h e r t  or 

Figure 61.7. Modal composition of sandstone f rom the  
type  locali ty of t h e  Amphitheater Formation 
(Qzquartz,  F=feldspar ,  RF=cher t ,  volcanic 
and metasedimentary  rock fragments).  

t u f f  in about  equal proportions. Modal counts  show t h a t  
t h e  sandstones a r e  l i thic a ren i t e s  (Fig. 61.7). As 
suggested by Muller (1967, p. 81) most of t h e  
conglomerate  c las ts ,  particularly the  granitic consti t-  
uents,  point t o  source a reas  on the  e a s t  side of the  
Shakwak Valley. Relatively fresh volcanic c las ts  of 
rhyolite-dacite composition col lec ted from conglomerates  
of t h e  Amphi theater  Mountain sect ion a r e  similar t o  ear ly  
Ter t iary  Mt. Nansen volcanics of t he  Yukon Pla teau 
(D.J. Tempelman-Kluit, pers. comm., 1976). 

Crossbedding and sporadic pebble imbrication indi- 
c a t e  westerly flowing paleocurrents  (Fig. 61.3), which 
ag rees  with the  inferred eas ter ly  source a rea  for t he  
conglomerate  clasts.  About 20 km south of Amphitheater 
Mountain a small  outcrop of angular boulder conglomerate  
made up of locally derived grani te ,  ser ic i te  schist ,  and 
calcareous  phylli te demons t r a t e s  t h a t  t h e  principal 
westward di rected drainage received subsidiary rivers 
f rom local uplands t o  t h e  south a s  well. 

The environment of deposition of the  Amphitheater 
Formation can be inferred f rom the  section i l lustrated in 
Figure 61.6. None of the  simple models described from 
recen t  fluvial se t t ings  can be  di rec t ly  applied t o  the  
sect ion or  t o  outcrops on the  nearby Burwash Uplands. I t  
i s  t he re fo re  appropr ia te  t o  discuss some  of i t s  cha rac te r -  
i s t ics  in detail. Two basic types  of deposits can be 
di f ferent ia ted:  one is a complex of conglomerate  and 
sandstone, t he  o ther  a mudstone-siltstone-lignite 
succession (Fig. 6 1.6). 

The f i rs t  type  consists of an  interlaced f ramework 
of lenticular conglomerate  lenses, crossbedded pebbly 
sandstone, and flatbedded sandstones which commonly 
conta in  pieces of silicified wood (Fig. 61.8). These 
composi te  conglomerate-sandstone bodies range between 
5 and 30 m in thickness. Fo rese t  slopes of crossbeds a r e  



as much as 3 m long, suggesting large migrating sand and upwards. The upward-fining complexes are distinctly 
gravel bars. Internal features are clearly indicative of channelled into underlying rnudstone or siltstone, whereas 
channel erosion, channel filling, and channel abandonment upward-coarsening complexes commonly start with planar 
with both progradation and lateral accretion of sedi- crossbedded sandstones smoothly overlying a base of 
mentary material. Some of the conglomerate-sandstone laminated strata of mudstone or siltstone. The upward- 
complexes coarsen upward in grain size; others fine fining complexes are most likely the result of meandering, 

. . - y crossbedded sandstone and .. conglomerate 
of 

Formation. The three 
demonstrate that 

om conglomerate to  
sandstone occurs on a l l  



Figure  61.9. 

high-gradient, r iver channels, t h e  upward-coarsening com- 
plexes represent t he  gradual progradation of fluvial lobes 
into completely s tagnant  backwaters.  The coarse  grained 
c las t ics  of t h e  Amphitheater Format ion thus represent  t h e  
fac ies  character is t ic  of strong meandering and braided 
channel sys tems (see Eynon and Walker, 1974; McCowen 
and Garner,  1970). 

The second type of c l a s t i c  deposit within t h e  
Amphitheater Formation a r e  packets  of si l tstone, mud- 
stone, and l ignitic coal. The coal  s eams  a r e  numerous bu t  
thin (Fig. 61.6) and of l imited extent .  Coals and mud- 
s tones  were  probably deposited within temporary  s tagnant  
backwaters  of t h e  alluvial system. The rapid ver t ica l  
a l ternat ion between coal  bearing fine grained c las t ics  and 
thick conglomerate  complexes is an  unusual fea ture .  
Buffler and Triplehorn (1976) have commented on t h e  
occurrence  of this seemingly contradic tory  fac ies  pair in 
t h e  mid-Tertiary Coal-Bearing Group of Alaska a s  well. A 
possible explanation is  t h a t  high t ec ton ic  relief favoured 
coexis tence  of temporary  protected backwaters and high- 
gradient  channels on t h e  s a m e  alluvial plain. Progradation 
of one environment over the  o the r  would have occurred 
during dislocation of trunk s t r e a m s  by faulting. 

Towards the  top of the  Amphitheater Mountain 
sect ion a thick deposit of coa r se  boulder conglomerate  
consisting a lmost  entirely of grani t ic  debris overlies in 
sharp con tac t  thinly laminated sil tstone and lignite 
(Fig. 61.9). The massive debris-f low deposit  was  derived 
from grani t ic  rocks which outcrop immediately e a s t  of 
Amphitheater Mountain. The debris flow deposit  grades  
upwards in to  a chaot ic  boulder conglomerate  containing 
blocks of both grani te  and Wrangell Lavas up t o  7 m in 
d iameter .  This interval of coa r se  debris-flow channels has  
been in terpre ted by Muller (1967) a s  the  base of a f l a t  
westward di rec ted thrus t  fault ,  with 'crushed granodiorite '  
separating t h e  c a p  of Wrangell Lavas f rom t h e  
Amphi theater  Formation below (Muller, 1967, p. 100 and 
P l a t e  7). Stratification, imbrication and rounding of 
grani t ic  c l a s t s  contradic ts  Muller's in terpre ta t ion of t h e  

Grani t ic  sharpstone conglomerate  a t  
t h e  top of Amphi theater  Format ion 
a t  Amphi theater  Mountain. In the  
c e n t r e  of t he  p ic ture  a thin layer  of 
l ignitic coal  demonstra tes  layering of 
this sedimentary  deposit (pick for  
s ca l e  a t  bot tom of picture). 

grani te  boulder conglomerate  a s  a t ec ton ic  breccia.  The 
s i ze  of t h e  boulders indicates high flow gradients  which 
were  probably re la ted  t o  contemporaneous faulting. 

Sheep Creek 

The mid-Tertiary sequence of the  Sheep Creek  a r e a  
is  broken by high-angle f au l t s  making i t  difficult  t o  
de te rmine  s t ra t igraphic  relationships. However, a rough 
idea of t h e  succession was obtained on the  western  side of 
t h e  unnamed mountain between Fisher Creek  and Sheep 
Creek (see Fig. 61.12). This outcrop a r e a  is shown in 
Figure  61.10. About 180 m of sect ion a r e  exposed. The 
lowest p a r t  consists of friable l i th ic  a ren i t e  which dips 
gently t o  the  southwest.  These beds a r e  overlain 
unconformably by sil tstone, mudstone and lignite. The 
discordance a t  t he  unconformity is about  I 0  degrees.  
Above the  l ignite layers a r e  50 m of polymictic conglom- 
e ra t e .  The  conglomerate,  in turn,  i s  locally t runcated 
erosionally, and the  section is capped by coarse  angular 
debris with blocks of gabbro, argil l i te,  and calcareous  
sil tstone. This debris i s  in terpre ted a s  a landslide deposit  
t h a t  caps  the  Ter t iary  clastics.  Immediately wes t  of t h e  
sect ion shown in Figure 61.10 (i.e. wes t  of Sheep Creek)  
the  angular landslide rubble is incorporated in the  sedi- 
mentary  sequence of the  Amphi theater  Format ion indi- 
ca t ing t h a t  t h e  landslide deposits a r e  an  integral p a r t  of 
t h e  mid-Tertiary succession (Fig. 61.1 3). The slide 
probably had i t s  source  nor theas t  of t h e  debris lobe  where  
rocks similar t o  t h e  rubble in t h e  landslide a r e  p a r t  of t h e  
bedrock. West of Sheep Creek t h e  highest beds of t he  
Amphi theater  Format ion include large  blocks of l imestone 
and Wrangell Lavas derived f rom an adjacent  bedrock 
ridge. Conglomerate  in t h e  Sheep Creek a r e a  is  poly- 
mic t i c  with abundant acid t o  in termedia te  volcanics, 
granitoids,  vein quar tz ,  and quar tz i te .  Par t icular ly  the  
presence of qua r t z i t e  c las ts  strongly suggests  a source  
a r e a  e a s t  of t he  Shakwak Valley. Possibly, t h e  source  of 
t hese  was  t h e  Nasina quar tz i te ,  a n  extensive bedrock unit 
underlying t h e  Yukon Pla teau (Tempelman-Kluit, 1974). 



Figure 61.10. Photograph and generalized sketch of Amphi theater  Formation eas t  of Sheep Creek. A low-angle 
unconformity within the  succession and landslide deposits above the  conglomerate  indicate  synsedimentary 
t ec ton ic  activity.  

Crossbedding in sandstone and imbrication in conglom- 
e r a t e  indicate southwesterly flowing paleocurrents for  t h e  
Sheep Creek a r e a  (Fig. 61.3). 

A di f ferent  in terpre ta t ion of t h e  Ter t iary  succession 
of the  Sheep Creek was put forward by Muller (1967, 
p. 100, Fig. 5, and P la t e s  1, 2 and 9A) who proposed tha t  
t he  rubbly mass of gabbro and argil l i te above the  Ter t iary  
succession is a t ec ton ic  klippe emplaced by a regional 
thrus t  faul t  t h a t  dips gently eas tward (Muller, 1967, 
P la t e  1). Careful  mapping e a s t  of t h e  rubbly mass did not  

confirm the  exis tence  of a low-angle thrus t  fault .  I t  is  
t he re fo re  inferred tha t  t h e  rubbly deposit  capping the  
mid-Tertiary c las t ics  was  implaced a s  a debr is  s t r e a m  or  
landslide, r a the r  than a s  pa r t  of a low-angle thrus t  sheet.  

Bates  Lake 

Mid-Tertiary c l a s t i c  deposits near  Ba tes  Lake filled 
a one-sided graben bounded by a high-angle f au l t  on t h e  
eas t .  Along i t s  western  flank t h e  basinal deposits overlap 
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LANDSLIDE DEPOS 

Figure 61.12. 

Sketch map show in^ the  distribution of 
~ m ~ h i t h e a t e r  ~ o r i a t i o n ,  mid-Tertiary 
landslide mater ia l ,  Wrangell Lavas, and 
exhumed pediment in the  Sheep Creek 
area .  Light ruling outlines exposures of 
pre-Tertiary rock formations.  

Figure 6 1.13. 

Angular debris reworked by running 
wa te r  f rom the  mid-Tertiary landslide 
deposits shown at the  top of 
Figure 61 .lo. Pollen f rom carbonaceous 
mudstones interstratif ied with these  
sharpstone channels a r e  the same  as  
those from lignite in adjacent  
Amphitheater Formation indicating t h a t  
landslides occurred at the  t i m e  t h e  
Amphitheater Formation was deposited. 

and bury older bedrock topography. Angular s c ree  
deposits and boulder conglomerate  up t o  100 m thick a r e  
common along t h e  southwest s ide  of t he  basin. The 
composition of t h e  blocky sc ree  r e f l ec t s  t he  local bedrock 
geology of l imestone, phyllite, and granite.  Upwards and 
eastward the  succession is progressively f iner  grained 
although most of the  mater ia l  i s  angular and poorly 
sorted. In con t ra s t  t o  the  Amphi theater  Mountain and 
Cement  Creek  sections coal  or coaly mudstones a r e  
ext remely rare.  The to ta l  thickness of t h e  exposed 
succession seems t o  range between 100 and 500 m (Kindle, 
1953). The bulk of t h e  sandstones is l i thic areni te .  

The sandstones and sil tstones a r e  predominantly 
flatbedded or parallel  laminated with loosely defined 
pockets and lenses of angular pebbles sca t t e red  
throughout t h e  section. Crossbeds a r e  rare  but those t h a t  
were  measured (about 100) indicate  southerly flowing 
paleocurrents  (Fig. 61.3). The in terpre ta t ion of t h e  
sedimentary  sett ing, a s  based on the  l imited d a t a  
presented, would favour c l a s t i c  input f rom alluvial f ans  on 
t h e  eas t  and west with southward progradation along t h e  
axis of a high-gradient fluvial basin. 

Paleogeomorphology and Tectonics  

Paleogeomorphology 

The paleogeomorphology of the  region during depo- 
sition of the  Oligocene Amphi theater  Format ion can  be  
studied in t w o  areas,  which a r e  i l lustrated in Figures 61.1 1 
and 61.12. Although broken by faul ts  and locally 
deformed t h e  Amphitheater Format ion commonly overlies 
a broadly planar bedrock pediment. In the  Burwash 
Uplands the  pediment is  partly exhumed and dips t o  t h e  
nor theas t  (Fig. 61.14). Pa tches  of Amphi theater  
Formation a r e  preserved a s  erosional remnants  above a 
pediment of greenstone and granite.  From the  width of 
t he  outcrop bel t  i t  can be inferred tha t  t he  width of t h e  
valley into which the  Amphi theater  Format ion was  
deposited must have exceeded 16 km. The thickness of 
t h e  Amphi theater  Format ion a t  Amphi theater  Mountain 
(about 350 m) and the  onlap of overlying Wrangell Lavas  
on to  bedrock pediment immediately t o  the  south suggests 
t h a t  towards  the  margin of th is  broad valley a local relief 
of up t o  300 m could have existed.  Because the  fluvial  
sys tem originated east of t h e  Shakwak Valley (see  above) 



Figure 61.14. 

View along the  par t ly  exhumed 
pediment  of Burwash Uplands towards 
t h e  southeast .  

F igure  61.15. 

Systemat ica l ly  f r ac tu red  c las ts  f rom -con- 
g lomera te  in the  Amphi theater  formation. 
Although f ractured and commonly sheared a s  
well, c las ts  can be  removed f rom their  matr ix  
in their  ent i re ty .  Most of t he  f r ac tu res  
or ig inate  a t  points where the  c las ts  were  in 
c o n t a c t  with o the r s  (see  Eisbacher, 1969). 

i t  is  likely t h a t  a broad pediment extended f rom t h e  
Burwash Uplands eas tward on to  t h e  Yukon Pla teau 
and the  Coas t  Plutonic Complex. Bedrock hills and 
knolls must have projected above these  valleys 
which were  definitely broader than the  ones in 
exis tence  today. The Shakwak Valley near Kluane 
Lake is also mainly a post-Oligocene erosional 
fea ture .  

In mid-Tertiary t i m e  t h e  presently glaciated 
a r e a  of t h e  cen t r a l  St. Elias Mountains (Icefield 
Ranges) was an  upland region, dissected by rivers 
flowing nor theas t  and southwest.  The present 
topographic contour interval between 2000 and 
3000 m can probably be  taken a s  an  indication of t h e  
margin of mid-Tertiary fluvial deposition because 
above th i s  e levat ion Wrangell Lavas  r e s t s  d i rec t ly  on 
bedrock (Fig. 61.3). The topographic su r face  of t h e  
Yukon Pla teau above 2000 m and i t s  extension 
southward in to  t h e  Coas t  Mountains must also 
contain remnants  of t h e  Eocene-Oligocene pediment 
which was subsequently dissected by fluviati le 
erosion (Tempelman-Kluit, 1974). Towards the  end 
of Amphi theater  t ime  much of the  gently rolling 
topography laced by sys tems of open valleys was 
broken up by faults.  Debris flows and landslides 
such a s  those of t h e  Amphi theater  Mountain and 
Sheep Creek  sect ions  probably blocked local drain- 
a g e  basins which were  subsequently obl i tera ted  by 
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Figure 61.16. Regional distribution of locali t ies where 
sys temat ic  f r ac tu res  of conglomerate  
c las ts  within the  Amphitheater Formation 
were measured. Number of f r ac tu res  
measured is indicated by the  number beside 
each diagram. 

thick blankets of Wrangell Lavas. The preservation of 
t i l l i te  in ters t ra t i f ied  with Wrangell Lavas near St.  C la re  
Creek and White River (Fig. 61.3) suggests t ha t  in spi te  of 
t he  rapid rise of t he  St. Elias Mountains f rom mid- 
Miocene onward the  tectonically controlled axis of t he  
westerly trending valley system north of t he  high St.  Elias 
Mountains might have occupied roughly the  same  position 
a s  in Oligocene time. In a regional sense  t h e  fluvial basins 
of t h e  St.  Elias region and o the r s  of t he  Yukon-Tanana 
Uplands probably contributed c las t ics  t o  t h e  Oligocene- 
Miocene Cook Inlet basin, until vigorous uplift of t h e  
Alaska Range (about 10 m.y. ago) disrupted the  drainage 
pa t t e rn  completely (Kirschner and Lyon, 1973). 

Internal Deformation of t h e  Amphi theater  Format ion 

Much of the  folding in t h e  eas tern  St. Elias 
Mountains preceded the  development of t h e  extensive  
bedrock pediment and deposition of the  Amphi theater  
Formation on it. A L a t e  Cre taceous  - ear l ies t  Ter t iary  
phase of regional folding has been demonstrated in t h e  
eas t e rn  St.  Elias Mountains (Eisbacher, 1976). This 
deformation coincided or preceded the  rise of t h e  Coast  
Plutonic Complex t o  the  e a s t  and probably init iated 
westward directed river flow. However, br i t t le  fault ing 
coincided with and outlived deposition of the  
Amphitheater Formation. West of Donjek River a l l  of t h e  
Ter t iary  formations a r e  involved in west-northwest 
trending folds (Fig. 61.2). Most of t h e  f au l t s  break across  
older s t ructures  below t h e  bedrock pediment and folds 
within the  Amphitheater Format ion a r e  commonly oblique 
t o  nearby faults. Along Duke River the  pre-Oligocene 
pediment has been broadly folded into the  nor theas t  
trending Duke River Arch which is almost perpendicular 
t o  folds below the  pediment (Fig. 61.2). In the  Sheep 
Creek a rea  (Fig. 61.12) t h e  pediment forms a broadly 

Figure 61.17. Regional compression axes  derived f rom 
the  orientation of f r ac tu res  in con- 
g lomerate  c las ts  and generalized s t r e s s  
t ra jec tor ies  deduced by drawing enveloping 
lines around compression axes. 

synclinal depression broken by longitudinal faults.  The 
f au l t s  a r e  possibly s t rands  of t h e  dextra l  Denali  Faul t  
System. 

A curious e f f e c t  of t he  regional deformat ion field 
upon t h e  Amphitheater Formation is t h e  development of a 
s e t  of sys t ema t i c  f r ac tu res  in well  rounded conglomerate  
c l a s t s  (Fig. 61.15). The or ienta t ion of these  f r ac tu res  was  
measured at 12 s i tes  along t h e  ou tc rop  be l t  of 
Amphi theater  conglomerate.  The s t a t i s t i ca l  or ienta t ion 
of f r ac tu res  a t  each s i t e  is  plotted in Figure  61.16. 
Similar f r ac tu res  have been described and measured by 
Ramsay (1 9641, Eisbacher (1 969), and Brown and 
Helmstaedt  (1970). The kinemat ic  significance has been 
discussed in Ramsay (19641, Eisbacher (19691, and Tyler 
(1975). As in previous studies t h e  regional pa t t e rn  is very 
consistent and probably a fair  approximation t o  t h e  
directional regional compression experienced by t h e  con- 
g lomera te  (Fig. 61.16). Due t o  t h e  f a c t  t h a t  smal l  s ca l e  
right-lateral  and left-lateral  o f f se t s  along t h e  f r ac tu res  
within t h e  c l a s t s  contr ibute  equally t o  the  overa l l  pa t t e rn  
i t  can  be  assumed t h a t  t h e  mean f r ac tu re  or ienta t ion 
defines a local compression axis. These compression axes  
a r e  plotted on a sepa ra t e  d iagram (Fig. 16.17). An 
envelope of s t ress  t ra jec tor ies  around the  individual 
compression axes  delimits t he  regional s t r e s s  field. The 
larges t  principal compressive s t r e s s  t r ends  nor th  t o  north- 
northeast .  A major perturbation exis ts  in t h e  c e n t r e  of 
t h e  a r e a  (Fig. 61.17). 

The s t r e s s  field is  compat ib le  with dextra l  
displacement along the  Denali Fault .  I t  is  significant t ha t  
t h e  dykes which c u t  t he  Amphi theater  Formation and feed 
t h e  flows of t h e  Wrangell Lavas generally trend northerly 
- a s  should be expected f rom the  regional s t r e s s  field. 
Older Eocene(?) dyke swarms of the  Yukon Pla teau also 
trend northerly (Muller, 1967; Tempelman-Kluit, 1974). 



Figure  61.18 

The perturbation in t h e  s t r e s s  field referred t o  above is 
possibly due t o  regional buckling along the  Denali Fault. 
I t  coincides with and may explain the  northeasterly 
trending Duke River Arch (Fig. 61.1 1). 

Systemat ic  f r ac tu res  in conglomerate  clasts,  dyke 
trends,  and t h e  sense of displacement on t h e  Denali Faul t  
thus  a r e  expressions of a regional north-south compression 
concomitant  with slight east-west extension in Ter t iary  
time. First-motion studies of ear thquakes  along the  
Denali Faul t  west of t h e  Canadian-United S t a t e s  border 
indicate  tha t  north-south compression in t h e  region is 
ac t ive  up to  the  present (Gedney, 1970). In the  eas tern  
St. Elias Mountains only one act ive  faul t  was.found during 
field work. I t  is  a shor t  (6 km) Holocene sca rp  nor theas t  
of Duke River (Fig. 61.18) with I t o  2 m of displacement.  
The Holocene faul t  follows an old break t h a t  s epa ra t e s  

a )  Holocene faul t  s ca rp  nor theas t  of 
Duke River (1 39"06'W, 
61 16'30'N). View looking north- 
west  towards  t h e  exhumed 
Ter t iary  pediment  along Duke 
River Arch (for location s e e  
Figure 61.12). 

Close-up of same  Holocene 
scarp  looking south; offse 
about  1.5 m with west 
uplifted re la t ive  t o  the  e a s t  b 

faul t  
!t is  

side 
'lock. 

volcanic bedrock f rom the  Amphi theater  Formation and 
t h e  displacement is  normal with the  southwest  side 
uplifted. 

Regional Implications and Conclusions 

The foregoing analysis of sedimentation, paleogeo- 
morphology, and tec tonics  of t he  l a t e s t  Eocene(?) - 
Oligocene Amphitheater Format ion suggests t ha t  in mid- 
Ter t iary  t ime  t h e  St. Elias region was a rolling upland 
with wide shallow alluvial valleys and a t empera te  
c l imate .  The major rivers flowed westward f rom the  
Yukon Pla teau - Coast  Mountain ter ra in  and deposited 
blankets of gravel,  sand and coal.  Subsequent fault ing and 
folding accentuated local relief and triggered rockslides 
and debris flows. Extensive blankets of Miocene basalt  



and andes i te  buried t h e  area .  By mid-Miocene t h e  
St. Elias Mountains had risen t o  an  e levat ion  which 
supported format ion of thick ice sheets.  These flowed 
away f rom t h e  axis of t he  mountains northward in to  newly 
eroded valleys and southward in to  t h e  tec tonica l ly  ac t ive  
Gulf of Alaska where  thick glacial  mar ine  d i amic t i t e s  
accumulated  along a s t e e p  coas t  (Plafker and Addicot t ,  
1976). T h e  rise of t h e  present  St. Elias Mountains and t h e  
sculpturing of i t s  high grani t ic  peaks commenced about  
15 m.y. ago  due  t o  north-south c rus t a l  compression along 
t h e  nor thern  margin of t h e  Pac i f i c  Ocean. One  Holocene 
f au l t  s c a r p  encountered  during field work a t t e s t s  t o  
continuing uplift  of t h e  St. Elias Mountains. 
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Introduction 

Airborne ~ a m m a - r a y  spect rometr ic  d a t a  covering 
some  38 000 km In eas t e rn  Ontar io  between Ot t awa  t o  
t h e  eas t ,  Bancroft t o  t h e  west,  Pembroke t o  t h e  north and 
Kingston to  the  south (map-sheet 31F, Geological Survey 
Open File 331 and map-sheet 31C, Geological Survey Open 
File 428) show the  radioelement distribution pa t t e rn  over 
a varied t e r r ane  of Precambrian rocks of t h e  Grenville 
s t ructura l  province, and t h e  bordering Paleozoic rocks. 
Three a reas  of r ecen t  uranium exploration act iv i ty ,  
Bancroft ,  and Palmerston and Huddersfield townships, l ie  
within the  surveyed block. 

Figure 62.1 shows t h e  1, 2, and 3 pprn eU contours of 
average surface  concentra t ion f rom t h e  airborne d a t a  a s  
well a s  t he  a r e a  with eU/eTh ra t io>  0.5. In addition sim- 
plified geology a f t e r  Ayers et al. (1971) and Laurin (1969) 
is shown, and the  known uranium occurrences  a f t e r  
Robertson (1975) and Shaw (1958) a r e  located on the  map. 
This survey a rea ,  which basically const i tu tes  a zone of 
Precambrian rock extending southeast  into the  
Adirondacks of t h e  United Sta tes ,  is  generally known a s  
t h e  Frontenac axis. 

General  Discussion 

The measurement  from the  a i r  of t he  ground level 
uranium concentra t ion provides t h e  average surface  con- 
centra t ion for an  a r e a  under t h e  a i r c ra f t  a t  each  point of 
measurement.  The moving a i r c ra f t  covers  a swath  on t h e  
ground. Within this swath  the re  is overburden, vegetation, 
and variable amounts of water  and some outcrop. For this 
reason the  average surface  concentration usually provides 
a minimum value in relation to  the  concentra t ion in 
overburden. The relationship between ave rage  surface  
concentra t ion and outcrop concentra t ion is more  variable, 
because  outcrop usually const i tu tes  only a small  
percentage of any a rea  of measurement.  In general t h e  
concentra t ion in outcrop is higher than in associated 
overburden, but  t he  reverse  may be t rue .  Charbonneau e t  
al .  (1976) investigated t h e  relationship between average 
surface  concentra t ion (measured f rom t h e  a i r )  and ground 
level measurements,  and found t h a t  generally average 
surface  concentra t ion values of I t o  2 ppm e U  correspond 
with outcrop concentra t ions  of 4 t o  5 pprn, average 
surface  concentration values of 2 t o  3 ppm eU correspond 
t o  outcrop concentra t ions  of 7 t o  8 ppm and average 
surface  concentration values of 3 t o  4 ppm eU correspond 
t o  10 t o  11 ppm e U  in outcrop. 

The uranium concentra t ions  (Fig. 62.1) a r e  not 
exceptionally high. Most of t he  a r e a  is below t h e  1 pprn 
e U  a.s.c. contoui ,  a s  is much of t h e  Canadian Shield 
surveyed t o  date .  However any a r e a  above I ppm eU 
meri ts  some  a t tent ion.  

The process of compilation of contoured maps  f rom 
reconnaissance surveys involves considerable smoothing of 
the  da ta ,  which suppresses narrow anomalies t h a t  a r e  
possibly indicative of t h e  presence of uranium 

mineralization. Narrow anomalies should be sought on the  
individual fl ight line profiles which should always be 
examined along with t h e  contour  maps. Even on profiles 
t h e  expression of narrow zones of uranium enr ichment  
may be suppressed by swamp and overburden cover ,  or t h e  
zones  may occupy only a small  f rac t ion of t h e  a r e a  
analyzed in one airborne counting interval of 2.5 seconds 
(approximately l o 5  mZ),  and thus thei r  e f f e c t s  may be  
diminished significantly due t o  averaging with surrounding 
rock of lower radioelement abundance. 

In terpre ta t ion 

Much of the  a r e a  of high eU (Fig. 62.1) is  re la ted  t o  
t h e  distribution of granitoid rocks and associated 
pegmatites.  The th ree  a r e a s  where  p resen t  uranium 
evaluation work is taking place  a r e  indicated on  
Figure  62.1 : Huddersf ield township, Quebec; t h e  Bancrof t 
a r e a ,  and Palmerston township, Ontario.  In a l l  t h r e e  a r e a s  
prominent zones of uranium enr ichment  a r e  indicated. 
North-south airborne profiles (Fig. 62.2) show the  radio- 
me t r i c  character is t ics  of t he  Huddersfield township a rea  
(H), t h e  Bancroft  zone (81, and t h e  Palmers ton township 
zone (P). The locations of t h e  profiles a r e  indicated on 
Figure  62. I. The marked subdivisions along t h e  profiles 
correspond t o  miles. Profiles I1  and 31 r e l a t e  t o  t h e  
northern map sheet  (31F) between 45"N and 46ON and 
profiles 13 and 19 t o  the  southern map  sheet  (31C) 
between 44ON and 45"N. The Huddersfield township 
radioact ive  zone is  cha rac te r i zed  by a prominent increase  
in eU and eTh, with no significant eU/eTh r a t i o  increase. 
The Bancroft  zone l ikewise is  cha rac te r i zed  by increases 
in eU and eTh with very l i t t l e  increase  in r a t i o  of eU/eTh. 
In contras t ,  t he  Palmerston township radioact ive  zone has 
severa l  narrow anomalies in t h e  eU profile and a broad, 
high eU/eTh ratio. This high eU/eTh ra t io  spreads out 
f rom t h e  major radioact ive  body, which is  a nor theas t  
trending band of g ran i t e  about 50 km long and 10 km wide, 
terminat ing near  Palmerston township. The anomaly l ies  
over bordering marble  and volcanic rocks a s  well. This 
indicates t h a t  t hese  l a t t e r  rocks may have been enriched 
in uranium. An e longate  a rm of grani te ,  similar in 
dimension t o  t h e  Palmerston grani te ,  l ies t o  the  north of 
t h e  Palmerston g ran i t e  and t e rmina te s  near  Calabogie in 
t h e  northeast .  This g ran i t e  is  also enr iched in uranium. 
The Bancroft  syenite-granite which is  distinctly above 
normal in uranium con ten t  has a nor theas t  t rend a s  well. 
Both t h e  Palmerston and Calabogie grani tes  have western  
portions tha t  a r e  distinctly low in uranium. Grani te  
masses  near  Methuen (15 km south of Bancroft)  and near 
Deloro (15 km southeas t  of Methuen) a r e  higher in 
uranium than surrounding rocks. The Hurd Lake granite,  a 
smal l  grani te  body, 8 km nor theas t  of t h e  terminat ion of 
t h e  Calabogie grani te ,  has  pronounced marginal enrich- 
men t  in uranium (Charbonneau and Jonasson, 1975). An 
uranium anomaly 45 km southeast  of t h e  Huddersfield 
anomaly in Quebec r e l a t e s  t o  the  tail ings pile of t he  
Hilton iron mine and is due more  t o  t h e  e f f e c t  of 
extensive  exposure of t h e  mater ia l  than t o  a particularly 
high uranium content .  

From: Repor t  of Activit ies,  P a r t  B; 
Geol. Surv.Can., Paper  77-1B (1977) 



Figure 62.1. Airborne eU ppm map, geology and uranium occurrences in the Frontenac axis area, southeastern Ontario. 



Figure 62.2. Profiles for airborne eU, eTh, eU/eTh intersections across Huddersfield township area (H), Quebec; 
Bancroft area (B), Ontario; Palmerston township area (P), Ontario. 
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Uranium occurrences  known in t h e  a r e a  a r e  plotted 
Figure 62.1. The distribution of these  occurrences shows 
g0o.d relationship t o  the  uranium distribution pat tern .  In 
Quebec, t h e  Calumet  Island occurrences  15 km southwest 
of  t he  Huddersfield anomaly have a n  associated anomaly 
a s  do t h e  occurrences  near  Wolfe Lake and Aldfield 
township 30 krn southeast  of t he  Huddersfield anomaly. In 
Ontario many occurrences a r e  associated wi.th the  
Bancroft  anomaly, t he  Renfrew a rea  (Hurd Lake) and 
f a r the r  south with t h e  Calabogie and Palmerston 
anomalous zones. Minor a reas  of > 1 ppm eU occur  over 
Paleozic rocks a s  well a s  t h e  Precambrian. The Paleozoic 
rocks have been shown t o  be of economic in teres t  for 
uranium. (Charbonneau e t  al. 1975a; Charbonneau e t  al., 
1975b). 

A general  corre la t ion of gold occurrences  in t h e  
Palmerston a r e a  (Ontario Dept. of Mines Map 2053) with 
grani tes  having high eU/eTh ratios is noted, and a similar 
correlation has been observed in t h e  Yellowknife a r e a  
(Geological Survey of Canada Open File 124) and in Nova 
Scot ia  (Geological Survey of Canada Open Fi le  429). 

Summary 

The compilation of airborne gamma-ray spect rom- 
e t e r  survey d a t a  in t h e  Frontenac axis  a r e a  c lear ly  shows 
t h e  th ree  zones tha t  a r e  of economic in teres t  a t  present:  
Huddersfield township, Bancroft, and Palmerston township 
areas.  Palmerston township is c lear ly  d i f ferent  f rom t h e  
previous t w o  in t h a t  t h e  r a t io  of uranium/thorium is high 
whereas  t h e  r a t io  only increases minimally in t h e  Bancroft  
and Huddersfield areas.  The Palmerston a r e a  lies well 
within the  Grenville Group rocks (unit 2, Fig. 62.1) 
whereas t h e  Bancroft  and Huddersfield a reas  l ie near  t h e  
c o n t a c t  of these  rocks with t h e  underlying Aphebian 
metasediments  (unit  I ,  Fig. 62.1). This may indicate  t h a t  
t he  ?almerston grani te  is a t  a higher s t ructura l  level than 
the  Bancroft  mater ia l ,  and the re  may have been a g rea te r  
degree  of fractionation of the  uranium from thorium 
resulting in t h e  higher level of uranium/thorium ratio. 

References 

Ayres, L.D., Lumbers, S.B., Milne, V.G., and Robeson, D.W. 
1971 : Ontar io  Geological Map Southern 

Shee t  - Map 2197 - Scale  1:1,000,000; Ontar io  
Dept.  of Mines and Northern Affairs. 

Charbonneau, B.W. and Jonasson, I.R. 
1975: Radioact ive  pegmat i tes  in the  Renfrew a r e a ,  

Ontario;  in Repor t  of Activit ies,  Part-A, Geol. 
Surv. Can., Paper  75-IC p. 285-290. 

Charbonneau, B.W., Jonasson, I.R., and Ford, K.L. 
1975a: Cu-U mineralization in the  March Format ion 

Paleozoic rocks of t he  O t t a w a  St.  Lawrence 
Lowlands; in Repor t  of Activit ies,  P a r t  A, Geol. 
Surv. Can., Paper  75-IA, p. 229-233. 

Charbonneau, B.W., Jonasson, I.R., Holman, P.B., and 
Ford, K.L. 

1975b: Regional airborne gamma-ray spec t romet ry  and 
s t r e a m  sediment  geochemistry,  deta i led  ground 
gamma-ray spec t romet ry  and soil geochemist ry  
in an  environment of stratabound Paleozoic U- 
Cu mineralization in the  Ottawa-Arnprior a rea ;  
Geol. Surv. Can. Open File Release  264, May 
1975. 

Charbonneau, B.W., Killeen, P.G., Carson, J.M., 
Cameron,  G.W., and Richardson, K.A. 

1976: Significance of radioelement concentra t ion 
measurements  made by airborne gamma-ray 
spec t romet ry  over  t h e  Canadian Shield; IAEA 
Symposium on Exploration for  Uranium O r e  
Deposits, Vienna, Austria,  p. 35-53. 

Laurin, A.F. 
1969: Geological Map of Quebec - Scale  1:1,000,000; 

Quebec Dep. Mines. 

Robertson, J.A. 
1975: Uranium and thorium deposits of Ontario,  

Southern Sheet ;  Ontar io  Division of Mines, 
Prelim. Map P972, Mineral Deposits Series,  
Scale:  I inch t o  16 miles. 

Shaw, D.M. 
1958: Radioact ive  mineral occurrences  of t h e  

Province of Quebec; Quebec Dep. Mines, Geol. 
Rep. 80. 



URANIUM RESOURCES O F  THE PERMO-CARBONIFEROUS BASIN, ATLANTIC CANADA 

Pro jec t  760014 

H.E. Dunsmore 
Regional and Economic Geology Division 

Introduction Table 63.1 
Preliminary classification of uranium mineralization in 

As pa r t  of t he  uranium resource  evaluation program Permo-Carboniferous basin, At lant ic  Canada 
of t he  Geological Survey of Canada, a two-man, 
geological reconnaissance of t h e  Permo-Carboniferous 
sedimentary  basin of At lant ic  Canada was conducted 
during the  1976 field season. Pa r t s  of a l l  four At lant ic  
provinces and t h e  Magdalen Islands were  visited. The  
shor t - term objectives of this survey were  fourfold: ( I )  t o  
examine all reported occurrences  in Carboniferous s t r a t a ;  
(2) t o  prospect for addit ional surface  occurrences ;  (3) t o  
formula te  a preliminary classification system, and; (4) t o  
assign priori t ies t o  future,  more  comprehensive research.  
The long-term objec t ive  of this p ro j ec t  is t o  assess a s  
accura te ly  a s  possible t he  potent ia l  uranium resources of 
t h e  area.  

A number of previously unreported radioact ive  
occurrences  were  discovered during t h e  field season. 
None of t he  occurrences  visited a r e  in themselves  
economic,  a s  is perhaps t o  b e  expected  in a n  a r e a  with a 
long history of abundant rainfall  and ac t ive  groundwater 
flow systems. However, these  crucia l  su r f ace  clues may 
point t he  way t o  economic grades  and tonnages a t  depth .  

Classification and Description of Uraniferous Occur rences  

A preliminary classification of uranium enr ichment  
in Permo-Carboniferous rocks is s e t  o u t  in Table 63.1. 
Three d i f ferent  types  of mineralization a r e  recognized, 
and one of these,  t he  sandstone-type,  consists of a t  leas t  
t h r ee  d i f f e r en t  styles. The t e r m  s ty le  is used t o  deno te  
relatively minor but  d is t inc t ive  d i f ferences  within each  
group or class. Until relationships with t h e  host rocks a r e  
more  clearly understood, t h e  various s ty les  have been 
given geographical  designations only. 

The cha rac t e r i s t i c s  and geological  se t t ings  of t h e  
various uraniferous showings a r e  described. The distribu- 
tion of individual occurrences ,  types  and s ty les  a r e  shown 
in Figure 63.1. The  e x a c t  locations of a l l  occurrences  
visited a r e  l isted in Table  63.2. 

Sandstone-Type - Magdalen Islands Style  

Previously unreported concentra t ions  of uranium 
were  discovered a t  four s e p a r a t e  locali t ies in t h e  
Magdalen Islands. They a r e  within very large,  elongated 
pods of well-cemented,  greenish grey,  quartz-rich sand- 
s tones  within thick sequences  of poorly cemen ted ,  red- 
coloured sands. The  uranium is d i rec t ly  associated with 
petroleum-derived hydrocarbons which fi l l  f r ac tu re s  and 
impregnate  in ters t i t ia l  porosity. Selected specimens of 
this mater ia l  con ta in  a s  much a s  2.15% uranium. 

The Magdalen.Islands a r e  underlain by g r e a t  thick- 
nesses of Mississippian, Windsor Group evapor i tes  (Howie 
and Barss,1975) and, indeed, appear  t o  owe the i r  
exis tence  t o  s a l t  diapirism. Eas ter ly  t o  nor theas ter ly  
trending salt-cored ant ic l ines  occur  throughout t h e  Islands 

TYPE STYLE 

/ Magdalen I s l a n d s  S ty l e  

SANDSTONE-TYPE P r i n c e  Edward Island S t y l e  

Pugwash-Tatarnagouche Style  

B l T U M  INOUS SHALE-TYPE (Not Subd iv ided )  

VOLCANOGEN IC TYPE (Not Subdivided 1 

(Sanschagrin, 1964), and similar s a l t  s t ruc tu re s  a r e  present  
t o  t h e  e a s t  beneath  t h e  waters  of t h e  Gulf of 
St. Lawrence  (Wat ts  and Haworth,  1974). The  c o r e s  of t h e  
ant ic l ines  consist  of mar ine  evapor i t e s  and associated 
rock types ,  and an intensively f r ac tu red  basa l t  (Fig. 63.2). 
The l a t t e r  appears  t o  have  been brought in with t he  
evapor i tes .  A large-scale opera t ion  t o  mine  sa l t  is 
cu r r en t ly  in t h e  final planning s tage .  

The red- and green-coloured sandstones of t h e  Cap-  
aux-Meules Format ion overlie t h e  evapor i tes  on the  flanks 
of t h e  anticlines.  Their  a g e  is  uncer ta in ,  but  is believed t o  
b e  Permo-Carboniferous banschagr ln ,  1964). Similarly, 
t h e  environment  of deposit ion canno t  b e  s t a t ed  with 
cer ta in ty ,  but  t h e  presence  of cross-beds a s  high a s  7 m 
sugges ts  eolian deposition. The  uranium-bearing, greenish 
g rey  por t ions  a r e  found re la t ive ly  nea r  t h e  evapor i tes  
(Fig. 63.2). They occur  a s  elongated lenses  up t o  1 km 
long and a t  leas t  50  m thick.  The long axes  of t hese  
lenses a r e  m o r e  or less para l le l  t o  t h e  eas t -west  trending 
anticlines.  In marked con t r a s t  t o  t h e  red-coloured sands, 
t h e  greenish grey portions a r e  highly indura ted  rocks  
( ca rbona te  and si l ica cemen t s )  which form prominent hills, 
c a p e s  and headlands throughout t h e  Islands. At  t h e  
c o n t a c t s  examined by t h e  wri ter ,  t h e  red- and green-  
coloured sands  a r e  s t ra t igraphica l ly  continuous, implying 
t h a t  t h e  f ac i e s  change is d iagenet ic  ra ther  than deposi- 
t ional in origin. 

Numerous occurrences  of petroleum-derived 
b i tumen were  observed throughout t h e  pods of greenish 
g rey  sandstone.  I t  is commonly present  a s  a shiny, black 
ma te r i a l  infilling in ters t i t ia l  porosity or f rac tures .  A t  one 
locali ty,  a substance  with t h e  appea rance  and consistency 
of machine  g rease  was  observed within a calcite-l ined 
f r ac tu re .  Many of these  f r a c t u r e s  also conta in  abundant 
pyrite.  The presence  of these  bitumens,  coupled with t h e  
c lo se  proximity of t h e  grey  sandstones  t o  t h e  impermeable  
evapor i tes ,  indica tes  t h a t  t h e  sandstones  must once  have  
been  s t ruc tu ra l  petroleum t r aps  on t h e  flanks of t he  sa l t  
diapirs.  

From: Report o f  Activities, Part B 
Geol. Surv. Can., Paper 77 -18  (1977).  



Figure 63.1. Regional distribution of types  and s ty les  of uranium mineralization, 
Permo-Carboniferous basin, At lant ic  Canada. 
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Figure 63.2. Geology and uranium occurrences  of a portion of the  Magdalen Islands 
archipelago, Quebec (geology a f t e r  Sanschagrin, 1964). 
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The chemically reducing environment associated 
with t h e  hydrocarbons would provide a means of fixing t h e  
uranium. I t  would also account for t h e  colour change and 
perhaps the  high degree  of cementat ion of the  uranium- 
bearing sandstones. The presence of petroleum-derived 
bitumens also has  important implications with regard t o  
t h e  oil  and gas  potent ia l  of similar s a l t  s t ructures  beneath  
the  waters  of t he  Gulf of St. Lawrence. 

The radioactive occurrences examined were  very 
patchy, t h e  largest ,  on Shea Point,  Ile du Havre-Aubert, 
being only a few me t re s  across. However, the  precipitous 
na tu re  of t he  headlands permit ted  only a small  f rac t ion of 
t h e  exposures t o  b e  examined closely. Also, t he  base  of 
t h e  greenish grey lenses, assuming i t  represents a fo rmer  
oil-water contact ,  would perhaps b e  the  most favourable 
horizon for  uranium mineralization. Unfortunately,  none 
of these  a r e  exposed. 

In Atlantic Canada, the  Magdalen Islands s ty le  of 
mineralization appears  t o  b e  res t r ic ted  t o  t h e  Islands. 
There  a r e  apparent  similarities, however,  t o  t h e  Rifle 
Creek deposit in the  southwestern United Sta tes ,  one of 
t h e  largest  vanadium-uranium deposits in the  Colorado 
Pla teau region. There,  o re  is confined t o  'bleached" 
portions of a normally red-coloured, eolian sandstone 
(Fischer, 1960; Adler, 1974). The con tac t s  between 
bleached and red sandstones a r e  sharp and oblique t o  
bedding, indicating an epigenetic ra ther  than a syngenetic 
origin (Adler, 1974). The presence of solid hydrocarbons 
and la te-s tage  pyr i te  suggests t ha t  t he  uranium host rock 
contained oil a t  one t ime  (Adler, 1974). 

Fur ther  exploration for uranium on t h e  Magdalen 
Isands seems  warranted. 

Sandstone-Type - Prince  Edward Island Style  

The Prince Edward Island s ty le  of uranium minerali-  
zation appears to  b e  potentially one of the  most important  
in the  whole of t h e  Permo-Carboniferous basin. 

The mineralized horizons, a s  exposed in outcrop along 
the  west coas t  of t h e  Island, display the  following 
character is t ics :  

(1) they a r e  concordant with bedding and a r e  located 
a t  the  base of fluviati le fining-upward cycles;  

(2) they contain up t o  250 ppm uranium; 

(3) they a r e  typically 5 t o  30 c m  thick, but can b e  in 
excess  of 1 m; 

(4) they can  b e  traced la tera l ly  in outcrop fo r  
d is tances  of several kilometres;  

(5) a t  leas t  f ive such zones a r e  stacked one above t h e  
other ,  with a s t ra t igraphic  separation of 
10 t o  20 m. 

The same style of mineralization was described by 
Pres t  et al. (1969) in a borehole c o r e  f rom cen t ra l  Pr ince  
Edward Island. A thin zone of mineralization, containing 
290 ppm uranium oxide, was found a t  a depth of 716 f e e t  
(218 m) in a well a t  Kelly Cross, some  90 km southeast  of 
t h e  occurrences described above (Pres t  et al., 1969). 
There  a r e  numerous other  surface  showings, both on the  
Island and in the  Cape  Tormentine a rea  of New Brunswick, 
which indicate tha t  the  mineralization is very widely 
distributed. 

The host rocks a r e  believed t o  b e  upper Pic tou 
Group of l a t e  Pennsylvanian a g e  (Barss et al., 1963). They 
consist  of a l ternat ing sandstones and mudstones deposited 
by meandering rivers; t he  trough cross-bedded and ripple- 
marked sandstones represent  t he  channel deposits,  and t h e  
overlying mudstones and sil tstones a r e  t h e  associated 
flood plain or overbank deposits. The flat-lying na tu re  of 
t he  rocks in many a reas  permits  individual fining-upward 
cycles  t o  b e  t raced for  many ki lometres  along t h e  coas t .  
The paleocl imate  was probably semi-arid t o  arid,  a s  
evidenced by t h e  almost t o t a l  absence of preserved plant  
debris and the  extensive development of ca lc i t ic ,  ca l iche-  
like nodules or concret ions  near  t h e  top of many cycles. 
The absence of a qua r t z  pebble conglomerate  a t  t h e  base  
indicates a d i s t an t  source a r e a  and/or a low energy 
environment of deposition. However, a basal mud chip 
conglomerate  i s  well developed locally, t h e  resul t  of 
erosion and scouring of t h e  underlying mudstones and 
siltstones. 

The rocks of Pr ince  Edward Island a r e  red excep t  for  
a thin (typically 5 t o  30 cm), laterally continuous, p a l e  
green horizon a t  the  base of many fining-upward cycles.  
Radioactivity significantly above background was  
observed only in these  green sands, bu t  not  a l l  green sands 
a r e  mineralized. The green coloration, no doubt due t o  a 
change in the  valence s t a t e  of iron, is  most extensively 
developed in t h e  sands, b u t  extends  for  shor t  d is tances  
in to  the  underlying muds a s  well. I t  is  highly concordant  
with bedding, o f t en  maintaining a uniform thickness along 
an  undulating erosional surface.  Green-coloured reaction 
rims were  a lso  observed around mud chips and lenses of 
mudstone within the  overlying red sands. These zones  of 
chemical  reduction a r e  clearly d iagenet ic  ra ther  than 
depositional in origin, but  a r e  too well defined and 
uniformly distributed t o  b e  due  t o  t h e  presence of 
carbonaceous  mater ia l  or  sulphide minerals. Rather ,  i t  
appears  t h a t  some  fundamental chemical  process re la ted  
t o  the  abrupt  physical-chemical i n t e r f ace  between 
permeable  sandstones above and impermeable  mudstones 
below has  produced and maintained a zone of chemical  
reduction. This, in turn, has  resulted in t h e  precipi ta t ion 
of uranium in some areas.  

Some of t h e  most enriched uranium occurrences  of 
t h e  Pr ince  Edward Island s ty le  a r e  t o  b e  found along t h e  
west coas t  of t he  Island, between the  harbour a t  Seal  
Point and t h e  smal l  community of West C a p e  (Fig. 63.3). 
A study of these  deposits proved most informative.  The 
dips of t h e  rocks in this a r e a  a r e  sufficient t o  expose t h e  
bases of four fining-upward cycles,  a l l  of which a r e  
mineralized, within a dis tance  of approximately 6 km. A t  
l eas t  one o the r  mineralized cyc le  is exposed a f e w  
ki lometres  along t h e  coas t  t o  t h e  nor theas t .  The sample  
locations and uranium con ten t  of seven hand specimens 
f rom these  horizons a r e  shown in Figure 63.3, t oge the r  
with a generalized cross-section of the  coas t a l  exposures.  
,The specimens selected in the  field and subsequently 
analyzed a r e  f rom the  most radioactive portions of each  
zone, b u t  a r e  perhaps more  representa t ive  than f i r s t  
thought;  t h e  analyt ica l  d a t a  reveal t h a t  t h e  most radio- 
ac t ive  portions of these la tera l ly  continuous radioactive 
horizons a r e  no t  always t h e  most uraniferous. The l a t e ra l  
pers is tence  of t h e  horizons is suggested by t h e  f a c t  t h a t  
gen t l e  synclinal folding has  exposed one, and possibly two, 
of t he  uppermost zones  a t  locali t ies separated by 2 km 
and 4 km respectively (Fig. 63.3). 
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Figure 63.3. Locations of uranium occurrences  in plan (upper) and cross-sectional ( lower) views, 
western  Pr ince  Edward Island. 

The mineralized specimens col lec ted  f rom these  
occurrences  conta in  approximately 1 0 0 t i m e s  more  
uranium than the  1.9 ppm found in normal,  red-coloured 
sandstones on t h e  Island. A t  these  levels of concen t r a -  
tion,, they a r e  two th i rds  of t he  way t o  high-grade, 
sandstone-type ore.  The richest  zones,  a t  250 ppm 
uranium, compare  favourably with t h e  250 t o  325 ppm 
contained by t h e  r iches t  portions of upper Cambrian ,  a lum 
shales in Sweden (O.E.C.D. and I.A.E.A., 1976). There  is 
n o  reason t o  suspect  t h a t  t h e  exposed occurrences  a r e  
more  highly or extensively mineralized than the i r  
subsurface  equivalents;  in f ac t ,  t h e  opposi te  should b e  
true.  The presence  of these  significant uranium 
occurrences  was not de t ec t ed  by a t r a c e  e l emen t  
reconnaissance survey throughout t h e  a r e a  
(Dyck et al., 1976). Twenty-seven Samples of well wa te r  
obtained las t  summei  in t he  immedia te  vicinity of t h e  
wes t  coas t  occurrences  contained a mean value of only 
0.7 ppb uranium (standard deviation,  1.0). Clearly,  
uranium is not being mobilized by present-day ground- 
waters.  Thus, groundwaters  issuing f r o m  many of t h e  
mineralized cliff f aces  have presumably long ago  carr ied  
away any uranium t h a t  could b e  leached by such solutions. 

S tudies  t o  de t e rmine  the  mineralogy and e lementa l  
associa t ions  of t hese  occurrences  have  ye t  t o  b e  
under taken.  However,  d a t a  provided by P res t  e t  al., 
(1969) sugges t  t h a t  they will b e  rich in vanadium and t h a t  
t h e  uraniferous minerals may b e  uranium vanadates .  The 
ex i s t ence  of highly insoluble uranium vanadates  might 
accoun t  for t h e  relatively high concentra t ions  of uranium 
observed in outcrop. 

O the r  occurrences  in t h e  P r ince  Edward Island s ty l e  
w e r e  found along t h e  western,  southwestern  and nor thern  
coas t s  of t h e  Island, and on t h e  shores  of Cape  Torment ine  
on t h e  mainland. A minor variation occurs  near  Brae  
Harbour and C a p e  Egmont on t h e  south c o a s t  of t h e  
Island. A t  these  locali t ies,  uranium mineralization is 
associa ted  with narrow lenses of channe l  sand deposits ,  
r a the r  than t h e  more  usual, la tera l ly  continuous sandstone 
units. Also, t h e  geographic distr ibution of exposed 
mineralization is very much dependent  on t h e  dip of t h e  
rocks. Only where  t h e  s t r a t a  a r e  dipping t o  some  ex ten t ,  
such as in t h e  vicinity of t h e  Hillsborough Bay s a l t  d o m e  
nea r  Char lo t te town,  a r e  t h e  bases  of fining-upward cycles  
exposed. In many areas ,  subsurface  d a t a  a r e  required t o  
supplement  our  knowledge. 



The writer is optimistic t ha t  economic grades and 
tonnages of uranium will b e  found in the  subsurface of 
Prince Edward Island. 

Sandstone-Type - p u g w a s h - ~ a t a m a ~ o u c h e  Style 

The third s ty le  of sandstone-type uranium minerali- 
za t ion a lso  occurs in fluviati le red beds, a t  or  near  t h e  
base of fining-upward cycles. In this style, however, 
radioactivity is restricted t o  localized sites,  and t h e r e  is 
an  obvious association with coalified plant debris and 
copper mineralization. Numerous uranium showings of 
this s ty le  occur in the basal Pictou Group of northern 
Nova Scotia,  near  Pugwash and Tatamagouche. A 
description of these  occurrences  and a model for thei r  
origin a r e  presented in an accompanying paper 
(Dunsmore, 1977). 

This s ty le  of mineralization was also found a t  
s ca t t e red  locali t ies throughout t h e  Permo-Carboniferous 
basin. For example, a single occurrence of uranium, 
copper and bar i te ,  d i rec t ly  associated with carbonaceous 
material ,  was found on Callas' Point, e a s t  of 
Char lot te town,  Pr ince  Edward Island. The rocks hosting 
t h e  mineralization a r e  Permian in age  (Barss et al., 19631, 
and a r e  on t h e  e a s t  flank of t h e  Hillsborough Bay s a l t  
diapir. A minor uranium-copper occurrence on Shippegan 
Island, northwestern New Brunswick, is also of t h e  
Pugwash-Tatamagouche style. In southwestern 
Newfoundland, several uranium-copper occurrences  
(Knight, 1976) on the  banks of t he  Grand Codroy River a r e  
closely associated with megascopic plant debris; o the r  
radioactive occurrences in- grey- and green-coloured, 
f luviati le sandstones in t h e  immediate  vicinitv a r e  not. 
The host rock is the  North Branch  orm mat ion of t he  
Codroy Group (Brown and Knight, Geology of Codroy map 
sheet ,  in prep.). 

I t  should perhaps b e  stressed that  none of the  red 
bed, uranium-copper occurrences  examined display any 
morphological resemblance t o  the  much described roll- 
type  deposits of t h e  western United States.  Radioactivity 
is  restricted to  tabular pods or lenses of a chemically 
reduced nature  surrounding carbonaceous ma t t e r ,  
typically in the  form of coalified plant debris. The 
common association of uranium and copper suggests t h a t  
both can b e  mobilized by the  s a m e  aqueous solution. 

Bituminous Shale-Type 

The bituminous shale-type is defined on the  basis of 
less supporting evidence than a r e  t h e  o ther  types  and 
styles. I t  is based on a single surface  occurrence  near  
Hampton, in southern New Brunswick, and on the  presence 
of geochemical and geophysical anomalies in the  vicinity 
of Sussex, nor theas t  of Hampton. 

The Lower Carboniferous Albert  Formation of the  
Moncton-Sussex subbasin consists of grey t o  black shales,  
siltstones, sandstones and minor limestones, with sa l t  
occurring locally near the  top (Gussow, 1953). The shales  
and sil tstones a r e  highly bituminous in places; a lber t i te ,  a 
petroleum-derived solid hydrocarbon was once mined 
extensively at Albert  Mines. There  is a small  exposure of 
Albert  Formation, containing relatively thick zones  of 
uranium-bearing solid hydrocarbon, along a major north- 
eas ter ly  trending faul t ,  a f ew kilometres nor theas t  of 
Hampton. The occurrence  has  been described in deta i l  by 
Gross (1957). A specimen f rom the  most radioactive 
portion contains 419 ppm uranium, which is in ag reemen t  
with results obtained by Gross (1 957). 

A number of s t r eam sediment,  soil and groundwater 
uranium anomalies have been reported t o  t h e  north and 
nor theas t  of Sussex, some 30 t o  50  k m  nor theas t  of t he  
Hampton occurrence  (Dyck et al., 1976; Ball and 
Gemmell,  1975; Smith, 1968). The results of an  airborne 
radiometr ic  survey also provide encouragement  (Geol. 
Surv. Can., Geophysical Series Map 35821G). The Albert  
Formation underlies the  a r e a  in question, and i t  is possible 
t h a t  t h e  observed geochemical and geophysical anomalies 
a r e  d u e  t o  the  presence of uranium-bearing bituminous 
shales. Exploration in progress should soon conf i rm o r  
disprove this hypothesis. 

Samples of a lbe r t i t e  f rom t h e  dumps at Albert  
Mines, some  70 km nor theas t  of t h e  Sussex a rea ,  a r e  not 
radioactive,  although mater ia l  of this type  might b e  
expected t o  retain i t s  uranium. Thus, uranium mineraliza- 
t ion within bituminous portions of t he  Alber t  Formation, 
if indeed i t  exists outside of t h e  Hampton occurrence ,  
may occur only locally. 

Volcanogenic Type 

. A distinctly d i f ferent  type  of uranium mineraliza- 
tion is associated with Mississippian volcanics in south- 
western  and northern New Brunswick (Fig. 63.1). Most of 
these  occurrences have been described in some  de ta i l  by 
Gross (19571, Ball and Gemme11 (1975), Be11 (1976) and 
Ruitenberg et al., (1976). 

Uranium mineralization is found in a variety of 
volcanogenic rock types, including porphyrit ic rhyolites, 
foliated tuffs  and volcanogenic clastics.  The re  are ,  
however,  a number of common character is t ics .  The 
mineralization always appears  t o  b e  associated with a 
permeable  conduit  of some  sor t ,  whether t h e  origin b e  
tec tonic ,  sedimentary or a combination of both. The host 
rocks a r e  invariably a l tered,  extensively in the  c a s e  of t h e  
votcanogenic clastics,  indicating tha t  t he  precipitation of 
uranium was bu t  one of a ser ies  of react ions  between t h e  
mineralizing fluids and t h e  host rocks. A complex variety 
of d i f ferent  types  of a l tera t ion was observed. These 
include chlorit ic,  kaolinitic, sericit ic,  pyritic, hemat i t ic ,  
silicic and fluorit ic a l tera t ion,  although no t  a l l  types  a r e  
represented a t  all  localities. One  of t h e  most significant 
f ea tu res  may be  t h e  presence of fluorite,  a mineral which 
is invariably found in close association with t h e  radio- 
activity.  Bohse et al. (1974) have shown t h a t  during 
igneous crystall ization, uranium can b e  strongly 
parti t ioned in to  acid mel ts  rich in fluorine and chlorine. 
The pers is tent  association of f luor i te  and radioactivity 
suggests  t h a t  uranium was transported t o  t h e  s i t e  of 
mineralization as fluoride complexes within highly 
reactive,  magmat ic  fluids (Bohse et al., 1974). These 
fluids must have been expelled along f r ac tu res  or through 
permeable,  volcanogenic c las t ics  during t h e  final s t ages  of 
magmat ic  differentiation. 

The tungsten-molybdenum-bismuth-tin-fluorine de- 
posits a t  Mount Pleasant  occur within the  same  
Mississippian volcanic complex a s  the  sca t t e red  uranium 
occurrences  just described. The s a m e  types  of a l tera t ion 
have  also been observed the re  (Parrish and Tully, 1973). 
Not surprisingly perhaps,  su r face  samples f rom Mount 
Pleasant were  found to  conta in  a s  much a s  235 ppm 
uranium. The vas t  amount  of d a t a  t h a t  has  been  obtained 
during exploration at Mount Pleasant  presents  a unique 
opportunity t o  work out  various e lementa l  associations 
and to  study relationships between uranium mineralization 
and rock alteration. 



Subdivision of the  volcanogenic type  in to  various 
s ty les  of mineralization must awai t  a b e t t e r  understanding 
of these  complex occurrences.  

Miscellaneous Uranium Occurrences 

Two other  uranium occurrences,  neither of which 
can  y e t  be  classified a s  t o  type, a r e  of interest .  One is in 
New Brunswick and the  other  in Newfoundland. 

A previously unreported radioactive occurrence, up 
t o  20 t imes  background and containing a s  much a s  
82.7 ppm uranium, was discovered along Ridge Brook, a 
tr ibutary of t h e  Canaan River, some 48 km due west of 
Moncton. I t  is  on the  eas t  bank of the  s t r eam about  4 k m  
upstream (south) f rom i t s  juncture with t h e  Canaan River 
and 0.75 k m  upst ream from the  point where  i t  flows 
beneath provincial highway 112. The poorly exposed host 
rock is a grey, iron-stained, laminated argil l i te.  The zone 
of radioactivity extends  for several tens  of me t re s  along 
the  river bank and is a minimum of several me t re s  in 
thickness. This uranium mineralization was not de t ec t ed  
by s t r e a m  sediment  geochemistry (Smith, 1968). The host 
rock is  believed t o  b e  pre-Carboniferous in a g e  and t o  b e  
positioned immediately beneath the  pre-Carboniferous 
unconformity (Stewart,  1939). If t hese  s t ra t igraphic  
relationships a r e  co r rec t ,  this occurrence  may represent a 
mineralized horizon which has perhaps not previously been 
recognized. 

The most significant uranium mineralization 
observed within t h e  Carboniferous rocks of southwestern 
Newfoundland is in the  Overfall Brook Formation of the  
Barachois Group (Brown and Knight, Geology of Codroy 
map sheet ,  in prep.). This formation was designated a s  
map unit 7 in a preliminary publication (Knight, 1976). 
The one known occurrence  is located at the  point where 
Overfall  Brook en te r s  t h e  Grand Codroy River. Thin 
lenses (15 t o  30 c m )  of grey, carbonaceous  sandstone 
within a massive,  light-coloured, arkosic, micaceous,  
coarse  sand and conglomerate  contain a s  much a s  323 ppm 
uranium. Unfortunately,  t ime did not permit  fur ther  field 
investigation of this promising s ty le  of mineralization. I t  
is  possible t h a t  t h e  uranium-bearing, organic-rich fac ies  is  
more  extensively developed in adjacent  areas.  

Locations of Uranium Occurrences  

The locations of all  uranium occurrences  visited a r e  
listed in Table 63.2 with r e fe rence  to  t h e  Universal 
Transverse Mercator  (U.T.M.) grid plotted on t h e  various 
1:50 000 topographic maps. Each location i s  believed t o  
b e  accura t e  t o  within 100 m. For convenience, a 
geographic name  has  also been assigned t o  each of t h e  
occurrences.  The uranium con ten t  of selected specimens, 
a s  determined by neutron activation analysis, is also given 
for a number of the  more important  s i tes  of mineraliza- 
tion. I t  must b e  stressed that  t he  specimens analyzed 
were  usually f rom t h e  most highly radioactive portions, 
and a r e  not necessarily representa t ive  samples.  

Conclusions 

t h e  Permo-Carboniferous basin, f i ve  d i f f e ren t  types and 
s ty les  of mineralization a r e  distinguished. However, t he  
highly porous and permeable  na tu re  of many of the  host 
rocks, coupled with a moist, t e m p e r a t e  c l imate ,  probably 
d i c t a t e  tha t  economic grades and tonnages of o re  will b e  
found only a t  depth.  

Presently known uraniferous occurrences  a r e  in 
rocks at t h e  top and bo t tom of t h e  Carboniferous 
succession (primarily Pictou and Horton groups 
respectively), bu t  not in intervening s t r a t a .  The  s t ra t i -  
graphically higher occurrences  a r e  all  of t he  sandstone- 
type; the  lower occurrences  consist  of t he  volcanogenic 
and bituminous shale-types, but  probably other  types  will 
eventually b e  recognized. It is tempt ing t o  specula te  tha t  
Devonian grani tes  and Mississippian acid volcanics were  
t h e  source  of t h e  uranium which was subsequently 
recycled by sedimentary and diagent ic  processes. 
However, i t  should not  necessarily b e  concluded t h a t  
uranium resource potent ia l  diminishes with t ime  elapsed 
s ince  emplacement  of t he  suspected source  rock. 

A knowledge of t h e  uranium geology of the  United 
S t a t e s  and Western Europe is a valuable tool for t h e  
exploration geologist who wishes t o  eva lua te  these  s ty les  
of uranium mineralization. 

The results obtained during the  1976 field season 
indicate tha t  many a reas  of At lant ic  Canada have not 
been thoroughly prospected. They also indicate  tha t  
geochemical  surveys and r emote  sensing techniques  of ten  
fail  t o  d e t e c t  uranium mineralization which is easily 
discernible in outcrop. If this p a r t  of Canada is t o  
contr ibute  t o  the  uranium resources of t h e  nation, a s  the  
wri ter  believes i t  will, genet ic  models with predictive 
capabili ty will have  t o  b e  developed. Such models will 
only b e  perceived and perfected a s  a result  of ca re fu l  
geological studies. 
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Erratum 

1976 Repor t  of Activit ies,  P a r t  B 

Geol. Surv. Can., Paper  76-1B 

Paper  76-IB, p. 170, Fig. 35.2: A number of ext raneous  black marks  
appear  on the  published version of the  figure which give a f a l se  
impression of the  Fraser  De l t a  slope relief. Corrected versions of t he  
m a p  can  b e  obtained f rom J.L. Luternauer,  Geological Survey of 
Canada,  3rd Floor, 100 West Pender S t r ee t ,  Vancouver, B.C. V6B lR8.  
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