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Stratigraphy and structure of the Clarence River 
area, Yukon-Alaska north slope: a USGS-GSC 
co-operative project 

L.S. Lane, J.S. Kelley', and C.T. wrucke2 
GSC Calgary, Calgary 

Lane, L.S., Kelley, J.S., and Wrucke, C.T., 1995: Stratigraphy andstructure of the Clarence River 
area, Yukon-Alaska north slope: a USGS-GSC co-operative project; Current Research 1995-E; 
Geological Survey of Canada, p. 1-9. 

Abstract: Two pre-Carboniferous stratigraphic successions, consisting of a southern slope facies and a 
northern outer-slope to basin facies, are present in the Clarence River area. Oldhamia-bearing trace fossil 
assemblages establish that both facies are, in part, Early to Middle Cambrian in age. Turbiditic sandstone, 
which overlies and contains Oldhamia-bearing strata in the southern facies, were previously mapped as 
Neruokpuk schist. If that correlation is correct, the Neruokpuk schist is Cambrian in age. Two new Early 
Silurian graptolite localities are reported in strata correlative with the Road River Formation. 

The two early Paleozoic facies were juxtaposed during Devonian orogenesis. The northern basin facies 
was deformed by a combination of isoclinal folding and thrust faulting, whereas the more competent 
southern facies was deformed by north-directed thrust faulting, which imbricated the sandstone-dominant 
succession. Laramide deformation involving Carboniferous and younger rocks generated transverse faults, 
and broad upright folds which rotated the earlier-formed structures. 

RCsumC : Deux successions stratigraphiques prtcarbonifbres, composCes d'un facibs de talus mCridional 
et d'un facib septentrional allant de talus exttrieur A bassin, sont prksentes dans la rtgion de la rivibre 
Clarence. Des associations d'ichnofossiles renfermant Oldhamia confirment que les deux facibs datent, en 
partie, du Cambrien prtcoce A moyen. Le gr&s turbiditique, qui repose sur les couches renfennant Oldhamia 
et qui contient de ces couches dans le facibs mtridional, a t t t  cartographit dans le passe comme le schiste 
de Neruokpuk. Si cette corrklation est exacte, le schiste de Neruokpuk est d'iige cambrien. Deux nouvelles 
localitts de graptolites du Silurien prkcoce sont signalCes dans des couches corrClatives de la Formation de 
Road River. 

Les deux facibs du Palkozo~que prCcoce se sont juxtaposCs durant l'orogenbse dtvonienne. Le facib de 
bassin septentrional a ttC dkformt par une combinaison de plis isoclinaux et de failles chevauchantes tandis 
que le faci&s mCridional plus compktent a CtC dtformC par des failles chevauchantes A direction nord qui 
ont imbriquC la succession surtout grCseuse. La dkformation laramienne qui a touch6 les roches carbonifbres 
et les roches plus rtcentes a cr t t  des failles transversales et de vastes plis droits qui ont provoquC la rotation 
des structures plus anciennes. 

United States Geological Survey, 4200 University Dr., Anchorage, AK 
United States Geological Survey, 345 Middlefield Rd., Menlo Park, CA 



Current ResearchlRecherches en cours 1995-E 

INTRODUCTION 

Six weeks of fieldwork in 1994 along the international bound- 
ary in northern Yukon and Alaska improved our understanding 
of the geological framework of an area known mostly from 
reconnaissance mapping (Fig. 1,2). This work, begun in 1990, 
continues to resolve differences in geological interpretations 
across the international boundary (Lane et a]., 1991). 
Geological Survey of Canada and U.S. Geological Survey 
field parties completed coordinated parallel uansects that 
extend 1 :50 000 scale mapping southward along the border 
to latitude 69O18gN. This work addressed fundamental 
stratigraphic and structural problems in rocks of latest 
Proterozoic(?) and early Paleozoic age. 

STRATIGRAPHY 

North of a prominent syncline cored by strata of Carboniferous 
to Triassic age (units C,,, C,, and PTR~,  Fig. 2), the pre- 
Carboniferous stratigraphy consists of a succession of outer 
slope to basinal sedimentary deposits of possibly latest 
Proterozoic to Devonian(?) age, based on trace and body 
fossils including four Oldhamia localities (Lane et al., 1991; 
Hofmann et al., 1994), an Ordovician graptolite locality 
(Dutro et al., 1971), a conodont locality (Kelley et al., 1994), 
and two new Early Silurian graptolite sites (Table 1; Fig. 2). 
Basin facies strata, equivalent to the Road River Formation, 
and volcanic-sedimentary rocks of Cambro-Ordovician age, 
equivalent to the informally named Whale Mountain volcanic 
rocks, are components of that succession (Lane et al., 1991; 
Kelley et al., 1994). 

At its base, this succession has limestone (unit POL) with 
small amounts of sandstone, argillite, and chert. The limestone 
unit is considered to be Proterozoic or Cambrian in age based 
on its position beneath strata of Cambrian age. The deposition- 
ally overlying red and green argillite succession (unit oa) 
includes grey argillite, laminated chert, and subsidiary sand- 
stone and quartzite. Its age is Early to Middle Cambrian, based 
on the trace fossil Oldhamia found at four localities 

Figure 1. Location map. 

(Fig. 2; Table 2; Sweet and Narbonne, 1993; Hofmann et al., 
1994). During 1994, the mapping of this unit was extended 
17 km westward from the international boundary (Fig. 2) and 
it was found to contain a lithofacies unlike that mapped in 
1990. The new facies is dark grey to greyish-black argillite, 
one of several facies that previously were considered as 
separate units (Reiser et al., 1980). Our mapping shows these 
facies to be one unit consisting largely of fine textured argillite 
with a greater variety of textures than was previously reported 
(Lane et al., 1991; Kelley et al., 1994). An additional strati- 
graphic refinement is the identification of a breccia (not 
mapped) containing volcanic,clasts in the lower part of the 
red and green argillite unit near the northwestern comer of the 
map area (Fig. 2). The Oldhamia-bearing, Cambrian red and 
green argillite unit has been correlated with the Narchilla 
Formation (Hyland Group) of the Selwyn Basin (Lane, 1991). 
The Narchilla Formation also contains a prominent compo- 
nent of dark blue-grey slate, in addition to pale green, maroon, 
and purple slate (Gordey and Anderson, 1993). 

Volcaniclastic rocks (unit eOvc) that depositionally over- 
lie the red and green argillite unit contain: dark coloured tuffs; 
commonly calcareous volcanic sandstone and conglomerate; 
dark grey and maroon mudstone; and lesser amounts of 
argillite resembling those of the underlying and overlying 
units. Its Cambrian and Ordovician age is interpreted from its 
gradation into the underlying Cambrian red and green argil- 
lite, and on its gradational contact with overlying Ordovician 
rocks. It is correlated with the Whale Mountain volcanic rocks 
to the south (Lane et aI., 1991) on the basis of lithological 
similarity of the volcanic components, the calcareous aspect 
of some members, and because the Whale Mountain volcanic 
rocks depositionally overlie fossiliferous Upper Cambrian 
limestone, and underlie "Cambrian and Ordovicianl'chert and 
phyllite (Reiser et al., 1980), which independently establishes 
an approximate age equivalence. 

Ridge-forming Ordovician chert and interbedded dark 
grey argillite (unit Oca) overlie the volcaniclastic unit. This 
unit has been correlated with a graptolitic Ordovician chert 
and argillite unit mapped in the Firth River area about 50 km 
east of the border (Lane and Cecile, 1989), and in the Barn 
Mountains farther east (Cecile and Lane, 1991). 

As a result of work in 1994, argillaceous rocks that depo- 
sitionally overlie the Ordovician chert-argillite unit have been 
separated into a lower part of mostly light olive-grey argillite 
and cherty argillite (unit Sa) and an upper part of dark grey to 
greyish-black argillite with subordinate lithic sandstone beds, 
locally containing abundant feldspar and chert clasts 
(unit D?a). Unit Sa contains two new Early Silurian graptolite 
localities (F4 and F5; Fig. 2; Table I), located 5 and 7 km east 
of the Yukon-Alaska border, and latest Silurian or earliest 
Devonian conodonts (F2; Fig. 2; Table 1; Kelley et al., 1994). 
The new graptolite sites occur in white weathering black 
carbonaceous shale, depositionally overlying the major bed- 
ded chert-argillite unit (Oca), and confirm our previous 
interpretation that the major chert unit in the border area is 
correlative with the Ordovician chert unit present farther east. 
The upper unit (D?a) contains locally abundant trace fossils 
including Nereites-type trails. In its western exposures in the 
map area, the Devonian(?) map unit appears to overlie 
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conformably the Silurian unit. However, locally in the eastern 
part of the map area, it lies directly on the Cambrian red and 
green argillite unit, indicating a significant unconfolmity at 
its base. This relationship is similar to that found in the Firth 
River area, where the unit locally lies on the Ordovician 
chert-argillite unit (Lane and Cecile, 1989), implying that 
early stages of Devonian orogenesis may have created relief 
and erosion prior to deposition of the Devonian(?) unit (Lane, 
1991). 

Additional work on structurally higher units in the north- 
em facies has contributed to a resolution of uncertainties 
regarding the stratigraphic position and age of two map units. 
They include the volcaniclastic unit (C?Ovc) that lies structur- 
ally above the greyish-black argillite (unit D?a); and the 
Paleozoic limestone unit (PzL) above the volcaniclastic- 
tuffaceous rocks. The Paleozoic limestone unit was included 
in Paleozoic map units by Lane et al. (1991) and was desig- 
nated as Devonian(?) by Kelley et al. (1 994). Lane et a]. (1 991) 
suggested the possibility that the volcaniclastic-tuffaceous 
rocks and overlying limestone were a structural repetition of 
the Ordovician section and included a slightly more calcare- 
ous facies than is exposed farther north, whereas Kelley et al. 
(1994) treated the succession as part of a generally intact 
Cambrian through Devonian(?) succession. We are now con- 
vinced that the volcaniclastic-tuffaceous unit is part of the 
structurally lower volcaniclastic unit (BOVC) because our 

Table 1. Fossil localities. 

1994 mapping east and west along strike support the interpre- 
tation of a regionally important thrust fault at the base of this 
unit. This interpretation is further strengthened by recent 
clarification of the Ordovician graptolite locality 17 of Reiser 
et al. (1980). According to W.P. BrosgC (pers. comm., 1994), 
locality 17 actually comprises two fossil collections; the more 
northerly marks the site of Nereites trace fossils within unit 
D?a, consistent with our mapping, whereas the Ordovician 
graptolite was collected, together with some trace fossils, 
about 300 m farther south, within unit BOvc (Fl; Fig. 2; 
Table 1; see Reiser et al., 1980). This is consistent with the 
site description as comprising black slate associated with 
volcanic rocks (Dutro et al., 1971 ; Lane, 1992). 

In Alaska, a low-angle fault at the base of the limestone 
(unit PzL) was mapped west of Clarence River. Farther east, 
this structural break likely separates light olive-grey argillite, 
interbedded with the lower part of the limestone unit, from 
the Devonian(?) argillite unit. This fault is likely a regional 
thrust fault. Reiser et al. (1980) mapped the fault westward 
40 km from the border. In the Yukon, the limestone and 
overlying pale green siliceous argillite (Pza) project beneath 
the sub-carboniferous unconformity. However, toward the 
eastern limit of mapping, the succession overlying the 
Devonian(?) argillite unit becomes structurally complex, con- 
sisting of several repetitions of the Ordovician chert and 
argillite unit (Oca), the volcaniclastic unit (BOvc), and the 

Locality no. 
(Map unit) 

Sample no. Fauna and Age 

F1 
Orthograptus of the 0. quadrimucronatus type. 

71 Nereites; Paleodictyon?; Zoophycos?; Dictyodora 
(EOvc. D?a) 71ABe431 E' Age: Late Ordovician 

Ozarkodina remscheidensis remscheidensls (Zeigler) transitional to 0. pandora Murphy, Matti 
F2 and Walllser 

(sa) Belodella sp. indet. 
Age: late Late Silurlan-early Early Devonian (Prldolian-earliest Pragian) 

F3 limonite-replaced pelmatozoan columnals and ossicles. 
Age: post-Early Cambrian 

Cyrtograptus sp. or Monograptus sp. 
Cyrtograptus sp. 
Monograptus spp. 

F4 C-2471 723 Pseudoplegmatograptus sp. 
(sa) C-2471 733 Retiolites cf. R. geinitzianus angustidens Elles and Wood 

undetermined retiolitid graptolite. 
Age: Lower Silurian, most probably latest Telychian (sakmaricus-laqueus Zone), possibly 
early Wenlock 

Cyrtograptus sp. or Monograptus sp. 
F5 Monograptus spp. 

(sa) C-2471 743 ?Pseudoplegmatograptus sp. 
Age: Lower Silurian, probably Telychian or Wenlock 

'Dutro et al. (1971), see also Reiser et al. (1980) 
'A. Harris (pers. comm., 1990), see Kelley et al. (1994) 
3B.S. Norford (pers. comm., 1994) 
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Figure 2. Preliminary geological map of the Clarence River area. 
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Table 2. Trace fossil localities 

Locality no. 
(Map Unit) 

T1 
(Ea) 

Sample 
no. 

BR7' 

T9 (Ess) 

Fauna 

Oldhamia sp. 
Planolites spp. 

Oldhamia antiqua? Forbes 
Oldhamia curvata Lindholm and Casey 
Oldhamia sp. 
Planolites spp. 

Oldhamia curvata Lindholm and Casey 
Oldhamia flabellata AceAolaza and Durand 
Oldhamia radiata Forbes 
Oldhamia? wansf? (Sollas) 
Oldhamla sp. 
PlanoEtes spp. 
Protopaleodictyon sp. 

Oldhamia? wattsi (Sollas) 

Planolites spp. 
Tuberculichnus? sp. 

Planolites sp. 
Protopaleodicfyon sp. 
Helminthoidichniles sp. 

Helminthoidichnites sp. 
Planolites sp. 
small hemispheroidal protrusions 

Planolites sp. 
small hemispheroidal protrusions 

Planolites sp. 

Helminthoidichnites sp. 
Planolites sp. 
smaH hemispheroidal prot~sions 

Planolites sp. 

Planolites sp. 
small hemispheroidal protrusions 

Oldhamia? wattsi(Sollas) 
Planolites sp. 
small hemispheroidal protrusions 

Helminthoidichnites sp. 
Planolites sp. 
small hemispheroidal protrusions 

Helminthoidichnites sp. 
Planolites sp. 

Oldhamia radiata Forbes 
Oldhamia? watts; (Sollas) 
Planolites sp. - fine form 
small hemispheroidal protrusions 

T16 C-247207 Oldhamia cuwata Lindholm and Casey 
Oldhamia? waffsi(Sollas) 
Planolites sp. 
small hemispheroidal protrusions 
Helminthoidichnites sp. 

C-247208 Planolites sp. 

T17 C-247220 Planolites sp. -fine form 
small hemispheroidal protrvsions 

C-247228 cf. Oldhamia flabellata AceAolaza and Durand 
TI8 cf. Oldhamia? waffsi(Sollas) 
(Ess) Planolites sp. . fine form 

Planolites sp. - coarse form 

C-247229 Oldhamia? sp. 
Planolites sp. 

(ass) Helminthoidichnites sp. 

T20 (ea) 94AK-18'' Oldhamia sp. (cf. Oldhamia antiqua?) 

Identifications by A.W. Norris (pers. cornm., 1994), except as noted. 
' Hofmann el al. (1 994) 

^' R. Gangloff (pers. comm., 1994) 

Silurian argillite unit (Sa; Fig. 2). This complicated geometry 
is interpreted as being due to the inclusion and imbrication of 
these units within the regional thrust fault, which comprises 
a broader, more complex zone in the east than it does farther 
west. 

South of the Carboniferous inlier, resolution of the strati- 
graphy was hampered by numerous transverse faults, and 
extensive talus cover. Detailed mapping in 1994 has estab- 
lished a gross two-part stratigraphic order. The lower unit 
(mostly ESL) is interbedded medium grey limestone, silt- 
stone, and slaty argillite (including red and green argillite and 
siltstone), grey laminated chert, and subsidiary sandstone and 
quartzite. The thickness of unit ESL is unknown, but greater 
than 700 m. A unit of sandstone argillite and limestone (EsA) 
at the base of the section was mapped separately. Also, larger 
limestone units within ESL have been differentiated as EL. 
Unit PzL north of the Carboniferous rocks may be one of these 
limestone bodies (Fig. 2). Owing to structural complexity and 
limited exposure, details of the stratigraphic succession 
(within ESL) remain unclear. 

The upper unit (Css) south of the Carboniferous inlier is 
at least 600 m thick and consists of a succession of rusty 
weathering, fine- to very coarse-grained sandstone, com- 
monly containing abundant fine clay-rich matrix, interbedded 
on a large scale with matrix-poor sandstone, as well as with 
subsidiary ripple crosslaminated light green siltstone, slaty 
argillite, and minor limestone and chert. This siliciclastic unit 
locally contains prominent red and green siltstone and argil- 
lite, and maroon and red sandstone. 

Blocky weathering, matrix-poor sandstone can be 
mapped for short distances, depending on talus cover and the 
abundance of transverse faults. Some of these units contain 
grit beds, locally coarsening to quartz-pebble conglomerates 
with clast sizes up to 2 cm. The association of coarser and 
adjacent finer beds, predominance of relatively poorly sorted 
sandstone, presence of ripple crosslaminated siltstone, local 
presence of flute and load casts on sandstone bases, and 
thickness of the succession suggest deposition on a continen- 
tal slope as a succession of turbidites. 

Sixteen trace fossil localities have been found in units ESL 
and Ess.of the turbiditic southern succession (Table 2; Fig. 2), 
predom~nantly in light green siltstone units interbedded with 
sandstones, and locally with limestones. Five of these locali- 
ties contain trace fossils tentatively identified as Oldhamia, 
suggesting an Early Cambrian age for this succession (Sweet 
and Narbonne. 1993; Hofmann et al.. 1994). Our studies 
suggest that rocks previously mapped in the border area as 
correlative with the Neruokpuk schist of Leffingwell (1919; 
see Reiser et a]., 1980) may be Early Cambrian in age. The 
new data also strengthen the interpretation that the ~ l d h m i a -  
bearing quartzite succession of Early Cambrian age in the 
Firth River area (Lane and Cecile, 1989) is stratigraphically 
equivalent to the slope sandstone of the border area. The new 
mapping largely confirms the interpretation of Lane (1 991, 
1992) that facies variations and structural repetitions are both 
significant elements of the regional geology of the border 
area. 
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Parts of the Bss unit have been mapped in Alaska by Reiser 
et al. (1980) as the Neruokpuk schist of Leffingwell (1919), 
the type section of which is about 150 km west of the border. 
Sandstone that Reiser et al. (1980) mapped as Neruokpuk in 
the Clarence River area is in the farthest north of three 
east-trending belts of sandstone that they included in the 
formation. The southern belt extends eastward from the type 
area, reaching the border about 25 km south of the area shown 
in Figure 2. H.N. Reiser and W.P. Brosgt (pers. comm., 1994) 
reported that sandstone in the northern belt, which does not 
extend to the "type" area, is the least similar of these sand- 
stones to the "type" Neruokpuk. The principal contrast is that 
the metamorphic fabric in hand specimen of the "type" 
Neruokpuk is better developed than in the sandstone mapped 
as Neruokpuk in the Clarence River area. Both H.N. Reiser 
and W.P. Brosgt (pers. comm., 1994) now express reserva- 
tions whether all sandstone mapped as Neruokpuk schist of 
Leffingwell (1919) is the same lithostratigraphic unit. 

In contrast, aspects of gross lithology and petrography 
suggest that sandstones of the Clarence River area may cor- 
relate with the "type" Neruokpuk. Reed (1 968) characterized 
the latter as consisting of well-bedded, turbiditic, matrix-rich 
sandstone interbedded with phyllite and metachert. The 
phyllite varies in colour from greyish-black to light grey, 
commonly greyish green and greyish red-purple (Reed, 1968). 
Also, Reed's petrographic descriptions of the sandstone, 
including poorly sorted subangular to angular quartz clasts, 
detrital feldspar and muscovite, in an abundant sericitic and 
chloritic matrix, are strikingly similar to the sandstone of the 
Clarence River area. Uncertainty over the correlation of the 
Clarence River sandstone with the "type" Neruokpuk cannot 
be resolved at present. However, if the major differences can 
be attributed to variations in metamorphic grade, the lithologi- 
cal and petrographic similarities would suggest a correlation. 
Detailed mapping in the "type" area of the Neruokpuk offers 
the best opportunity to clarify this uncertainty. 

STRUCTURE 

Three deformation events are distinguished in the Clarence 
River area on the basis of crosscutting relationships. The first 
event predates, and the second and third events post-date 
deposition of Lower Carboniferous rocks. The oldest defor- 
mation produced tight to isoclinal folds, associated with 
northward-directed thrust faults, locally distributed 
mesoscopic minor folds, a penetrative slaty cleavage in argil- 
laceous rocks, and a spaced fracture (locally pressure solu- 
tion) cleavage in matrix-rich sandstones. Map-scale folds 
predominate north of the syncline containing rocks of the 
Lisburne Group in its core. Good stratigraphic control com- 
bined with cleavage-bedding asymmetry allows identifica- 
tion of fold closures and thrust-related repetitions of 
stratigraphy. Local availability of stratigraphic facing indica- 
tors and mappable fold closures have assisted in defining the 
structure there. 

is ubiquitous in argillites. Thrust faults predominate here, 
presumably due to the greater competence of the thick 
sandstone-rich succession (unit ESS) This interpretation is 
supported by the strong dominance of southward-dipping, 
right-way-up strata where slaty cleavage dips more steeply 
southward than does bedding. At least three, and possibly four 
repetitions of the same stratigraphic interval appear to be 
present near Mount Page (Fig. 2). This conclusion is based on 
the interpretation of a particular red and green argillite and 
limestone unit as a dtcollement horizon responsible for the 
thrust-repetition of the overlying sandstone unit. The alterna- 
tive interpretation that the succession is intact and the 
argillite-limestone unit occurs as four distinct horizons cannot 
be ruled out. However, four lines of evidence favour the thrust 
fault interpretation. First, the argillite-limestone unit com- 
monly contains isoclinal, mesoscopic, intrafolial folds that are 
overturned northward and locally reclined, indicating that 
these units are localized high strain zones within the sand- 
stone-dominated succession. Second, the proposed dtcolle- 
ment horizons are lithologically the same as the uppermost 
unit in the siltstone-limestone succession (unit ES3 grada- 
tionally underlying the sandstone succession. Third, unit 
thicknesses appear to vary considerably over short distances, 
and the proposed dtcollement horizon appears to be locally 
absent. Fourth, elsewhere the red and green argillites are well 
known to be prominent dtcollement horizons (e.g. Lane and 
Cecile, 1989; Cecile and Lane, 1991). The interpretation that 
seems most consistent with the available data favours a thrust 
fault model where the argillite-limestone units within the 
sandstone succession represent repetitions of a dtcollement 
horizon slightly below the base of the sandstone succession. 

The two contrasting northern and southern facies were 
juxtaposed by a major thrust system, prior to deposition of the 
unconformably overlying Lower Carboniferous rocks. That 
thrust system is exposed in Alaska, and emplaces the lime- 
stone unit (PzL) onto the Devonian(?) argillite (D?a) north of 
the Carboniferous inlier. Imbricate faults that cut the lime- 
stone flatten into this thrust fault. The structure becomes more 
complex along strike eastward, and consists of several imbri- 
cations carrying repetitions of units govc,  Oca and Sa. In this 
part of the map area, the thrust system is partially buried 
beneath the sub-carboniferous unconformity, and the entire 
zone appears to project beneath the unconformity a short 
distance east of the map area. 

The age of the first generation structures is constrained 
as pre-Carboniferous within the map area because they 
project at an oblique angle beneath the sub-carboniferous 
unconformity. However, regional considerations indicate 
that they relate to the Middle Devonian Ellesmerian tec- 
tonomagmatic event in northern Yukon and Alaska (Lane 
et al., 1993). Among the considerations are: the well- 
known, pronounced, angular unconformity at the base of 
the Carboniferous succession; the intrusion of Devonian 
post-tectonic granites together with related contact meta- 
morphic aureoles; and the ubiquity of a penetrative slaty 
cleavage in argillaceous rocks of Devonian and older ages, - - 

South of the Lisburne-cored syncline, map-scale first gen- whereas cleavages in Carboniferous and younger rocks are 
eration folds are not documented, although mesoscopic minor only locally developed, and variably oriented. 
folds are present in thin bedded units, and the slaty cleavage 
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A second generation of structures consists of a series of 
transverse faults trending predominantly northward to north- 
westward with generally indeterminate but steep dips. They 
appear prominently as lineaments on airphotos, and are 
locally abundant. In places, they are the dominant structural 
features. The magnitudes and senses of displacement are 
seldom definable; however, locally they are observed to trun- 
cate beds, or to produce up to 400 m of bedding separation. 
A few northeast-trending faults have produced dextral strati- 
graphic separations. Some north-trending faults have either 
dextral or west-side-down separations. One northeast- 
trending fault appears to bend into (or intersect) a north- 
trending fault. Several northwest-trending faults are present, 
and show either left- or right-lateral separations of bedding. 
Specific kinematic data are rare because the fault zones are 
rarely exposed. Despite this, some fault-striation data were 
collected from adjacent subsidiary shear fractures, and are 
currently being analyzed. Although the transverse structures 
have produced only a small component of the regional strain, 
they are significant features from a mapping perspective 
because, when combined with limited exposure, they are a 
local impediment to tracing the regional extent of map units. 

The second generation structures are known to have 
affected the Carboniferous and Permian successions in the 
vicinity of the map area (Fig. 2; Reiser et al., 1980; Norris, 
1981a), and must postdate the Permian. Similar structures 
have been mapped elsewhere in the region, and have affected 
rocks as young as Early Tertiary (Norris, 1981b; Cecile and 
Lane, 1991), suggesting that they relate to the Tertiary 
Brookian deformation (Lane and Dietrich, in press). Ongoing 
kinematic analyses may help to constrain the tectonic setting 
of these structures. 

Third generation structures are the local expression of 
the regional northeastern Brooks Range deformation. The 
most prominent of these structures in the map area is the large 
syncline cored by Carboniferous and locally Permian and 
Triassic units. A notable element of this structure is a set of 
south-directed thrust faults that imbricate the southern fold 
limb (Fig. 2). This structure is shown to be complex, involving 
at least three imbrications, accounting for anomalously steep 
dips on the south limb of the structure. The thrusts appear to 
be detached in the Carboniferous Kayak shale, well known 
regionally as a dCcollement horizon (e.g. Kelley and Foland, 
1987; Wallace and Hanks, 1990). North of the Lisburne-cored 
syncline, mesoscopic structures that may be attributable to 
this event are locally present. Also, a gradual northward 
overturning of first-generation structures may be a Brookian 
effect relating to the progressively increasing distance from 
the hinge of the syncline. 

South of the Lisburne-cored syncline are two large, and 
several smaller, anticlinal hinges of Brookian age. The first 
one trends nearly parallel to the Carboniferous rocks on the 
south limb of the syncline approximately 1 km from the 
unconformity. The second Brookian anticline is a pronounced 
feature resembling a fault-bend fold, obliquely crossing the 
southern one-third of the map area. Its axial surface strikes 
northwestward, oblique to the trend of the Lisburne-cored 
structure, and dips northeastward. On its southern limb, beds 
dip nearly vertically, locally with pronounced overturning, 

though stratigraphic facing is consistently southward. On the 
northern limb, beds typically dip gently eastward or north- 
eastward, reflecting the local southeastward plunge. These 
structures are inferred to be Brookian because both the bed- 
ding and the first-generation slaty cleavage are rotated on 
them. A smaller anticline-syncline pair was mapped in the 
southwest comer of the map area, but it does not appear to 
project into Canada. However, it does project northwestward 
beneath a fold characterized by significant disharmony 
between the sandstone unit and the underlying limestone and 
argillite succession. In contrast, the same contact in Canada 
appears to be relatively intact. 

At least one mapped thrust fault indicates late (presumably 
Tertiary) displacement across the southern part of the map 
area (Fig. 2), although the displacement magnitude appears 
to be modest. Hanks (1993) inferred 46 per cent Cenozoic 
shortening in the pre-Carboniferous succession about 60 km 
west of the border. Such a large shortening has not yet been 
documented in the border area. 

The obliquity of the southern Brookian structure to the 
Lisburne-cored syncline, another Brookian structure, is notable. 
However, elsewhere in the northeastern Brooks Range, 
Brookian structures have been shown to be controlled by 
Ellesmerian structural trends, except where they have been 
mechanically decoupled from the pre-Carboniferous rocks by 
dCcollement on the Kayak shale (Wallace and Hanks, 1990). 

The Brookian deformation is locally accompanied by a 
spaced crenulation cleavage in the slaty argillites. The crenu- 
lation is typically steeply dipping to the northeast and appears 
to be best developed where the first generation slaty cleavage 
is .suitably oriented with shallow dips. Also, it tends to be 
better developed closer to the Lisburne-cored syncline, per- 
haps because the most favourably oriented slaty cleavage is 
found on the northeast limbs of the anticlines. 

The age of the northeastern Brooks Range structures is 
well known regionally from previous mapping and apatite 
fission track dating in Alaska (e.g. Grantz, 1966; Kelley and 
Foland, 1987; O'Sullivan et al., 1990); and from mapping and 
seismic stratigraphic analysis in Canada (e.g. Lane, 1988; 
Dietrich and Lane, 1992; Lane and Dietrich, in press). Those 
studies, among others, have shown that the structures in the 
northeastern Brooks Range developed from the latest 
Cretaceous through the Quaternary, with major pulses occur- 
ring in the early Eocene and in the late Miocene. 

SUMMARY 

Six weeks of fieldwork in the Alaska-Yukon border area in 
1994 have resulted in important clarifications of both strati- 
graphy and structure. Facies variations and structural repeti- 
tions were found to be significant elements of the regional 
geology. Two new Silurian graptolite localities and sixteen 
new trace fossil localities help to relate the local stratigraphy 
to the regional stratigraphic framework (e.g. Lane and Cecile, 
1989; Lane et al., 1991; Kelley et al., 1994). Parts of the 
sandstone-dominant slope facies present in this map area have 
been previously mapped as correlative with the Neruokpuk 
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schist of Leffingwell (1919; see Reiser et al., 1980). If that 
correlation is correct, our mapping suggests that the Neruokpuk 
may be as young as Early Cambrian (Sweet and Narbonne, 
1993; Hofmann et al., 1994). 

Several newly mapped thrust faults are interpreted to have 
repeated parts of the succession. The sandstone-dominated 
turbiditic slope succession in particular has been repeated at 
least three times within the map area, indicating that the real 
thickness of the succession is probably much thinner than was 
previously supposed. In addition, numerous transverse faults 
corresponding to prominent airphoto lineaments have been 
shown to significantly disrupt the continuity of map units. 

-- 
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Mineralogical and geochemical analyses of the 
Crowsnest Volcanics, southwest Alberta1 

N.J. B6gin2, R.E. Beiersdorfer3, and E.D. ~ h e n t ~  
GSC Calgary, Calgary 

Bigin, N.J., Beiersdorfer, R.E., and Ghent, E.D., 1995: Mineralogical and geochemical analyses 
of the Crowsnest Volcanics, southwest Alberta; Current Research 1995-E; Geological Survey 
of Canada, p. 11 -25. 

Abstract: The analcime-phyric rocks of the Crowsnest volcanics are dominated by breccias and 
epiclastic rocks. Igneous phenocrysts consist of sanidine feldspar, analcime, melanite-garnet, pyroxene, and 
titanite in a matrix with trachytic alignment of albite and sanidine laths. The Crowsnest Volcanics are altered 
to zeolite facies and contain veins of analcimefquartz, amygdular prehnite, and pore-filling cement of 
laumontite. The matrix is recrystallized to quartz, adularia, albite, and chlorite. Calcite veining and 
pseudomorphs over igneous minerals are also common. The veinal nature of the analcime is interpreted as 
a product of metamorphic alteration, as opposed to an igneous product. Physical conditions for this 
metamorphism are consbained by the stability of the zeolite minerals, at 1 to 3 kbar and 180 to 300°C. The 
potential for economic mineralization is low. Except for mafic inclusions, oxide and sulphide minerals are 
rare in the Crowsnest Volcanics. XRF whole rock chemistry shows that base metals content is very low. 

RCsumC : Les roches 2 phCnocristaux d'analcime des volcanites de Crowsnest sont dominCes par des 
br2ches et des roches Cpiclastiques. Les phtnocristaux ignts consistent en sanidine, analcime, mklanite, 
pyrox2ne et titanite dans une matrice caracttriste par un alignement trachytique de cristaux prismatiques 
d'albite et de sanidine. Les volcanites de Crowsnest ont t t t  altCrCes au faci6s B ztolites et continnent des 
veines d'analcimef quartz, de la laumontite comme ciment dans les pores et de la prthnite amygdaloi'de. La 
matrice a Ctt recristalliste en quartz, adulaire, albite et chlorite. Des veines et des pseudomorphes de  calcite 
sur les minCraux ignks sont frtquents. La nature veinte de  l'analcime serait plut6t le produit d'une altkration 
mCtamorphique que d'une cristallisation magmatique. Cette alttration mktamorphique se serait produit 3 
entre 1 et 3 kbar et entre 180 et 300 OC. Le potentiel en minkralisation Cconomique y est faible. Les oxydes 
et les sulfures sont rares, exception faite des inclusions mafiques. Les analyses chimiques XRF de la roche 
totale montrent que la teneur en mCtaux de base est tr2s faible. 

Contribution to Canada-Alberta Agreement on Mineral Development (1992- 1995), a subsidiary agreement under the 
Canada-Alberta Economic and Regional Development Agreement. Project funded by the Geological Survey of 
Canada. 
Department of Geology and Geophysics, University of Calgary, Calgary, Alberta T2N I N 4  
Department of Geology, Youngstown State University, Ohio, USA, 44555-3612 
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INTRODUCTION is to assess the likelihood of significant mineralization within 
these rocks, in accordance with the overall goals of the 

As part of the Canada-Alberta Mineral Development Agree- Mineral Development Agreement. An important part of the 
merit, 1992-1995, the ~ ~ ~ l ~ ~ i ~ ~ l  survey of (GSC) assessment of potential economic mineralization is chemical 

and university of calgary (U of C) personnel are conducting and mineralogical analysis of a suite of samples collected 
detailed studies of the Crowsnest Volcanics in southwestem from outcrops of the Lower ~retaceous Crowsnest Volcanic 
Alberta. The ultimate purpose of these MDA-funded studies unit. We have acquired and interpreted major and minor 

@ Coleman 
A thrust fault 

normal fault 

@ Highway #3 . Colgory 
BRITISH FERNlE 

COLUMBIA BRITISH COLUMBIA-ALBERTA 

Figure I .  Geological map of the Coleman-Blairmore area, southwestern Alberta (Fernie 
geology compilation from Tony Peterson, pers. comm.), showing the distribution of the 
Crowsnest Volcanics Formation in grey. Sample locations refer to those in Table I .  Each 
station location includes a symbol that corresponds to the dominant rock type observed at the 
station. 
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element chemical analyses, and mineralogical compositions, 
from selected samples of the Crowsnest Volcanic unit. The 
project was initiated during the summer of 1992 by Ray 
Beiersdorfer, under the supervision of Tony Peterson (GSC, 
Ottawa), Roger Macqueen (GSC, Calgary), and Ed Ghent (U 
of C). Normand BCgin took over the project as principal 
contractor from October 1, 1993 to March 31, 1994. The 
results of all the work done by BBgin, Beiersdorfer and Ghent 
over that period are presented in this report. 

Previous work 

The Crowsnest Volcanics (CNV) of southwestern Alberta are 
best known as the type occurrence of blairmorite (analcime- 
phyric phonolite). The analcime-bearing volcanic rocks from 
the Crowsnest Pass region of Alberta were first described by 
Dawson (1885), Knight (1904) and MacKenzie (1914). No 
further work was published on the Crowsnest Volcanics until 
the 1960s (Norris, 1964; Pearce, 1967, 1970). The emphasis 
of the early work was on the volcanological and sedimen- 
tological aspects andlor the igneous petrogenesis. A long- 
standing debate concerning the primary or secondary origin 
of the analcime in the Crowsnest Volcanics has emerged over 
the years (MacKenzie, 1914; Pirsson, 1915; Ferguson and 
Edgar, 1978; Karlsson and Clayton, 1991, 1993; Pearce, 
1993). Recent studies by Goble et al. (1993), Peterson and 
Currie (1 993) and Peterson (pers. comm., 1994) suggest that 
analcime phenocrysts crystallize from a melt, as opposed to 
a conversion from primary leucite phenocrysts (e.g. Karlsson 
and Clayton, 1991). In this Alberta MDA-funded project, we 
did not intend to take part in this debate. However, an impor- 
tant aspect of this debate, particularly with regards to the 
secondary-origin hypothesis, is the character of the Crows- 
nest Volcanics low-temperature metamorphism. Is it compat- 
ible with crystallization of analcime-bearing alteration 
assemblages? Although a large emphasis has been put on the 
origin of the analcime over the last two decades, no detailed 
study has been published on the nature and extent of low-tem- 
perature metamorphism in the Crowsnest Volcanics, nor on 
its bearing on economic mineralization. These aspects are 
documented in this report. 

GEOLOGICAL SETTING 

The Crowsnest Volcanics rocks occur within a series of 
westward-dipping, north-striking, en echelon thrust sheets 
(Fig. 1). Crowsnest Volcanics rocks range in thickness from 
0 to 400 m (Norris, 1964; Pearce, 1970). The Crowsnest 
Volcanics consist of volcanic breccias, agglomerates, vol- 
canic-rich conglomerates, crystal tuffs, and tuffaceous sand- 
stones (Norris, 1964). The Crowsnest Volcanics exhibit a 
high degree of lithological heterogeneity over short vertical 
and lateral distances. Based on fossil flora, Norris (1964) 
assigned the Crowsnest Volcanics to the Albian stage of the 
Early Cretaceous. Isotopic ages from extrusive fragments in 
the Crowsnest Volcanics are consistent with this assignment 
(Norris, 1964). The base of the Crowsnest Volcanics is a 
gradational contact with volcanogenic, nonmarine sandstones 
of the Blainnore Group (Lower Cretaceous). The top of the 

Crowsnest Volcanics is marked by a disconformity above 
which lie marine shales and siltstones of the Blackstone 
Formation (Upper Cretaceous). Most likely only the eastern- 
most part of the Crowsnest Volcanics is exposed because the 
region to the west of the study area is covered by Paleozoic 
and older rocks of the Lewis thrust sheet (Fig. 1). 

Depositional environment 

The most abundant lithology in the Crowsnest Volcanics is a 
volcanic breccia which is heterolithic, poorly sorted, and 
lacks any internal stratification: Ricketts (1982) proposed that 
these breccias formed as lahars derived from the brecciation 
of trachytic domes and that meteoric water was responsible 
for their formation. Although several workers have reported 
flows within the Crowsnest Volcanics (e.g. Pearce, 1970), we 
have not observed flow-rocks in the field. Dykes within 
volcanic breccias and older sedimentary units occur 
sporadically. 

Igneous petrogenesis 

The igneous lithologies occurring in the Crowsnest Volcanics 
have been divided into three types according to the phe- 
nocrystic assemblages recognizable in the field (Peterson and 
Currie, 1993): 1) trachytes with sanidine+melanite; 2) anal- 
cime-phonolites with sanidine+analcime; and 3) blainnorites 
with analcime cumulates only. Based predominantly on the 
assumption that the analcime in the Crowsnest Volcanics 
crystallized from a magma, several workers (Pearce, 1967, 
1970; Ferguson and Edgar, 1978; Peterson and Currie, 1993) 
have concluded that the Crowsnest Volcanics could have 
originated from a parental alkali basalt magma at depths 
greater than 20 km. According to Ferguson and Edgar (1978), 
the analcime phonolites and blairmorites could have formed 
as differentiates after the fractionation of a trachytic melt. 
Trace element data are completely incompatible with this 
interpretation (Peterson and Currie, pers. comm.) (e.g. no 
negative Eu anomaly) and thermobarometry and isotopic data 
strongly indicate the melting of mafic granulite at H20-satu- 
rated conditions (Peterson and Currie, pers. comm.). 

PETROGRAPHY, WHOLE ROCK AND 
MINERAL CHEMISTRY 

Sampling strategy, preparation, and 
analytical procedures 

The goal of field sampling of the Crowsnest Volcanics was 
to obtain representative samples over the entire outcrop area. 
Each thrust slice was sampled at several places along strike. 
A larger number of samples was obtained from the Coleman 
thrust slice (Fig. 1). Of 105 hand samples collected from 29 
different field locations (Fig. 1; Table I) ,  62 were examined 
petrographically (Table 2). All of the sample preparation and 
analysis was performed at the Department of Geology and 
Geophysics, University of Calgary. During thin-section 
preparation, the epoxy was cured slowly (one week) at a low 
temperature (<50°C) to avoid any alteration of the zeolites 
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Table I. A list of sample numbers, lithology, and UTM coordinates (North, East) for locations. 
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Table 1. (cont.) 



Current ResearchIRecherches en cours 1995-E 

present. Selected minerals in 15 samples were analyzed by 
electron microprobe analysis (Tables 1, 2). The mineral 
analyses were obtained using an ARL-SEMQ electron micro- 
probe, equipped with nine wavelength dispersive spectrome- 
ters. Analytical conditions were 15 kV accelerating potential 
and 0.15 nA beam current. Spot size was 1 pm for all minerals 
except analcime (7 pm). Counting time was 20 seconds. 
Silicates were used as standards and the data were reduced 
using the methods of Bence and Albee (1 968). 

Ten samples were selected for analysis of whole-rock 
major and trace element composition (Tables 1, 3) using a 
Phillips PW1410 X-Ray Fluorescence Spectrometer (XRF) 
equipped with a Rhodium X-ray tube. Analytical conditions 
were 35 kV accelerating potential and 70 mA current. Nine- 
teen samples were chosen for X-ray diffraction studies (XRD) 
(Table 1). Each sample was broken into Eragments approxi- 
mately 1 cm in diameter with a hammer. Further crushing was 
done using a hand steel and crush cylinder. The crushed 
sample was sieved and a <2 pm fraction was separated by 
centrifuge methods. Samples were glycol solvated at 60°C for 

Table 2. Mineral occurrences in samples of the Crowsnest Volcanics. See Figure 1 for location. Sample numbers 
(No.) are according to the station location followed by the sample label (e.g, station 18, sample label 2 = sample 
number 18.2). Mineral abbreviations are from Kretz (1 983), except for: Px, pyroxene; Adl, adularia; Am, amphibole; 
and Msc, miscellaneous. 

20.1 1 V.S. I x I x I I I I 
20.2 1 v.s. I x I e 
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at least 12 hours and heat treated at 550°C for 30 minutes. A 
light mineral fraction (specific gravity <2.45) was separated 
from the 100 to 200 mesh sieved portion using heavy liquids. 
A Phillips-Norelco X-Ray Diffractometer with FeKa  radia- 
tion was operated at 40 kV accelerating potential and 20 mA 
current was used. 

Petrography of igneous (primary) assemblages 

Mineral assemblages of 62 samples are listed in Table 2. 
Igneous phenocrysts are represented by euhedral crystals 
of sanidine, melanite-garnet, aegirinelaugite-pyroxene and 
analcime. Sanidine is by far the most common primary 
phase encountered in any rock type observed in the field 

(Table 2). Rocks with abundant modal analcime (>40%; 
Table 2) are found in either volcanic breccia or volcanic 
sandstone. Titanite is also common in most samples exam- 
ined. Oriented sanidine laths define a trachytic texture in the 
matrix. Heterolithic fragments containing some of the phe- 
nocrysts described above were observed in a few samples 
(sample 10.2, Fig. 2a). Xenocrystic garnets and pyroxenes 
are present in several samples. Opaque minerals are rare and 
consist primarily of pyrite with some ilmenite. Average com- 
positions of analcime phenocryst are listed in Table 4. The 
compositions of analcime phenocryst documented here are 
comparable to those reported by Ferguson and Edgar (1 978) 
(Fig. 3). 

Table 2. (cont.) 
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Blolrmore phenocrysts 

Blolrmore motrlx 

Anolclme phonollte phenocrysts 

Anolclme phonollte matrix 

Trochyte matrix 

Veln onolclme 

Anolcime after leuclte. Vlco, 
ItOlV 

Lupoto Gorge phenocrysts 
(Woolev and Syrner. 1967) 

Prlmory Igneous 
(Wllklnron. 1968) 

Dlogenetlc 
(COOmbr and Whellen. 1967) 

- 
Burial mefomorphlc 

(Coornbs and W h e t l e n .  1967) 

Prlmory sedimentary 
(Coornbs and Whe l len .  1967) 

Anhydrous composition 
(based on 96 0's) 

Figure3. Range of analcime compositions in Crowsnest suite 
relative to other suites (Ferguson and Edgar, 1978). The 
compositions of analcime phenocrysts and veinal analcime 
reported here are similar to those summarized by Ferguson 
and Edgar (1978) for the Crowsnest Volcanics. Heavy boxes 
indicate bulk of analyses, dashed boxes extreme 
compositions. 

Metamorphic alteration assemblages 

Alteration assemblages are dominantly in the matrix as a 
mixture of fine grained chlorite, quartz, calcite, and albite. 
Amygdules are commonly filled by albite microlaths, calcite, 
chlorite or colourless clusters of radiating aggregates of adu- 
laria. Microprobe analyses of adularia are listed in Table 4. 
Most of the igneous phases are fresh, although some have 
been pseudomorphed by calcite (sample 3.3, Fig. 2b; sample 
21.2, Fig. 2c). Calcite veining is also abundant in some 
samples (sample 2.1, Fig. 2d). 

In addition to their occurrence as phenocrysts, veins of 
analcime were identified in two samples (3.2, 26.5). In one 
sample (3.2), analcime occurs as idioblastic equant isotropic 
crystals lining a vein with quartz in the centre (sample 3.2, 
Fig. 2e). Another sample (sample 26.5) contains veins com- 
posed solely of colourless interlocking xenoblastic analcime 
that exhibits faint birefringence. Veinal analcime in both sam- 
ples cuts across phenocrysts of sanidine and garnet, as well as 
lithoclasts with a trachytic alignment of albite lamellae. Inter- 
stitial analcime in the groundmass between garnet phenocrysts 
was also observed (sample 21.1, Fig. 20. The veinal and 
interstitial nature of this analcime are our reasons for interpret- 
ing it as a product of late alteration (metamorphic), as opposed 
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Table 5. Microprobe analyses of veinal albite (alb-vein), adularia in matrix (adl-mtrx) and in amygdules (adl-amyg). 

Crowsnest 
Analcime 

R18.2 adl-arnyg 

R18.2 adl-rntrx 

R26.5 adl-rntrx 

Figure 4. Plot of the distribution of Nal(Na+K) against 
AII(Al+Si) in analcimes of this study. 

to a product of igneous crystallization. Similar distinct gen- 
erations of analcime have been described recently by Goble 
et al. (1 993) in an analcime phonolite sill from the Proterozoic 
Purcell Supergroup of southwestern Alberta. Microprobe 
analyses of veinal analcime are listed in Table 5. The compo- 
sitions of veinal analcime reported here exhibit a wider range 
of Na, A1 and Si (Fig. 4) than the Crowsnest Volcanics vein 
analcime compositions of Ferguson and Edgar (1978). In 
addition, they overlap with those of Crowsnest Volcanics 
phenocrysts and matrix analcime (Fig. 4) as well as with 
compositions of analcime from burial metamorphic rocks 
(Coombs and Whetten, 1967). 

65.03 

63.78 

65.98 

Other alteration minerals identified include laumontite and 
prehnite. Although not observed in thin section, laumontite 
was identified by XRD of the low specific gravity fraction 
(<2.45) from a separate of sample 22.1, a prehnite-bearing 
sample. In the study area, laumontite had been detected pre- 
viously by Miller and Ghent (1973) as a pore-filling cement in 
the underlying nonmarine sandstones of the Blairmore Group. 
Prehnite was identified in one sample (22.1) in which it occurs 
as colourless, radiating aggregates of bladed or columnar 
hypidioblastic crystals (Fig. 2g). Microprobe compositions of 
prehnite are listed in Table 5. Average XFe for this sample is 
0.12 which is comparable to the XFe reported for other very- 
low temperature metamorphic (e.g., zeolite facies) terranes 
(Cho et al., 1986; Bevins et al., 1991). 

Whole rock XRF chemistry 

18.21 

19.04 

18.62 

X-ray fluorescence for bulk and trace analyses were done for 
ten rock powders (Table 3). Degree of metamorphic altera- 
tion in these rocks is quite variable, with chlorite and/or 
calcite as a secondary phase. All the samples analyzed contain 
sanidine as the most abundant phenocryst. Rocks with garnet 
and/or analcime, in addition to sanidine phenocrysts, in gen- 
eral are richer in Si02, A1203, and Na20, and poorer in Fe203 
and K20 than those with only sanidine as primary igneous 
phase. Data from Peterson (pers. comm., 1993), for relatively 
unaltered Crowsnest Volcanics rocks, show different trends 
with analcime and garnet rocks having less Si02 than sanidine 
rocks, while phonolites have less Si02 than trachytes. Four- 
teen trace elements (V, Cr, Ni, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, 
La, Pb, Th) were analyzed (Table 3). With the available data, 
no direct correlation can be made between a given element 
and the primary rock assemblage. Except for Sr and Ba values 
ranging from -1 000 to 5000 ppm, concentrations of most of 
the elements are usually very low (<200-300 ppm), especially 
for base metals (Zn, Pb, Ni, Cr) with values of less than 160 
ppm (Table 3). Whole rock analyses of Peterson (pers. 
comm., 1993) give copper values of less than 100 ppm. The 
similarity between altered rocks (this study) and less altered 
rocks of the Crowsnest Volcanics Formation in trace elements 
suggests that metamorphic alteration was not responsible for 
an enrichment or a depletion in the primary distribution of 
minor elements. 

PHYSICAL CONDITIONS OF 
METAMORPHIC ALTERATION 

0.14 

0.17 

0.20 

A detailed investigation of the petrology and physical condi- 
tions (pressure, temperature, fluid composition) for the altera- 
tion of the Crowsnest Volcanics is in preparation (BCgin, 
Ghent and Beiersdorfer, unpublished data). For this report, 
only the principal thermobarometric results are presented. 

Although diagnostic, low-variance assemblages have not 
been observed in the Crowsnest Volcanics, the pressure and 
temperature of metamorphism can be estimated with the 
petrogenetic grid of Frey et al. (1991) for very low grade 
rocks. The presence of prehnite and laumontite in sample 22.1 
constrain the burial depth of late alteration between 0.9 and 
2.9 kbar, for a temperature range of 200 and 250°C. This range 

1.95 

1.09 

3.75 

13.95 

14.47 

11.43 

99.28 

98.55 

99.98 

3.004 

2.972 

2.999 

0.991 

1.046, 

0.997 

0.007 

0.008 

0.010 

0.175 

0.098 

0.331 

0.822 

0.860 

0.663 
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of pressure estimate includes that of maximum burial depths, 
between 4.7 and 7.8 km, given a structural-stratigraphic 
reconstruction (Ghent and Miller, 1974) for rocks of the 
Blairmore Group, stratigraphically below the Crowsnest Vol- 
can ic~  rocks. More accurate pressure-temperature (P-T) esti- 
mates for the Crowsnest Volcanics metamorphic alteration is 
provided by the multiequilibrium program TWEEQU of 
Berman (1991). The veins of coexisting analcime and quartz 
(sample 3.2, Fig. 2d) indicate an upper temperature limit of 
200°C (Fig. 5), while the presence of laumontite (sample 
22.1) indicates an upper pressure limit of 3.0 kbar (10 km) 
for the univariant assemblage Anl+Qtz+Ab (Fig. 5). Such 
estimates are also in agreement with those stated above. 
Alteration temperatures based on chlorite thermometry 
(Cathelineau and Viena, 1985) give results in the scatter of 
estimates in the range of 150 to 300°C (Fig. 6). 

ECONOMIC MINERAL POTENTIAL 

As mentioned earlier, base metals (Zn, Cu, Pb, Ni, Cr) 
contents are minor (<200-300 ppm). Other than Ba and Sr, 
rare-earth values are low. Gossan zones of notable size were 
not observed in the field, and sulphide and oxide minerals 
are rare in the rocks examined in this study. Peterson and 
Currie (1993) have reported a significant pyrite content 
associated with cumulate clasts in a lithic tuff at Coleman. 

Any anomalous gold values could be associated with pyrite. 
The clearly volcaniclastic origin for the Crowsnest Volcanics 
and lack of flows have probably prevented the preservation 
of any syngenetic-related mineral ore as massive horizons. 
The metamorphic alteration does not appear to have remo- 
bilized and/or concentrated the primary contents of base 
metals and gold, as shown earlier by similarity in chemistry 
between altered and relatively unaltered rocks and the general 
lack of secondary sulphides and oxides. 

Some samples examined contain up to 40 per cent modal 
analcime phenocrysts (Table 2). Iron contamination prevent- 
ing their freshness could cause a problem for an industrial 
mining operation (Peterson and Currie, 1993). Analcime is 
sometimes altered to calcite as well (e.g. Fig. 2b). The 
presence of garnet as up to 10 per cent of the whole rock 
volume indicates that garnet might be mined for its abrasive 
properties. One of the best outcrops of Crowsnest Volcanics 
with abundant garnet is located just west of the community 
of Coleman, on Highway 3 (location 29, Fig. 1). Garnets in 
the field are fresh and usually euhedral with a size of 2 to 
6 mm. Their colour is dark brown to black in the outcrops. In 
thin section, they are yellow and display strong optical oscil- 
latory zoning (Fig. 2h). Microprobe analyses (Table 6) show 
that their chemistry is typical of a melanite garnet with 2 to 
5 wt.% Ti02, 5 to 10 wt.% A1203, 31 to 32 wt.% CaO and 16 
to 22 wt.% total iron as FeO. Based on stoichiometric calcu- 
lations, 25 to 30 per cent of the iron is ferric. Rim-to-rim 
chemical zonation is very erratic (Fig. 7) and probably 
reflects a primary crystallization feature. 
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Figure 5. Petrogenetic grid for low-temperature analcime- 
and laumontite-bearing alteration assemblages in the 
Crowsnest Volcanics .  The equilibrium curve of 
Anl+Qtz=Ab+W (water) was calculated with the program 
TWEEQU of Berman (1991 ) .  The position of 
laumontite-bearing equilibria are from de Capitani and Liou 
(in press). The coexistence of analcime+quartz in veins and 
presence of laumontite constrain the PTconditions of this low 
grade metamorphism between 1.5 and 3.0 kbar and AOC 
(heavy line). 
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To summarize, the economic potential for mineralization 
in the Crowsnest Formation appears to be low. No evidence 
for cogenetic carbonatites, an alternative source for certain 
metal ores, was found. 

CONCLUSIONS 

The Crowsnest Volcanics rocks are dominated by volcanic 
breccias, commonly epiclastics and rare pyroclastics. Igne- 
ous phases consist mainly of sanidine feldspar, melanite 
garnet, and analcime within a matrix with trachytic alignment 
of albite lamellae of sanidine laths. Aegirinite-augite 
pyroxene and titanite are also present. Petrological study of 
the Crowsnest Formation has documented alteration assem- 
blages consistent with crystallization under zeolite-facies 
metamorphic conditions. Alteration assemblages are made of 
veinal analcime, with or without quartz, and interstitial anal- 
cime between igneous phenocrysts (garnet and analcime). 
The textural occurrence for such analcime is evidence for its 
secondary origin, rather than as a product from igneous 
crystallization. Other zeolite minerals are found in amygdules 
(e.g. prehnite) and in the matrix (e.g. laumontite). Chlorite is 
commonly observed as an important matrix-filling mineral. 
Petrogenetic considerations suggest that this low-grade meta- 
morphism did not exceed pressures of 3 kbar at temperatures 
ranging from 180 to 300°C, but possibly not higher than 
2 0 0 " ~ f r o m  the coexistence of analcime and quartz in veins. 

Base metals (Zn, Pb, Cu, Ni, Cr) concentrations are usu- 
ally less than 200 ppm, based on XRF analyses. Sr and Ba 
values are significantly higher (1000-5000 ppm). Some 
analcime-phyric rocks may contain up to 40 per cent modal 
analcime, but its mining potential might be low due to con- 
tamination and secondary alteration. The melanite-garnets can 
reach up to 10 per cent of the whole rock volume, the best 
example being from a road-cut outcrop just west of Coleman, 
on Highway 3. Garnet could be easily mined out of the rock 
for its abrasive properties. The data presented in this report 
support a low potential for economic mineralization. 
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Observations of post-Wapiabi Formation to 
pre-Bearpaw Formation stratigraphy, Maycroft 
map sheet: implications for structural mapping in 
the southern Alberta Foothills1 

G.S . S tockrnal 
GSC Calgary, Calgary 

Stockmal, G.S., 1995: Observations of post-Wapiabi Formation to pre-Bearpaw Formation 
stratigraphy, Maycroji map sheet: implications for structural mapping in the southern Alberta 
Foothills; Current Research 1995-E; Geological Survey of Canada, p. 27-36. 

Abstract: The Campanian post-Wapiabi Formation to pre-Bearpaw Formation interval within the 
southern Alberta Foothills along and adjacent to the Oldman River (Maycroft east-half map sheet, 82G116) 
has been examined with the goal of improving resolution of structures mappable at 1:50 000 scale. 
Observations on four measured sections and on hillside exposures typical of local Foothills terrane indicate 
that this interval can be consistently mapped as two units. The first unit (approximate total thickness 175 m) 
encompasses strata equivalcnt to the Milk River and Pakowki formations known from the Plains to the east. 
The second unit (approximate total thickness 450 m) is the Belly River Group (undivided). Structure 
elucidated using this two-fold subdivision significantly improves our understanding of the Foothills belt in 
the Maycroft map sheet. 

RCsumC : L'intervalle campanien postQieure ?i la Formation de Wapiabi et antCrieur A la Formation de 
Bearpaw dans le sud des contreforts de ]'Alberta bordant la rivi&re Oldman (moitit est de la carte de la 
rCgion de Maycroft, 82G/6) a CtC examint dans le but d'amCliorer l a  rCsolution des structures cartographi- 
ables A I'tchelle de 1/50 000. L'observation des quatre coupes mesurCes et d'affleurements sur versant 
reprksentatifs d'un terrane local des contreforts indique que cet intervalle peut Ctre cartographi6 en deux 
unitCs sans perdre de sa cohCrence. La premi&re unit6 (Cpaisseur approximative totale de 175 m) englobe 
des couches Cquivalentes aux formations de Milk River et de Pakowki reposant dans les plaines A I'est. La 
seconde unit6 (Cpaisseur approximative totale de 450 m) est le Groupe de Belly River (non divisC). Les 
renseignements sur la structure obtenus grice ?i la subdivision en deux parties de la structure accroissent 
considCrablement notre comprthension de la zone des contreforts figurCe sur la carte de la rtgion de 
Maycroft. 

' Contribution to the Eastern Cordillera NATMAP Project 
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INTRODUCTION LOCATION AND STRUCTURAL SETTING 

Campanian strata between the Wapiabi and Bearpaw forma- 
tions along and adjacent to the Oldman River, southern 
AlbertaFoothills, were examined during the 1994 field season 
with the goal of improving 1:50 000 scale mapping and 
associated cross-section construction of Foothills structures, 
and to make comparisons with a subdivision of this interval 
recently proposed for the Crowsnest Pass area by Jerzykiewicz 
and Norris (1994). The Oldman River affords a number of 
very good to excellent exposures of portions of this strati- 
graphic interval, interrupted and repeated by steep, east- 
vergent thrusts. 

Here, I discuss four measured sections which together 
completely span the interval. Observations made on these 
sections and on hillside exposures away from the Oldman 
River in terrain typical of the Foothills, coupled with well 
penetrations within the triangle zone and the Alberta syncline 
to the east, suggest that the post-Wapiabi, pre-Bearpaw inter- 
val can be mapped consistently as two units: (I)  strata equiva- 
lent to the Milk River plus Pakowki formations known from 
the Plains (Chungo plus Nomad members of Stott, 1963), total 
thickness approximately 175 m; and (2) the Belly River 
Group (after Jerzykiewicz and Norris, 1994), total thickness 
approximately 450 m. 

This study, undertaken as part of the GSC's Eastern Cordilleran 
NATMAP project, examines exposures in the Maycroft cast- 
half map sheet (82G/16), located in the middle of the 
NATMAP project area (Fig. 1). It addresses one of the pur- 
poses of this project, which is to develop and apply mappable 
subdivisions of the existing stratigraphy. Figure 2, simplified 
from Stockmal et al. (in press), shows the locations of the four 
measured sections along the Oldman River in relation to the 
principal thrust sheets. The sections are best accessed from the 
unpaved road immediately north of the Oldman River, which 
extends west from Alberta Provincial Highway 22 (Fig. 2). 

The Big Coulee Fault (Fig. 2) forms the upper detachment 
to the triangle zone in the Maycroft area (Stockmal and 
MacKay, 1994; Stockmal et al., in press), forming a structural 
domain boundary between dominantly west-vergent structures 
to the east and dominantly east-vergent structures to the west. 
The four measured sections are all west of the trace of the Big 
Coulee Fault, with the easternmost in its immediate footwall 
(Fig. 2). The cross-strike separation of the easternmost and 
westernmost sections is approximately 4 km; palinspastic 
restoration of a cross-section constructed along the Oldman 
River (Stockmal et a]., in press), indicates that the cross-strike 
separation of these sections was initially 10 to 12 km. 

PREVIOUS WORK 

The Maycroft map sheet was mapped previously at 1:63 360 
scale by Douglas (1950) as the Callum Creek and Gap GSC 
A-series maps. Douglas (1950) mapped the post-Wapiabi, 
pre-Bearpaw interval as a single unit, the Belly River 

Figure 1. Location of the study area in southwestern 
Alberta, centred in the Southeastern Cordilleran NATMAP 
project area. 

Figure 2. Geology of the southwestern quadrant of the east 
half of the Maycroft (826116) map sheet, simplified after 
Stockmal et al. (in press), showing the locations of the four 
measured sections. 
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Formation (Fig. 3), although he later noted (Douglas, 1951) 
that to the south this interval is divisible into three units, with 
the uppermost divisible into five zones where exposure is 
excellent and the section is undeformed. 

Stott (1963) measured the lower portion of the western- 
most section discussed here (his section 7-4, fig. 1 l ) ,  
immediately above the Wapiabi Formation, and included the 
Chungo and Nomad members as basal units within the Belly 

..... River Formation. Stott (1963, p. 119) stated: the term 
[Belly River] has continued to be used where the sequence 
cannot be subdivided easily. It is used for those sandstones 
and shales lying above the dark shales of the Wapiabi forma- 
tion and includes beds equivalent to the Milk River and 
Pakowki formations7'. Stott (1 963) interpreted the basal con- 
tact of the Belly River Formation to lie above the Nomad 
Member from south of the Bow River northward, but below 
the Chungo Member from the Sheep River southward. 

... d. ... 
-. -. -. . 
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Figure 3. Generalized stratigraphic column for the east haEf 
of the Maycroft map sheet. The section between the Wapiabi 
and Bearpaw formations has been mapped and subdivided in 
a number of ways. The three members of the Milk River 
Formation are shown in the expanded section at the bottom 
of the figure. 

Jerzykiewicz and Norris (1994) subdivided the post- 
Wapiabi, pre-Bearpaw interval into six formations. In ascend- 
ing order they are: the Lees Lake, Burmis, and Pakowki 
formations of the Alberta Group, and the Connelly Creek, 
Lundbreck, and Drywood Creek formations of the Belly River 
Group. The Pakowki Formation is equivalent to the Nomad 
Member of Stott (1963), whereas the Lees Lake and Burmis 
formations are equivalent to the Chungo Member. The utility 
of this subdivision, developed in the Crowsnest Pass area to 
the south (Blairmore map sheet, Fig. l), was demonstrated by 
Stockmal and MacKay (1994) in the Maycroft area by an 
increase in map scale st~uctural detail based upon observa- 
tions along the Oldman River. However, as discussed below, 
application of the proposed subdivisions of the Belly River 
Group (Fig. 3) to 1:50 000 scale mapping has proven to be 
difficult. This is because exposure of the shale-dominated 
facies, crucial to correct stratigraphic identification of the 
individual formations within the group, is rarely adequate in 
areas away from river exposures. 

In the subsurface of the southern Alberta Plains, the post- 
Wapiabi (post-Colorado), pre-Pakowki interval is represented 
by the Milk River Formation (Meijer Drees and Mhyr, 198 1 ; 
Jerzykiewicz and Norris, 1994). As discussed below, strata 
equivalent to the three members of the Milk River Formation 
are all represented in the Maycroft map sheet. 

Douglas (1950, p. 30) estimated the total thickness of 
the post-Wapiabi, pre-Bearpaw interval (his Belly River 
Formation) in the Maycroft east-half area to be "not less than 
3000 feet" (approximately 900 m). However, in the Cow 
Creek well (LSD 6-30-8-1W5), located within the triangle 
zone approximately 8 km south of the Maycroft map sheet, 
Jerzykiewicz and Norris (1994) noted a drilled thickness of 
2100 ft. (640 m) for the same interval. This latter estimate 
must be considered a maximum value, due to possible tectonic 
thickening and tilting of the drilled succession. 

MEASURED SECTIONS 

Figures 4 and 5 present the four measured sections located on 
the Oldman River (Fig. 2). The westernmost section (#I, 
Fig. 4) begins at the top of the Wapiabi Formation and 
includes strata well up into the Lundbreck Formation. 
Sections #2 and #3 (Fig. 4, 5) begin within strata equivalent 
to the Milk River Formation and extend up into the Lundbreck 
Formation. Section #4 (Fig. 5) begins within the Lundbreck 
Formation and extends up through the Drywood Creek 
Formation to the Big Coulee Fault. 

Immediately above the Wapiabi Formation (Section #1, 
-47-0 m) lie thickening- and coarsening-upward, fine- to very 
fine-grained sandstone interbedded with locally nodular silt- 
stone and mudstone. These strata represent a nearshore envi- 
ronment, shallowing-upward, transitional to the shoreface 
sandstones above. They correlate sedimentologically with the 
Telegraph Creek Member of the Milk River Formation in the 
Plains (Meijer Drees and Mhyr, 198 1 ), and with the Lees Lake 
Formation of Jerzykiewicz and Norris (1994). 
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Section #2; Hanging Wall of the 
Whaleback Fault, Oldman River 

Figure 4. Measured Sections # I  and #2, in the hanging walls of 
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Section #3; Hanging Wall of the 
Smith Fault, Oldman River 
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Figure 5. Measured Sections #3 and #4, in the hanging wall of the Smith Fault and the footwall of the 
Big Coulee Fault, respectively. 
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Lying abruptly above the Telegraph CreekILees Lake Member is a prominent cliff and ridge former. It is approxi- 
interval at Section #1 are medium grained, clean quartz mately 40 m thick where well exposed on Antelope Butte 
arenites, massive to very thickly trough crossbedded. This (Fig. 6a), near the southern edge of the map sheet (Fig. 2). " ,  

interval, 37.5 to 39 m thick at Section #1 and 38.8 m thick at 
Section #2, correlates sedimentologically with the Virgelle Abruptly overlying the Virgelle/Burmis interval in 

Section #1 (37.5-88.6 m) are thinly to thickly interbedded, Member of the Milk River Formation (Meijer Drees and medium grained, massive and vough crossbedded greenish- Mhyr, 198 1) and with the Burmis Formation of Jerzykiewicz 
and Norris (1994). The thick and erosionally resistant Virgelle grey sandstones, fine grained current rippled sandstones, and 

a. Spectacular exposure of the massive to trough 
crossbedded Virgelle Member, Milk River Formation, on 
Antelope Butte, southern edge of Maycrofr map sheet 
(Fig. 2); view is to the south. The 40 m thick member here 
displays castellated forms, hoodoos, and cliff faces. The 
most northerly exposure of a dark brown weathering 
magnetite-bearing sandstone interval (here 10 cm thick) 
occurs a few hundred metres to the south. Good exposure 
of the underlying Telegraph Creek Member occurs along 
strike, approximately 1 km south. ISPG 4449-2. 

b. Overview of steeply west-dipping strata of the Deadhorse 
Coulee Member (Milk River Formation) and the Pakowki 
Formation, north side of Oldman River, 36 to 117 m, 
Section # I .  The resistant top of the Virgelle Member is 
visible in the foreground on the right-hand side. The 
Deadhorse Coulee Member spans the interval from the 
top of the Virgelle Member to the top of the second 
resistant sandstone rib from the left-hand side of the photo 

(above the cobble point bar). The Pakowki Formation lies 
in the recessive but very well-exposed interval between 
the top of the Deadhorse Coulee Member and the base of 
the lefi-most resistant sandstone rib. This latter sandstone 
rib is the "basal Connelly Creek sandstone". Person for 
scale. ISPG 4449-6. 

c. Black chert pebbles up to 3 cm in diameter lie within 
marine shales of the basal Pakowki Formation at 88.8 m, 
Section #l. The pebbles, characteristic of the contact with 
the underlying Deadhorse Coulee Member in the Plains, 
were also observed at the same stratigraphic position in 
Section #3. Lens cap for scale. ISPG 4449-10. 

d. Detail of a very fine to fine grained sandstone bed, 
Pakowki Formation, at approximately I00 m, Section #I. 
Gradation upward from parallel laminations to current 
ripples suggests a turbiditeltempestite origin. Lens cap 
for scale, ISPG 4449-7. 

Figure 6a-d 
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rubbly, greenish, silty mudstones (Fig. 6b). Leaf impres- Member of the Milk River Formation (Meijer Drees and 
sions and thin-walled gastropod shells are present near Mhyr, 1981). An equivalent interval was not described by 
70 m. Shale samples taken in this interval for micropaleon- Jerzykiewicz and Norris (1994), although they stated (p. 377- 
tological and palynological analyses were barren (A.R. Sweet 378): "Fine-grained sediments are virtually absent in the 
and D.H. McNeil, pers. comm., 1995). This interval is Burmis Formation except for mudstone, siltstone, and very 
tentatively interpreted as an overall nonmarine nearshore fine sandstone present at  the top of the Burmis Formation 
environment, which correlates with the Deadhorse Coulee in a 10 m thick interval below the Pakowki Formation in 

e. Probable Skolithos ichnofacies lined burrows, oriented 
subvertically with respect to bedding, within the "basal 
Connelly Creek sandstone", at approximately 50 m, 
Section #3. Similar, possibly unlined burrows have been 
observed up to 30 cm in length. Quarter for scale. 
ISPG 4449- 1 1 .  

f. Well-exposed caliche hardpans and isolated nodules 
within a recessive shaly interval of the Lundbreck 
Formation, 426.3 to 429.4 m, Section # I .  Pogo stick 1.5 
m in length. ISPG 4449-13. 

g. Pelecypod coquina, medium grained sublithic arenite 
matrix. Lundbreck Formation; at approximately 247.5 m, 
Section #3. ISPG 4449-9. 

h. Hundreds of tightly packed dwelling-and-escape 
structures, well preserved in a multi-story succession of 
massive to low-angle, crossbedded and current-rippled, 
medium grained sublithic arenite. Redeposited shells 
occur as lags in overlying beds. Lundbreck Formation, 
approximately I I 0  to 112 m, Section #4. ISPG 4449-1 4 .  

Figure 6e-h 
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locality 4." The interval from -47 to 88.6 m, Section #1, was 
described by Stott(1963) as theChungoMemberoftheBelly 
River Formation. Itrepresents a regressive succession above 
theWapiabiFormation. 

Abruptly (disconformably to unconformably?) overlying 
the Milk River interval are dark grey shales containing 1 to 
3 cm diameter black chert pebbles concentrated in the lower- 
most 20 cm (Fig. 6c) but occurring up to 3 m from the contact 
(88.6 m in Section #1 and 13.8 m in Section #3). Similar chert 
pebbles are known from the Plains at the base of the Pakowki 
Formation (Meijer Drees andMhyr, 198 1). This interval, from 
88.6 to 112.8 m in Section #1 and from 13.8 to 38.3 m in 
Section #3, displays an overall coarsening- and thickening- 
upward pattern, which includes thinly bedded, fine- to very 
fine-grained sandstones, displaying scoured bases, parallel 
laminations grading upward to current-ripples (Fig. 6d), and 
possible hummocky cross-stratification near the top of the 
interval. Burrows as well as feeding and resting traces are 
numerous locally. Preliminary micropaleontological and 
palynological analyses from these intervals, and from 95.8 to 
107.8 m in Section #2, indicate a marine fauna and a flora 
which post-dates the Milk RiverIPakowki disconformity 
(A.R. Sweet and D.H. McNeil, pers. comm., 1995). There- 
fore, this interval represents the Pakowki Formation known 
from the Plains. Note the comparable measured thicknesses 
of the Pakowki Formation in Sections #1 and #3, 24.2 and 
24.5 m, respectively, and of the Pakowki plus Deadhorse 
Coulee interval in Sections #1 and #2, 75.3 and 69.0 m, 
respectively. 

Abruptly overlying the Pakowki interval is the Belly River 
Group, marked by the "basal Connelly Creek sandstone" 
(1 12.8 to 125.0 m in Section #l,107.8 to 124.8 m in Section#2, 
and 38.3 to 55.2 m in Section #3), a medium- to fine-grained, 
massive to very thickly trough crossbedded quartz arenite 
nearly identical to that of the Virgelle Member. In isolated 
hillside exposures it is difficult to impossible to distinguish 
these two sandstone units. However, the Virgelle Member is 
at least twice as thick, and contains few to no trace fossils. 
The "basal Connelly Creek sandstone", however, often con- 
tains probable Skolithos ichnofacies trace fossils consisting 
of burrows, both lined (Fig. 6e) and unlined, oriented subver- 
tical to bedding and up to 30 cm in length. 

A clear, though transitional, change in grain size, sedimen- 
tology, and colour of the sandstone facies occurs in the Belly 
River Group between 83 and 155 m above its base, at 241.1 m 
in Section #1, 191.0 m in Section #2, and 193.0 m in 
Section #3. [Although the moderately well-exposed section 
in the hanging wall of the Tetley Fault (Fig. 2) was not 
measured in detail, the measured thickness from the base of 
the group to this transition is less than 100 m.] Sandstone units 
dominated by fine grained, dark grey, medium bedded and 
current-rippled multi-story strata are superseded by sandstone 
dominated by medium to coarse grained (occasionally con- 
glomeratic), light to very light grey, thickly to very thickly 
bedded and trough crossbedded multi-story strata. Caliche 
hardpans and nodules associated with the shale-dominated 
facies, considered diagnostic of the Lundbreck Formation 
when abundant (Jerzykiewicz and Norris, 1994), occur 
throughout much of the Belly River Group exposed along the 

Oldman River. Although they occur in the lowermost 100 m, 
they do not become prominent until more than 200 m above 
the base of the group, stratigraphically well above the transi- 
tion in the sandstone facies (e.g., at 428 m in Section #I, 
Fig. 6f, and approximately 50 m stratigraphically above the 
faulted top of Section #2). Furthermore, facies considered 
diagnostic of the Connelly Creek Formation, including dark 
grey to coaly shale and abundant redeposited probable fresh- 
water pelecypods and dwelling-and-escape structures 
(cf. Jerzykiewicz and Norris, 1994), occur at a variety of 
levels throughout the Belly River Group (e.g. at 247.5 m in 
Section #3, Fig. 6g, and at 50 and 11 1 m in "Section A" of 
Section #4, Fig. 6h, approximately 240 and 180 m below the 
top of the Belly River Group). The location and significance 
of the interpreted position of the Connelly CreeWLundbreck 
boundary is discussed below. 

The uppermost proposed formation of the Belly River 
Group, the mudstone-dominated Drywood Creek Formation 
(Fig. 3), is extremely recessive and is only known to be 
exposed in the Maycroft area at one locality on the Oldman 
River where its measured thickness is 83 m (Section #4; the 
type section thickness is 55 m). This interval includes flaser 
to wavy bedding, coaly laminations, and coaly shale. It is 
considered by Jerzykiewicz and Norris (1994) to represent a 
unit in transition into the overlying Bearpaw Formation. At 
the Oldman River locality, the Bearpaw Formation is in thrust 
contact with the Drywood Creek Formation, along the Big 
Coulee Fault (the triangle zone upper detachment). 

DISCUSSION 

The principal issues are: (1) which of the units or packages of 
units described in the measured sections are mappable at 
1 5 0  000 scale in terrane typical of the southern Alberta 
Foothills, away from river exposures; and (2) what names 
should be applied to these intervals. Mapping in concert with 
observations along the Oldman River (Stockmal, 1995; 
Stockmal et  a]., in press) suggests that the post-Wapiabi, 
pre-Bearpaw interval can be mapped confidently and consis- 
tently in the Maycroft area using a two-fold subdivision: 
(1) strata equivalent to the Milk River and Pakowki forma- 
tions; and (2) the Belly River Group (undivided), as defined 
by Jerzykiewicz and Norris (1 994). This two-fold subdivision 
significantly improves the map scale resolution of foothills 
structures and substantially aids in constraining displacement 
on individual thrusts (compare Stockmal et al., in press, with 
Douglas, 1950). 

The term Pakowki Formation has already been extended 
from the Plains into the Foothills by Jerzykiewicz and Norris 
(1 994), and should be applied to the measured intervals noted 
above on the basis of their sedimentological characteristics, 
stratigraphic position, and fauna and flora as noted above. 

Stott (1963) called the post-Wapiabi, pre-Pakowki interval 
the Chungo Member, but because he included the Chungo in 
the Belly River Formation in the south and in the Wapiabi 
Formation in the north, use of the term as a mappable unit 
separate from the Belly River Group would cause confusion. 
As described above, this interval in the Maycroft area includes 
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three distinct members, each corresponding to known mem- 
bers of the Milk River Formation in the Plains (Meijer Drees 
and Mhyr, 1981). The Milk River Formation and its enclosed 
members have been mapped in the subsurface of southern 
Alberta from its outcrop type area at Writing-On-Stone 
Provincial Park west to the 5Ih ~ e r i d i a n  (the eastern boundary 
of the Maycroft map sheet; Fig. 1) by A.P. Hamblin (unpub- 
lished data, 1994). Jerzykiewicz and Norris (1994) described 
units equivalent to the Telegraph Creek and Virgelle Members 
(their Lees Lake and Burmis formations), but they did not 
formally define a clear equivalent to the Deadhorse Coulee 
Member. Because all three members can be identified, I 
suggest that the term Milk River Formation be adopted for the 
post-Wapiabi, pre-Pakowki interval in the Maycroft area. 

The Milk River Formation is mappable by virtue of the 
thick and erosionally resistant Virgelle Member (Burmis 
Formation). Although the Telegraph Creek Member (Lees 
Lake Formation) has been identified on the west flank of 
Antelope Butte, and it and the Deadhorse Coulee Member 
above the Virgelle Member are sufficiently thick (about 50 m 
each) that they can be depicted as separate units for the 
purposes of 1 :50 000 scale mapping, such depiction is fully 
dependent upon the outcropping and the identification of the 
Virgelle Member. Similarly, mapping of the Pakowki 
Formation is dependent upon confident identification of the 
Virgelle Member and/or the "basal Connelly Creek sand- 
stone". Therefore, the Milk River and Pakowki formations are 
considered to form a single mappable interval. 

The subdivision of the Belly River Group, as proposed by 
Jerzykiewicz and Norris (1994), is not easily applied in the 
Maycroft area. First, the distinction between the Connelly 
Creek and Lundbreck formations as defined by Jerzykiewicz 
and Norris (1994) is not as clear along the Oldman River 
where facies associations are more complex. Second, because 
the diagnostic features lie dominantly within the shaly facies, 
mapping these distinctions in hillside exposures is difficult or 
impossible. If the clear but gradational change observed in the 
sandstone facies, as noted in the section above, is tentatively 
adopted as a characteristic distinguishing the Connelly Creek 
and Lundbreck formations, then the Connelly Creek 
Formation changes thickness substantially from thrust sheet 
to thrust sheet (e.g. 128 m thick in Section #1, 83 m thick in 
Section #2, 155 m thick in Section #3, and less than 100 m in 
the hanging wall of the Tetley Fault). Such thickness changes, 
coupled with differences in facies associations within the 
"Lundbreck Formation" between exposures on the Crowsnest 
and Oldman rivers, suggest that changes in both the sandstone 
and shale facies may be profound within the Belly River 
Group across and along strike, calling into question the valid- 
ity of formalizing formations within it in the Oldman River 
area. 

The utility of the Drywood Creek Formation for the pur- 
poses of structural mapping is limited by its extremely reces- 
sive nature and its stratigraphic position between the recessive 
Bearpaw and Lundbreck formations. Only one outcrop of the 
Drywood Creek Formation is known in the Maycroft area, 
this being on the Oldman River (Section #4). 

Total thicknesses for these intervals is constrained directly 
by the measured sections and well observations reported by 
Jerzykiewicz and Norris (1994), and indirectly by the require- 
ments of cross-section balancing. The thickness of the Milk 
River and Pakowki formations in Section #1 is approximately 
160 to 178 m (the WapiabitTelegraph Creek contact is not 
exposed). A nominal thickness of 175 m was used in cross- 
section construction (Stockmal et al., in press). The drilled 
thickness of 640 m for the post-Wapiabi, pre-Bearpaw inter- 
val in the Cow Creek well (LSD 6-30-8-1W5; Jerzykiewicz 
and Norris, 1994) is a maximum thickness, as noted above. 
Reducing this thickness by the 175 m nominal thickness of 
the Milk River and Pakowki interval results in an estimated 
maximum thickness of about 450 m for the Belly River 
Group. Recognizing that modest orogenward thickening is 
expected in a foreland basin setting, this thickness is consis- 
tent with: the sections measured here; the number of thrust 
sheet repeats within the triangle zone as constrained by seis- 
mic data and balanced cross-section construction (MacKay et 
al., 1994; Stockmal et al., in press); the thickness estimated 
from seismic data across the Maycroft area tied to a well in 
the axis of the Alberta syncline (Lawton et al., 1994); and 
thicknesses of 350 to 400 m in wells of the western Plains 
near the 51h Meridian (A.P. Hamblin, pers. comm., 1995). 

CONCLUSIONS 

The post-Wapiabi, pre-Bearpaw interval in the southern 
Alberta Foothills in the vicinity of the Oldman River, mapped 
as a single interval by Douglas (1950; his "Belly River 
Formation"), can be mapped consistently using a two-fold 
subdivision which significantly improves the resolution of 
Foothills structures. These two units are: (1) the Milk River 
and Pakowki formations, equivalent to strata in the Plains; 
and (2) the Belly River Group (undivided), as defined by 
Jerzykiewicz and Norris (1994). Each of these two units can 
be further subdivided locally where outcrop exposures war- 
rant, but for terrane typical of the southern Alberta Foothills 
and for the purposes of 1 5 0  000 scale structural mapping, the 
two-fold subdivision suggested here may be a practical limit. 

Field studies in the 1995 season will be directed in part to 
understanding the apparent differences in mappable post- 
Wapiabi, pre-Bearpaw strata in the Maycroft and Crowsnest 
Pass areas. These mappable units will also be traced to the 
west into Maycroft west-half, and to the north into the 
Langford Creek map sheet (82J11) and then to the Highwood 
and Sheep rivers in Stimson Creek (82J18) and Turner Valley 
(82J19) map sheets. 

ACKNOWLEDGMENTS 

I thank Tony Hamblin, Doug Cant, Art Sweet, Daniel Lebel, 
and Margot McMechan for discussions both in and out of the 
field, Art Sweet and Dave McNeil for preliminary palynologi- 
cal and micropaleontological analyses, and Tony Hamblin, 
Art Sweet, and Margot McMechan for critical reviews of the 
manuscript. 



Current ResearchIRecherches en cours 1995-E 

REFERENCES 

Douglas, R.J.W. 
1950: Callum Creek, Langford Creek, and Gap map-areas, Alberta; 

Geological Survey of Canada, Memoir 255, 124 p. 
195 1: Pincher Creek, Alberta; Geological Survey of Canada, Preliminary 

Map, Paper 5 1-22. 
Jerzykiewicz, T. and Norris, D.K. 
1994: Stratigraphy, structure and syntectonic sedimentation of the 

Campanian 'Belly River' clastic wedge in the southern Canadian 
Cordillera; Cretaceous Research, v. 15, p. 367-399. 

Lawton, D.C., Stockmal, G.S., and Spratt, D.A. 
1994: Seismic definition of the triangle zone east of Maycroft, Alberta; fi 

Current Research 1994-E; Geological Survey of Canada, 
p. 109-1 16. 

MacKay, P.A., Spratt, D.A., Soule, G., and Lawton, D.C. 
1994: The triangle zone of southern Alberta - geometry, lateral variations 

and associated oil and gas fields; Field-Trip Guidebook (PR-2). 
Canadian Society of Exploration GeophysicistsICanadian Society 
of Petroleum Geologists, 1994 Joint National Convention, Calgary, 
Alberta, 105 p. 

Meijer Drees, N.C. and Mhyr, D.W. 
1981: The Upper Cretaceous Milk River and Lea Park formations in 

southeastern Alberta; Bulletin of Canadian Petroleum Geology, 
v. 29, p. 42-74. 

Stockmal, G.S. 
1995: Southern Alberta NATMAP mapping in Maycroft (82Gl16) 

(Whaleback Ridge area): progress to date; fi Proceedings of the Oil 
and Gas Forum '95 - Energy from Sediments, Calgaly, Alberta, 
March 28-29, 1995, J.S. Bell, T.D. Bird, T.L. Hillier, and 
P.L. Greener (ed.); Geological Survey of Canada, Open File 3058, 
p. 133-135. 

Stockmal, G.S. and MacKay, P.A. 
1994: Triangle zone and foothills structures along and adjacent to the 

Oldman River, southwestcrn Alberta; & Current Research 1994-E; 
Geological Survey of Canada, p. 101 -108. 

Stockmal, G.S., MacKay, P.A., Lawton, D.C., and Spratt, D.A. 
in press: The Oldman River triangle zone: A complex tectonic wedge 

delineated by new structural mapping and seismic interpretation; 
Bulletin of Canadian Petroleum Geology. 

Stott, D.F. 
1963: The Cretaceous Alberta Group and equivalent rocks, Rocky 

Mountain Foothills, Alberta; Geological Survey of Canada, 
Memoir 317,306 p. 

Geological Survey of Canada Project 930006 



Multichannel and high resolution seismic reflection 
survey of the marine Fraser River delta, Vancouver, 
British Columbia: Tully PGC9500 1 
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Mosher, D.C. Nichols, B.C., and Scientijc Party of PGC95001, 1995: Multichannel and high 
resolution seismic reflection survey of the marine Fraser River delta, Vancouver, British 
Columbia: Tully PGC9.5001; & Current Research 1995-E; Geological Survey of Canada, 
p. 37-45. 

Abstract: The internal structure of the Fraser River delta holds the key to understanding its development 
and stability. Survey PGC95001 mapped the southern part of the Strait of Georgia using multichannel and 
high resolution seismic reflection techniques. The purpose was to define better the structure of the delta, 
including failure features known as the Foreslope Hills and the southern Roberts Bank Failure Complex. 
A rectangular grid of lines spaced 500 m apart was run over each of the latter features to achieve this 
objective. 

The multichannel data are of excellent quality and provide new information about the detailed structure 
and properties of the delta sediments. Brute stacks of these data have increased signal to noise ratios 
significantly and show good definition of structure at depth. The Huntec sparker system has proven effective 
on the delta for high resolution profiling. Digital collection of these data permit use of hi-fidelity, numerical 
post-processing techniques to enhance interpretation. 

R6sum6 : La structure interne du delta du fleuve Fraser recble les renseignements pennettant de  
comprendre son tvolution et sa stabilitt. L'tquipe de lev6 PGC95001 a cartographit la partie mtridionale 
du dttroit de Georgia en utilisant des techniques de sismique rtflexion multicanales et  haute rtsolution, 
pour affiner les structures, notamment les formes de rupture appeltes collines d'avant-talus et  le sud du 
complexe de rupture du banc Roberts. Un rtseau rectangulaire de lignes espactes de 500 m a t t t  parcouru 
au-dessus de chacune des fomes  pour atteindre ces objectifs. 

Les donntes multicanales sont d'excellente qualitt et fournissent des informations dktailltes sur la 
structure et les proprittCs des sCdiments deltai'ques. Les sommations brutes de ces donnCes ont 
considtrablement augment6 les rapports signal-bruit et donnent une bonne dkfinition de la structure en 
profondeur. L'ttinceleur Huntec s'est avtrC efficace sur le delta pour produire des profils haute rbolution. 
L'enregistrement numkrique de  ces donntes permet d'amtliorer I'interprCtation par les techniques 
post-traitement numtriques haute fidklitt. 

' GSC Victoria, Sidney 
GSC Atlantic, Dartmouth 
Scientific Party: David Mosher, Brian Nichols, Me1 Best, Harold Christian, Ralph Currie, Ivan Frydecky, Jamie 
Harris, Bill Hill, Gail Jewsbury, Fred Jodrey, Bill LeBlanc, David Lintern, and Bob MacDonald. 
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INTRODUCTION 

The marine portion of the Fraser River delta, covering an area 
of some 1000 km2, is adjacent to Vancouver and underlies the 
marine route connecting the southern mainland of British 
Columbia to Vancouver Island within the Strait of Georgia 
(Fig. 1). This region is the most earthquake-prone zone in 
Canada and is subject to intense societal use. A variety of 
geological and geotechnical issues must be considered to 
assess potential effects of normal delta and earthquake- 
induced processes on development. The internal structure of 
the delta is paramount in understanding the delta's develop- 
ment, the distribution of sediments that comprise it, and its 
stability. At least two regions with possible slope failure 
events on the delta front have been identified from earlier 
geophysical surveys. These are the Foreslope Hills within the 
lower Strait of Georgia (Tiffen et a]., 1971; Hamilton and 
Wigen, 1987; Hart, 1993), and the Roberts Bank Failure 
Complex on the slope off southern Roberts Bank (Terra 
Surveys, 1994). GSC cruise PGC95001 surveyed the Strait of 
Georgia and these two areas in particular with multichannel 
seismic reflection techniques to define better the structure of 
the Fraser Delta, the Foreslope Hills, and the southern Roberts 
Bank Failure Complex. This paper presents preliminary 
results from this activity. 

REGIONAL GEOLOGICAL SETTING 

The Fraser River delta is a deep water river delta built out into 
the Strait of Georgia during the Holocene epoch (Clague et 
al., 1991; Luternauer et al., 1993). The subaerial and subma- 
rine extent of the delta are each over 1000 km2. Progradation 
of the delta into the Strait of Georgia has resulted in a 
40 km-long coastal zone and tidal flats that extend about 9 km 
from the dyked edge of the delta to the subtidal slope (Fig. 1). 
The slope break, marking the modem transition from the delta 
plain to the foreslope, lies in about 50 m water depth. The 
western delta slope is inclined 1-23" (average -2-3") towards 
the marine basin of the Strait of Georgia and terminates at 
about 300 m water depth, 5-10 km seaward of the edge of the 
tidal flats. Present-day deposition on the Fraser Delta is 
controlled by tidal and fluvial processes operating in a high- 
energy, semi-enclosed marine basin (the Strait of Georgia) 
(Luternauer and Finn, 1983; Luternauer et al., 1993). 

Stratigraphy of the Fraser Delta has been derived from 
onshore and offshore seismic and drilling programs (Tiffen, 
1969; Hamilton, 1991 ; Hart et al., 1992a, 1993; Luternauer et 
al., 1993; Monahan et al., 1993). Deltaic sediments have a 
maximum reported thickness of 213 m and overlie Late 
Pleistocene till and stratified glacial drift (Clague et al., 1991). 
The delta has prograded into the Strait of Georgia as relative 
sea level rose from 13 m below its present position. The 
general stratigraphic sequence of the delta has been studied 
by Monahan et al. (1993): clays, silts, and sands that constitute 
the bottomset facies of the delta may conformably overlie 
Pleistocene glaciomarine deposits. Foreset beds, dipping at 
about 7", overlie the bottomset facies or unconformably over- 
lie Pleistocene material. The foresets consist of interbedded 
and interlaminated sands and silts. Topset sediments thin 

westward from 40 m at the apex of the delta to 20 m or less 
at the western margin of the dyked delta plain. Topset deposits 
are composed of distributary channel sands, channel fill 
sands, and channel fill silts. Intertidal and floodplain silts and 
sands cap these topset beds and are over 15 m thick at the apex 
of the delta. They thin westward to 5 m at the western margin 
of the dyked delta plain. 

Four seismo-stratigraphic units have been recognized in 
the subsurface as a result of marine seismic surveys (Tiffen, 
1969; Hamilton, 1991; Hart et al., 1992b): 1) acoustic base- 
ment (thrusted Tertiary and older sedimentary rocks), 2) ice- 
sculpted Pleistocene stratified and unstratified sediments of 
till or glacial drift, 3) glaciomarine sediments deposited dur- 
ing retreat of the ice front (Lower Postglacial unit), and 
4) prodelta and deltaic sediments deposited during the 
Holocene progradation of the Fraser Delta (Upper Postglacial 
unit). Much of the marine seismic data over the delta are 
obscured by the presence of shallow gas contained within the 
sediments (Hart and Hamilton, 1993). The presence of gas 
causes absorption of acoustic energy, resulting in acoustic 
turbidity in the seismic record. This gas is likely biogenic in 
origin, and likely due to the high organic carbon content of 
the Fraser Delta sediments and high rates of burial. 

METHODS 

Defining the structure of the Fraser Delta has been restricted 
in previous geophysical surveys by the presence of significant 
amounts of in situ gas. It was hoped that with a significantly 
energetic sound source and trace stacking, the gas could be 
penetrated to reveal the deeper structure of the delta. To this 
end, a Haliburton Geophysical 0.65 L (40 in3) sleeve gun and 
Innovative Transducers ST-5 24-channel hydrophone array 
were employed, collecting over 1000 line-km (Fig. 1) and 
30 gigabytes of multichannel seismic reflection data. In 
addition to the multichannel seismic data, Huntec deep tow 
sparker data were collected to image the near surface sedi- 
ments at high resolution. These data were collected simulta- 
neously with the multichannel data. 

The gun was towed 1 m below the sea surface and 8 m 
behind the ship. It was fired on distance every 16 m using 
differential global positioning (DGPS) and computer control. 
Each group in the 24 channel hydrophone array comprised 3 
hydrophones and were separated by 8 m. The streamer was a 
solid polyethylene foam, as opposed to traditional oil-filled 
streamers. It was towed 5 m below the sea surface at an offset 
of 54 m between the first group and the stem of the ship. This 
source-receiver configuration yielded a frequency reponse 
peak between 0 and 400+ Hz. One second of traveltime data 
at a sample interval of 0.25 ms (sample rate of 4 kHz) was 
recorded by a Geometrics StrataViewB acquisition system. 
Data were written to an external SCSI hard drive, then 
archived to CD-ROM in SEG-2 format. Data were down- 
loaded to an HP 715 work station while at sea, converted to 
SEG-Y format, merged with navigation data and collated into 
line segments. They were then backed up on Exabyte tape and 
the near-trace data were extracted. Digital data could be 
processed and visualized on the work station in semi-real time 
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Figure I .  Location diagram showing PGC95001 cruise track where multichannel and Huntec seismic 
reflection data were collected. Bold track lines represent the lines shown as$gures within this paper. 
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with GSC Digital Initiative software for data quality assess- 
ment. Post-processing of the data so far has involved only 
broadband filtering between 40 and 800 Hz, and six-fold brute 
stacking. 

The sparker unit was towed between 30 and 60 m depth 
and was fired at 4 kJ output every 1.5 m (except for a 1 sec 
delay after the gun was fired). Data were collected with the 
Huntec external hydrophone array towed behind the towfish. 
This hydrophone is a ten element, single channel array, 5 m 
in length. Data were digitally sampled at 40 ps and written to 
Exabyte tape with a MUSE Macintosh-based digital acquisi- 
tion system (a system developed through the GSC Digital 
Initiative program). These digital data could also be down- 
loaded 'from Exabyte tape to the HP workstation, processed 
and viewed. 

RESULTS OF PGC95001 SURVEY 

Several regional lines were run down and across the lower 
Strait of Georgia to assess the regional stratigraphic and 
structural framework of the delta (Fig. 1-3). The main thrust 
of the survey, however, was to run a grid of lines with 500 m 
line spacing over the Foreslope Hills and the Roberts Bank 
Failure Complex (Fig. 1) to better understand their structure 
and possible genesis. The regional lines have been given the 
suffix "b", the southern Roberts Bank survey grid lines have 
been given the suffix "c", and the Foreslope Hills grid lines 
have been annotated with the suffix "d". 

North South 

. . .  

Figure 2. A regional 0.65 L (40 in3) sleeve gun profile down the central Strait of Georgia (line 4b). The top 
profile is the near trace data, with a bandpass filter of 40-800 Hz. The lowerprofle is the multichannel stack 
(6 fold) of the same data with no filtering and no other processing. Each profile displays I second of data 
(two-way traveltime), and are 21.8 km long. T is Tertiary and older bedrock, P is Pleistocene glacial and 
glacio-marine sediment, LPG is the Lower Postglacial unit, and UPG is the Upper Postglacial unit (afer  
Hamilton, 1991). Note dipping reflectors of the Tertiary sediments, the rough, hummocky surface of the 
Pleistocene glacial sediments, lateral truncation of flat-lying Pleistocene glacio-marine sediments, the 
flat-lying and gas-laden nature of the post-glacial sediments, and the strong regional reflector separating the 
LPG an'd UPG units (reflector "A"). 
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Regional 

Line 4b (Fig. 2) ran from Bowen Island towards the south to 
connect with the Foreslope H:ills and Roberts Bank detailed 
surveys. Five lines were run west to east across the Strait of 
Georgia. Line 6b is one of these lines and is shown in Figure 3. 
Six basic seismo-stratigraphic units, which compare to those 
described by Hamilton (1991), can be identified from these 
data and can be seen in Figures 2 to 5: 

1. The lowestmost unit, bedrock, is acoustic basement and 
reflects no coherent acoustic energy. This unit is 
particularly notable on the western side of the strait near 
Galiano Island. It is not always discernable through the 
thick sediment sequence. 

2. The next stratigraphic unit, which is sometimes imaged 
into but never through, and is not present everywhere, is 
a unit with an unconformable surface and dipping internal 
reflectors. These reflectors dip at about 1 ". This unit has 
been described in previous studies as Tertiary sedimentary 
strata. 

3. A unit of relatively horizontal reflectors with an apparent 
erosional upper surface overlies the Tertiary. Reflectors 
of this unit appear coherent but truncate against steep 
erosional walls. This unit is not seen within the axis nor 
western side of the strait. Hamilton (1991) described this 
unit as Pleistocene glaciomarine sediment. 

4. Another unit, not always seen in direct association with the 
forementioned unit of horizontal reflectors, is one with a 
rough hummocky surface with point reflectors and 
incoherent or amorphous internal reflections. This unit is 
seen mainly on the very outer margins of the banks and has 
been interpreted as Pleistocene diamict (Hamilton, 1991). 

5. Unconformably overlying all previous units mentioned and 
present particularly in the deeper parts of the Strait of Georgia 
is a unit of flat-lying, semi-coherent, high amplitude 
reflections. This unit has previously been designated as the 
Lower Postglacial (LPG) unit (Hamilton, 1991). It is up to 
250 ms thick. It is separated from the overlying unit by a 
regionally correlatable, high amplitude, low frequency 
reflection horizon termed reflector "A" (Fig. 2-4). 

3 Figure 3. A regional 0.65 L (40 in ) sleeve gun profile of a west to east cross-section of the Strait of Georgia 
(Line 6b) (6-fold stack). The profile displays 1 second of data (two-way traveltime) and is 17.5 km long. 
Bedrock is Tertiary and older, P is Pleistocene glacial and glacio-marine sediment, LPG is the Lower 
Postglacial unit, UPG is the Upper Postglacial unit, and FSH are the Foreslope Hills. Note the bedrock highs 
in the west, the gradual slope away from Sand Heads (sediment source) from east to west of postglacial 
sediments, the Pleistocene mound in subbottom on the east side of the strait, reflector "A", and the strong 
single wavelet reflector underlying the Foreslope Hills (reflector "B"). 
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6. Overlying this regional horizon is a unit of coherent, low by apparently modern river derived sediments. These sedi- 
amplitude reflections referred to as the Upper Postglacial ments are flat-lying and are thickest in troughs of the eastern- 
unit (UPG) by Hamilton (1991). In the central portion of most parts and thin to the west. 
the strait these reflections h e  parallel and the uiit is in the 
order of 300 ms thick. On the delta foreslope these Seismic data show the underlying structure of the 

reflections may describe a number of clinoform shapes Foreslope Hills may be contained within a small basin 

representing the foreset beds of the delta front and the bounded to the west by bedrock which comes to surface at 

thickness varies. Galiano Island and to the east by a ridge of Pleistocene 
material that lies in the subsurface under the Sand Heads area 

In general, seismic reflection data describe the lower Strait 
of Georgia as a deep basin, with an axis oriented nearly 
north-south, and which is U-shaped from west to east. 
Pleistocene sediments may rim the outer portions of this 
basin, but are not apparent in the central parts. Sediment from 
the Fraser River has provided most of the sediment fill within 
the basin, thinning in a distal sense from east to west. These 
sediments occur as the Lower Postglacial and Upper 
Postglacial units. 

Foreslope Hills 

The grid of survey lines over the Foreslope Hills has yet to be 
processed and described. Hart (1991) has described them in 
detail from 0.082 L (5 in3) single channel reflection data. 
Their wavelengths are in the order of 500-700 m and they are 
about 20 m in height. Individual ridges can be traced up to 
5 km in length. In the southeastern part of the complex, ridge 
crests trend nearly north, with a progressive rotation (through 
nearly 45") to northeast in the northwestern part of the com- 
plex. This ridge and trough morphology covers an area about 
60 km2 in size. Sparker data show no internal structure, likely 
because of shallow gas. The 0.65 L (40 in3) sleeve gun data, 
however, show structure within the hills (Fig. 3). They dem- 
onstrate internal reflectors which thicken on their eastern and 
southern sides and thin or pinch on their western and northern 
flanks, giving an internal structure similar in appearance to 

Due to significant gas within the sediments found below bedding within migrating sandwaves. Towards the eastern 
side of the Foreslope Hills the troughs are sites for ponding the failure complex, it was not possible to image the underly- 

ing structure. The gas does serve to highlight the reflector at 

(Fig. 3). A relatively strong, single wavelet reflector underlies 
the Foreslope Hills. It is termed reflector "B". This strong 
reflector also appears folded or deformed, but apparently 180" 
out of phase with the ridge-trough morphology of the 
Foreslope Hills. 

Southern Roberts Bank 

A large failure complex has been identified on the foreslope 
of southern Roberts Bank from previous high resolution 
geophysical data (Terra Surveys, 1994). It is estimated to 
include about lo9 m3 of sediment. The 0.65 L (40 in3) sleeve 
gun - multichannel system was used to define better the limits 
and size of this failure complex, especially to image the lower 
bounding surface (Fig. 4). It was hoped the Huntec system 
would highlight any internal structure (Fig. 5). The complex 
appears to lie on the steepest part of the foreslope; an area 
with an average slope of about 7" (ranging from 2 to >go). It 
thins at the bottom of this steep part of the foreslope in about 
150 m water depth, pinching out in a wedge-shape at its base 
(Fig. 5). The north-south cross lines roughly parallel the slope 
contours (Fig. 4). In this orientation, the complex appears to 
be about 50 m thick in its southern portion (Fig. 4). The 
surface of the complex, which forms the seafloor or very near 
to the seafloor, shows more relief than the foreslope elsewhere 
on the delta. 

Figure 4. A 0.65 L (40 in3) sleeve gun profile (line 3.512 - 6 fold stacked multichannel data) showing a cross- 
section (along slope) of the Roberts Bank Failure Complex. The section displays 600 ms of data in two-way 
travel time and is 14.5 m long. Note the strong basal reflector, which appears to be gas-brightened. 
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the lower boundary of the failed material (gas brightening). 
The structure could be imaged best in the southernmost 
portion of the complex, offshore of the BC Ferry Terminal, 
where Holocene delta sediments thin enough that significant 
amounts of gas have not accumulated. A Huntec sparker line 
in this area (Fig. 5) showed a sequence of coherent, well- 
defined reflections abruptly truncated by commencement of 
the failure complex. 

DISCUSSION 

Regional 

The regional survey lines provide data on the general seismic 
stratigraphy of the Strait of Georgia. Brute stacking of 
multichannel data improves signal to noise ratio significantly 
(Fig. 2). Results agree completely with the seismic units 
defined by Hamilton (1991) (Acoustic Basement, Tertiary, 
Pleistocene, Lower Postglacial and Upper Postglacial). A 

detailed analysis must be performed to understand the strati- 
graphic relationships of the units. In general, the western side 
of the strait is composed of bedrock. Eroded Tertiary sedimen- 
tary rock and eroded Pleistocene sediment dominate in the 
middle and eastern flanks. Pleistocene glacial and glacioma- 
rine sediment seem to rim the western side of the Georgia 
Basin, and a ridge of it appears to exist in the subbottom on 
the eastern side of the basin. These units may represent ice 
limits within the Strait of Georgia during the Wisconsinan, 
although they may have been eroded subsequently. 

Holocene sediments are flat-lying for the most part and 
dominate the sediment column within the strait. They repre- 
sent Fraser Delta outflow sediments and tend to thin slightly 
to the west and pinch out (onlap) onto bedrock on the western 
flank. The regional high amplitude reflector separating the 
Lower and Upper Postglacial units (reflector "A") likely 
marks a significant oceanographic or sedimentological 
change, and should be further investigated. 

base of failure complex 

Figure 5. A Huntec DTS sparker pro$le (line 3c) showing a cross-section through the southern edge of the 
failure complex. Note again the gas-brightened basal reflector of the complex, Pleistocene sediments (P)  at 
the top of the slope, and the sequence of conformable postglacial bedded sediments (UPG) at the top of the 
slope, truncated at the commencement of the failure complex. The failure complex occurs over the steepest 
part of the slope off of southern Roberts Bank. 



Current ResearchIRecherches en cours 1995-E 

Gas within the sediments prevents high resolution defini- 
tion of the modern stratigraphy and structure of the delta. 
Only in the southern Roberts Banks area, however, does gas 
completely attenuate the acoustic signal of the large sleeve 
gun, impeding visualization of the deeper structure. One of 
the determinants of the apparent amount of interstitial gas 
seems to be the thickness of Holocene sediment (greater 
thickness means more gas and more acoustic attenuation). 

Foreslope Hills 

There are four theories for explaining the mechanism of 
formation of the Foreslope Hills. (1) Hamilton and Wigen 
(1987) described the Foreslope Hills as a single, large subma- 
rine slump deposit, representing material swept down slope 
from the delta foreslope in a catastrophic event. The "hills" 
are a result of rotation and significant transport of coherent 
blocks of material. (2) Hart (1993) argued that the Foreslope 
Hills do represent a single mass-failure event, but with no 
significant transport of sediment. He felt the complex consists 
of thick blocks of base-of-slope stratified muds that have 
undergone extension and rotation with only moderate 
downslope movement. (3) Hart (1993) discussed the possi- 
bility that the Foreslope Hills' ridges and troughs represent 
migrating sediment waves, but concluded this as unlikely. 
(4) Formation of the Foreslope Hills involved a creep style 
deformation within distal sediments resulting from deviatoric 
loading by the prograding delta. Mass from the prograding 
delta might create a load with a lateral component, causing 
compressional folding of the fine grained prodelta muds of 
the Foreslope Hills (H. Christian, pers. comm.). Being con- 
fined in a structural basin or trough may have enhanced the 
compressional effects. Asymmetry of the internal reflectors 
can be explained by vertical extension on the side of the fold 
proximal to the lateral force, and vertical compression of the 
distal side. 

In all of the above explanations, the mechanism of forma- 
tion can no longer be active because more recent sediments 
filling the troughs remain horizontal at an angular discordance 
with the dipping reflectors of the Foreslope Hills. In order to 
distinguish the mechanism of formation of the Foreslope 
Hills, their morphology, internal and subbottom geometry 
must be determined accurately. The data set now exists with 
this survey to address these points. 

Roberts Bank Failure Complex 

The Roberts Bank Failure Complex is a large, lens-shaped 
unit of chaotic reflectors. The unit is up to 80 m thick and 
tapers in the offshore direction. The area encompassed by this 
feature is about 40 km2 and involves about 1 x lo9 m3 of 
sediment volume (Terra Surveys, 1994). This feature has been 
interpreted as consisting of one or perhaps several slope 
mass-failure deposits. An alternative interpretation is that this 
feature may represent simply a change in depositional style 
from other areas on the delta slope. The favoured interpreta- 
tion is that it represents a failure complex. Reasons for this 
conclusion include the following: 

1. significant degassing (allowing acoustic penetration), as 
expected from remobilized sediment; 

2. chaotic internal reflections suggestive of remoulding; 

3. rough, hummocky seafloor topography; 

4. a strong, phase-reversed basal reflector, indicating a large 
impedance contrast with underlying sediments. The phase 
change and high amplitude are indicative of gas- 
brightening, where the sediment underlying the failure 
complex is gas-laden. This basal reflector appears 
concave upwards, and the whole complex is roughly 
lens-shaped; 

5. a wedge-shaped toe at the downslope edge overlying 
gas-charged sediments with parallel reflectors, which are 
more characteristic of "normal" delta slope sediments; 

6. burial of chaotic reflectors by apparently undisturbed 
recent sediments; and, 

7. abrupt truncation of parallel reflectors along the landward 
margin of the complex (Fig 5). 

Data from PGC95001 support this interpretation and will 
lead to better estimates of the size of the complex. Hopefully 
they will provide evidence to conclude the more exact mecha- 
nisms of failure that produced the feature as well. 

Conclusions about the nature and condition of sedimentary 
features on the Fraser River delta, in particular sediment 
mass-failure features, bear significantly on the assessment of 
present day stability of the delta and its suitability for hosting 
engineering structures and associated industries. Survey 
PGC95001 was designed to address the overall structure of 
the Strait of Georgia and the genesis of several probable 
sediment failures. Significant results have already been 
extracted from some of the data. The 0.65 L (40 in3) sleeve 
gun multichannel system has given excellent quality data. 
Techniques such as velocity analysis, wide-angle reflection 
analysis, and amplitude versus offset analysis will tell much 
about the detailed structure and properties of the delta sedi- 
ments. Brute trace stacking has been shown to lend greater 
definition of the deeper structure within the Strait of Georgia, 
and more sophisticated velocity analysis and stacking should 
lead to even better resolution. Gridded surveys, as was done 
for this expedition, lend themselves to processing and visu- 
alization techniques which lead to better interpretation. 
Interstitial gas within offshore sediments remains a problem 
for defining the detailed stratigraphy and structure of the delta 
in some areas. The Huntec sparker system has proven effec- 
tive in many areas of the delta for giving good, high resolution 
reflection profiling data. Digital collection of these data has 
permitted the use of hi-fidelity post-processing and imaging 
techniques as an aid to interpretation. 
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Abstract: The Portland Canal dyke swarm comprises at least four lithologically distinct phases: 
plagioclase-quartz porphyritic rhyolite; potassium feldspar-plagioclase-quartz porphyritic dacite-rhyolite; 
hornblende-biotite monzonite; and aphyric basalt. The swarm, situated along the eastern margin of the Coast 
Belt, records -30% extension across its 1-2 km width. Relative ages determined from field relations for the 
dykes and the cospatial Bitter Creek pluton, are not reflected in coeval U-Pb ages determined for the rhyolite 
(50.5 f 0.3 Ma), dacite-rhyolite (50.4 f 0.3 Ma), and pluton (50.4 f 0.3 Ma). The ages concur with many 
of the region's post-kinematic intrusions. Modelling of conductive heat transfer of multiple, closely-spaced 
dykes from a 225 m measured section, shows that after 5 years, the host rocks between dykes attained 
temperatures of at least 500°C. 

RCsumC : L'essaim de dykes de Portland Canal comprend au moins quatre phases lithologiquernent 
distinctes : rhyolite porphyrique A quartz-plagioclase; dacite-rhyolite porphyrique A feldspath potassique- 
plagioclase-quartz; monzonite A hornblende-biotite; et basalte aphyrique. L'essaim, situC le long de la 
bordure est du Domaine &tier, subit une extension de 30 % sur sa largeur de 1 A 2 km. Les dges relatifs 
dBteminCs A partir des relations sur le terrain des dykes et du pluton cospatial de Bitter Creek, ne 
correspondent pas aux dges U-Pb contemporains dCtermints pour la rhyolite (50,5 f 0,3 Ma), I'association 
dacite-rhyolite (50,4 + 0,3 Ma) et le pluton (50,4 f 0,3 Ma). Les dges coi'ncident avec de nombreuses 
intrusions post-cinbrnatiques de la rtgion. La rnodClisation du transfert de chaleur par conduction de dykes 
multiples faiblement espacts dans un profil mesurC de 225 m, montre qu'aprbs cinq ans les roches h6tes 
entre les dykes ont atteint des tempkratures d'au moins 500°C. 
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INTRODUCTION 

The Portland Canal dyke swarm (PCDS) is a striking, 1-2 km 
wide concentration of pale-weathering Tertiary dykes which 
intrude dark-weathering stratified rocks of Stikinia near the 
eastern margin of the Coast Belt (Fig. 1,2). It is situated within 
glaciated, high relief terrain and can be visually traced for 
-40 km along strike between Mount Trevor, a large nunatak 
in the Cambria Icefield, and Mount Bayard, on the east edge 
of the Frank Mackie Icefield. Maximum strike length is 
uncertain because dykes extend underneath ice sheets at both 

ends of the swarm. The swarm consists of at least four distinct 
intrusive phases that range in composition from basalt to 
rhyolite. They intrude deformed, mainly Triassic and Jurassic 
volcanic and clastic rocks, and are spatially, temporally, and 
perhaps genetically related to the Bitter Creek pluton. The 
Portland Canal dyke swarm records at least 30% extension 
across its width, and was emplaced within a subduction- 
related, convergent-margin setting. It is the largest of a number 
of Tertiary dyke swarms recognized in the region, including: 
the Boundary (to the west), the Berendon (to the north), and 
the Nelson Glaciers (to the east) (Fig. 1; Grove, 1971, 1986; 
Alldrick, 1993; Greig et al., 1994a,b). The swarms, together 

Mineral deposit 

CAMBRU ICEFIELD 

.., . . ... . . .  . . . . . : 

Figure I .  Distribution of Tertiary intrusive rocks in the Stewart area (modijied from Grove, 1971, 1986, 
and Greig et al., 1994~).  Boxes A, B, and C outline areas of detailed study (A  = Salmon Glacier area, B = 
Clements Lake area, C = Mount Dickie area). BCP = Bitter Creek pluton, SCP = Strohn Creek pluton, MPP 
= McAdam Point pluton, NGP = Nelson Glaciers pluton, KGP = Kshwan Glacier pluton. Inset map of 
British Columbia shows the morphological belts of the Canadian Cordillera (FB = Foreland Belt, OB = 
Omineca Belt, IMB = Intermontane Belt, CB = Coast Belt, and IB = Insular Belt), and the shaded region 
shows the location of the Stewart area. 
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with nearby high level stocks and plutons, are commonly 
associated with Ag-Pb-Zn veins, and locally, with porphyry 
Mo mineralization (Carter, 198 1 ; Grove, 1986). 

This study was undertaken to characterize the Portland 
Canal dyke swarm, and to better understand its age, genesis, 
and tectonic setting. Of particular interest was its relationship 
to the Bitter Creek pluton, which Grove (1986) suggested was 
continuous with the swarm. The swarm has received no prior 
systematic, detailed work, although it has been described 
briefly in regional studies (e.g. Hanson, 1935; Grove, 197 1, 
1986; Alldrick, 1993; Greig et al., 1994b). Ten days of field- 
work in August 1994 were focused directly on the Portland 
Canal dyke swarm. The work involved detailed measurement 
of sections, and sample collection in the Salmon Glacier, 
Clements Lake, and Mount Dickie areas for U-Pb isotopic 
dating and petrography (Fig. 1). As well, regional reconnaissance 

v v Lower Jurassic porphyritic rhyolite 
volcanic rocks 

porphyritic dacite- 
_ , I  _ 

Triassic and (or) rhyolite 

Jurassic clastic + + + hornblende-biotite 
rocks monzonite 

Bitter Creek pluton 

Figure  2. Schematic diagram showing crosscutting 
relationships of the Portland Canal dyke swarm, as well as 
variations in dyke orientation with host rock lithology. 

mapping (e.g. Greig et al., 1994a,b) involved recording the 
pattern of dykes from vantage points, and collection of com- 
positional and orientation data wherever traverses intersected 
the swarm. 

GEOLOGICAL SETTING 

The Portland Canal dyke swarm forms part of a regionally 
extensive, post-kinematic Tertiary plutonic suite, the Hyder 
plutonic suite (Woodsworth et al., 1991), which intrudes 
deformed Upper Jurassic and older volcanic and sedimentary 
rocks of Stikinia. The larger Tertiary intrusive bodies define 
the eastern margin of the Coast Belt, which in the Stewart 
region is represented by the elongate and composite Hyder 
batholith, which extends for 175 km, from the Unuk River on 
the northwest, to Alice Arm on the southeast (Grove, 1986). 
The Hyder batholith is bordered on the southwest by the 
Central Gneiss Complex (Grove, 1986) and, to the northeast, 
much smaller plutons, and dyke swarms, including the 
Portland Canal dyke swarm, are its equivalents. The Tertiary 
plutons vary in composition from quartz monzonite and 
monzogranite to granodiorite or quartz diorite, and are 
generally medium grained, unfoliated, and little altered 
(Grove, 1986; Greig et al., 1994b). 

The mainly Triassic to Upper Jurassic host rocks to the 
Portland Canal dyke swarm were disrupted during latest 
Jurassic or Early Cretaceous to Tertiary northeasterly directed 
Skeena Fold Belt contraction (Evenchick, 1991). Massive, 
relatively competent Lower Jurassic volcanic rocks are 
broadly folded and faulted, and both underlying and overlying 
clastic rocks are more commonly tightly folded. Folds and 
faults predate emplacement of the dykes, disrupt stratigraphy, 
and are largely responsible for variations in the orientation of 
host rocks. Southeast of Bear River, the swarm primarily 
intrudes tightly folded, thin bedded, siltstone and mudstone 
of probable Late Triassic to earliest Jurassic age. Northwest 
of Bear River, the swarm is hosted primarily by resistant 
Lower Jurassic volcanic rocks. Near Long Lake, the Portland 
Canal dyke swarm intrudes Middle to Upper(?) Jurassic 
clastic rocks (Grove, 1986). 

LOCAL GEOLOGY 

The Portland Canal dyke swarm forms a 1 to 2.5 km wide, 
weakly arcuate to sigmoidal, northwest-trending zone which 
at anyone locality consists of about 60 paralleldykes. Intru- 
sions are subvertical and transect layering in massive volcanic 
and volcaniclastic host rocks, but in southwest-dipping clastic 
sequences the intrusions are commonly oriented parallel to 
bedding (Fig. 2). The geometries suggest that orientations are 
partially controlled by rheology of the host rock. No obvious 
variations in trends between constituent phases were observed. 
Post-Middle Eocene dextral strike-slip faulting has locally 
offset the swarm up to 1.4 km (Brown, 1987). 

Dykes in the Portland Canal dyke swarm were emplaced 
at high crustal levels. Homfelsing appears minimal in country 
rocks, because no macroscopic contact metamorphic mineral 
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Figure 3. Cross-section through Portland Canal dyke swarm in the Salmon Glacier area; showing measured 
dip directions and dips and including all dykes > I  m in thickness (Transect I ,  Fig. 1). 
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assemblages were observed. However, contact metamorphic 
mineral assemblages comprising andalusite, cordierite, and 
biotite are common in the aureoles of coeval and cospatial 
plutons. Possible volcanic equivalents to the dykes have likely 
been removed by erosion. 

Individual dykes and sills may be as much as 52 m thick, 
but most commonly range in thickness from 5 to 11 m. On 
the megascopic scale, contacts appear planar and individual 
dykes can be traced for hundreds of metres. In detail, contacts 
are sharp, with common centimetre-scale irregularities. A 
common cryptocrystalline groundmass precludes observation 
of chilled margins. Inclusions within dykes are generally very 
rare, although locally they are abundant. 

COMPOSITION 

Four distinct lithologies, or phases, are widespread through- 
out the study area and, where the swarm was mapped in detail, 
account for at least 90% of the cumulative dyke thickness 
(Fig. 3,4). The phases, distinguished in the field on the basis 
of mineralogy, texture, and colour, are rhyolite, dacite- 
rhyolite, hornblende-biotite monzonite, and basalt. Several 
dykes encountered within the Portland Canal dyke swarm are 
clearly different lithologically from the four main phases. 
These include rare, recessive weathering lamprophyre dykes, 
which crosscut all other dykes, and feldspar-phyric basaltic- 
andesite to dacite dykes, some of which are altered, have 
variable orientations, and may be much older than the princi- 
pal components of the swarm. Others are likely variations of 
the four main phases, which are described below in decreasing 
order of abundance. 

Rhyolite 

The buff-weathering character of rhyolite dykes (buff to pale 
yellow-green on fresh surfaces) enables them to be distin- 
guished from most other phases. Flow layers, typically 1-2 cm 
thick, define zones up to 40 cm thick along the margins of 
some dykes. The layering mimics irregularities along contacts 
with both country rocks and other dyke phases. Rhyolite 
dykes are sparsely porphyritic, and contain about 4% fine- to 
medium-grained, euhedral quartz and plagioclase feldspar 
phenocrysts. The quartz phenocrysts appear to dominate in 
hand sample, but in thin section quartz and plagioclase 
phenocrysts are subequal in abundance. Determination of 
groundmass composition was hindered by its moderately 
altered, cryptocrystalline nature. However, staining and 
petrography indicates that the matrix is dominated by potas- 
sium feldspar and quartz. Very fine grained muscovite is 
subordinate, forms about 6% of the matrix, and typically 
occurs as interstitial fibrous mats between radial growths of 
quartz and potassium feldspar. 

groundmass, which staining suggests largely comprises 
potassium feldspar. The phaneritic minerals comprise 24% 
to 62% of the rock, and consist of plagioclase feldspar 
(1 9-59%), and biotite, hornblende, and quartz (3-4%). In most 
dykes, mafic minerals are altered to chlorite, and feldspars are 
intensely saussuritized. 

Dykes of this phase vary from faint salmon pink to light 
yellow-brown to medium green in weathering colour. They 
are characterized by subequal amounts of medium- to coarse- 
grained potassium feldspar, plagioclase, and quartz phenocrysts, 
and trace amounts of fine grained biotite and hornblende, 
which make up about 20% of the rock. Quartz phenocrysts 
are generally rounded and embayed, and plagioclase 
phenocrysts commonly occur in symeusis texture. The ground- 
mass is cryptocrystalline to microcrystalline, and is weakly 

1 porphyritic rhyolite 1 
hornblende-biotite rnonzonite 

porphyritic dacite-rhyolite 

239145 orientation of sill 
or dyke 

\\ bedding formlines and 
250/50 orientation of bedding 

1909 m f l  
elev. ;::::: .\,.,\ 

221 m section 

transfer model 

Hornblende-biotite monzonite 

Monzonite dykes are light grey 
Figure 4. Cross-section through the central part of the swarm, 

weathering, and light to Mount Dickie area; showing measured dip directions and 
medium grey on fresh surfaces- Most dykes are seriate, very dips and including all dykes >I rn in thickness (Transect I I ,  
fine- to medium-grained, and have a cryptocrystalline ~ i ~ .  1). 
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to moderately potassic. Inclusions are generally uncommon; 
however, dark green, quartz and plagioclase phyric inclusions 
are locally abundant. 

Basalt 

Basalt dykes are common throughout the study area, although 
they are typically narrow (<1 m), discontinuous, and account 
for only a very small proportion of the total volume of the 
swam. They are dark green to black on weathered and fresh 
surfaces, and are typically aphyric. Orientations of individual 
basalt dykes are locally irregular, but overall they maintain 
parallelism with the swarm. 

DETAILED STUDY AREAS 

Salmon Glacier area 

The Salmon Glacier area is 24 km north-northwest of Stewart, 
and is accessed by the Granduc Mine road. Dykes are well 
exposed along the road on the east side of the glacier (Fig. 5 ) ,  
which permits detailed mapping of a strike-perpendicular 
section along roadcuts (Fig. 3). A total of 55 dykes were 
measured across a 1.2 km transect. Cumulative dyke thick- 
ness is about 400 m, indicating extension due to dyke 
emplacement of 30%. Rhyolite accounts for 33% of the 
cumulative thickness, hornblende-biotite monzonite 28%, dacite- 
rhyolite 26%, basalt 4%, and dykes of indeterminate or other 
composition 10%. 

Dykes in the Salmon Glacier area dip moderately to 
steeply south-southwest (average dip of 65" toward 197O), 
with dip magnitudes shallowing slightly from south to north 
(Fig. 3). Host rocks consist of poorly bedded, altered, pyritic 
siliceous tuff and minor siltstone. Individual dykes range from 
less than 1 m to 34 m in thickness, although zones composed 
of multiple dykes attain thicknesses as great as 60 m. Locally, 
apophyses of the larger dykes form discontinuous dyklets, 
typically c1 m in thickness. The thickest dyke occurs near the 
centre of the s w m ,  is of dacite-rhyolite composition, and is 
cored by a 5 m basalt dyke which shows mutual crosscutting 

relationships. The basalt is fine grained and displays irregular 
lobate contacts with the host dacite-rhyolite. Locally, lobes of 
the basalt appear to be detached and surrounded by dacite- 
rhyolite. Thin (<1 m) aphanitic basalt dykes with sharp con- 
tacts are common peripheral to the fine grained central basalt 
and nearer the margins of the host. It is possible that the basalt 
dykes were emplaced soon after intrusion of the host, after its 
margins had solidified, but before its centre had. Heat transfer 
calculations discussed in a later section lend support to these 
interpretations. 

Clements Lake area 

The Clements Lake area is located along Highway 37A in 
Bear River Valley, 15 km north-northeast of Stewart. The 
Bitter Creek pluton and the Portland Canal dyke swarm occur 
there, and limited exposures indicate that monzonite and 
basalt dykes intrude the pluton. Other host rocks include 
mafic fragmental volcanic rocks, and black, cleaved siltstone. 
Pervasive fractures, slickensides, and weak to moderate 
sericitic and chloritic alteration occur in the dykes and in the 
Bitter Creek pluton, particularly in outcrops close to the centre 
of the valley. On the microscopic scale, a history of strain is 
recorded in the dykes by weakly polygonized quartz 
phenocrysts, and by calcite filled fractures. Deformation is 
assumed to be related to post-Middle Eocene brittle faulting 
localized along the north-northeast-trending Bear River Valley 
(Hanson, 1935). Sulphide mineralization, occurring within 
quartz and quartz-carbonate veins found along dyke walls, 
and locally within dykes, has high values in Au, Ag, Pb, Zn, 
and Cu, and has prompted sporadic small-scale mining 
activity since the early 1900s. Immediately south, similar vein 
mineralization, such as at the Dunwell Mine, occurs in the 
Portland Canal Fissure Zone of Hanson (1935), a fault zone 
which roughly parallels the valley. 

Mount Dickie area 

The Mount Dickie area is located -12 km northeast of 
Stewart, and was accessed by helicopter. The swarm intrudes 
tightly folded, thin-bedded, black to dark brown, Upper 

Figure 5. 

Portland Canal dyke swarm in the Salmon 
cier area; view to east (see Fig. 1,3).  

Gla- 
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Figure 6. 

View south towards Mount Dickie and clifSy 
exposure through the central part of the swarm 

EPC-91-316.1 

Portlnlitl Canal rhyolite dyltc 

50.5 f 0.3 h4a 

occurred during at least two events: during or shortly after 
intrusion of dacite-rhyolite in the Salmon Glacier area, and 
following intrusion of rhyolite in the Salmon Glacier and 
Mount Dickie areas. Basalt and lamprophyre dykes are 
relatively common throughout the region, and many are 
Oligocene in age (Carter, 1981 ; Brown, 1987). 

U-Pb GEOCHRONOLOGY 

,/ 
Bascd on concordn~lt fractions A nnd I3 

Figure 7. U-Pb concordia plot for zircon from sample 
EPC-94-316.1, a rhyolite dyke of the Portland Canal dyke 
swarm. 

Triassic and (or) lowermost Jurassic siltstone and mudstone. 
Intrusions are dominantly bedding parallel sills, which locally 
transect bedding with subvertical orientations (Fig. 2). The 
sills, which comprise 67% rhyolite, 27% hornblende-biotite 
monzonite, and 6% dacite-rhyolite, are closely spaced, and 
are rare1 y more than 10 m apart (Fig. 6). Other compositions 
are rare, but locally, basalt dykes intrude rhyolite dykes. Sills 
in the central section (221 m) have a cumulative thickness of 
162 m, and therefore record 58% extension (Fig. 4). 

No previous dates for the Portland Canal dyke swarm exist. 
A dyke from the Boundary swarm, situated near the Premier 
mine, south of the Portland Canal dyke swarm, yielded a U-Pb 
zircon date of 54.8 f 1.3 Ma (Sample no. AT84-34-3, Fig. 1, 
Alldrick et a]., 1987), and a single rhyolite sill to the southeast 
of the Carnbria Icefield yielded a U-Pb date of 53.7 * 2 Ma 
(Greig et a]., 1994a). There are also numerous plutons in 
the Cambria Icefield area which have yielded Middle Eocene 
K-Ar dates. The Bitter Creek pluton was dated by Alldrick 
(1993; 48.4f 3.4Ma). the McAdam Point pluton by Schroeter 
et al. (1992; 45 + 4 Ma) and the Nelson Glaciers pluton (50.5 L- 
2.4 Ma), Strohn Creek pluton (51.9 * 2.6 Ma), and Kshwan 
Glacier pluton (48.3 1 1.3 Ma) by Greig eta]. (1995; Fig. 1). 

New U-Pb zircon analytical data are presented and inter- 
preted herein for the Bitter Creek pluton and for the rhyolite 
and dacite-rhyolite phases of the Portland Canal dyke swarm 
(Table 1, Fig. 7, 8, 9). Mineral separation and analytical 
procedures were performed at the University of British 
Columbia Geochronology Laboratory, and procedural details 
may be found in Journeay and Friedman (1 993). 

RELATIVE AGE CONTROL 

The sequence of emplacement of the various dyke phases and 
the Bitter Creek pluton is based on crosscutting relationships; 
however, crosscutting relationships among dykes are uncommon 
and rarely observed. For example, the age of the Bitter Creek 
pluton relative to the dykes is constrained by a single monzonite 
dyke intruding the pluton near its eastern margin. The sequence 
is (oldest to youngest): 1) Bitter Creek pluton, 2) homblende- 
biotite monzonite, 3) dacite-rhyolite, and 4) rhyolite. Basalt dyking 

Rhyolite dyke (EPC-94-316.1) 

The plagioclase-quartz porphyritic rhyolite was collected 
from a dyke about 1 km southwest of Mount Dickie, where it 
intrudes a dacite-rhyolite dyke (sample EPC-94-316.2, see 
below) as well as Upper Triassic or lowermost Jurassic black 
clastic country rocks. The sample yielded abundant good 
quality, translucent to transparent, brown prismatic zircon. 
Data for three analyzed fractions intersect concordia between 
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49.9 and 50.5 Ma. The best age estimate, 50.5 f 0.3 Ma, is define an array indicative of inheritance and possible minor 
based on concordant fractions A and B. Fraction C likely Pb loss. The best age estimate, 50.4 f 0.3 Ma, is based on 
suffered minor Pb-loss. concordant fraction C. Data for fraction D, which consisted 

of stubby prismatic grains, clearly contains minor inherited 

Dacite-rhyolite dyke (EPC-94-316.2) 
zircon. Traces of inheritance are-also likely to explain the 
minor shifts of analyses A and B off of concordia. Fraction A 

The potassium feldspar-plagioclase-quartz porphyritic appears have suffered Pb-loss. 
dacite-rhyolite yielded good quality, transparent zircon of 
prismatic and tabular morphology. Four analyzed fractions 

Figure 8. U-Pb concordia plot for zircon from sample Figure 9. U-Pb concordia plot for zircon from sample 
EPC-94-316.2, a dacite-rhyolite dyke of the Portland Canal EPC-94-358, of the Bitter Creek phton. 
dyke swarm. 

Table 1. U-Pb Zircon Analytical Data 

~raction' Wt. U pbZ %pb3 Pb4 208~b5 Isoropic ratios(+ l o ,  %)6 Isotopic dates(Ma,f 2 0 ) ~  

mg ppm ppm 2 0 4 ~ b  pg % a06Pb / 2 3 8 ~  a 0 7 ~ b / 2 3 S ~  m 7 ~ b / a 0 6 ~ b  '06Pb / 2 3 8 ~  m 7 ~ b l i ) s ~  207~b/Z06Pb 

EPC-94-316.1: Portland Canal rhyolite dyke; UTM (zone 9) 448550E, 6204890N 
A,m,N20,p 0.120 2466 19.6 1239 111 11.0 0.00785f0.12 0.0509f 0.31 0.04704f 0.23 50.4f 0.1 50.4f 0.3 51.2f11.2 

B,m,N20,p 0.087 4374 34.9 1928 90 11.3 0.00787+0.12 0.0510f 0.24 0.04703+0.15 50.5*0.1 50.5k0.2 50.8f 7.0 

C,m,N2O,p 0.118 4245 33.5 435 544 11.2 0.00778+0.17 O.OSO5f 0.53 0.04708f0.42 49.9k0.2 50.0f 0.5 53.3f 20.0 

EPC-94-316.2: Portland Canal dacite-rhyolite dyke; UTM (zone 9) 448460E, 6204850N 
A,cc,NZ,p,e 0.258 547 4.3 403 176 10.9 0.00782f 0.21 0.0514f 0.58 0.04769k 0.45 50.2rt0.2 50.9f 0.6 84.1f 21.5 

B,c,N2,p,e 0.120 661 5.3 336 123 11.2 0.00789*0.23 0.0515f 0.56 0.04736f0.44 50.7f 0.2 51.0f 0.6 67.5f 20.9 

C,c,N2,p,e 0.350 788 6.3 292 486 11.0 0.00785f 0.28 0.0509k0.67 0.04707f0.50 50.4k0.3 50.4f 0.7 52.9f 24.3 

D,c,NZ,p,eq 0.227 723 6.0 2103 39 10.3 0.00827&0.25 0.0542rt0.35 0.04751 k0.20 53.1 f 0.3 53.6f 0.4 75.0-lr9.3 

EPC-94-358: Bitter Creek pluton; UTM (zone 9) 443250E, 6210325N 
A,c,N2,p 0.153 817 6.4 758 77 9.4 0..00788+0.12 0.0518f0.36 0.04766+0.27 50.6L-0.1 51.3f0.4 82.4f12.7 

B,m,N2,p,e 0.131 1111 8.6 1864 36 8.6 0.00787~0.11 0.0512f 0.24 0.04713rt0.15 50.6f 0.1 50.7k0.2 55.7f7.2 

C,m,NZ,p,eq 0.159 1427 10.9 1389 76 7.8 0.00784k0.15 0.0509f 0.28 0.04709f 0.17 50.4f 0.1 50.4f0.3 54.0k8.4 

D,m,N2,t 0.112 797 8.7 1666 25 8.7 0.00785k0.1 I 0.0509f 0.31 0.04704rt0.24 50.4f 0.1 50.4f 0.3 51.lrt11.4 

'All fractions are air abraded; Grain size, smallest dimension: cc= + 149 pm, c=  + 134pm, m=-134pm+74pm, f=-74pm; 
Magnetic codes 
Franz magnetic separator sideslope at which grains are nonmagnetic; e.g., Nl=nonmagnetic at lo; Field strength for all 
fractions =1.8A; Front slope for all fractions=20°; Grain character codes: e=elongate, eq=equant, p=prismatic, ti=tips; 
t = tabular 
2Radiogenic Pb 
3Measured ratio corrected for spike and Pb fractionation of 0.00431amu f 20% (Daly collector) 
4Total common Pb in analysis based on blank isotopic composition 
SRadiogenic Pb 
6Corrected for blank Pb, U and common Pb (Stacey-Kramers model Pb composition at the 207Pb/206Pb date of fraction, or 
age of sample) 
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Bitter Creek pluton (EPC-94-358) THERMAL MODELLING 
Medium- to coarse-grained, inequigranular (coarse grained 
quartz), unfoliated monzogranite was collected from a quarry 
on the east side of Highway 37A, about 0.6 km west of the 
Bitter Creek bridge. It yielded high quality, transparent, colour- 
less zircon, predominantly of elongate prismatic morphology. 
Data for four analyzed fractions define an array indicative of 
inheritance. The best estimate for the age of this rock, 50.4 + 
0.3 Ma, is based on concordant fractions B, C, and D. 

Modelling parameters 

The effect of Portland Canal dykes on the thermal state of the 
country rocks was modelled using a finite difference approxi- 
mation to simulate conductive heat transfer perpendicular to 
dyke walls (Fig. 10). The model, based on the Crank-Nicolson 
method (Crank, 1990), attempts to approximate the emplace- 
ment of rhyolite dykes into siltstone and mudstone across 
221 m of measured section near Mount Dickie (Fig. 4,6). 

Discussion The model assumes equivalent thermal conductivity for 
both dyke and host rock. Boundary conditions were chbsen 

The new U-Pb ages an assumed Eocene age for the to be constant country rock temperature (200°C) at a distance 
Portland Canal dyke swarm and revise the age of the Bitter of 60 on either side of the swarm. WiIh distance steps of 
Creek pluton to indicate that the pluton and dykes are essen- 1 m and a thermal conductivity of m2/s, time steps were 
tially The ages are and do not further fixed at intervals of 11.56 days. It was that the 
constrain the relative timing of dyke emplacement within the rhyolite dykes were emplaced synchronously, following 

dyke swarm' The dyke swarm equilibration of any thermal perturbations caused by previous and Bitter Creek pluton are coeval with the Nelson Glaciers dyke phases. Such assumptions an supported by the uniform- 
pluton9 which is cOs~atial  and presumably the ity of rhyolite dyke composi~ions in the Mount Dickie area, 
Nelson Glaciers swarm, but are apparently younger than the and the presence of sharp, well defined crosscutting relation- 
Boundary swarm. ships of rhyolite dykes with other intrusive phases. 

There is a close similarity in the isotopic ages of post- Initial host rock temperature of 200°C was based on the 
kinematic intrusions in the Stewart area, which, with the geothem and an estimated depth of about km within an 

of Oligocene (35-25 Ma), are between anive magmatic arc taking into account slight 
55-45 Ma (Carter, 1981; Brown, 1987; Schroeter et a]., 1992; heating due to previous magmatic activity. ne initial inm- 
Aildrick, 1993; Greig et al., 1994a,b, 1995). This coincides Sion temperature of the rhyolite magma was estimated at 
with data collected along the entire length of the Coast 
Plutonic Complex, and defines one of the most voluminous 

900°C (Philpotts, 1990). Latent heat of crystallization is 
accounted for in the model by defining an equivalent intrusion 

plutonic in the Canadian (Woodswo* temperature in which he heat liberated from crystal]ization 
et al., 1991). is added to the initial intrusion temperature (Delaney, 1987). 

Distance (Metres) 

Figure 10. Thermal profile at various time intervals (t = days), following synchronous emplacement of 
multiple dykes. Density and thickness of the dykes is modelled afrer a section measured near Mount Dickie 
(see Fig. 4,6). 
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For the rhyolite dykes, the latent heat of crystallization is 
assumed to be minimal because of their cryptocrystalline 
groundmass. Therefore only 55°C was added to the initial 
magma temperature, a somewhat arbitrarily reduced value 
based on the 113OC obtained from Bowers et al.'s (1990) 
35 callg heat of crystallization for a granite. Also accounted 
for in the model was magma flow, and an inwardly propagat- 
ing isotherm represents the solidification of melt. By tracking 
the solidification isotherm into the dykes, one can roughly 
estimate the duration for which they can remain open to flow. 
Dykes with widths of 9 m or greater had cores which never 
dropped below the solidification isotherm, and therefore the 
duration of magmatic flow had to be arbitrarily restricted. 

Results 

The modelling indicates that conduction of heat from multi- 
ple, closely spaced dykes increased the ambient temperatures 
of intervening host rocks by 300°C or more (Fig. 10). The 
elevated temperatures were maintained for an extended 
period; after 5 years host rocks among the dykes had reached 
temperatures of at least 500°C, much higher than the tempera- 
tures attained in host rocks peripheral to the swarm. Thicker 
dykes were more likely to remain open conduits for magmatic 
flow, and would therefore introduce more heat to the country 
rocks. The ability of thick dykes to remain open to magma 
flow is corroborated in the 34 m thick, basalt-cored, dacite- 
rhyolite dyke in the Salmon Glacier area. 

From the results of the modelling, one might expect to find 
contact metamorphic mineral assemblages, and possibly evi- 
dence for hydrothermal circulation. No metamorphic minerals 
were observed during field mapping, but may have been 
missed because of microscopic grain sizes, or because the bulk 
composition or duration of heating or lack of a hydrous phase 
may have affected the kinetics of mineral growth. A history of 
hydrothermal fluid circulation may be evidenced by the occur- 
rence of vein mineralization proximal to the swarm. 

TECTONIC AND MAGMATIC IMPLICATIONS 

Dykes, as a general rule, propagate in a direction perpendicu- 
lar to the least compressive stress, whereby magmatic pres- 
sure fractures the host rock and forms dilations into which 
dykes are injected (Pollard, 1987). The process is dynamic, 
and dependent on both the magnitude of the magmatic pres- 
sure head, and the ability of the host rock to fracture. Any 
substantial volume of dyke emplacement must occur in an 
extensional structural regime. It is proposed here that the 
timing of intrusion of the Portland Canal dyke swarm's four 
distinct phases was largely controlled by the build up and 
release of crustal tension, in which magmatic pressure trig- 
gered fracture in the rock. Evidence for host rock structural 
control on the orientation of Portland Canal dyke swarm 
intrusions is apparent in their common sill-like geometry 
where they intrude clastic rocks, and suggests that the mag- 
nitude of least compressive stress probably did not vary 
greatly from that of one or both of the other principal stresses 
(Pollard, 1987). 

An apparent trend of increasing fractionation with time is 
observed in the dyke swarm: from hornblende-biotite mon- 
zonite, to dacite-rhyolite, to rhyolite. It may represent the 
sequential draining of a continuously fractionating source, in 
which successive extensional events activated dyke propaga- 
tion and allowed separate batches of magma to rise from their 
source (Sawyer, 1994). Further geochemical study is required 
to evaluate the genetic relationships between dykes and to 
support the assumptions of source magma evolution, but the 
geochronological data and field relations are permissive. 

It is clear from the abundance of dyke swarms in the 
Stewart area that there was active upper crustal extension 
during Middle Eocene time, but its cause remains unclear. 
The somewhat sigmoidal trend of the Portland Canal dyke 
swarm suggests the possibility that extension may have oc- 
curred between bounding transcurrent faults. However, large- 
displacement MiddleEocene transcurrent faults have not been 
documented in the Stewart area, and it may be that the 
previously existing, northwest-trending regional structural 
grain, in concert with local north-northwest- to north-north- 
east-trending faults, may have had an influence on the siting 
of the Portland Canal dyke swarm. Alternatively, the exten- 
sional structural regime may be related to upwarping and 
extension in response to emplacement of large magmatic 
bodies, such as the Hyder batholith, immediately southwest 
of, and possibly underlying, the Portland Canal dyke swarm. 
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Effects of limnological variation on element 
distribution in lake sediments from Tatin Lake, 
central British Columbia - implications for the use 
of lake sediment data in exploration and 
environmental studies 

P.W.B. Friske 
Mineral Resources Division 

Friske, P.W.B., 1995: Effects of limnological variation on element distribution in lake sediments 
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Abstract: Three lake sediment cores were collected from Tatin Lake to evaluate the effects of changing 
limnological conditions on the distribution of trace metals, in lake sediments. Two cores were taken from 
sites where the hypolimnion was relatively oxygenated and the third from a sub-basin where distinctly 
anoxic conditions existed. 

Sediments deposited in the relatively oxidizing environments have significant enrichments of Fe and 
Mn in the surface sediments due to diagenetic cycling. Vertical trends in As, Co and Ni are similar to Fe 
and Mn, suggesting co-migration and enrichment of these elements during diagenesis. Concentrations of 
Cu, Cr, Mo, Sr, V and Zn are not significantly different in the surface sediments compared to the background 
sediments. 

Limnological variations are a significant factor in controlling the accumulation and preservation of trace 
metals in lake sediments. The usefulness of lake sediment data, whether for exploration or environmental 
purposes, could be enhanced by evaluating it in the context of limnological information. 

Resume : Trois carottes de sCdiments lacustres ont CtC prtlevCes au lac Tatin afin d'tvaluer les effets de 
I'tvolution des conditions limnologiques sur la rtpartition des mttaux prCsents A I'ttat de traces dans les 
sCdiments lacustres. Deux de ces carottes ont CtC recueillies a des endroits oii I'hypolimnion Ctait 
relativement oxygCnt et la troisikme provient d'un sous-bassin oii existaient des conditions nettement 
anoxiques. 

Les sCdiments superficiels dans les milieux relativement oxydants prtsentent des enrichissements 
importants en Fe et en Mn en raison d'un recyclage diagCnCtique. Les variations suivant la verticale des 
concentrations de As, de Co et de Ni sont similaires A celles observCes pour le Fe et le Mn, ce qui suggkre 
une migration et une concentration combinCes de ces ClCments pendant la diagenkse. Les concentrations en 
Cu, Cr, Mo, Sr, V et Zn des sediments superficiels ne diff2rent pas de manikre significative des fonds 
gCochimiques ~Cdimentaires. 

Les variations limnologiques constituent un important facteur dkterminant l'accumulation et la 
conservation de mCtaux A 1'Ctat de traces dans les sCdiments lacustres. L'utilitt des donnCes sur les sCdiments 
lacustres, pour l'exploration ou a des fins environnementales, pourrait Ctre amCliorCe par leur Cvaluation 
dans le contexte de l'information limnologique. 
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STUDY AREA INTRODUCTION 

The Geological Survey of Canada (GSC) and provincial 
geological surveys have collected lake sediment samples 
from over 100 000 sites throughout Canada under the 
auspices of the National Geochemical Reconnaissance 
(NGR) program. The surveys were initially undertaken to 
assist mineral exploration by mapping regional geochemical 
patterns and anomalous element concentrations potentially 
related to economic mineral deposits (Friske and Hornbrook, 
1991). Recently the data have been also used in environmental 
studies providing valuable information on the natural distri- 
bution and base line levels for upwards of 35 elements (e.g. 
Friske and Coker, in press; Friske et al., 1994a, b). 

To better understand the processes that control element 
distribution in lake sediment and water, orientation and 
follow-up studies are being undertaken on particular aspects 
of lake sediment geochemistry. Information obtained from 
these directed studies will be used to enhance interpretative 
techniques for the volaminous NGR lake sediment database. 
In July 1993, 3 short cores were taken from Tatin Lake, in 
central British Columbia (Fig. 1). The primary objective was 
to evaluate the effects of changing limnological conditions on 
the distribution of trace metals in lake sediments. Tatin Lake 
was chosen for this detailed work because: 1) it has three 
distinct sub-basins that vary in their limnological charac- 
teristics; 2) the lake is essentially surrounded by one rock 
type, thereby removing a significant variable controlling lake 
sediment composition; and 3) it is relatively isolated with no 
known source of anthropogenic input. 

I I 

Figure 1. Location map of the Tatin Lake study area. 

Tatin lake is located in the Nechako Plateau, approximately 
175 km west of Prince George (Fig. 1). Access is by way of 
Highway 16 west from Prince George to Endako and then 
north along local logging roads. The local terrain is low, 
rolling and covered by extensive tracts of coniferous forests. 
The lake is elongated in an east-west direction, has a surface 
area of 2.3 km2, and has three distinct basins as defined by 
the 15 m depth contour (Walsh, 1977). Mean depth is 9.5 m 
with a maximum depth of 22 m. There are several inlets and 
outlets. 

The catchment bedrock is primarily quartz-monzonite, 
part of the Late Jurassic Francois Lake intrusions (Fig. 2). 
Volcanic rocks also occur in the region but only constitute a 
small portion of the total shoreline at the far western end of 
the lake. The granitoid rocks host the Ken Mo-Cu occurrence 
located just north of the lake. Molybdenite is the dominant 
ore mineral with trace amounts of chalcopyrite and magnetite 
(Lodder, 1969). The bedrock is covered by extensive glacial 
deposits, predominately till, related to Pleistocene ice move- 
ment that generally trended to the northeast (Tipper, 1971). 

SAMPLING AND ANALYTICAL METHODS 

Samples and data were collected from the central (site 9301) 
and eastern basins (site 9302) and a basin within a channel 
running between the two (site 9303). A sonar unit was used 
to guide the final site selection. At each station temperature 
and dissolved oxygen measurements were taken at 1 m inter- 
vals using a YSI Model 57 oxygen meter with cable probe. 

A Van Dorn sampler was used to collect 1.5 L surface and 
bottom water samples that were divided into 3 aliquots. The 
first was used immediately to measure pH, temperature, con- 
ductivity and dissolved oxygen using a Corning M90 meter. 
The other two aliquots were placed in 250 mL ~ a l ~ e n e ~  
linear polyethylene bottles and stored at 4OC until analyzed. 
One of these was filtered using 0.45 bm filter paper and 
acidified with 2 mL of 8 M HN03 (pH <2). within 12 hours 
of collection. No special sample preparation was undertaken 
on the other split. These waters were then analyzed for a wide 
range of variables by a number of different techniques, sum- 
marized in Table 1. 

Sediment cores were collected using a modified Kajak- 
Brinkhurst corer. A 1.1 m long acrylic tube (inside diameter 
7.0 cm) was attached to the sampler and slowly lowered into 
the sediment to avoid disturbance of the upper sediment. 
After retrieval the core tubes were sealed and carried upright 
until extruded. Subsectioning was completed within 24 hours 
at an interval of 2 cm for the top 10 cm and then generally at 
4 cm intervals to the bottom of the core. In the laboratory the 
samples were freeze dried and then passed through a minus 
80-mesh sieve to disaggregate the sample and remove larger 
fragments. As with the water samples the sediments were 
analyzed for a wide range of variables by a number of different 
techniques, summarized in Table 1. 
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Figure 2. Sample locations, bathymetry, and bedrock geology of the Tatin Lake study area 
(2:  volcanic unit; 3: granitoid unit). 

Table 1. Variables determined and methods used for 
Tatin Lake lake sediment and water samples. 

LAKE SEDIMENT LAKE WATER 

Al, Ti, K, Na, Mg, Ca, As, Cr, Sr Fe, Mn, Mo, Zn, Cu (GF-AAS) 
(Total digestion--1CP-ES) 

Ca, Na (AAS) 
Co, Cu, Mo, Ni, V, Zn 
flotal digestion-AAS) SO4 (Ion Chromatography) 

Hg (Total--CV-AAS) Total Alkalinity (titration#o pH 4.5) 

LO1 (gmvimetry) 

RESULTS AND DISCUSSION 

Lake water chemistry 

Figure 3 and Table 2 summarize the lake water data. All 3 sites 
exhibit distinct thermal stratification (Fig. 3). In each case a 
thermocline extends from approximately 6 to 9 m, separating 
16 to 1 S°C epilimnion waters from 5 to 10°C waters of the 
hypolimnion. Oxygen shows a consistent trend of decreasing 
concentration down the water column at all sites. The most 
pronounced oxygen depletion occurs at site 9302 where 
distinctly anoxic conditions exist in the hypolimnion, the ratio 
of bottom to surface oxygen concentration (expressed as a 
percentage) is only 9%. This is in contrast to relatively oxic 
conditions at the other two sites were bottom to surface 
oxygen ratios are 57 and 65 per cent. 

Most of the other measured parameters, e.g. pH, conduc- 
tivity and alkalinity, are similar within and between the 
sampling stations. Iron, Mn, and Mo exhibit the greatest 
variations. The higher concentrations of Fe and Mn in the 
bottom waters particularly at site 9302, may reflect the 
increased solubility of Fe and Mn compounds, both within 
the water column and surface sediments, under reducing 
conditions. A similar mechanism may account for the highly 
anomalous Mo concentrations in the bottom waters at all 
3 stations. However, whatever the reason for the higher 
concentrations of Mo and other elements in bottom waters 
compared to surface waters, the data clearly show a vertical 
zonation for some elements in the Tatin Lake water column. 
This may be an important overlooked variable when using 
surface lake waters for mineral exploration and environmental 
studies (cf. Friske et a]., 1994b). 

Chemical composition of lake sediments 

Major components 

To assess differences in the chemical composition within and 
among the three sites, various plots and tables were prepared. 
For each site, "background" values were computed by aver- 
aging the concentration of all samples extending from 22 cm 
to the bottom of the core (Table 3). This reflects the compo- 
sition of the relatively stable zone below the most intense 
diagenetic activity and, assuming a reasonable sedimentation 
rate of up to 2.5 mmla (cf. Wong et a]., 1984; Fortescue, 1988), 
predates any anthropogenic atmospheric component. 
Average composition of the surface sediments (0 to 10 cm) 
are also given in Table 3. 
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22 I ' 9301 , 

Secchi Depth = 6.7 metres 

Bo t to f l op  Oxygen Ratio = 57% 
Secchi Depth = 5.1 metres 

BottoMop Oxygen Ratio = 9% 

22 1 ' 
Secchi Depth = 5.2 metres 

Boltomrrop Oxygen Ratio = 65% 

Figure3. Water column profiles of dissolved oxygen (ppm) and 
temperature ( O C ) .  

Table 2. Summary of selected variables in surface and bottom water samples. 

Sample Specific TotalAlkalinity(ppm) Ca Na SO4 Fe Mn MO Zn CU 
Site Depth (m) pH Cond. Field Lab (PPm) (PPm) (PPm) (PPb) ( P P ~ )  (PPb) (PPb) (PPb) 

9301 0.5 6.8 81.6 34 34 9.8 2.0 0.26 16 4 <5 6 2 
17.0 7.0 81.9 36 33 10.0 2.1 0.36 93 53 62 10 2 

9303 0.5 7.6 83.7 34 34 9.5 2.1 0.28 19 6 <5 4 4 
14.0 7.7 79.3 35 35 9.7 2.1 0.36 37 21 22 15 2 

Table 3. Average concentrations of variables in surface (0-1 0 cm) and "background" (>22 cm) sections of the three Tatin 
Lake sediment cores. Also shown are the differences, expressed as a percentage, between the background and surface 
sections using Al normalized data. 

MAJOR COMPONENTS TRACE ELEMENTS 
LO1 Al Ti K Na Mg Ca Fe Mn As Co Cr Cu Hg Mo Ni Sr V Zn 
% % %  % % % %  % PPM PPM PPM PPM PPM PPB PPM PPM PPM PPM PPM 

Core N GRAV ICP ICP ICP ICP ICP ICP AAS AAS ICP AAS ICP AAS AAS AAS AAS ICP AAS AAS 

9301 Av. 0-10 cm 5 3.0 0.15 0.6 0.9 0.3 1.2 10.5 3652 20 11 23 37 208 9 15 142 56 82 
%Change (A1 normalized) & .4 -5 4 10 1 11 1 7 14 7 .15 7 25 2 24 

BkGmd (22-50cm) 7 30.7 4.5 0.23 1.0 1.3 0.4 1.3 6.4 1441 16 11 32 48 140 15 21 169 82 98 

9302 Av.0-lOcm 5 31.5 1.8 0.11 0.3 0.4 0.2 0.7 3.5 2468 4 5 20 36 150 21 14 75 55 56 
% Change (Al normalized) 1 1 6 8 12 11 1 3 6 1 - 2 0  1 - 3 0 >  -10 24 .I9 -21 9 -10 5 

BkGmd (22-61cm) 10 27.4 1.6 0.09 0.3 0.3 0.2 0.5 4.6 2535 5 6 15 35 106 23 15 61 54 47 

9303 Av.0-lOcm 5 40.2 3.5 0.20 0.8 1.0 0.4 1.5 2.6 1007 10 8 32 39 186 13 22 158 63 67 
%Change (Al normalized) I 3  1 1 . 1 6  2 18 1 4 4 2 0  2 - 3 m 2 3 m  8 2 2 

BkGmd (22-55 cm) 8 33.0 3.9 0.22 1.0 1.4 0.4 1.4 2.0 484 9 8 35 44 134 11 18 162 69 73 

0 Change +- >25 to 50 percent 0 Change +- z50 percent 



P.W.B. Friske 

Aluminum andlor titanium are commonly used as immo- 
bile components against which other elements are normalized 
to evaluate observed compositional changes (Kemp et al., 
1976; Johnson et a]., 1986; Livett, 1988). Based on the raw 
compositional data both Al and Ti exhibit distinct changes in 
all 3 cores but most notably in 9301 (Table 3, Fig. 4) where 
background A1 concentration is 4.5% compared to 3.0% in 
the surface sediments, a decrease of 33%. Titanium varies 
sympathetically decreasing from 0.23 to 0.15 per cent. These 
changes are largely attributable to dilution effects related to 
the diagenetic increase of Fe and Mn. Figure 5 shows the 
strong negative correlation (r2 = -0.93) between total Fe plus 
Mn versus Al for core 9301 which has the largest Fe and Mn 
increase. A similar trend has been described by Comwell 
(1985) in sediments from Toolik Lake in Alaska. Therefore, 
to evaluate the observed changes in chemical composition, 
the data have been normalized to A1 to correct for dilution 
effects, assuming that Al was an immobile component. 
Consistent Ti to A1 ratios in all 3 cores (Fig. 4) further supports 
the contention that Al and Ti have remained immobile during 
diagenesis of the Tatin Lake sediments. It is unlikely that two 
elements generally considered as immobile would vary 
sympathetically. 

Figures. Scatterplot showing the strong negative 
correlation (9 = -0.92) between total A1 versus total Fe plus 
Mn in samplesfrom core 9301. 

The most striking changes related to the major compo- 
nents (>0.1 wt. %) occur with Fe and Mn. Manganese con- 
centrations in the upper sediments of cores 9301 and 9303 
increase by 273% and 132% respectively compared to back- 
ground (Table 3, Fig. 6). Enrichment in Fe is also considerable 
increasing 44% in core 9303 and 141% in 9301. In contrast, 
surface sediments from core 9302 have slightly lower Mn 
(-20%) and Fe (-36%) contents than the corresponding back- 
ground sediments. 

The spatial trends in Fe and Mn are consistent with the 
well documented behavior of these two elements in differing 
limnological environments (Jones and Bowser, 1978; 
Engstrom and Wright, 1984; Davison, 1985; Bendell-Young 
et al., 1989) similar to those encountered in Tatin Lake. 
Circumneutral hypolimnion waters that are relatively oxic 
throughout the year (site 9301 and 9303) tend to have signifi- 
cant enrichments of Fe and Mn in the upper sediments related 
to changes in physiochemistry as the sediment is buried. 
Sediments initially deposited in a relatively oxic environment, 
at the sediment water interface, are subjected to a more 
reducing conditions as the material is buried. Under these 
conditions Fe and Mn tend to migrate upwards through the 
sediment column, reprecipitating when an appropriate redox 
boundary is reached (Mortimer, 1941). This process of 
diagenetic cycling c a  lead to significant enrichment of Fe 
and/or Mn at the sediment water interface or upper portion of 
the sediment column. Site 9302 represents a different lim- 
nological situation, in which the hypolimnion is tending 
towards anoxic conditions for at least part of the year. Under 
these conditions Fe and Mn released during diagenesis diffuse 
freely into the overlying water column and no enrichment 
zone is created. 

Loss-on-ignition (LOI) is similar for background samples 
at the 3 sites ranging from 27 to 33 per cent. The LO1 shows 
a systematic increase (going up profile) of 34% and 65% for 
cores 9303 and 9301 respectively but no significant change 
in core 9302. This may reflect increased biological activity 
within the more oligotrophic portions of the lake during its 
natural aging process (eutrophication). 

Figure 4. Down core projles of A1 and Ti (raw values) in 
core 9301 and profiles of Ti to A1 ratios for all three cores. 
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Figure 6. Summary of changes between background and surface sediments for three cores. 
Changes based on A1 normalized data. 
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The remaining major components (K, Na, Mg, and Ca) do 
not exhibit significant down profile variations, indicating that 
they have not been affected by post depositional migration as 
have Fe and Mn (Fig. 6). There are, however, significant differ- 
ences in the background values of these major components. 
Background concentrations in core 9302 are roughly 112 to 113 
those encountered at the other 2 sites. This is similar to the 
difference in A1 and Ti between the sites and indicates, as would 
be expected, that K, Na, Mg and Ca occur primarily in various 
silicate phases associated with the inorganic clastic fraction 
(Jones and Bowser, 1978; Engstrom and Wright, 1984). 

. . . .  A- - -  -.-..A: - - - - - :. 
a, 
0. I - -  I 0 

I . I 
-+ - - - - -  m I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Trace elements 

Trace elements may be bound to a number of phases in lake 
sediments including silicates, oxides, sulphides, hydrous Fe 
and Mn oxides, carbonates and organic matter. Information 
on the speciation of trace elements, as obtained through 
sequential extractions and other procedures, is important in 
elucidating their provenance and diagenetic behavior. Only 
total extraction data are presently available for Tatin Lake 
sediments. However some general observations and interpre- 
tations of the trace element data can be made by evaluating 
them in the context of the major element data described above. 

Of the 10 trace elements determined, the most significant 
down core changes occur with As, Co, Ni, and Hg. Trends of 
As, Co and Ni are similar to those of Fe and Mn, i.e. an 
enrichment in the surface sediments of cores 9301 and 9303 

and depletion in 9302 (Table 3, Fig. 6). This suggests 
co-migration and enrichment of As, Co, and Ni along with Fe 
and/or Mn during diagenetic processes. Other studies have 
also documented marked enrichments of As (Azcue et a]., 
1994), Co (Cornwell, 1987; Williams, 1992) and Ni 
(Cornwell, 1987) in surficial sediments related to diagenetic 
cycling. However, in other studies, similar surficial enrich- 
ments of these and other elements have been ascribed to 
anthropogenic input. That the enrichments of As, Co, and Ni 
at Tatin Lake are related to diagenetic and not anthropogenic 
effects is indicated by 1) the absence of any definable anthro- 
pogenic point source for the 3 elements, 2) the close associa- 
tion of the elements with diagenetically recycled Fe and Mn, 
and 3) the lack of enrichment, in fact a depletion, at site 9302 
because the lirnnological conditions are not conducive to 
mobilization and precipitation of hydrous oxides of Fe and 
Mn and associated trace elements. 

Mercury shows an increase going up section in all 3 cores. 
The strong association of Hg with organic matter in lake 
sediments is well documented in the literature (Jonasson, 
1976; Rasmussen, 1993). The greatest proportional increase 
in Hg occurs in core 9301 which also has the greatest increase 
in LO1 in the surface sediments relative to background sedi- 
ments (Table 3). However the increase in Hg by 24% in core 
9302 where normalized LO1 remained unchanged, suggests 
that factors other than organic content are controlling the 
vertical distribution. Rasmussen (1993) described similar 
enrichment of Hg in the top sediments of lakes from 
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Huntsville, Ontario, and attributes these to post depositional 
remobilization of Hg as either HgO, organically-bound Hg- 
sulphide, or inorganic Hg-sulphide complexes that are less 
controlled by redox conditions. 

In addition to the chemical changes in the sediment 
column, there are significant changes in the background con- 
centration for many of the trace elements among the 3 sites. 
There are likely several factors accounting for these differ- 
ences. Some of the changes may be related to compositional 
differences in the sediments as indicated by the major com- 
ponents (e.g. the 2- to 3-fold change in Cr and Sr levels parallel 
the change in Al). Assuming that Cr and Sr are primarily 
bound to silicate phases their background level variation may 
merely reflect changes in the abundance of silicates. Scavenging 
of trace metals by Fe andlor Mn may be another factor 
influencing the difference in trace element concentrations 
(Timperley and Allan, 1974; Coker and Nichol, 1975; Coker 
et al., 1979). Oxygenated hypolimnion waters (sites 9301 and 
9303), as opposed to anoxic conditions, favour the formation 
and accumulation of Fe and Mn oxides from the water 
column. Significantly higher values of As, Co, and Ni occur 
at sites 9301 and 9303 compared to site 9302 where the 
hypolimnion is distinctly anoxic. 

Implications for the use of lake sediment data 

If a lake sediment survey were undertaken in the area follow- 
ing NGR protocols, samples would be collected from one or 
more of the three basins using a torpedo-like gravity sampler. 
The sampler is designed to collect a grab sample that excludes 
the upper 10 to 20 cm of the sediment column (Friske, 1991). 

Table4. Background concentration of selected 
elements at the three sampling stations and 
corresponding percentile level based on data from the 
Oosta NGR style lake sediment and water survey. 

As Co Cr HS Mo 
ppm ppm ppm ppb ppm 

9301 16 11 32 140 15 
90 %tile >99 %tile 85 %tile 70 %tile >99 %tile 

-*~XIwT-lr-- wTwem%- -s?- w 
15 

, l i t  -" i m B 
15 %tile 60 %tile 20 %tile 50 %tile 299 %tne 

9303 9 8 35 134 11 
60 %tile 90 %tile 90 %tile 65 %tile 99 %tile 

Therefore NGR lake sediment samples collected from Tatin 
Lake would be compositionally similar to the "background" 
values determined for each core (>22 cm depth). 

As described above there is considerable variation in the 
background trace element concentration among the three 
sites. To evaluate the significance of these differences the data 
are compared to data from an NGR style survey (Oosta 
survey) located just south of the study area.(Cook and 
Jackaman, 1994a). Tatin Lake background values and the 
corresponding percentile value, based on the Oosta survey 
data, are shown in Table 4. Data are shown for only 5 trace 
elements because the others were either not available or were 
determined using partial extraction procedures. Table 4shows 
that the background variation between sites reflects a consid- 
erable range of values in the context of the Oosta survey. For 
example 5 pprn As from site 9302 corresponds to the 15th 
percentile value for the Oosta survey, whereas the 16 pprn 
value encountered at site 9301 corresponds to the 90th per- 
centile. Molybdenum levels at all three sites are highly 
anomalous compared to the regional survey results, likely 
reflecting the presence of the Ken Mo-Cu occurrence just 
north of Tatin Lake (Fig. 2). 

The variation in background trace element concentration 
between sites is generally considerably greater than the 
vertical variation. Table 5 shows that for all trace elements 
determined at Tatin Lake, except Hg, the range of values 
between sites (lateral variation) is greater, and often consid- 
erably so, than the range of values in the sediment column at 
a particular site (vertical variation calculated as the difference 
between surface sediment and background compositions). 
Therefore for Tatin Lake, because of the limnological differ- 
ences, the selection of an NGR sample location would have a 
greater impact in terms of sample composition than the 
sample depth within the sediment column. Variation related 
to a grab sample inadvertently including surface sediment, 
would not be as significant as chemical variation between the 
sub-basins (Table 5). 

The Tatin Lake data clearly show that variations in lim- 
nological conditions can affect the concentration of elements 
in lake sediments. It follows that limnological classification 
of the sub-basins where NGR samples were collected could 
be a useful variable for interpreting the lake sediment geo- 
chemistry. Lake classification systems are often based on the 
distribution of temperature and oxygen in the water column. 
Lakes with frequent or continuous mixing of the entire water 
column, without temperature stratification, are referred to as 

Table 5. Ranges of within site (vertical) and between site (lateral) variations. 
-- 

As Co Cr Cu Hg Mo Ni Sr V Zn 
pprn pprn ppm ppm ppb pprn pprn ppm pprn ppm 

W i t h i n s i t e F  4 o 9 11 6 8 6  6 27 26 16 
range 1 1 5 1 4 4 2 1 1 4 1 9  

9 3 0 3 1  0 3 5 5 2 2  4 4 6 6 

Between site 11 5 20 13 34 13 6 108 28 51 
range 



Current ResearchIRecherches en cours 1995-E 

polymictic lakes Dimictic lakes are characterized by a signifi- 
cant temperature stratification during the summer with free 
vertical mixing in spring and fall. Dimictic lakes can be 
further subdivided based on trophic state. Eutrophic lakes are 
nutrient rich lakes whose bottom waters are almost com- 
pletely depleted in oxygen. Oligotrophic lakes are charac- 
terized by nutrient poor waters with relatively constant 
oxygen content with depth, and are generally larger and 
deeper than eutrophic lakes. Mesotrophic lakes are interme- 
diate between the eutrophic and oligotrophic end-members. 

Definition of the trophic state can be made on a number 
criteria including shape of the oxygen profile, nutrient con- 
centrations, various measures of biomass or production. 
Unfortunately there is often no clear distinction based on a 
particular criterion and a lake may be oligotrophic by one 
criterion and eutrophic by another (Carlson, 1977). Earle 
(1993) classified the trophic status of lakes in the Nechako 
region of central British Columbia based on the ratio of 
bottom water to surface water oxygen levels (expressed as a 
percentage). Lakes with ratios less than 25% were classed as 
eutrophic, between 25% and 75% mesotrophic, and lakes with 
ratios greater than 75% were classed as oligotrophic. Using 
the oxygen profile data from site 9301 (bottom to top ratio: 
57%), which is from the main basin, and the classification 
used by Earle (1993), Tatin lake is classified as mesotrophic 
(Fig. 3). Using available Ministry of Natural resources data 
Earle defined the lake as oligotrophic. This is based on top 
and bottom dissolved oxygen measurements of 9 and 8 ppm 
(ratio 89%). Regardless of which is correct, the classification 
of Tatin and other lakes based on data collected in only one 
or two parts of the lake may be misleading when extrapolated 
to other regions of the lake, particularly multi-basined lakes. 
Oxygen profile data from the far eastern basin (Fig. 3) indicate 
that this sub-basin is distinctly eutrophic. 

This serves to illustrate the difficulties in using existing 
data on the trophic status of lakes to evaluate lake sediment 
geochemical data. What is required is not a classification of 
the lake from which a sample is collected but rather a classi- 
fication of the depositional environment of each sample site. 
There are over 100 000 lake sediment samples taken across 
Canada as part of the NGR program. It is not feasible to return 
to each site and collect information such as oxygen profiles 
to determine the depositional environment. However there are 
considerable trace and major element data as well as unused 
pulps for all samples. With these it may be possible to recon- 
struct and classify the depositional environment using chemi- 
cal (cf. Timperley and Allan, 1974; Hoffman and Fletcher, 
1981; Earle, 1993) andor mineralogical criteria (cf. Berner, 
1981). 

anoxic sub-basin and two other sites where the hypolimnion 
is relatively oxygenated. The greatest differences occur with 
Fe and Mn. Sediments deposited in the relatively oxidizing 
environments have significant enrichments of Fe and Mn in 
the surface sediments due to diagenetic cycling. Trends in As, 
Co, and Ni are similar to Fe and Mn, suggesting vertical 
co-migration and enrichment of these elements during 
diagenesis. Concentrations of Cu, Cr, Mo, Sr, V, and Zn are 
not significantly different in the surface sediments compared 
to the background sediments indicating they have not been 
affected by post depositional migration. There are however 
significant differences in the background concentrations in 
most trace elements some of which possibly related to 
limnological factors other than post-depositional cycling. 

It is evident that incorporating a limnological variable, 
would be useful in interpreting lake sediment data. However, 
lake classification schemes are commonly ambiguous and may 
not reflect conditions throughout a lake, particularly a multi- 
basined lake. To assist in the interpretation of NGR lake 
sediment data what is required is not the classification of the 
lake from which the sample was taken but rather a classifica- 
tion of the depositional environment of each site. There are 
considerable elemental data and unused pulps for each NGR 
sample and using these it may be possible to reconstruct and 
classify, based on chemical andor mineralogical criteria, the 
depositional environment from which the sample was taken. 
A predictive model that incorporates a limnological factor may 
more clearly defme trends and identify individual anomalies 
that are otherwise obscured because of combining data from 
different depositional environments. This would be particu- 
larly important for elements, shown to be particularly sensitive 
to changing limnological conditions, e.g. As, Co, and Ni . 

Lake sediment data, primarily from cores, are widely used 
to monitor the effects of anthropogenic pollution. However, 
often these studies have only data for the trace elements being 
evaluated. As shown by the Tatin Lake data this could lead to 
erroneous interpretations. For example without major ele- 
ment data, such as Al, Fe and Mn, it would not be possible to 
determine whether compositional changes were related to any 
of a number of factors including post depositional migration, 
dilution effects and/or changes in metal loading. Limnological 
information would also be useful in determining the signifi- 
cance of observed variations in lake sediment profiles. 
Therefore any interpretation of trace element data from lake 
cores needs to be done in the context of a comprehensive 
framework of major element and limnological data. 
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Site response modelling of the Fraser River delta, 
British Columbia: preliminary results from two 
deep boreholes 
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GSC Victoria, Vancouver 

Harris, J.B., Hunter, J.A., Luternauer, J.L., and Finn, W.D.L., 1995: Site response modelling of 
the Fraser River delta, British Columbia: preliminary resultsfrom two deep boreholes; & Current 
Research 1995-E; Geological Survey of Canada, p. 69-75. 

Abstract: Preliminary one-dimensional dynamic analysis of two sites in the Fraser River delta using site 
models based on newly acquired geological and geophysical data, suggests that the response of the delta to 
earthquake loading can be significantly different than existing site models predict. Because the Quaternary 
sequence in the delta area is interpreted to be thicker than previously estimated, our models show that there 
is likely to be considerable long-period response (3.5 to 5.0 s). The presence of significant long-period 
ground motions has important implications for the stability of large structures on the delta (i.e. bridges, tall 
buildings, industrial facilities, pipelines) and, coupled with the complex geology of the delta area, suggests 
that multi-dimensional effects and surface-wave propagation are likely contributors to the seismic response 
of the delta. 

R6sum6: Selon une analyse dynamique unidimensionnelle provisoire de deux sites situtes dans le delta 
du fleuve Fraser dans laquelle on utilise des modtles de sites basts sur des donntes gtologiques et 
gtophysiques rtcentes, la rtponse du delta B une charge stismique peut significativement difftrer des 
prtvisions obtenues par les modhles de sites actuels. Etant dome que la sequence quaternaire reposant dans 
la delta est BvaluCe plus puissante que prtvu, nos modkles montrent que la rCponse de longue ptriode est 
considtrable (entre 3,5 et 5,O s). La prtsence de dtplacements de terrain significatifs de longue ptriode a 
des rtpercussions importantes sur le stabilitk des grands ouvrages dans le delta (c'est-&-dire ponts, 
immeubles Clevts, installations industrielles, pipelines) et, compte tenu de la gtologie complexe du delta, 
on peut supposer que les effets multidimensionnels et la propagation des ondes de surface contribuent A la 
rtponse sCismique du delta. 

Terrain Sciences Division 
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INTRODUCTION GEOLOGICAL SETTING 

Regions underlain by thick deposits of unconsolidated sedi- 
ments, such as the Fraser River delta in southwestern British 
Columbia, are known to experience greater levels of earth- 
quake damage due to amplification of seismic waves. The 
delta's architecture, its location within the most seismically 
active region in Canada, and the rapid growth of communities 
situated on the delta have raised concerns about the area's 
seismic vulnerability. 

As part of a continuing effort to identify and help assess 
earthquake hazards of the Fraser delta, the Geological Survey 
of Canada (GSC) has initiated a project to model the response 
of the thick sediment deposits to earthquake ground motions. 
In the spring of 1994, scientists from the GSC and several 
Canadian universities completed two 300-m-deep geotechni- 
cal boreholes in the northern part of the Fraser River delta. 
The purpose of the work was to characterize the geology of 
the delta at two sites with contrasting geological settings 
(Dallimore et al., 1995), and provide in situ geological, geo- 
physical, and geotechnical measurements of sediment prop- 
erties at depths that had not previously been sampled. These 
new data can be used in more accurate dynamic modelling of 
the response of the thick sediments associated with the Fraser 
River delta to earthquake loading. This paper discusses pre- 
liminary one-dimensional site response modelling based on 
geological models constructed using these new data, and 
compares the results with the response of previously existing 
geotechnical models of the delta. The results demonstrate the 
importance of accurate geological characterization in site 
response modelling. 

54HWO 

5447000 

CITY OF RICHMOND 

5439000 

5435000 

5431000 

484000 488000 49x00 496000 500000 504000 508000 

Figure 1. Map of the Fraser River delta showing the 
locations of boreholes FD94-3 and FD94-4 in eastern 
Richmond. The axes are in UTM co-ordinates. 

The Fraser River delta, western Canada's largest, is composed 
of a thick sequence of unconsolidated sands and silts under- 
lain by nonlithified glaciallinterglacial sediments (Luternauer 
et al., 1994). The Quaternary deposits lie unconformably on 
a Tertiary bedrock with high relief: depth to bedrock ranges 
from hundreds of metres to more than 1000 m (Britton et al., 
1995). Figure 1 shows the configuration of the Fraser River 
delta, and the locations of the two deep boreholes that were 
drilled by the GSC (Dallimore et al., 1995). 

In borehole FD94-3, the Holocene-aged deltaic sequence 
is 19 m thick and is underlain by Pleistocene sands and clays. 
In contrast, the Holocene/Pleistocene boundary in borehole 
FD94-4 occurs at a depth of 240 m and is marked by a firm 
glacial till (no till was found in borehole FD94-3). Tertiary 
bedrock was not encountered in either borehole, a surprising 
result given previous estimates of depth to bedrock (Byme 
and Anderson, 1987; Finn and Nichols, 1988; Lo eta]., 1991; 
Sy et al., 1991). 

SITE RESPONSE MODELLING 

Computer modelling programs have been developed for site- 
response analysis of the sediment column on bedrock ground 
motions. The most widely used program is SHAKE (Schnabel 
et al., 1972), a one-dimensional site-response modelling 
routine designed to propagate vertically incident shear-waves 
from bedrock through a column of horizontally layered soil 
horizons. The key parameter in determining the dynamic 
response of a site to seismic loading is the low-strain shear 
modulus (Gmax) of the individual layers making up the soil 
column. Gmax can be calculated as the product of the soil 
layer's shear-wave (S-wave) velocity squared times its mass 
density. Other necessary parameters include layer thicknesses 
and estimates of the strain-dependant response of shear 
modulus and damping. 

QUATERNARY THICKNESS (rn) 

Figure 2. Histogram showing the distribution of Quaternary 
thicknesses in the delta area interpreted from seismic 
reflection data (182 observations). 
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Shear- wave velocities 

Detailed downhole S-wave surveys were completed in bore- 
holes FD94-3 and FD94-4 (Dallimore et al., 1995) with 
good-quality S-wave velocity measurements to a depth of 
300 m at each site. Because Tertiary strata were not encoun- 
tered in either borehole, depths to bedrock were estimated 
from industry seismic reflection data (Britton et al., 1995). 
Based on this newly available data set, Quaternary sediments 
are interpreted to be significantly thicker than have been 
previously considered in site response modelling of the Fraser 
delta area (Fig. 2). In an effort to assess S-wave velocities of 
the entire post-Tertiary sequence, an S-wave velocity estima- 
tion routine was established using the combined S-wave and 
compressional-wave (P-wave) velocity data that were 
recorded in boreholes FD94-3 and FD94-4 (Dallimore et al., 
1995) and P-wave interval velocities that were available from 
the industry seismic reflection data (Hunter et al., in prep.). 
PIS velocity ratios were plotted against P-wave velocity for 
boreholes FD94-3 and FD94-4 (Fig. 3), and 182 individual 
"P-wave velocity panels" on 126 line-km of industry seismic 
reflection.data (Fig. 4) were analyzed and converted to S-wave 
velocity using the relationship shown (4th-order polynomial 
fit). Because no S-wave velocity data were available for the 
Tertiary section, the last point on the curve was fixed using 
S-wave velocities from Tertiary rocks in the North Sea area 

(Reilly, 1994) that are similar to those that lie beneath the 
Fraser delta. Although there is significant scatter in the data 
in Figure 3, we believe that in the absence of any deep S-wave 
velocity information the relationship shown represents a 
reasonable estimate of the range of S-wave velocities likely 
to be encountered in Quaternary sediments beneath the delta, 
and is certainly more accurate than estimates currently being 
used by the geotechnical community. Figure 5 summarizes 
the range of S-wave velocities calculated using our estimation 
procedure. 

Site models 

Shear-wave velocity data (above) and density measurements 
from Dallimore et al. (1995) were used to calculate the 
variation in G,,, versus depth for FD94-3 and FD94-4 
(Fig. 6). Based on a new map of theTertiary (bedrock) surface 
(Britton et al., 1995), the Quaternary section was estimated to 
be 495 m thick at FD94-3 and 700 m thick at FD94-4. Figure 6 
also shows G,,, versus depth for five "typical" models of the 
delta that have been published in the geotechnical literature 
(Byme and Anderson, 1987; Finn and Nichols, 1988; Lo et al., 
1991; Sy et al., 1991) and widely used in site response 
modelling for the delta. These models have been based pri- 
marily on shallow borehole information; in general using 

COMBINED DATA FROM FD94-3 & FD94-4 

PIS RATIO=I 92.23-0.33823V +2.2507E-004V 
P P 

-6.5883E-008V 3 + 7 . ~  462~-012V 
1 .oo P P 

I STANDARD DEVIATION (68% conf. limits)= +I- 0.446 

P-WAVE VELOCITY (mls) 
Figure 3. Plot of PIS ratio versus P-wave velocity from measurements made in boreholes FD94-3 and FD94-4. 
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Figure 4. Locations of industry seismic reflection profiles 
(solid lines) and distribution of velocity analyses (open 
circles) usedfor this study. The axes are in UTM co-ordinates. 

poorly supported estimates of geological conditions and 
geotechnical parameters below 100 m. However, when exam- 
ined collectively the models shown in Figure 6 are an indica- 
tion of the variability in site conditions that might be expected 
throughout the delta. 

PRELIMINARY OBSERVATIONS 

In a very preliminary site amplification analysis, two earth- 
quake acceleration time-histories were propagated through 
the seven site models (FD94-3, FD94-4, and the five existing 
delta models) using WESHAKE (Sykora et al., 1991), an 
updated version of SHAKE (Schnabel et al., 1972) designed 
to run on personal computers. Acceleration records used were 
Castaic 021" (1971 San Fernando earthquake) and CUIP 
270" (1985 Michoacan earthquake). The Castaic record 
(epicentral distance =30 km) was scaled to a peak acceleration 
of 0.21 g and the CUIP record (epicentral distance =375 km) 
was scaled to a peak acceleration of 0.035 g. The earthquake 
records and scaled acceleration values are consistent with 
those used in previous ground motion amplification studies 
of the Fraser delta (Byrne and Anderson, 1987; Finn and 
Nichols, 1988; Lo et al., 1991; Sy et al., 1991) and simulate 
seismic events [local (Castaic) and subduction zone (CUIP)] 
of primary concern to the Fraser delta area (Rogers, 1994). 
The modulus reduction and damping curves used in the site 
amplification analysis were from Sy et al. (1991). 

In order to evaluate amplification as a function of period, 
spectral ratios (5% damped acceleration response spectra at 
the surface divided by 5% damped acceleration response 

spectra at bedrock) were calculated for each of the seven site 
models using both acceleration records. Figures 7 and 8 show 
spectral acceleration ratios of FD94-3, FD94-4, and the aver- 
age of the five existing delta models for the Castaic 021" and 
CUIP 270" records, respectively. Spectral ratio peaks (site 
periods) for the average of the five existing delta models occur 
at periods shorter than 3.0 s (peak ratio of approximately 4), 
while site periods for FD94-3 and FD94-4 show significantly 
higher long-period response (peak ratios approaching 6 for 
periods longer than 3.5 s). Predominant site periods of 3.5 to 
4.0 s are seen at FD94-3, and FD94-4 has a predominant site 
period of 4.5 s. 

DISCUSSION AND RECOMMENDATIONS 

New borehole information from the Fraser delta (Dallimore 
et al., 1995) shows that no bedrock was encountered in two 
300-m-deep boreholes and a new map of the Tertiary (bed- 
rock) surface beneath the delta (Britton et al., 1995) shows 
the bedrock surface to be in the order of two times deeper (on 
average) than has been previously modelled for geotechnical 
purposes. Preliminary ground motion amplification analysis 
using geotechnical site models based on this new geological 
and geophysical information suggests that significantly 
longer-period (3.5 s to 5.0 s) site response is likely for the 
Fraser delta. Existing geotechnical models of the delta (Byme 
and Anderson, 1987; Finn and Nichols, 1988; Lo et al., 1991 ; 
Sy et al., 1991) do not predict this long-period response. 
Figure 9 shows the distribution of fundamental site periods 
calculated using the Quaternary thickness and S-wave veloc- 
ity data presented in Figures 2 and 5. The figure shows the 
majority of fundamental site periods to be in the 4.0 s to 5.0 s 
range which is consistent with those seen on the spectral ratio 
plots for sites FD94-3 and FD94-4 (Fig. 7, 8). Not only does 
this long-period amplification potential have significant 
implications on the response of large structures (i.e. bridges, 
tall buildings, industrial facilities, pipelines) to earthquake 
ground motions, but it also calls into question the applicability 

100 200 300 400 500 600 700 800 960 

AVERAGE SHEAR WAVE VELOCITY (mls) 

Figure 5. Histogram showing the distribution of Quaternary 
shear-wave velocities in the Fraser delta estimatedfrom the 
velocity relationship shown in Figure 3 (1 82 observations). 
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of one-dimensional site response analysis (e.g. SHAKE mod- reported that "... the bulk of seismological evidence indicates 
elling) for the Fraser delta. Sykora et al. (1991, p. 18) stated that it is quite common for surface waves to be generated at 
" ... for periods greater than 4 sec, motions are likely to be the edges of alluvial basins and propagate in the basins." 

- . -  

significantly affected by two-dimensional effects and surface 
wave energy and are not well represented with SHAKE." The Although there are still many unresolved questions 

map of the bedrock surface (Britton et al., 1995) shows regarding the geology (e.g. the geometry and composition of 

numerous structures that are likely to produce two- and three- the Pleistocene sequence) and seismic vulnerability (e.g. lack 

dimensional effects such as trapping and focusing of seismic of strong-motion recordings) of the Fraser River delta, our 

energy. In addition, the uplands surrounding the delta picture of the delta and its potential seismic hazards is getting 

(Vancouver to the north, Surrey to the east, and Tsawwassen/ clearer. With new information on the subsurface geological 

Point Roberts to the south) are likely boundaries for the structure and composition of the Fraser delta (Britton et al., 

conversion of body waves to surface waves which in turn 1995; Dallimore et al., 1995) available to the geotechnical 

would propagate through the delta. Spudich (1994, p. 13-9) 

Gmax (M Pa) 

Byrne and Anderson (1 987) 

Finn and Nichols (1 988) 

Sy et al. (1991) Site A 

Sy et al. (1991) Site B 

Sy et al. (1991) Site C 

Figure 6. Gmax (low-strain shear modulus) versus depth for boreholes FD94-3, FD94-4, andjive 
existing geotechnical models of the Fraser delta. 
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Figure 7. Spectral acceleration ratios for the models shown 
in Figure 6 using the Castaic 021 record. 
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Figure 8. Spectral acceleration ratios for the models shown 
in Figure 6 using the CUIP 270' record. 
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Figure 9. Histogram of fundamental site periods for the 
Fraser delta (182 observations). Calculations were made 
using the equation: T = 4hlVs, where T = period, h = 
Quaternary thickness (from Fig. 2) ,  and Vs = average 
Quaternary shear-wave velocity lfrom Fig. 5). 

community working in the delta area, up-to-date earthquake 
hazard analyses and innovative ground motion modelling 
studies are expected in the near future. 
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Borehole magnetic susceptibility measurements in 
unconsolidated overburden of the Fraser River 
delta, British Columbia 

J.A. Hunter, R.A. Burns, R.L. Good, Yuchun Wangl, and M.E. ~ v a n s '  
Terrain Sciences Division 

Hunter, J.A., Burns, R.A., Good, R.L., Wang, Y., and Evans, M.E., 1995: Borehole magnetic 
susceptibility measurements in unconsolidated overburden of the Fraser River delta, British 
Columbia; & Current Research 1995-E; Geological Survey of Canada, p. 77-82. 

Abstract: Borehole magnetic susceptibility logging has been performed in four boreholes in the Fraser 
River delta. Good correlation was obtained between laboratory samples and in situ logging. The results 
suggest that the borehole magnetic susceptibility sonde can be utilized for lithological studies in overburden 
in this area. As well, there appears to be a significant difference in magnetic susceptibility between Holocene 
and Pleistocene materials, which suggests that such measurements may be useful in determining such a 
geological time boundary within the unconsolidated sediments of the delta area. 

Resume : Dans le delta du fleuve Fraser, on a effectut des diagraphies de la susceptibilitt magnttique 
dans quatre trous de sondage. On a obtenu une bonne corrtlation entre les Cchantillons de laboratoire et les 
diagraphies in situ. Les rtsultats indiquent que la sonde de susceptibilitt magnttique peut Ctre utiliste dans 
les ttudes lithologiques des morts-terrains de cette rtgion. De plus, il semble qu'il existe un difftrence 
importante de la susceptibilitt magnttique entre les mattriaux holocknes et plCistoc&nes, ce qui laisse 
supposer que ces mesures peuvent &tre utiles pour dtterminer une telle limite gCochronologique dans les 
stdiments non consolidts de la zone deltdique. 

' Institute of Geophysics, Meteorology, and Space Physics, University of Alberta, Edmonton, Alberta 
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INTRODUCTION 

The magnetic susceptibility of a material is the degree to 
which it can be magnetized in the presence of an applied 
magnetic field; hence it is the ratio of the intensity of mag- 
netization divided by the magnetic field strength (Telford et 
al., 1976, p.107). 

The bulk magnetic susceptibilities of most unconsolidated 
sediments are relatively low, due to the absence of significant 
amounts of ferrimagnetic mineral grains. The most common 
minerals with significant grain magnetic susceptibility are the 
iron-titanium oxides; of these, magnitite has by far the highest 
susceptibility values (Lindsley et al., 1966). Hence, in 
Quaternary unconsolidated sediments, the measurement of 
the bulk magnetic susceptibility may effectively be a measure 
of the relative magnetite content. 

In the past few years, the GSC has drilled several bore- 
holes in the Fraser River delta area for geological and geo- 
physical studies related to earthquake hazards. Some of these 
holes encountered a variety of sediment types in terms of age, 
grain size, and depositional environment. These holes 
afforded an opportunity to measure in situ magnetic suscep- 
tibility to assess the applicability of such measurements to 
lithological definition. Laboratory determination of magnetic 
susceptibility was also carried out on core from some of the 
holes to allow a comparison with in situ measurements. The 
locations of the boreholes discussed herein are shown in 
Figure 1. 

Figure 1. Locations of GSC Fraser delta boreholes discussed 
in this paper. 

THE MAGNETIC SUSCEPTIBILITY 
LOGGING SYSTEM 

The logging system used in this study was built by Geonics 
Ltd of Mississauga, Ontario. The EM39S magnetic suscepti- 
bility borehole sonde is fashioned after the Geonics EM-39 
electrical conductivity sonde (Taylor et al., 1989) with iden- 
tical physical dimensions but with differing sonde electronics. 
It consists of a self-contained magnetic dipole receiver coil 
and associated electronics that measure the inphase compo- 
nent of the secondary field response from the surrounding 
media, excited by the magnetic dipole receiver separated 
50 cm from the receiver sensor. The inphase component of 
the secondary field, under the low induction number condi- 
tion, is linearly proportional to the formation magnetic sus- 
ceptibility. The EM39S probe does not include a focussing 
coil as used in the conductivity probe to reduce effects of 
borehole fluid and removal of the primary field, including the 
inphase component of the secondary field. 

The data acquisition system used was that of the EM-39 
conductivity logging unit with slight modifications of the 
electronics to accommodate calibration and acquisition of the 
magnetic susceptibility data. 

Since large differences in magnetic susceptibility can be 
expected between soils and rocks, the data are recorded in two 
channels over two ranges: 0-30 x l o 3  S.I., and 0-300 x 
S.I. with 14-bit digital resolution. 

BOREHOLE MEASUREMENTS 

Boreholes FD94-3 and Fd94-4, both drilled to 300 m depth, 
offered an excellent opportunity to test the system in differing 
Quaternary sediments and, since laboratory measurements of 
magnetic susceptibility were available from the core, to test 
the calibration of the system. The laboratory measurements 
were done on whole roundcore samples with a Barinton 
MS2C sensor system. Detailed geological, geophysical, and 
geotechnical information on these two boreholes are given by 
Dallimore et al. (1995). 

The magnetic susceptibility results from in situ logging at 
0.05 m intervals in FD94-3, is shown in Figure 2, along with 
the laboratory results and the generalized geology. The upper 
limit of logging data is defined by the base of the steel casing 
in the hole, since this equipment can only be run in open-hole 
or plastic-cased-hole conditions. 

The general magnetic susceptibility response correlates 
extremely well with the lithological variations of FD94-3. 
Radiocarbon dates obtained from shell material from these 
units (Dallimore et al., 1995) would suggest that they are of 
Pleistocene age. The upper sand units have an average sus- 
ceptibility of approximately 4-5 ppt, whereas some of the 
lower sand units reach values of 30-40 ppt, with the average 
in the 8 to 12 ppt range. The clayey silt units in the range of 
150-1 80 m depth as well as in the range of 235-245 m depth 
have values that are close to zero (the zero calibration was 
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done on site to an accuracy of approximately k0.1 ppt S.I.). 
Hence it is probable that the fine grained units contain little 
or no magnetite. 

The in situ magnetic susceptibility results from borehole 
FD94-4 are shown in Figure 3, along with the laboratory 
measurements and the generalized geology. Radiocarbon 
dates from this hole (Dallimore et al., 1995) would suggest 
the boundary between Holocene and Pleistocene sediments 
as shown. Within the inferred Holocene sediments, despite 
some variations in grain size, the magnetic susceptibility 
values are uniformly low and are in the range of 1-2 x 1 o - ~  
S.I.. From experience gained from measurements in several 
other Fraser Delta boreholes within Holocene sediments of 
variable grain size, this appears to be a diagnostic charac- 
terisitc. A large change in magnetic susceptibility can be seen 
to be associated with the inferred top of the Pleistocene 
sediments at approximately 236 m depth. In general, the 
magnetic susceptibility readings within the Pleistocene mate- 
rials of both boreholes FD94-3 and FD94-4 are relatively high 
compared to those of Holocene sediments, and may reflect a 
higher magnetite content. 

Although the magnetic susceptibility sonde was cali- 
brated by the manufacturer using the GSC borehole calibra- 
tion facilities in Ottawa (Bristow and Bernius, 1984), it is 
interesting to compare the in situ and laboratory results in the 
two boreholes. The correlation between the two sets of 

measurements is shown in Figure 4 along with the least 
squares linear fit. Although the bulk of the data is in the very 
low value range ( 4 0  x 1 0 - ~  S.I.) there appears to be a 1 to 1 
relationship between the two data sets. 

EXAMPLES OF APPLICATIONS 

Borehole FD95S-1 was drilled by GSC for geotechnical and 
geological studies on the outer edge of the Roberts Bank 
Superport Facility (H. Christian, GSC Halifax, pers. comm.). 
The magnetic susceptibility log obtained in the hole, along 
with the generalized geology, are shown in Figure 5. Both the 
upper and lower sediments have a predominant coarse frac- 
tion (including the diamictons), yet, a distinct change in 
magnetic susceptibility is associated with the tentatively in- 
terpreted Holocene-Pleistocene boundary (H. Christian, GSC 
Halifax, pers. comm., 1995). The detailed mineralogy of the 
sediment column is not known at this time; however, it is 
suggested that increased abundance of magnetite within 
coarse grained Pleistocene sediments may be largely respon- 
sible for the magnetic susceptibility values. 

Some years ago, borehole FD86-5 was drilled by GSC for 
geological studies (Clague et al., 1991) and was subsequently 
utilized for geophysical studies related to earthquake hazards. 
In particular, downhole shear wave velocities were obtained 

MAGNETIC SUSCEPTIBILITY ( x 1 0 - ~  S.I.) 
FROM BOREHOLES FD94-3 & FD94-4 

0 / 

W 
15 

0 
I 
W 
rr 10 
0 
m 

5 
LEAST SQUARES SLOPE = 
1 STANDARD DEV. = 2.20 

0 

LABORATORY MEASUREMENTS 

Figure 4. Comparison of borehole and laboratory measurements of 
magnetic suceptibility obtainedffom two GSC Fraser delta boreholes. 
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which indicated anomalously high shear wave velocities 
within the basal Holocene sediments (Hunter et al., 1990). 
With lack of chronostratigraphy, there has always been an 
element of doubt ininterpretation of the top of Pleistocene 
sediments at approximately 50 m depth in this particular hole 
(J. Lutemauer, GSC, Victoria, pers. comm., 1995) since the 
top of the Pleistocene is not def ied by a diamicton (the upper 
diamicton is at an approximate depth of 63 m). Figure 6 shows 
the in situ magnetic susceptibility measurements along with 
the generalized geology. Based on the previous experience on 
the magnetic susceptibility characteristics of the interpreted 
Holocene-Pleistocene boundary as discussed above, it is sug- 
gested that this boundary is probably at an approximate depth 
of 34 m in the hole. With this interpretation, the high shear 
wave.velocities below this depth (Hunter et al., 1990) can be 
associated with Pleistocene age sediments, thus resolving a 
puzzling anomaly in earthquake hazard-related shear wave 
studies in the delta. 

SUMMARY 

Borehole magnetic susceptibility surveys have been con- 
ducted in the Fraser River Delta of British Columbia. Values 
of magnetic susceptibility of sediments are relatively low, but 
tend to reflect the lithology and probably mineralogy of the 
sediments. Because of a suggested difference in magnetite 
content between Holocene and Pleistocene sediments, this 
technique may possibly be used as an indicator of the 
Holocene-Pleistocene boundary in this geological  

environment. Future studies of the mineralogy of the bore- 
holes discussed above are required before any firm conclu- 
sions can be reached. 
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The bedrock surface beneath the Fraser River delta 
in British Columbia based on seismic measurements 

J.R. ~ri t ton ' ,  J.B. Harris, J.A. Hunter, and J.L. ~uternauer~ 
Terrain Sciences Division 

Britton, J.R., Harris, J.B., Hunter, J.A., and Luternauer, J.L., 1995: The bedrock surface beneath 
the Fraser River delta in British Columbia based on seismic measurements; Current Research 
1995-E; Geological Survey of Canada, p. 83-89. 

Abstract: Common depth point seismic data, collected as part of a hydrocarbon exploration program in 
the Fraser River delta has been interpreted to map the depth to bedrock, which coincides with the 
Pleistocene-Tertiary unconformity. A structure map of the surface shows northwest-trending highs and 
lows, ranging in depth from 200 to 1000 m. The development of a bedrock map forms a key component of 
the geological and geophysical framework relevant to geotechnical investigations focussing on the ground 
response to earthquake shaking. 

R6sum6 : Pour cartographier la profondeur du substratum rocheux, qui co'lncide avec la discordance 
pltistoc2ne-tertiaire, on a interprttt les donn6es sismiques de point-miroir commun dans le cadre d'un 
programme d'exploration des hydrocarbures dans le delta du fleuve Fraser. Une carte structurale de la 
surface montre des crCtes et des creux A direction nord-ouest, variant de 200 h 1 000 m de profondeur. La 
cartographie du substratum rocheux constitue une composante clC du cadre gtologique et gtophysique 
nCcessaire aux analyses gtotechniques portant sur la rCponse du sol aux secousses stismiques. 

Dynamic Oil Ltd., Vancouver 
Cordilleran Division, GSC, Vancouver 
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INTRODUCTION 

The Fraser River delta is one of the most rapidly developing 
urban areas of Canada in the most seismically active region 
in Canada. To assess the impact of earthquakes on ground 
conditions, geotechnical studies require detailed knowledge 
of the geological materials and their structure from ground 
surface down to, and including the top of competent bedrock. 

Although the geological and geotechnical properties of 
the near-surface are becoming well known, information about 
the unconsolidated overburden and bedrock at depth in the 
delta is relatively sparse. Although several gas exploration 
wells have been drilled in the area during the last century, 
most have been relatively shallow, and data on the depth to 
bedrock are known for only three of these. 

This paper presents an interpretation of the bedrock topog- 
raphy beneath the Fraser River delta, from an analysis of 
conventional seismic data acquired by Dynamic Oil Ltd. of 
Vancouver. 

GEOLOGICAL OVERVIEW 

A brief description of the surface and subsurface geology of 
the Fraser River delta region can be obtained from excellent 
reviews by Monger and Journeay (1994), Mustard (1994), 
Mustard and Rouse (1994), Clague (1994), Luternauer et al. 
(1994), Monger et al. (in press), and Mustard et al. (in press). 
The older basement in the area consists mainly of Mesozoic 
volcanic and sedimentary rocks and ganitic intrusions. 
Upper Cretaceous and Tertiary strata overlying these rocks 
were deposited within the Georgia BasinIDepression, the 
main depocentre in southwestern British Columbia into 
which the Fraser River delta is now prograding. The com- 
bined sequence of crystalline and sedimentary rocks were 
folded, faulted, and tilted during a period of major deforrna- 
tion occurring mainly during Eocene time. Geophysical sur- 
veys and physiographic lineaments within the Fraser 
Lowland suggest northeast-trending faults were active 
between 25 and 14 Ma ago, and possibly later. Regional 
topography, with well-defined northeasterly and northwest- 
erly trends, was controlled by such tectonics as well as 
Neogene and Quaternary uplift and Pleistocene glacial and 
fluvial erosion. Locally variable Pleistocene glacial and inter- 
glacial sediments accumulated on eroded bedrock surfaces 
and were subsequently buried by Holocene Fraser River delta 
sediments which are documented to be as thick as 236 m 
(Dallimore et al., 1995) in places. 

In the Fraser River delta, multichannel seismic surveys, 
using "common depth point" (CDP) techniques and environ- 
mentally benign multi-vibrator energy sources were con- 
ducted between 1977 and 1989. Within our area of concern, 
approximately 126 line-kilometres were obtained. The loca- 
tion of the seismic lines are shown in Figure l .  

The seismic field geometry of sources and geophones 
were designed to image structure within the Tertiary bedrock 
to a depth of several kilometres with a high signal-to-noise 
ratio. Hence, a typical survey geometry consisted of 120 
channels of seismic traces per "shot", 9 equi-spaced geo- 
phones per group (or channel) and a group spacing of 17 m. 
Energy source spacings were arranged along the seismic lines 
to obtain 120-fold data (the number of summed or "stacked" 
traces per computer processed output trace using CDP analy- 
sis techniques). 

In general, the seismic section quality is good, and struc- 
tures within the bedrock are well-defined. As well, due to the 
large thickness of unconsolidated overburden in the delta, the 
overburden-bedrock boundary can be interpreted reliably in 
most of the sections. Figure 2 shows the upper portion of a 
seismic section down to, and including the top of bedrock 
obtained in the Boundary Bay area of the delta. 

Because of the long spread lengths in the field seismic 
array, reflections from geological contacts within the over- 
burden are often poorly delineated. This results from a 
decreased "fold" or stack since only the near-offset geophone 

ROBERTS BAN BOUNDARY BAY 

THE SEISMIC DATABASE 

Over the past several years, Dynamic Oil Ltd. of Vancouver 
has acquired an extensive data bank of seismic reflection 
sections, as part of an on-going hydrocarbon exploration o Velocity Analysis Locations Seismic line 

program in the lower mainland. This information was 
obtained using the current state-of-the-art geophysical sur- Figure I .  Location map of seismic lines and velocity panels 
veying technology. in the Fraser River delta study area. 
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Figure 2. The upper portion of Dynamic Oil Ltd. seismic line 87-103 in the area of Boundary Bay showing 
the angular unconformity between Pleistocene and Tertiary sediments. Over 300 m of relief are interpreted 
along a horizontal distance of 4400 m. 

groups can be utilized in processing for shallow reflections. 
Infra-overburden reflections can only be continuously and VELOCITY (m/s) 
reliably observed in some areas of the delta where strong 
velocity contrasts are associated with major geological o 1000 2000 3000 4000 
contacts. 1 1 ~ ~ ~ 1 ~ 1 ~ ~ ~ ~ ~ ~ ~ 1 1 1 1 1 1 1 1 1 1  

To obtain proper input parameters for computer process- 
ing and to obtain two-way reflection travel-time to depth 
conversion for interpretation, velocity analyses were carried 
out at regular intervals along a seismic line (at approximately 
500 to 1500 m spacings - see Fig. 1). These resulting "veloc- 
ity panels" give the average compressional wave velocity 
from ground surface to a reflecting horizon at depth ("root- 
mean-square" or V,,). An example of a velocity panel is 
shown in Figure 3. Using established methodology (Dix, 
1955), this information can be used to compute the average 
compressional wave velocities between reflecting horizons 
known as the "interval velocity" (Vh,). As well, the thickness 
of the "velocity layers" can also be calculated. 

I 

I 

I 
L... --. 

---? 

contoured as shown in Figure 4. 
Figure 3. An example of a "velocity panel" showing RMS 

To obtain a generalized travel-timeldepth conversion velocity interpretations from reflectors and the derived 
function, the travel-time and RMS velocity data for all veloc- interval velocities. High velocities below 900 ms indicate 
ity panels were compiled in one plot as shown in Figure 5. A Tertiary sediments. 
least-squares best-fit polynomial curve was calculated as 

/ 

BEDROCK DEPTH INTERPRETATION 
I 0 700+ 
3 

,.... 

i ('; 
TECHNIQUE t- 

800 4 
a.---, To obtain the two-way travel time to the top of the bedrock, I 

an interpretation of the reflection associated with the overbur- """ "RMS 900 - 
den-bedrock interface was performed by one of us (JRB) on 
all seismic sections at an approximate surface distance spac- 

------ .-.-.-.---............-.. 
"IN, : 

ing of 170 m (corresponding to every 10th geophone group 1000 

spacing). The travel-times were compiled in map form and STEVESTON AREA: LINE 89-09. VELOCITY PANEL #231 
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shown. From this curve, the two-way travel-timetdepth curve 
was calculated along with one standard deviation error limits 
as shown in Figure 6 .  The variation of the +/- one standard 
deviation (68% confidence limits) with depth is shown in 
Figure 7. 

Conversion of two-way travel-time to depth for the bed- 
rock surface was initially carried out using only the travel- 
time contour map, and was subsequently modified with the 
site-specific velocity panel information. The resulting depth 
map is shown in Figure 8. Solid contours in the vicinity of the 
seismic lines are used to indicate the confidence level of the 
interpretation. Dashed lines are used whenever long-range 
interpolation between lines was required and offer a largely 
speculative interpretation of the bedrock surface. 

PROMINENT FEATURES OF THE BEDROCK 
SURFACE TOPOGRAPHY 

From the contours shown in Figure 8, there appears to be a 
general northwest trend to the topographic highs and lows. 
Significant bedrock topographic highs occur in the eastern 
portion of the map, in the vicinity of Bums Bog, as well as on 
the eastern portion of Lulu Island. Prominent topographic 
lows are evident in the Boundary Bay area and on-strike from 
Ladner through to Steveston. See Figure 1 for place-name 
locations. 

- 0,7/ Two-way travel time (seconds) -- Seismic line 

Figure 4. Two-way reflection travel time interpretation to 
the top of Tertiary sediments from analyses of the seismic 
sections. 

The narrow trough in the bedrock surface in the vicinity 
of Boundary Bay reaches a maximum depth of 1052 m, as 
determined from a velocity panel interpretation. The width of 
the valley is approximately 3 km (to the 500 m depth contour). 
The trend of the valley towards the northwest is speculative, 
due to lack of coverage in the Bums Bog area, but the 
interpretation is guided by the line coverage in the vicinity of 
the main arm of the Fraser River. 

The broad northwest-trending trough in the Ladner- 
Steveston area is reasonably well-defined from seismic line 
coverage. The maximum depth to bedrock as determined 
from velocity panels is 890 m and is located on the seismic 
line in the Steveston area. Although no data are available 
farther to the northwest it is possible that this trend continues 
beneath the urbanized area of Richmond. 

The nature of the bedrock topographic high (reaching 
200 m depth) in the Bums Bog area is speculative, as only the 
southern edge is delineated from the seismic line coverage; 
however, the shape of the anomaly is constrained by a portion 
of one seismic line at the eastern boundary of the survey area, 
as well as more extensive line coverage which exists (but is 
not shown) immediately east of the survey area. 

The topographic high in the east-central portion of 
Lulu Island is well defined from the seismic line cover- 
age. Since this area was selected for a deep-drilling 

RMS VELOCITY (m/s) 

data pts 
68% conf. limits 

COMPOSITE O F  ALL VELOCITY P A N E L S  

Figure 5. A least-squares polynomialjit to the composite data 
from 182 velocity panels from all seismic lines. 
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DEPTH (m) location for overburden studies (Dallimore et al., 1995), fur- 
ther detailed high-resolution seismic surveys are currently 

200 =0° 400 500 '0° 800 looO loo being carried out by GSC which will contribute greater detail 
of the structure of the bedrock surface in this area in the near I future. 

The shape of the bedrock surface in the northern portion 
of the map area is speculative, since no seismic line coverage 
exists. Armstrong and Hiscock (1 976) indicated that Tertiary 
bedrock outcrops on the Pleistocene highlands north of the 
north arm of the Fraser River; the thickness of the Pleisto- 
cene sediments in that area is apparently poorly defined. 
However, Hunter et al. (1 992) indicated the presence of high 
shear wave velocities at shallow depths (<30 m) in this area 
which suggests that the 0 depth contour, as indicated, is 
probably a reasonable interpretation for geotechnical mod- 
elling. 

Perhaps another noteworthy trend of the topographic 
relief is the indication of relatively shallow bedrock depths 
seaward of Roberts Bank in the southeastern portion of the 
area. This trend is well defined by two seismic lines obtained 
along the two causeways extending across the intertidal 

'-\ .,., zone. 

For the purpose of providing an overview of bedrock 
goo depth variation within the Fraser River delta, a histogram of 

4th deg. Polynomial 
. . . . . . . . . . . . . . . 

bedrock depths obtained from the complete velocity panel 
+/- 68% conf. limits 

1000 
data is shown in Figure 9. The majority of computed bedrock 
de~ths  are in the 400-600 m range. Since there is no obvious 

bias to the distributioi of the seismic surveys, this 
Figure 6' rime-de~th conversion of the least-squares histogram is probably arepresentativeonefor theFraserRiver 
j t  shown in Figure 5. delta. 

DEPTH ERROR from the COMPOSITE Vrms vs TRAVEL TIME CURVE 
(+/- 1 standord error of estimate) 

90 , I 

Figure 7. 

The variation of statistical error with inter- 
preted depth for 68% confidence limitsfor the 
travel time-depth curve of Figure 6. 
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GEOLOGICAL CHARACTER OF THE indicate that, in the survey area, sediments underlying PIeis- 

BEDROCK SURFACE tocene deposits include conglomerates, sandstones, coals, 
and shales as young as late Miocene in age. The Pleistocene- 

As mentioned above, faulting, glacial and fluvial erosion as Tertiary angular unconformity therefore represents a deposi- 

well as uplift all contributed to the character of the present tional hiatus of approximately 6 Ma or more. Estimates of 

Tertiary bedrock surface and topography. Exploration wells sediment compactions based on analyses of geophysical well 
logs by Dynamic Oil Ltd. suggest that 1800-2400 m of late 
~ & i a r v  sediments were eroded from this region. Vertical 
relief 6 0 0  m across a 4400 m section displaied in Fig. 2) 
developed on the bedrock surface, is similar to that at the apex 
of the present delta between the Fraser River channel and 
adjacent uplands of New Westminster and Surrey. 

SUMMARY 

Approximately 126 line-km of conventional CDP multichan- 
nel seismic reflection data have been interpreted to identify 
the Pleistocene-Tertiary unconformity (bedrock surface-) 
beneath the Fraser River delta. ~ e ~ t h s ~ t o  this surface range 
between 200 and 1000 m, with an average bedrock depth in 
the range of 500 m. The northwest-trending topographic highs 
and lows dominate throughout the area. Although data cov- 
erage is missing in the urban areas of the city of Richmond, 
an apparent broad topographic low can be extrapolated 
beneath the city. In contrast, topographic highs can be inter- 
preted in the east-central portion of ~ u l u  1sl&d, as well as the 
eastern portion of Bums Bog. 

One of the major objectives of the GSC earthquake haz- 
ards program in the lower mainland is the establishment of 
the geological and geophysical framework relevant to 
geotechnical investigations. The interpretation offered here is - 700 Depth to bedrock (metres) Seismic line one of the basic building blocks for the framework. It is hoped 
that this information will be of use to the geotechnical com- 

Figure 8. Interpreted bedrock depth map of the survey area munity in modelling ground response to earthquake shaking. 

based on combined travel-time picks and velocity panel data. 

FRASER DELTA 

1 OVERBURDtN THICKNESSFS 
(1 82 observations) 

5 

0 lssl' 100 200 300 OVERBURDEN 400 500 
- 

600 700 800 900 1000 
THICKNESS (m) 

Figure 9. 

Histogram of Quaternary overburden thick- 
nessesfrom velocity panel and two-way travel 
time data. 
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Proboscidean tusk of Middle Wisconsinan age 
from sub-till gravel, near Turtle Mountain, 
southwestern Manitoba1 

R.J. Fulton 
Terrain Sciences Division 

Fulton, R.J., 1995: Proboscidean tusk ofMiddle Wisconsinan ageffom sub-till gravel, near Turtle 
Mountain, southwestern Manitoba; & Current Research 1995-E; Geological Survey of Canada, 
p. 91 -96. 

Abstract: An AMS radiocarbon age of 33 860 f 330 BP was obtained for a partial tusk from a gravel 
pit on the northern flanks of Turtle Mountain, southwestern Manitoba. The tusk was not collected in place 
but was removed from a pile of spoils. Gravel in the pit is capped by till which is overlain by glacial lake 
silt and sand. The gravel was interpreted as an ice advance glacial deposit because it grades into overlying 
till and bedding is locally faulted and disrupted. It was hoped the age of the tusk would correspond closely 
to the beginning of overriding of the area by the last ice sheet (Late Wisconsinan). Because the age obtained 
is about 10 000 years older than was expected, it appears the tusk may have been incorporated from older 
deposits, or may come from an unrecognized, Middle Wisconsinan-aged gravel which underlies the gravel 
exposed immediately below the till. 

RbumC : On a obtenu par spectromCtrie de masse par accCltrateur sur carbone radioactif un 2ge de 
33 860 f 330 B.P. pour une dCfense partielle provenant d'une gravikre sur les flancs nord du mont Turtle 
dans le sud-ouest du Manitoba. La dtfense n'a pas Ctt recueillie sur place mais dans un tas de deblais. Le 
gravier de la carribe est surmontC de till qui est ?i son tour recouvert de silt et de sable glaciolacustres. Le 
gravier est interprCtC comme un dCpbt d'avancke glaciaire ttant donne qu'il se transforme en till sus-jacent 
et que la stratification est localement faillCe et perturbte. On espCrait que 1'8ge de la defense correspondrait 
assez exactement au debut du recouvrement de la rtgion par la dernihe calotte glaciaire (Wisconsinien 
superieur). Puisque que l'fige obtenu est d'environ 10 000 ans plus ancien que prkvu, il semble que la dCfense 
a pu Ctre incorporee ii partir de dCp8ts plus anciens ou qu'elle proviendrait d'un gravier non reconnu du 
Wisconsinien moyen qui s'ttend sous le gravier expost immtdiatement sous le till. 

Contribution to the Southern Prairies NATMAP Project. 
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INTRODUCTION DISCOVERY 

A tusk fragment was discovered in 198 1, in a gravel pit on the 
northern margin of Turtle Mountain in southwestern 
Manitoba (Fig. 1). Turtle Mountain is an upland remnant of 
early Tertiary sediments which is overlain by hummocky 
glacial deposits. The discovery gravel pit lies at the southern 
edge of a topographic bench which skirts the northern margin 
of the upland. Reports of seven other ~ a n i t o b a l  discoveries 
of proboscidean remains have been made in the literature 
(4reported in Leith, 1949,2 reported in Young, 1966, and 1 by 
Nielsen et al., 1988). Most of the previous finds were from 
gravel pits which were probably in glacial fluvial deposits 
related to retreat of the last ice sheet; the molar reported in 
Nielsen et al. (1988) is an exception as it is thought to have 
come from either Early Wisconsinan (65-80 000 years ago) 
or Sangamonian (80-130 000 years ago) age deposits. Two of 
the previously found fossils were tusks and the remaining 5 
were teeth. Four of the teeth have been identified as 
Mammuthus primigenius (woolly mammoth) while the 
remaining one has been referred to by Young (1966) as 
" ~ a r e l e ~ h d s  j e f e r ~ o n i " ~ .  The tusks were not identified. 

L. Black discovered the tusk fragment in 198 1 while removing 
gravel from the municipal gravel pit on the land of J.S. Hammond 
(location: about 22 km southwest of Boissevaine, UTM zone 
14, E406500, N5439300, NW06-02-21 W1, Fig. 1). The tusk 
was not seen in place in the wall of the excavation but was 
found within an excavated pile of gravel lying about 6 m 
below the natural ground surface. Lany Black had no doubts 
that the tusk had come from the gravel which is exposed in 
the wall of the pit but the part of the pit from which the gravel 
was excavated is not presently exposed. The tusk material was 
white when it was dug up but after several days began to 
discolour and to crumble. It was taken to Brandon University 
where it was identified as "Mastodon", coated with white glue 
and eventually sent to the Moncur Museum in Boissevain. 

HAMMOND PIT SITE 

When visited in June 1994, little gravel had been removed 
from the pit for several years but good exposure persisted in 
several places (Fig 2). The description which follows is a 
"composite" section pieced together from exposures in vari- 
ous parts of the pit and was not seen as a single vertical 
succession (see Table 1). 

50 krn - 
X Mammoth remains 

Whitewater 

Turtle Mtn. Park 

Figure I .  

Hammond pit site with location of other 
probosc idean  remains in southern 
Manitoba ( A  - reported in Leith, 1949; 
B - reported in Young, 1966). 

Another finding is reported in unpublished field notes of J.A. Elson (Geological Survey of Canada, September 4, 
1953). These record that R.A. MacNeish told Elson that a mammoth tooth had been found in a gravel pit 20 ft (6 m) 
below surface in SW35-02-12, 2 miles northwest of Crystal City. The pit wall was not exposed when Elson visited 
the site but he thought the gravel probably was outwash but might have been "Older Alluvium". I have no other 
information on this find. 
"Parelephas jeffersoni7' is referred to as Mammuthus jefersonii (KurtCn and Anderson, 1980) and is sometimes 
considered to be a progressive stage of Marnmuthus columbi (Maglio, 1973) approaching Mammuthus primigenius 
in its advanced characteristics. Because of this, Mammuthus jeffersonii is not recognized by Maglio (1 973), Agenlroad 
(1984), Harington (1984), or Graham (1986) as a valid species but as a variant of M. Columbi. . Harington and 
Ashworth (1986) indicated that "Woolly mammoth occupied discontinuous tundra-like range south of the ice sheets, 
extending from southern British Columbia to the Atlantic Coast ... roughly paralleling the southern margin of the 
Wisconsin ice sheets". According to that view, the Manitoba elephants might be best referred to woolly mammoths. 
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Figure 2. Hammond pit exposure, till over glacioJIuvial 
gravel. Pick at base of till is 40 cm long. 

RELATIONSHIP OF TUSK AND GRAVEL 

The tusk fragment was found in gravel but was not abraded 
(Fig. 3) as would be expected if it had been transported by the 
stream which deposited the gravel. Also, no other large bones 
were found in the pit. These are contradictory observations as 
separation of the tusk from other remains would have required 
some transport by the stream. Three possible interpretations 
are: 1) the animal lived in the area as the last glacier was 
advancing and died near the Hammond pit site; the tusk was 
the only fossil that was rolled a short distance to this site; 
2) the animal died and its bones (at least one tusk) were buried 
sometime before the last ice sheet advance; during ice advance 
a meltwater stream exhumed the remains and carried the tusk 
to this site; and 3) the gravels, which contained the tusk 
fragment, are not related to the glacial deposits which make 
up the upper part of the succession but were deposited in a 
normal stream during the nonglacial period which preceded 
the last glaciation; the animal, which carried the tusk, died 
and the tusk fragment was the only part of its skeleton 
deposited at this site. 

TUSK DESCRIPTION 

The partial tusk (Temporary Accession no. DgMbl1) is about 
60 cm long. The root or proximal end is about 9 cm jn diameter 
and the other end is about 9.5 cm (Fig. 4). The piece curves 
gently and the cementum (the hard outer layer) is missing 
from the outer curve. The cementum is about 0.8 cm thick. 

Figure 3. Hammond pit tusk showing unabraided surface. 
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Figure 4. Side view of Hammondpit rusk. The proximal (root) end is to the lefr. 

The distal end is rounded and blunt suggesting that the tusk 
had been broken some time before death of the animal 
(Fig. 5). 

IDENTIFICATION OF TUSK 

The tusk was labelled as "Mastodon" in the museum, although 
it is not clear who provided the identification or what criteria 
were used. In 1994, D.C. Fisher, a vertebrate paleontologist 
at the Museum of Paleontology and Department of Geological 
Sciences, University of Michigan, was contacted for advice. 
He reported that it is very difficult to identify tusks, particularly 
when only a fragment is available. From the description given 
here, he said that this fragment probably came from a mature 
female (based on size, lack of a taper, and the fact that the tusk 
thickens beyond its growing margin). He also said that mam- 
moth tusks tend to have thicker cementum (-1.2 cm) than do 
mastodon (-0.7 cm). 

Because of problems with illegal ivory, considerable effort Figure 5. Blunt distal end of Hammond Pit tusk. 
has been placed on developing techniques for differentiating 
modem from ancient ivorv Esuinoza et al.. 1990 and Esuinoza - .  . 
and Mann, 1991). The best technique'available inkolves A clear identification therefore cannot be made. As men- 
measuring Schreger between crossing lines tioned above, the Hammond pit tusk has cementum 4 . 8  em 
seen in cross sections of ~roboscidean ivory). This thick suggesting that the tusk is from a mastodon. However, 
has been used in an attempt differentiate mammoth lusks according to C.R. Harington (pers. comm., 1995), mastodon 
from mastodon but with limited success (D.C. Fisher, pers. remains have generally been found in and 
comm., 19g4). A attempt was made lo measure the North America mammoths totally dominating probes- 
Schreger of the Hammond pit tusk. Eighteen measure- eidean finds in he northwestem part of the continent (see also 
merits gave an average of lo80, an which lies the comments in footnote 2). In addition, if this is a mastodon 
an over-lap zone between modem tusk, it be the first mastodon fossil identified in 
and those typical of mammoths (Es~inoza and Mannv 1991). Manitoba. Hence, the tusk is best referred to "Proboscidea" 

and most likely represents a mammoth. 



R.J. Fulton 

Table 1. Composite stratigraphic section for the Turtle Mountain Tusk site. 

AGE AND INTERPRETATION 

Unit 

A 

B 

C 

CONCLUSIONS 

An AMS radiocarbon age of 33 860 + 330 BP on tusk material 
(TO-4639) indicates that the proboscidean lived during the 
Middle Wisconsinan nonglacial period prior to the last glacial 
advance. 

Material 

Laminated 
sandy silt 

Massive 
sandy silt 
diamlcton 
(till) 

Sandy gravel 

The tusk came from a gravel which was thought to have 
been deposited as an ice-marginal, glaciofluvial deposit. This 
genetic interpretation of the gravel was based on disruption 
of the gravel stratification which was thought due to melting 
of adjacent ice and on an apparent local gradation from the 
gravel to the overlying till. Because of this interpretation, the 
gravel was thought to have been deposited as the last ice sheet 
moved into the area about 23 000 years ago. On the assump- 
tion that the proboscidean tusk dated back to this time, it was 
hoped that the age of the tusk would closely define the timing 
of glacier advance into this area. The radiocarbon age 
obtained is about 10 000 years older than the estimated time 
of ice advance (Fenton, 1984). This suggests that either the 
glacial stream eroded the tusk from an older deposit (interpre- 
tation #2 above) or that the origin of the gravel containing the 
tusk was incorrectly interpreted. Another possibility is that 
more than one gravel unit is present in this pit and the tusk 
came from a layer which was deposited during the nonglacial 
period (Middle Wisconsinan) which preceded the last glaciation 
(#3 above). 

Deposits dating from the Middle Wisconsinan interval 
(23-65 000 years ago) have been reported from several places 
in the Canadian Prairie Provinces (Manitoba: Klassen, 1969; 
southern Alberta: Stalker, 1976: and central Alberta: Westgate 
et al., 1972, Lichti-Federovich, 1975, and Liverman et al., 
1989). Only the southern Alberta deposits contains remains 
of large animals, among them mammoth. Climate during this 
nonglacial period has been interpreted as similar to or slightly 
cooler than present (Fenton, 1984). 

Thickness 

0-1 m 

P 

1.5-4 m 

>16 m 

1. Gravel, interpreted as being of ice-advance, glaciofluvial 
origin, is exposed beneath till in a gravel pit on the 
northern flanks of Turtle Mountain. 

Interpretation 

Sedlment deposited In a small, shallow lake whlch was ponded between the glacier 
(to the north) and the hillside (to the south). The lake probably was present for only 
a few tens of years durlng retreat of the glacier -12 000 years ago. 

This compact, poorly sorted sediment was deposited by the last glaciers to override 
this area. The sediment consists of material, that was either plastered onto the 
underlylng gravel by the overriding Ice or melted out of the Ice. The last glacier 
advanced over the area -23 000 years ago. 

The stratification of this well sorted gravel is in places folded, faulted, and disrupted; 
suggesting that it was deposited as a kame terrace (gravel deposited by a glacier 
meltwater stream whlch flows between a glacier and the adjacent hillside); locally, 
gravel appears to grade Into overlying till. At least the upper part of the gravel is 
thought to have formed as the last glader began to ovenlde the area -23 000 years 
ago. 

2. A partial tusk which came from the gravel (exact position 
unknown) provided an AMS radiocarbon age of 
33 860 k 330 BP. 

3. As this age is about 10 000 years older than the advance 
of the last ice sheet, either it was incorporated from older 
gravels or the tusk comes from an unrecognized, Middle 
Wisconsinan-aged gravel which underlies the gravel 
exposed immediately below the till. 

4. This find adds to earlier findings at Medicine Hat which 
indicate that large mammals were present in the southern 
part of the Canadian Provinces during Middle 
Wisconsinan. 
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Age and stratigraphy of the Cass Fjord Formation, 
Arctic Canada 

T. de Freitas and W.H. Fritz 
GSC Calgary, Calgary 

de Freitas, T. and Fritz, W.H., 1995: Age and stratigraphy of the Cuss Fjord Formation, Arctic 
Canada; & Current Research 1995-E; Geological Survey of Canada, p. 97-104. 

Abstract: Numerous Cambrian trilobites indicate a Late Cambrian age for the Cass Fjord Formation. 
The formation contains two unconformity-bounded members, a lower siliciclastic-rich dolostone member 
and a microbial bioherm, mudrock, limestone, and minor siliciclastic upper member. The contact between 
the two members is a hiatus representing up to four trilobite zones. The two members are completely exposed 
in east-central Ellesmere Island, whereas only the upper member is exposed in the western part of the island. 
In that area, the upper member is more than 1 km thick and was deposited during a basinward advance of 
a carbonate ramp. 

RCsumC : La prksence de nombreux trilobites cambriens indique un Bge du Cambrien tardif pour la 
Formation de Cass Fjord. La formation contient deux membres limitts par une discordance, un membre 
infkrieur dolomitique riche en roches silicoclastiques et un membre supkrieur compost de bioherme 
microbien, de mudrock, de calcaire et d'un peu de roches silicoclastiques. Le contact entre les deux membres 
est un hiatus reprksentant jusqu'8 quatre zones 8 trilobites. Les deux membres sont compl2tement exposks 
dans le centre est de I'ile d'Ellesmere tandis que seul le membre supkrieur affleure dans la partie occidentale 
de I'ile. Dans cette rkgion, le membre supkrieur mesure plus de 1 km d'tpaisseur; il s'est dkpost durant la 
progression vers le bassin d'une rampe carbonatke. 
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INTRODUCTION LITHOLOGY 

The Cass Fjord Formation has been investigated by numerous 
workers in North Greenland and Arctic Canada, but the age 
of the formation has only been established firmly in 
Washington Land, North Greenland (Palmer and Peel, 198 1 ; 
Nowlan, 1985; Bryant and Smith, 1990). There, Palmer and 
Peel (1981, p. 6) noted that within the Cass Fjord Formation, 
a thin (30 m thick) interval is bracketed by fossils of the 
Cedaria and Elvinia zones. They pointed out that this interval 
"...is hardly enough to encompass three Upper Cambrian 
trilobite zones and that the interval is at the same position as 
a widespread disconformity in midcontinental United States". 

During the summer of 1993, Geological Survey of Canada 
mapping activities in the vicinities of Vendom and Strathcona 
fiords and Makinson Inlet led to the discovery of abundant 
trilobite-bearing beds in the Cass Fjord Formation and the 
recognition of an extensive exposure of this unit in western 
Ellesmere Island (Harrison et al., 1994; Thorsteinsson et al., 
1994). The following is a preliminary report of these new 
findings. 

The Cass Fjord Formation is exposed widely in two main, 
north-trending, outcrop belts, an almost continuously 
exposed eastern belt that includes stratigraphic sections 2,3,  
and 4, and a more areally restricted western one including 
section 1 (Fig. 1). In the east, the formation is readily divided 
into two mappable, unconformity-bounded members (Fig. 2, 
members 1 and 2), but in the west, only member 2 is exposed. 

Member I 

Member 1 is about 200 m thick in the eastern part of the report 
area. It rests disconformably on carbonates which include the 
Lower Cambrian Cape Leiper, Cape Ingersoll, Police Post, 
and Cape Kent formations, and the Middle Cambrian Cape 
Wood Formation (Fig. 2). The basal 0.2 m of the Cass Fjord 
Formation is a sandy, chert-pebble conglomerate, that is 
overlain by 10 to 30 m of locally fossiliferous, greyish-yellow 
weathering, dolomitic limestone and limestone with planar 
and wavy parallel lamination, intraclast conglomerates, and 

Figure I .  Location map. Black circles indicate measured sections shown in Figures 3 to 6. 
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rare burrows. These strata grade upward into red and orange 
weathering sandy dolostone, sandstone, and siltstone with 
ubiquitous polygonal mudcracks and intraclast conglomer-: 
ates. Intraclast conglomerates are up to 0.6 m thick and 
contain tabular carbonate lithoclasts and a sandstone matrix 
with well-sorted, well-rounded, medium- to coarse-grained 
quartz sand grains. 

Member 2 

spaced, vertically oriented, 3 to 15 cm wide, digitate stroma- 
tolites. This is followed by a succession of calcimudstone, 
intraclast conglomerate, oolite, microbial boundstone, and 
silty laminated limestone. In the upper part of the member, 
sandstone is more common than in the lower part, and it 
consists of thin bedded, white and light grey weathering, 
intraclastic, well-sorted, fine- to medium-grained quartz 
arenite with polygonal mudcracks, symmetrical ripple marks, 
convolute lamination, burrows, and bi-directional cross- 
stratification. 

Member 2 is about 240 m thick in the eastern part of the report The Cass Fjord-Cape Clay formational contact is not well 
area. Its lower Contact is disconformable and overlain by a 0.2 exposed in most areas. On air photos and from a distance, the 
to 0.6 cm intraclastic pebble and cobble conglomerate with Cape Clay is cliff-forming and contrasts with the usually 
carbonate and minor chert lithoclasts in a medium- to coarse- rubbly slopes underlain by the Cass Fjord Formation. ~t a 
grained sand matrix. The basal conglomerate is overlain by a close range, the contact is drawn up to 30 m below the abrupt 
succession of mudrock and limestone with locally large inc,ease in weathering slope angle. ~t section 4, the Cass 
microbial buildups. The latter are oblate, up to 15 m thick Fjord-Cape Clay formational contact coincides with a marked 
structures composed of innumerable, closely but equally 

Figure 2. Correlation chart of Cambrian and lowest Ordovician strata in Ellesmere Island and North 
Greenland. Thompson and Pratt (1 994) more completely described units stratigraphically underlying the Cuss 
Fjord Formation. The level drawn for the Cambrian-Ordovician boundary is speculative. A formal level for 
this boundary has yet to be approved by the International Union of Geological Sciences. Kerr (1967, fourth 
column) assigned a Proterozoic age to the Ella Bay and Kennedy Channel formations, but these are now given 
an Early Cambrian age (Long, 1989). Trem., Tremadoc; Tremp., Trempealeauan. Lower Placentian 
ichnofossil biozones are from Landing (1994); body fossil zonation in upper Placentian, Waucobian, Middle 
and Upper Cambrian, and Lower Ordovicianfrom Fritz et al. (1991) and Barnes et al. (1981). 
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unconformity displaying up to 1 m of erosional relief. Strata 
above the unconformity consist of thickly bedded calcimud- 
stone, interbedded with abundant intraclast conglomerates. 

In the western part of the report area, member 2 is at least 
1016 m thick and exposed in high, precipitous cliffs. The 
lower part of this member (at least 550 m thick) consists of a 
mixture of limestone and mudrock with abundant trilobites, 
brachiopods, and graptolites. Silicified trilobites, in particu- 
lar, are abundant on many bedding surfaces. However, strong, 
high-angle cleavage makes it difficult to crack out fossil 
specimens. The mudrock and bioturbated limestone grade 
upward into very thick bedded, bioturbated, silty and sandy 
limestone (246 m thick, middle part, Fig. 3) with locally 
well-developed hummocky cross-stratification. These strata 
are overlain by a 288 m thick succession (upper part, Fig. 3) 
of thin- to medium-bedded, mudcracked dolostone and 
dolomitic limestone associated with small stromatolite 
mounds. This succession contains 28, metre-scale, upward 
shallowing sequences. The upper contact of this succession, 
which is the same as the Cass Fjord-Cape Clay formational 
contact, is a disconformity, overlain by a basal, 0.2 m thick, 
sandy carbonate conglomerate of the Cape Clay Formation. 
Above this, the Cape Clay Formation forms a resistant unit 
of bioturbated calcimudstone with locally well-developed 
microbial boundstone. 

,,"A:.",," ,tic trilobite C-207465 l lu l lu la~I IUS 

fragments 

C-207461 Ptychaspis - Prosaukia I M and/or Qukia Zone 

AGE AND CORRELATION 

In eastern Ellesmere Island, trilobite-bearing beds in the Cass 
Fjord Formation are locally abundant (faunal list in GSC 
Paleontological Report €1-1994-WHF). The occurrence of 
Cedaria-Crepicephalus Zone trilobites in the 1.2 to 50 m 
interval above the basal contact of the Cass Fjord Formation 
(Fig. 4, GSC loc. C-207453-458; Fig. 5, C-207400, 
C-207401, C-207402, C-207408) provides the most precise 
age information on this contact in the Canadian Arctic 
Islands. Arapahoia? sp., Bonneterrina aff. B. greenlandica 
Palmer, 1981, Cedaria sp., Metisaspis? sp., Terranovella cf. 
T. arcuata Palmer, 1981, and Welleraspis sp. are in this 
interval. These trilobites are evidence of a low position within 
the Cedaria-Crepicephalus Zone. Although the upper part of 
unit 1 is not well dated, it is considered that it too is within 
the same zone. 

The basal part of the overlying member 2 in eastern 
sections 2 and 3 (Fig. 3, GSC loc. C-245502-504, C-245511, 
C-245512-514, C-245 15-520; Fig. 4, GSC loc. C-207461; 
Fig. 5, C-207406) has yielded Ptychaspis-Prosaukia andlor 
Saukia Zone trilobites Illaenurus? sp., a saukiid? pygidium, 
and the brachiopod Syntrophina sp. In the western section 
(section I), the basal exposures contain Eurekia sp. and the 
brachiopod Finkelnburgia sp. A comparison of the trilobite 
collections from member 1 with those from near the base of 
member 2 suggests that up to 4 biozones are missing at the 
unconformity that separates the two map units. 

SECI-ION 2 

The upper contact of member 2 in the four Ellesmere 
Island sections is not well dated. The highest collection 
(Fig. 4, GSC loc. C-207465) does not contain diagnostic 
fossils; however, stratigraphically below this, at locality 3 
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Figure 5. Stratigraphic section of the Cass Fjord Formation, Figure 6. Stratigraphic section of the Cass Fjord Formation, 
Makinson Inlet, Figure I ,  section 3. Legend as in Figure 3. Irene Bay, Figure 1, section 4. Legend as in Figure 3. 
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(Fig. 5, GSC loc. C-207399), the following fossils have been 
identified: cf. Calvinella sp. or Briscoia sp., Plethometopus? 
sp. (free cheek only), and the brachiopod Glyptotrophia sp., 
indicating the Ptychaspis-Prosaukia and/or Saukia Zone. 

Fossils have not been collected from above the Cass 
Fjord-Cape Clay contact in the report area, except from about 
30 km south of section 1. There, a collection from the lower 
Cape Clay Formation contains fossils of Early Ordovician age 
(faunal list in GSC paleontological report 0-2-BSN-1994 by 
B.S. Norford). Outside the report area, the base of the Cape 
Clay Formation has yielded fossils of the intermedius to 
bransoni zones (Nowlan, 1985; Bryant and Smith, 1990; 
NowlanbPackard and Mayr, 1994; NowlanhTrettin, 1994; 
Nowlan, pers. comm., 1995). 

At stratigraphic section 1, member 2 is more than 1 km 
thick. Fossil beds containing Ptychaspis-Prosaukia andlor 
Saukia Zone fossils were collected within the interval 150 to 
165 m below the top (Fig. 3). The lowest collections (Fig. 3, 
C-245511-520) contain Eurekia sp., Idiomesis sp., and 
Finkelnburgia sp., and about 600 m above this (Fig. 3, 
C-245509) Eurekia sp. and the brachiopod Finkelnburgia sp. 
occur. Faunal elements within the 0 to 600 m interval 
(Elkanaspis sp., Kathleenella sp., c f. Lerifugula sp., Naustia? 
sp., Parabolinites sp., and Yukonaspis sp.), and the local 
abundance of Protospongia sp. and fragmentary dendroid 
graptolites, suggest that deposition occurred in relatively deep 
water, on the outer part of a carbonate ramp. 

DISCUSSION 

The Cass Fjord Formation represents two thick transgressive- 
regressive (T-R) sequences in the Canadian Arctic Islands 
(de Freitas et al., 1994). Only member 1 is exposed in the 
eastern part of the report area. A substantial subaerial uncon- 
formity exists below its base, and several Lower and Middle 
Cambrian formations have been removed locally (Fig. 2). The 
initial transgression in lower Dresbachian time was wide- 
spread, and Cass Fjord Formation carbonate strata are now 
exposed in many of the Canadian Arctic Islands. In western 
North Greenland, the Cass Fjord yields trilobites question- 
ably assigned to the late Middle Cambrian (Palmer and Peel, 
1981, p. 13). If this assumption is correct, marine transgres- 
sion happened slightly earlier in that area. 

In eastern North Greenland, the Middle and Upper Cam- 
brian sequence comprises three significant, basinward step- 
ping progradational sequences (Peel, 1988). The upper T-R 
cycle, which began at the base of the Holm Dal Formation, 
appears to be the same age as the base of member 1 of the 
Cass Fjord Formation in Ellesmere Island. 

Above the basal conglomerate in member 1, trilobite- 
bearing carbonates were deposited during maximum marine 
transgression. These strata are overlain by a thick carbonate 
and sandstone succession deposited in restricted, nearshore 
and perhaps also alluvial floodplain settings. 

progradational carbonate ramp succession. The lowest trilo- 
bite-bearing carbonates (0- 150 m) were deposited in an aero- 
bic, storm-influenced outer shelf setting. Overlying 
unburrowed graptolitic mudrock and carbonate represent 
deeper water, perhaps dysaerobic to anaerobic, conditions 
that developed during maximum water depth (cf. Ekdale and 
Mason, 1988). Overlying strata show a gradual return to 
aerobic, then restricted, periodically exposed conditions in 
the highest beds of the member. The Cass Fjord Formation at 
section 1 is thus interpreted as a thick T-R package. 

Member 2 of the correlative inner shelf (sections 2, 3, 
4) is similarly a T-R sequence (Fig. 6). An unconformity 
at the base of the member, representing subaerial condi- 
tions, is overlain by a thin sandstone and conglomerate, 
perhaps deposited in a shoreface setting. Maximum trans- 
gression is represented by an overlying chert-rich mudrock 
with several large microbial bioherms. The regressive suc- 
cession contains abundant intraclast conglomerates, lami- 
nated and mudcracked carbonates and minor sandstone, all 
of which were deposited under nearshore and intertidal con- 
ditions. Most of the Cass Fjord carbonate platform was 
exposed prior to the Cape Clay marine transgression in latest 
Cambrian to earliest Ordovician time. 

CONCLUSIONS 

The f i s t  extensive trilobite collections from Cass Fjord For- 
mation in the Canadian Arctic Islands indicate a Late Cam- 
brian age for the formation. It contains two mappable, 
unconformity bounded members, a lower one of Dresbachian 
age and an upper one of late Franconian to Trempealeauan 
age. These were deposited during two T-R marine cycles. 
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Triangle zone and foothills structures in the Turner 
Valley map area, Alberta1 
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Spratt, D.A., Chantraprasert, S., and MacKay, P.A., 1995: Triangle zone and foothills structures 
in the Turner Valley map area, Alberta; & Current Research 1995-E; Geological Survey of 
Canada, p. 105-1 11. 

Abstract: New mapping of triangle zone and foothills structures, combined with well and proprietary 
seismic reflection data, constrain a new interpretation of the Turner Valley map sheet (82519). The Turner 
Valley Structure is not a fault propagation fold; it is a complexly faulted antiformal stack within a triangle 
zone wedge that has been shortened by 50 per cent. Folding of the upper detachment intensifies northward 
as displacement across the lower detachment increases. In the southern part of the map sheet, a relatively 
coherent beam of Paleozoic and Cretaceous rocks is inserted into the foreland along a detachment in the 
Bearpaw Formation. Near the Bearpaw Formation's zero edge in the north, detachment is transferred to the 
Wapiabi Formation and the wedge is complexly deformed into a composite duplex. Detachment occurs 
along four horizons, such that Mississippian, Blairmore and Alberta Group rocks comprise three levels of 
duplexes; higher levels are deformed as the underlying duplexes are emplaced. 

RCsumC : De nouveaux travaux de cartographie des structures de la zone triangulaire et des avant-monts, 
de mCme que des donnCes tirCes de puits et des donnCes de sismique rtflexion du domaine privC, permettent 
de rCinterprCter la feuille de Turner Valley (82Jl9). La structure de Turner Valley n'est pas un pli de 
propagation de faille; il s'agit plut6t d'un Cdifice anticlinal fail16 de faqon complexe au sein d'un biseau de 
zone triangulaire qui a subi un raccourcissement de 50 %. Le plissement du dtcollement supCrieur 
s'intensifie vers le nord plus le dtplacement s'accroit sur le dCcollement infkrieur. Dans la partie sud de la 
feuille, un faisceau relativement cohCrent de roches palCozoi'ques et crCtacCes est insCrC dans I'avant-pays 
le long d'un dCcollement dans la Formation de Bearpaw. Prks de I'endroit oh la Formation de Bearpaw se 
termine au nord, le dCcollement se prolonge dans la Formation de Wapiabi et le biseau est dtformt de fagon 
complexe en un duplex composite. I1 y a dtcollement le long de quatre horizons, de sorte que des roches 
du Mississippien, de Blairmore et du Groupe d'Alberta comportent trois niveaux de duplex; les niveaux 
plus Clevts sont dtformCs A mesure que sont insCrCs les duplex sous-jacents. 

' Contribution to the Eastern Cordillera NATMAP Project. Foothills Research Project Contribution No. 004 
Department of Geology and Geophysics, University of Calgary, Calgary, Alberta T2N IN4 
Morrison Petroleums Limited, Suite 3000, 400-3rd Avenue S.W., Calgary, Alberta T2P 4H2 
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INTRODUCTION 

The Turner Valley oil and gas field, discovered in 1913, was 
the first significant discovery of hydrocarbons in Canada and 
the largest producing field in the British Commonwealth until 
the end of World War 11. The western portion of the Turner 
Valley sheet was mapped by Hume (1931) as part of a 
Geological Survey of Canada mapping program in the south- 
em Alberta Foothills. Since then, numerous wells have been 
drilled, the fields of quantitative structural geology and reflec- 
tion seismology have evolved, and the Turner Valley struc- 
ture has been recognized as a triangle zone (Jones, 1982; 
MacKay, 1991). With these added constraints on its three- 
dimensional geometry, the entire Turner Valley map sheet 
(82519) is being remapped, reinterpreted and compiled at 
1 5 0  000 scale as part of the Eastern Cordillera NATMAP 
project. The study area is located 30 to 60 km southwest of 
Calgary, Alberta, between latitudes 49'30'N and 49'45'N 
(Fig. 1). 

A triangle zone is a structural complex, found at the 
foreland edge of a deformed belt, where foreland-dipping 
strata and hinterland-dipping strata are juxtaposed. The term 
"triangle zone" was introduced by Gordy et al. (1977) to 
describe the eastern limit of the orogenic wedge in the south- 
em Canadian Rocky Mountains. The wedge comprises a 
lower detachment surface that separates deformed foreland- 
verging allochthonous strata in its hanging wall from 
autochthonous strata in its footwall, and an upper detachment 
surface that separates foreland-verging allochthonous strata 
in its footwall from hinterland-verging autochthonous strata 
in its hanging wall. Following the terminology of MacKay 
(1991), the upper and lower detachments define the top and 
base of an intercutaneous wedge. Simultaneous motion along 
these two surfaces allows the wedge to advance toward the 
foreland as it is emplaced between layers of relatively unde- 
formed foreland basin strata (Price, 1981, 1986). 

Three models have been proposed for the formation of 
triangle zones (Jones, 1982; Charlesworth and Gagnon, 1985; 
Jamison. 1993). All models show the lower detachment sur- 
face of the wedge with a ramp and flat geometry, cutting 
upsection toward the foreland; the models differ in their 
treatment of the upper detachment surface. Jones (1982) 
proposed that the upper detachment is parallel to bedding such 
that the wedge is simply a duplex. However, Charlesworth 
and Gagnon (1985) argued that the backthrust and the lower 
detachment must initiate as conjugate faults, with the back- 
thrust at an angle of greater than 30' to the flat of the lower 
detachment. Jamison's (1 993) finite element model predicted 
a range of possible backthrust ramp angles based on the 
strength of the rocks in the hanging wall of the upper detach- 
ment. None of the models addresses the problem of changes 
in geometry and kinematics along strike. 

In Alberta, the surface expression of the triangle zone is 
an antiform developed between the western flank of the 
Alberta syncline in the Plains and the west-dipping thrusts of 

the Foothills Belt. At Turner Valley, oil and gas are produced 
from Paleozoic carbonates in the core of the triangle zone, but 
Cretaceous and Tertiary strata are the only rocks exposed in 
the Turner Valley map sheet. High quality seismic reflection 
data, abundant well data, and detailed geological mapping are 
instrumental in tying the exposed structures to those in the 
subsurface and constraining balanced cross-sections (Spratt 
et al., 1993). 

STRATIGRAPHIC FRAMEWORK 

A stratigraphic chart for the study area is given in Figure 2. 
The rocks exposed at surface are clastic and comprise the 
Lower Cretaceous Blairmore Group, the Upper Cretaceous 
Alberta (Blackstone, Cardium and Wapiabi formations) and 
Brazeau groups, and the Upper Cretaceous-Tertiary Coalspur 
(in the north) and Willow Creek (in the south) formations. 
Deep wells in the study area penetrate the Paleozoic carbon- 
ates. Detailed descriptions of the Cretaceous units that out- 
crop in the north half of Figure 1 are given by Olchowy and 
Spratt (1 993). Jerzykiewicz and Norris (1993) have proposed 
new subdivisions of the Upper Cretaceous and Tertiary strata 
that can be applied to the relatively undeformed southeastern 
portion of the map sheet. Since the northern limit of the Upper 
Cretaceous Bearpaw Formation occurs just north of 
Longview, subdivision of the Brazeau Group is difficult north 
of Sheep River. A strong anisotropy is imparted by numerous 
weak shale and coal horizons, so the Upper Cretaceous 
sequence is disrupted by thrust faults and detachments at 
several stratigraphic levels (Fig. 2). 

STRUCTURE 

This study expands upon the work of MacKay (1991), who 
delineated structural variations in the triangle zone between 
Sheep Creek and Highwood River. Several key outcrops that 
constrain the interpretation of the triangle zone geometries are 
described in Spratt et al. (1993) and MacKay et al. (1994). 
During the summer and fall of 1994, the remainder of the 
deformed belt in the Turner Valley map sheet was mapped. 
Geological field data have been collected at various scales, 
ranging from 1 : 1 000 scale planetable maps to 1:25 000 scale 
enlargements of 1 5 0  000 scale NTS topographic basemaps. 
The data are digitized and compiled at 1:50 000 scale using 
FIELDLOG software (Brodaric and Fyon, 1989) interfaced 
with AutoCAD*. The digitization of different types of infor- 
mation as separate layers allows printing of the data, or 
portions thereof, at any scale (eg. Fig. 1). 

' 

Understanding the continuity of structures and the ways 
in which thrust faults merge on the map requires interpreting 
these features in three dimensions. The map interpretation and 
several serial cross-sections are constructed and balanced 
alternately, with many iterations, locally adding more seismic 
or well data to more precisely constrain the fault trajectories 
and positions of stratigraphic cutoffs. Two representative 
balanced sections across the deformed belt of the Turner 

* AutoCAD is the registered trademark of Autodesk Inc. 
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Figure 1. Geologic map of the Turner Valley area; UTM grid lines and positions of 
cross-sections A-A' and B-B' are delineated. 
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Valley map sheet are shown in Figure 3. They demonstrate sheets normally verge up the dip of a fault, except where 
the major changes in geometry and structural style along folded portions of a fault plunge back into the ground. Where 
strike. vergence indicators exist in the study area, thrusts that are 

Three culminations are obvious on the map. Two involve 
the Blairmore Group: one occurs in the northwest comer of 
Figure 1, the other is found along strike to the southeast. The 
town of Turner Valley is centred on a third culmination, known 
as the Turner Valley Structure, that exposes Alberta Group 
rocks flanked by the Brazeau Group. Earlier workers (Hume, 
1931; Gallup, 195 1; Gordy et al., 1975) interpreted it to be an 
anticline, but seismic and well data combined with detailed 
mapping indicate that it is a complexly faulted antiformal stack 
within a triangle zone (Fig. 3, B-B'; MacKay, 1991). Thrust 

Era Period Ez:;"," Lithology 1 Detachments 

Figure 2. Generalized stratigraphic column for the Alberta 
Foothills with detachment levels identified: D, Devonian; 
M ,  Mississippian; J ,  Jurassic (Fernie); Kbk l ,  lower 
Blackstone; Kbk2, upper Blackstone; Kwp, Wapiabi; Kbzl, 
lower Brazeau (Belly River); Kbz2, middle Brazeau 
(Bearpaw or equivalent); K b d ,  upper Brazeau (St. Mary 
River, Edmonton, or equivalent). Lithological symbols: 
shales, dashes; siltstones, small dots; sandstones, large dots; 
limestones and dolostones, crosshatched. 

both west-verging and west-dipping are distinguished by 
special symbols (see legend, Fig. 1). The west-verging upper 
detachment is folded such that the Alberta Group rocks are 
exposed in an erosional window at Turner Valley (Fig. 1). The 
lower detachment has a typical ramp and flat geometry and 
carries a competent beam of Mississippian carbonates, which 
is offset by 4 km along the fault plane (Fig. 3, B-B'). As 
displacement of the Mississippian rocks decreases south- 
ward, the Turner Valley structure dies out and folding of the 
upper detachment decreases. South of Hartell, the upper 
detachment is not folded but has a smooth listric shaue. The 
southern termination of Paleozoic involvement in the struc- 
ture is marked by the southern end of the Turner Valley oil 
and gas field at Longview (Gordy et al., 1975; MacKay et al., 
1994). 

West of Turner Valley, a similar Mississippian structure 
known as the Highwood Structure is developed in the subsur- 
face (Fig. 3, B-B'; MacKay, 1991); it cores the Blairmore 
Group culmination that is exposed in the southern half of the 
map sheet (Fig. 1). Note that the Blairmore is repeated by 
several thrusts, such that the culmination is more precisely 
described as a hinterland-dipping duplex (Fig. 3, B-B'). At 
the Mississippian level, strata are offset by 6 km as a continu- 
ous beam that overrides a panel of relatively undeformed 
Blairmore and Alberta Group rocks. This significant change 
in structural style with depth occurs across a major detach- 
ment in the Jurassic Fernie Group (Fig. 2). 

Major changes in structural style also occur along strike. 
The Highwood structural culmination plunges northward 
such that no Blairmore or older rocks are exposed along 
section line A-A' (Fig. 3). In section A-A', Mississippian 
strata within the Highwood Structure have not been translated 
6 km as a continuous beam; instead they are repeated by 
several smaller thrusts that join to form an antiformal stack. 
Paleozoic rocks in the eastern culmination are also repeated 
by several thrusts, in contrast to the one major thrust seen at 
the base of the Turner Valley Structure in section B-B' 
(Fig. 3). 

Shortening at the Paleozoic level is balanced by duplexes 
in the overlying Cretaceous rocks. In wells 11-27-20-4W5 
and 5-35-20-4W5, at the west end of cross-section A-A' 
(Fig. 3), the Blairmore Group is structurally thickened to 
more than three times its normal stratigraphic thickness, 
indicating the presence of detachments above and below the 
Blairmore Group, in the Fernie Group, and in the Blackstone 
Formation (base of the Alberta Group). A third, higher 
detachment occurs in the Wapiabi Formation at the top of the 
Alberta Group. The Fernie and Wapiabi detachments con- 
tinue to serve as major structural discontinuities in the eastern 
part of section A-A' and to the south in section B-B', but 
detachment in the Blackstone Formation is much less signifi- 
cant in these areas; Blairmore and Alberta Group rocks are 
deformed together conformably within the thrust sheets and 
structurally thickened by folding (Fig. 3). 
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DISCUSSION 

The existence of a folded upper detachment was not recog- 
nized by previous workers (Hume, 193 1 ; Gallup, 195 1 ; Gordy 
et al., 1975), although Bally et al. (1966) did interpret the lower 
detachment as a blind thrust (it does not reach the ground 
surface). Building upon the interpretation of Gallup (1951), 
Dahlstrom (1970) inferred that the 4 km of displacement seen 
at the Mississippian level must therefore decrease to zero 
updip. Williams and Chapman (1983) went on to use the 
Tumer Valley structure as an example of a fault propagation 

fold without questioning the interpretations shown on 
Hume's (193 1) map or Gallup's (1 95 1) rudimentary cross- 
section. Tippett et al. (1 985) explained evidence refuting the 
interpretation of Williams and Chapman (1983), but Jamison 
(1987) and Mitra (1990) apparently missed this paper and 
continued to promote Turner Valley as a classic example of 
a fault propagation fold. The more recently available well 
information and good quality seismic reflection data, com- 
bined with detailed remapping at surface, indicate that the 
Tumer Valley structure is definitely not a fault propagation 
fold. It is a complexly faulted antiformal stack within a 

Figure 3. Balanced cross-sections A-A' and B-B'. See Figure 1 for locations. Wells occur along the lines of 
section or are projected from less than I km away. Brazeau Group, light stipple pattern; Alberta Group, 
white with internal Cardium marker shown as thin black line; Blairmore Group (+Kootenay and Fernie), 
dark stipple pattern; Mississippian, zig-zag pattern; Turner Valley Structure, eastern culmination cored by 
Mississippian; Highwood Structure, western culmination cored by Mississippian rocks. 
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triangle zone, and shortening within the wedge is much 
greater (50%) than previous workers thought (Fig. 3, B-B'; 
MacKay, 1991). Recognition of the upper detachment con- 
strains the cross-sections such that they can be balanced 
without resorting to a sharp decrease in displacement along 
the lower detachment (Fig. 3). 

The geometry of the wedge is seen to vary across the study 
area and the lower and upper detachments merge with a lower 
taper angle in section B-B' than in A-A' (Fig. 3). The detach- 
ments also merge in the foreland at different stratigraphic 
levels. In section A-A', they merge in the Wapiabi Formation, 
whereas in section B-B' they merge in the Bearpaw Forma- 
tion. South of Tumer Valley, to the U.S. border, the Bearpaw 
Formation is a regional shale marker and the major detach- 
ment horizon. The gradual merging of the upper and lower 
detachments in section B-B' is similar to that reported by 
Hiebert and Spratt (1991) and Lawton et al. (1994b). Since 
A-A' lies at or north of the zero edge of the Bearpaw Forma- 
tion, the change in detachment level (to the Wapiabi Forma- 
tion) is likely due to the facies change. Detachment in the 
Wapiabi Formation continues north of the study area to 
Jumpingpound (Olchowy and Spratt, 1993) and Wildcat Hills 
(Lawton et al., 1994a). However, in those areas detachment 
also occurs 350 m higher in the section (in coals and shales 
of the Brazeau Group), such that the taper angle of the wedge 
is nearly 0' and strain is dissipated between the detachments 
(Lawton eta]., 1994a). By comparison, the taper angle of the 
wedge in A-A' appears anomalously large. This may reflect 
a higher frictional resistance to glide in the Wapiabi than in 
the Bearpaw or Brazeau shales; none of the faults in A-A' 
exhibit large displacements, and duplexing is pervasive 
across the section. North and south of A-A', the wedge has 
been inserted farther into the foreland along detachments in 
the Bearpaw Formation (Fig. 3, B-B') and Brazeau Group 
(Lawton et a]., 1994b). 

In the future we plan to model wedging in anisotropic 
media that have both vertical and lateral variations in rheol- 
ogy. Since other workers associated with the Eastern Cordil- 
lera NATMAP project are studying lithological changes 
within the Brazeau Group, we should soon have the informa- 
tion required to accurately model variations in its rheology 
and determine how they influence thrust sheet emplacement. 
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Magnetic overprinting of the Neoproterozoic 
Shaler Supergroup, Amundsen Basin, 
Northwest Territories, Canada during the 
Franklin magmatic episode 
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Park, J.K. and Rainbird, R.H., 1995: Magnetic overprinting of the Neoproterozoic Shaler 
Supergroup, Amundsen Basin, Northwest Territories, Canada during the Franklin magmatic 
episode; & Current Research 1995-E; Geological Survey of Canada, p. 113-123. 

Abstract: Paleomagnetic studies of the Neoproterozoic Shaler Supergroup of the Amundsen Basin, 
centred on the Amundsen Gulf of northwestern Canada, reveal a record of magnetic overprinting due to 
Franklin magmatism. Magnetic components B2 and B1 from Shaler strata agree closely with discreet 
magnetization directions from the Franklin igneous events, dated between 727 and 716 Ma. The new 
interpretation of B1 as other than primary obviates an earlier suggestion of relative rotation between the 
Brock Inlier of the Amundsen Basin and the Mackenzie Mountains of the northern Cordillera that was based 
on the geological correlation of the Shaler and Mackenzie Mountains supergroups. Other overprints in the 
Shaler Supergroup, being steeply directed, may relate to geological events both in late Neoproterozoic and 
in Cretaceous to Recent times. 

RCsumC : Des ttudes paltomagnttiques du Supergroupe de Shaler du NtoprotQozoique du bassin 
d'Amundsen, centrk sur le golfe Amundsen dans le nord-ouest du Canada, rtv8lent une surimpression 
magnttique attribuable B un magmatisme franklinien. Les composantes magnttiques B2 et B1 des couches 
de Shaler correspondent Ctroitement A des directions distinctes de magnttisation ii partir d'tvknements ignts 
frankliniens, dak5s entre 727 et 716 Ma. La nouvelle interprktation de B 1 comme une composante autre que 
primaire s'tloigne d'une proposition antkrieure voulant qu'il y ait eu une rotation relative entre la 
boutonnibre de Brock du bassin Amundsen et les monts Mackenzie dans la Cordillbre septentrionale baste 
sur la corrtlation gkologique des supergroupes de Shaler et de Mackenzie Mountains. D'autres surimpres- 
sions dans le Supergroupe de Shaler, Ctant trbs inclinkes, peuvent &we likes A des Cvtnements gtologiques 
tant dans le Ntoprot6rozoi'que tardif que dans l'intervalle allant du CrttacC B 1'Holocbne. 
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INTRODUCTION 

Geological correlation between the Mackenzie Mountains 
Supergroup of the northern Cordillera and the Shaler Super- 
group (change from group status proposed by Rainbird et al., 
1994b) of the Amundsen Basin (Fig. 1) was proposed by 
Aitken et al. (1978) and subsequently refined by Young 
(1979), Jefferson and Young (1989), and Rainbird (1994). 
This correlation has been bolstered by sequence stratigraphic, 
geochronological, and biostratigraphic comparisons between 
the two areas (Rainbird et al., in press; Hofman and Rainbird, 
1995). 

Rainbird et al.'s (1994b) unification of the formational 
terminology from the various regions of the Amundsen Basin 
on the basis of field studies, now allows paleomagnetic results 
from these regions to be combined and a better comparison 
made with results from correlative units in the Mackenzie 
Mountains (Fig. 2). An earlier paleomagnetic study supported 
the geological correlation between the two regions (Park and 
Aitken, 1986a) using results from the lower clastic member 
of Reynolds Point Formation (now termed Grassy Bay Fm.) 
on Victoria Island (Palmer et al., 1983). A later study indi- 
cated a displacement of poles between unit P3 (now termed 
Nelson Head Fm.) in the Brock Inlier of the Amundsen Basin 

and the correlative Tsezotene and Katherine units of the 
Mackenzie Mountains (Fig. 2) (Park, 1992a), suggesting a 
relative rotation between these regions. The present study 
indicates that the apparent displacement is likely explained 
by overprinting of the original magnetization of the Shaler 
Supergroup during the Franklin magmatic episode. 

GEOLOGY 

Geological setting 

The sedimentary rocks collected for this study belong to 
the Shaler Supergroup, which outcrops within a group of 
inliers that form part of the Proterozoic Amundsen Basin 
(Christie et al., 1972) (Fig. 1). Samples mainly were collected 
from the Minto Inlier on Victoria Island (Fig. 3) but also from 
the Coppermine area on the northern mainland (Fig. 1). The 
nomination 'Shaler Supergroup' was recently proposed as a 
consequence of the elevation to formation status of several 
informal members of the former 'Shaler Group' (Thorsteins- 
son and Tozer, 1962; Rainbird et al., 1994a). It is generally 
accepted that sedimentary strata of the Shaler Supergroup are 
of early Neoproterozoic age and belong to Sequence B of 
Young et al. (1979). These strata are considered to be 

a Mackenzie Mountains Supergroup 
Shaler Supergroup 

Figure I .  Regions of correlative Neoproterozoic rock units of northwestern 
Canada (inset). Paleomagnetic sampling sites from Coppermine area are 
shown. See Figure 3 for sites in Minto Inlier. Site co-ordinates are given in 
Tables 1 and 3. 
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stratigraphically equivalent to the Mackenzie Mountains 
Supergroup in the northern Canadian Cordillera (Fig. 2) 
(Young, 1977; Aitken et a]., 1978). 

The Shaler Supergroup comprises an up to 5 km thick 
sequence of platformal marine carbonate, evaporite, and sub- 
ordinate siliciclastic rocks overlain and underlain by fluvial 
and fluvio-deltaic sandstones (Young, 1981). It includes the 
formations, Escapes Rapids to Kuujjua (Thorsteinsson and 
Tozer, 1962; Young, 198 1 ; Jefferson, 1985; Rainbird, 1991 ; 
Rainbird et al., 1994b) (Fig 2). The strata are intruded by 
numerous gabbroic sills of the Franklin igneous events, a 
mafic magmatic episode that affected a 2 000 000 km square 
area of northern (present coordinates) Laurentia at 723 + 41- 
2 Ma (Heaman et al., 1992). The sills vary in thickness from 
less than 5 to more than 100 m, but most are less than 50 m. 
A few northwest-striking dykes intrude the sequence in north- 
east Minto Inlier. 

In Minto Inlier, the Shaler Supergroup is overlain by the 
Natkusiak Formation, an up to 1100 m-thick sequence of 
flood basalt flows and minor volcaniclastic rocks that are the 
only known subaerial manifestation of the Franklin igneous 
events. A maximum age for the Shaler Supergroup of 
1077 Ma has been determined from U-Pb analysis of detrital 
zircon from the Nelson Head Formation of the Rae Group 
(Rainbird et al., 1994b). 

The Shaler Supergroup, unconformably overlies Paleo- 
proterozoic sedimentary rocks of the Goulburn Supergroup 
(Campbell, 1981), which in turn overlie granite of sus- 
pected late Archean age on the northeast side of Minto 
Inlier (Thorsteinsson and Tozer, 1962). It also overlies 
Mesoproterozoic strata of the Coppennine River Group in 
the Coppermine area (Baragar and Donaldson, 1973). 

Tectonic history 

The Shaler Supergroup is affected by broad northeast and 
later northwest-striking open folds with dips generally less 
than 10 degrees (Thorsteinsson and Tozer, 1962), and a 
northeast-striking zone of block-faults that extend along the 
northwest side of Minto Inlier between Minto Inlet and 
Glenelg Bay (Rainbird et al., 1994a). The Minto and Brock 
inliers are presumably structural highs preserved by late 
Neoproterozoic deformation; folds and faults are erosionally 
bevelled beneath flat-lying shallow marine carbonates and 
quartzarenites of Cambro-Ordovician age (Thorsteinsson and 
Toszer, 1962). In the Brock Inlier, subsequent uplift and 
erosion occurred in the Early Cretaceous and regional uncon- 
formities occur below and above Lower Cretaceous rocks 
(Balkwill and Yorath, 1970). The hiatus between Lower 
Cretaceous rocks and Pleistocene glacial deposits (Balkwell 
and Yorath, 1970) may relate to postulated Eocene uplift in 

Table 1. Magnetic components in Shaler Supergroup. 

Si Area Treatment N Do, l o  R k a,,' CP 
("C) 

Boot Inlet Formation, Reynolds Point Group 
15 M 200-580 4 071, +41 3.93 42 14 ? 

Grassy Bay Formation, Reynolds Point Group 
8 M 100-665 4 092, +05 3.98 134 8 82 
9 M NRM-500 5 116, +76 4.83 24 16 C2 

100-600 5 090, +35 4.83 24 16 827 
Aok Formation, Rae Group 

6 M 100-450 3 270, -62 2.83 12 37 C3 
100-550 2 086, +13 - - 82 

7 M NRM-300 2 094, +75 - - C2 
200-550 3 078, +04 2.92 24 26 82 

11 M 450-660 5 290,-65 4.86 29 14 C3 
18 C NRM-400 2 034, +78 - - C2 

350-550 4 092, +04 3.98 155 7 82 
Nelson Head Formation, Rae Group 

16 C 200-600 5 085, +10 4.97 129 7 62 
Mlkkelsen Islands Formation, Rae Group 

1 M NRM-475 4 062, +86 3.95 66 11 C2 
300-655 5 089,+61 4.94 70 10 C3 
625-675 5 085, +39 4.89 35 13 82 

2 M NRM-550 3 098,+73 2.97 75 14 C2 

Notes: Si, sle; N is the number of samples; Do, I " are the declination and inclination of 
magnetic direction, corrected for tilt; R is the vector resultant; k is the precision; a,," is 
the error of 95% confidence about the direction; Cp is component. C, Coppermine area; 
M, Minto Inlier. Sites 4, 12, and 13 from the Nelson Head, Grassy Bay, and Fort 
Collinson formations, respectively, did not yield any useful data. Site co-ordinates are: 
1 - 108"59'0"W, 72"16'15"N; 2 - 109"0'O"W, 72"16'4OUN; 4 - 109"22'30"W, 72"19'30nN; 
6 - 109"47'30"W, 72"18'15"N; 7 - 111°26'0"W, 72'24'40"N; 8, 9 - 11 1 "26'OHW, 
72"24'40nN; 11, 12 - 109"501W, 72O12'40"N; 13 - 110°34'O"W, 72"32'3OWN; 15 - 
1 09"56'4lWW, 72"17'14"N; 16 - 115"52'58"W, 67'54'23"N; 18 - 115"38'16"W, 
67O56'16"N. 
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the Minto Inlier (Palmer et al., 1983) associated with the 
Eurekan Orogeny (Tozer, 1968, p. 585) in the Sverdrup Basin, 
northeast of the Minto Inlier, and with a related rifting episode 
(Kerr, 1977) centred around Barrow Straight to the northeast 
(Fig. 1). 

METHODS 

From three to five block samples, oriented by sun and mag- 
netic compasses, were obtained at each site in the field by 
RHR. Samples were cored in the laboratory and cut into 
several specimens (2.2 cm in height, 2.5 cm in diameter). 
Natural remanent magnetizations (NRMs) were measured on 
commercial spinner magnetometers: sedimentary samples on 
a Geofyzika JR-4 and igneous diabase samples on a 
Schonstedt DSM. Samples were demagnetized by thermal 
(TH) and alternating field (AF) techniques to analyze the 
components of NRM. Thermal treatments were done by 
means of calibrated Schonstedt TSD-1 ovens and AF treat- 
ments by a Schonstedt GSD-1. In the latter instrument speci- 
mens were demagnetized along each of three axes in 
succession, and measured in two orientations after each meas- 
urement. Demagnetization axes were reversed on alternate 
AF treatment steps, with treatments ending when directions 
became 'unstable'. All experiments were carried out in a 
shielded room with ambient field less than 3000 T's. Mag- 
netic components were analyzed by means of vector diagrams 
and the LINEFIND program of Kent et al. (1 983). 

RESULTS AND ANALYSIS 

Shaler Supergroup 

Three magnetic components, B2, C2, and C3, were isolated 
from the NRMs using thermal demagnetization (Table 1) 
(Fig. 4). These are analyzed along with similar components 
and two additional ones, B 1 and C1, identified from an earlier 
study in the Brock Inlier using TH, AF, and acid leaching 
(CH) methods (Park, 1992a). Mean directions, coercivities, 
unblocking temperatures (TUB6s), and interpreted magnetic 
carriers for each of the Shaler Supergroup remanences iso- 
lated in the two studies are summarized in Table 2. 

Magnetic components B1 and B2 have similar directions 
and magnetic characteristics. The earlier study distinguished 
between them in single specimens, where the distinctly 
directed B2 component was removed before B 1 by both TH 
and CH experiments. Those experiments showed that B2 
resided in diagenetic hematite and B1 in probable magnetite, 
and that the remanences probably predated quartz cementa- 
tion. The present study shows that B2 also resides in probable 
magnetite as well as in hematite, making the difference 
between B1 and B2 less distinct. The possible meaning of 
these components is discussed below. 

Magnetic components C1, C2, and C3 have steeply 
inclined directions (Fig. 5). C1 has a distinctly different 
direction and appears to reside in magnetite, whereas C2 and 

C3 have distinctly different magnetic characteristics from one 
another. All three components reside in magnetic carriers that 
appear to postdate quartz cementation (Park, 1992a). 

A magnetization from site 15, an ooid grainstone from the 
younger Boot Inlet Formation, is not classified. 

Magnetic components of the present study can generally 
be related to the magnetic mineral phases. Shaler Supergroup 
sites have varying amounts of opaque minerals, including 
common secondary hematite, sparse sulphides (sites 13, 15, 

NRM d 

C 
-X, DOWN 

Figure 4. Vector diagrams showing the decay of natural 
remanent magnetization under thermal treatment of 
specimens from the Grassy Bay (a), Aok (b), and Mikkelsen 
Islands formations (c). Vectors are depicted as closed circles 
on the horizontal (x-y) plane and as open circles on the 
vertical (up-y) plane. Directions are not tilt-corrected. 
Component ranges are approximately indicated. 
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Table 2. Mean component directions from Shaler Supergroup. 

Entry Cp Po 04 1" N R k a,," CoercivitiesTT,,'s Magnetic 
mT, "C carrier 

1. B1 M 081,-20 4 3.90 31 17 5 75, N-595 mt 
2. 82 N 080, +10 8' 7.81 36 10 5- 20, 100-550 mt 

- , 500-675 ht 
3. C1 N 103,-76 12' 11.67 32 8 N- 60, 100-575 mt 
4. C2 N 072, +82 7 6.95 119 6 N- 175, N-550 ? 
5. C3 M 081, +62 4 3.97 91 10 65->270, 100-675 ht 

Notes: See Table 1. Po, polarity: M, mixed; N, normal. Mt, magnetite; ht, hematite. Site or sample directions 
were recalculated at the reference coordinates (70°N, 116 OW) before mean calculated. All directions are 
corrected to the paleohorizontal, except C2. Selection criteria for sites: N 22 samples and a,, $40". Sites of 
Park (1992a) are preceded by R; other sites are in Table 1. In Park (1992a), B1 is labeled A and 82, B. 
Entries: 1. Sites R4, R l l ,  R13, and R17. 2. Sites R11, R12, 1,6-9, 16, and 18. 3. Recalculated at reference 
coordinates (Park, 1992a). 4. Site R2, R4, 1,2,7,9, and 18. 5. Site R2, 1.6, and 11. 
' Excluding site 9. 'The magnetite component may have a different origin because the site, 115m away from 
the nearest dyke, may not have been affected by the Franklin magmatism. Samples from 5 sites. 

18), and rutile. Rutile commonly replaces hematite phases to 
a lesser (site 1, 6, 13, 15) or greater degree (sites 4, 12, 16), 
including detrital hematite that was only identified at site 16. 
The B2 remanence at site 16 may relate to euhedral grains of 
possible magnetite. B2 and C3, as in the previous study (Park, 
1992a), are generally identified with the secondary hematite 
pigment. Samples where C3 was revealed are distinguished 
by a dark red colour. 

Fold tests (McFadden, 1990) were conducted on all com- 
ponents. C2 appears to be postfolding (E2 = 3.690, tilt- 
corrected, compared to 95% critical value of 3.086; N = 7 
sites) and C3, prefolding e2 = 2.529, in situ, compared to 
95% critical value of 2.335), although there are only four sites 
for the latter test. Fold tests on C1, B 1, and B2 gave equivocal 
results. 

Franklin intrusions 

Analysis of the Franklin diabase dyke sites yielded a soft, 
steep downward-directed magnetization E with TUB's to 
500°C and a hard, characteristic, shallowlv inclined east or 
west component A with TUBrs in the magnetite range 
(Table 3). 

DISCUSSION 

Magnetic components of the Shaler Supergroup 

The complex NRMs of the Shaler Supergroup comprise three 
steeply inclined (Cl, C2, C3) and two shallowly inclined 
components (Bl, B2). C2 is a postfolding magnetization. 
With a direction similar to the present Earth's field (PEF) 
direction in the region (Fig. 5), C2 probably relates to the 
Recent Epoch. 

C1 and C3 have distinct directions located away from the 
PEF direction (Fig. 5). Magnetic characteristics suggest that 
they reside in different phases: C1 possibly in magnetite 

Vendian directions 4 * 
Cretaceous/Tertiary, 

Figure 5. Stereographic projection (centred on 90' down) of 
steeply directed magnetic components, CI,  C2, and C3, 
revealed within the Amundsen Basin. CI ,  which has been 
reversed, has only been found in the Brock Inlier. CI and C3 
are plotted with respect to the paleohorizontal; C2, with 
respect to the present horizontal. These directions are 
compared to overprint (BB and RIB, Park, in press; LBc, 
Park, 1981a; RB, Morris, 1977) and probable primary 
directions (BRA, Park, 19926; CA, Meert et al., 1994; CC, 
Symons and Chiasson, 1991) attributed to Neoproterozoic 
and Early Cambrian times, and to a path of Cretaceous and 
Tertiary directions (Irving and Irving, 1982). Small closed 
circles denote sites with only one sample. Error circles show 
aPj0 values; that for C1 is based on samples (N=12) rather 
than sites. All directions have been recalculated to the 
reference co-ordinates (70°N, 116 OW). 
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Table 3. Magnetic directions in the Franklin diabase. 

Si Area Treatment N D; l o  R k as60 CP 
AF(mT), TH("C) 

3 M 10->38, 200-580 5 078, +11 1 93 6 A 
5 M 13-25,  520-580 5 095, -10 40 12 A 

10 M - 100-450 4 156, +73 48 13 E 
17->35, 500-560 4 258, +47 70 11 A 

14 M NRM- 13, NRM-500 5 305, +85 287 5 E 
5 ~ 5 0 ,  500-560 4 260, +42 52 13 A 

17 C NRM- 8, NRM-450 4 076, +77 163 7 E 
5->80, 450-570 5 086, + I7  267 5 A 

Notes: See Table 1. Component A is tilt-corrected; component E is in-situ. Site coordinates: 3 - 
109"30'30"W, 72"15'30"N; 5 -1 11 "26'OMW, 72"24'4OUN; 10 - 109"22'301'W, 72O19'30"N; 14 - 109"55'47"W, 
72"17'33"N; 17 - across the river from site 16 (Table 1). 

(Park, 1992a) and C3 in authigenic hematite. There are sev- 
eral possible origins for C1. Because C1 lies near the trace of 
Cretaceous directions (140-65 Ma; Fig. 5) (Irving and Irving, 
1982), it could be a prefolding component of Cretaceous age, 
perhaps related to faulting documented in the Early 
Cretaceous (Balkwill and Yorath, 1970). As a possible ther- 
mal overprint, it could relate specifically to the recorded 
hiatus following Early Cretaceous deposition (Balkwell and 
Yorath, 1970). Thus, C1 may have been blocked-in during 
cooling following uplift and erosion of the Coppermine area. 
Altematively, C1, earlier assigned to the Neoproterozoic Era 
(Park, 1992a), could have formed during Neoproterozoic 
folding (Thorsteinsson and Tozer, 1962; Rainbird et al., 
1994a). It plots with several directions (LBC, Park, 1981a; 
RB, Morris, 1977) (Fig. 5) that may represent the early part 
of the hiatus preceding latest Neoproterozoic rifting in the 
Cordillera (Park, 1994). If C1 is Cretaceous, its direction 
would need a slight correction, because the amount of folding 
apportioned between the latest Neoproterozoic and the 
Cretaceous is not known. 

Component C3 appears to predate folding, which began 
in the latest Neoproterozoic. Its direction is distinct from 
Cretaceous and Tertiary directions of North America (Fig. 5) 
documented by Irving and Irving (1 982) and lies near primary 
directions (CA, Meert et al., 1994; CC, Symons and Chiasson, 
1991) from eastern North America associated with latest 
Neoproterozoic rifting at about 575 Ma. In addition, C3, like 
C1, also plots near overprint directions (BB, RIB; Park, in 
press) (Fig. 5) attributed to latest Neoproterozoic rifting in the 
northern Cordillera (Park, in press). Perhaps, C3 is a 
diagenetic overprint predating the sub-Paleozoic angular 
unconformity in the Amundsen Basin. Like Cl , it may require 
a slight amount of tectonic correction. 

B1 was earlier nominated as primary on the basis of a 
reversal at one site and on TH experiments on leached speci- 
mens that nominally identified magnetite as the carrier (Park, 
1992a). B2 was considered to be secondary (Park, 1992a). 
However, both B1 and B2 agree with discreet directions from 
the Franklin magmatic episode, suggesting instead that they 
are both overprints. The magnetite of these components could 
have been chemically produced. As an example, magnetite 
was likely formed from hematitic redbeds of the Firstbrook 

Formation (Huronian Supergroup) by intrusion of the 
Nipissing Diabase (Buchan et al., 1989). Altematively, these 
magnetite remanences may be thermal overprints, because all 
Shaler sites, except sites 8 and 9, were collected within about 
50 m of Franklin diabase dykes and sills. This explanation is 
preferred, because the authigenic hematite subcomponent of 
B2, interpreted as a secondary CRM, would not have formed 
coevally with chemically formed magnetite. Poles are plotted 
in Figure 6. 

Magnetic components and poles from diabases 

Normal A components from diabase sills that intrude the 
Shaler Supergroup agree with previously determined normal 
directions from Franklin sills of the Amundsen Basin 
(Robertson and Baragar, 1972; Palmer and Hayatsu, 1975; 
Park, 1981 b; Palmer et al., 1983) (compare pole entries 6 and 
7, Table 4), indicating that A is primary. The reverse A 
directions from this study (entry 10) have only been identified 
at one other site (Park, 1992a) which does not meet the 
selection criteria (see Table 4). Normal poles from Franklin 
diabases of the Amundsen Basin (FN, Fig. 6) (entry 6) are 
displaced from antiparallel poles from Franklin diabases out- 
side the basin (entry 1 1, Table 4) (F, Fig. 6). The separation 
is mirrored by normal (entry 5) and reverse poles (entry 9, 
Table 4) of the Natkusiak basalt within the basin. This sepa- 
ration suggests that Franklin directions within the basin could 
be biased by a small unremoved secondary component. 

Diabase sites of this study contain a viscous component 
E, similar to a steeply directed viscous component of Recent 
age determined from Franklin intrusions in the Brock Inlier 
(Park, 1981b). Several previous studies of Franklin diabase 
have revealed that in some cases the primary component was 
biased by a steeply directed down component (Fahrig et al., 
1971; Palmer et al., 1983; Pehrsson and Buclian, 1994). 
similar to the C components uncovered in the Shaler sites of 
the present study. The steep overprints were variously 
ascribed to Cretaceous or Tertiary magnetizations, either to a 
partial thermal remagnetization (Fahrig et al., 1971) or CRM 
(Pehrsson and Buchan, 1994) formed during the opening of 
Baffin Bay, or to a viscous partial thermo-remanent magneti- 
zation caused by uplift, erosion, and cooling (Palmer et al., 
1983) in response to the Eurekan orogeny. None of the 
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Figure 6. Comparison of Shaler Supergroup poles with those 
from the Franklin igneous episode (see Table 4). FN, FR, 
Franklin poles ofAmundsen Basin; F, all Franklin poles from 
outside the Amundsen Basin; NN, NR, Natkusiak basalts 
normal, reverse; SHB ,, SHB2, Shaler Supergroup Bl and B2 
components. BI(1.5) is a site pole from the Boot Inlet 
Formation. See references to poles in Table 4. 

supposedly affected data have been used in this study; never- 
theless, there is the possibility that even the accepted Franklin 
data is slightly contaminated. It is of note that most Franklin 
samples in previous studies have been demagnetized at only 
one AF step, so that any remaining overprint, if present, 
would not be detected. 

The directional separation of Franklin directions could, 
alternatively, indicate an age difference (Palmer and Hayatsu, 
1975), although this was dismissed by Palmer et al. (1983) in 
favour of the bias interpretation. Precise dating of the Franklin 
diabases (Heaman et a]., 1992) has suggested two ages of 
intrusion at 723 e4/-2 and 71 8 f 2 Ma; however, because only 
one analysis gave the latter age, the difference, given the 
precision of analyses, may not be significant. 

Comparison of Franklin and Shaler directions 

The two discreet polar groupings from the Franklin diabase 
and Natkusiak basalt, as noted, appear to correspond with B2 
and B1 directions from the Shaler Supergroup (Fig. 6). This 
prompts the questions: Are the interpreted overprints con- 
taminated by an unremoved magnetization? or, Do they, in 
fact, support an age difference within the Franklin magmatic 
episode? Three pairs of shallowly and steeply inclined com- 
ponents, each pair with similar TUB'S (Table 2), are compared 
to ascertain whether there is contamination: B2/C3 (hema- 
tite), B2lC2 (magnetite), and BlIC1 (magnetite). 

Comparison of the B2 and C3 hematite components 
reveals that in individual specimens the respective TUB 
ranges are reasonably well-defined with little overlap (see 
Fig. 4c). Furthermore, there is no evidence for C components 
in sites R11 and R12 where B2 hematite subcomponents were 
identified (Park, 1992a). With respect to the B2 and C2 

magnetite components, there is a slight overlap of TUB ranges 
where the components occur together in sites 7 and 8, with 
C2 having the lowerTUB1s (Table 1). However, the reasonable 
agreement between the B2 magnetite (D, I = 262", -06'; N = 

4 sites; a95 = 10") and hematite directions (D, I = 257", -13O; 
N = 4 sites; c195 = 20') suggests that there is no bias in B2. 
This is consistent with the close agreement (7" difference) 
between the primary diabase direction at site 17 (Table 3) and 
the B2 direction at site 16 (Table I), about 20 m away 
stratigraphically. In the case of B1 and C1, complementary 
magnetic coercivity and TUB spectra in individual specimens, 
indicate, instead, that C1 may represent a later thermal over- 
print on the magnetic phase carrying B 1. It appears then that 
Bl ,  like B2, is not biased by steeply directed components. 

However, on the other hand, uncertainties in the Shaler 
poles show that the separation of B1 from B2 is barely 
significant and that their poles could be coincident. The same 
applies to the Natkusiak poles; though separation due to 
contamination is also possible, as reverse poles from both the 
Natkusiak andFranklin units of the Amundsen Basin lie south 
of the normal poles (Fig. 6). The possibility of a distinct age 
difference of Franklin events is tantalizing; nevertheless, in 
view of the possible contamination of results in previous 
Franklin paleomagnetic studies and insufficient data from the 
Shaler Supergroup, it is not possible at present to explain the 
discrepancy between directions. 

Comparison of paleopoles from the Amundsen 
Basin and the Mackenzie Mountains 

Pole GBA from the Grassy Bay Formation of the Shaler 
Supergroup (Palmer et a]., 1983) is distinct from the normal 
Franklin poles. It is considered to be a primary pole on the 
basis of its latitudinal position between primary poles of 
bounding units from the stratigraphically correlated 
Mackenzie Mountains Supergroup (Fig. 2) (Park and Aitken, 
1986a; Park, 1992a). The virtual normal geomagnetic pole 
from a single site of the Boot Inlet Formation is distinct both 
from any overprint poles in the Shaler Supergroup and from 
the reverse pole of a nearby diabase sill (site 14, Table 3), 
which has a stratigraphic separation of 50 m. It could be 
primary (Fig. 2). 

Diabases of the Franklin igneous events do not intrude the 
Mackenzie Mountains Supergroup of the Mackenzie Moun- 
tains. Some overprints in the Mackenzie Mountains Super- 
group are probably caused by magnetically distinctive 
780 Ma mafic intrusions, which affected units of the Little 
Dal Group, including the Basinal sequence from which pri- 
mary pole LBA (Table 4, Fig. 2) is derived (Park, 198 1 a; Park 
and Jefferson, 1991). Other documented Neoproterozoic 
overprints in the Mackenzie Mountains Supergroup appear to 
relate to hiatuses in the geological record and to rifting (Park, 
1994). None of the interpreted primary poles, including TKA 
(entry 14, Table 4, Fig. 2) from the Mackenzie Mountains 
Supergroup, relate to the mafic intrusions. The discrepancy 
between the Shaler Supergroup pole (SHBI) and the 
Tsezotene and Katherine formation poles (here combined in 
TKA, Park and Aitken, 1986a, b) (Fig. 2, Table 4) from 
approximately correlative units, was attributed to possible 
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Table 4. Paleopoles of mean directions. 

E Unit S Y ~  CP Pole N 6p",6mo A" 
("E, "S) ("S) 

Amundsen Basin 
1. Shaler Sgp C2 292, -68 7 10,ll -73+10 
2. Shaler Sgp C1 000,+61 12' 14,14 65+14 
3. Shaler Sgp C3 144, +43 4 12,15 43k 12 
4. Gras. Bay GB, A 327, +06 10 4,7 8+4 
5. Natkusiak NN N 341,-03 11 4,9 0 + 4 
6. Franklin FN N 340, -04 3 14,27 -2+14 
7. Franklin FN N 343, -04 28 2,5 0 + 2 
8. Shaler Sgp SHB2 82 342, -08 8 5,9 -5 f 5 
9. Natkusiak NR R 338, +09 8 7, 13 10f7 
10. Franklin FR R 359, +21 2 29 
11. Franklin F N, R 342, +08 43 2,5 1 1  + 2 
12. Shaler Sgp SH,, B 1 346, +07 4 9, 18 1 1  +9 
Mackenzie Mountains 
13. Litt. Dal LB A A 321,-16 14 3,5 -14 + 3 
14. TsezIKath TKA A 323,+11 19 5, 10 1 1  k5 

Notes: See Table 1. E, entry; Sym, pole symbol. N, normal; R, reverse. in this study, polarities 
of Precambrian poles are reversed from their conventional assignment (see Park, 1992b; Park, 
1994). Nis the number of sites; dpO, dm0are the semi-axes of the oval of 95% confidence about 
the pole; A" is the paleolatitude of the reference sampling locality: 70 ON, 116 O W  for the 
Amundsen Basin; 65 ON, 128 OW for the Mackenzie Mountains. Poles have been calculated from 
directions thathave been recalculated at the reference coordinates. Selection criteria for Franklin 
data (entries 6,7,10,11): sites have been included where N 23 samples and a,, g25". Because 
the amount of data from sedimentary sites is much less, in order to make reasonable estimates 
for discussion, selection criteria have been relaxed. Therefore, sites have been included where 
N22 samples and a,, s40°, except for entry 18 where 14 sites have only 1 specimen. Entries: 
1. entry 4, Table 2.2. entry 3, Table 2.3. entry 5, Table 2. 4. Palmer et al. (1983), corrected for 
tilt. 5.5 sites, Palmer and Hayatsu (1 975); 6 sites, Palmer et al. (1983). 6. this paper. 7. Sites of 
Amundsen Basin: 2 sites, Fahrig et al. (1971); 8 sites, Robertson and Baragar (1972); 11 sites, 
Palmer and Hayatsu (1 975); 4 sites, Park (1 981 b); 3 sites (Table 3). 8. entry 2, Table 2. 9. 8 
sites, Palmer et al. (1983). 10. Sites of Amundsen Basin: 2 sites (Table 3). 11. Franklin sites 
outside Amundsen Basin: 19 sites, Fahrig et al. (1971); 10 sites, Fahrig and Schwarz (1973); 
2 sites, Park (1974); 12 sites, Christie and Fahrig (1983). 12. entry 1, Table 2. 13. Park (1981a). 

. 14. Combines primary components by site from Tsezotene Formation (Park and Aitken 1986b) 
and Katherine Group (Park and Aitken 1986a). 
" 12 samples from 5 sites. 

relative rotation between the Mackenzie Mountains and the 
Brock Inlier (Park, 1992a). However, the agreement between 
SHBl and F, and lack of paleomagnetic (Park et al., 1989, in 
press) and structural evidence for rotations (Norris, 1972; 
Aitken and Long, 1978), suggests rather that the discrepancy 
between TKA and SHBl is due to overprinting by the Franklin 
intrusions. 

correlative Shaler Supergroup sedimentary rocks of the 
Brock Inlier (Park, 1992a) is attributed to magnetic 
overprinting of the Shaler Supergroup by Franklin 
intrusions. 

3. A steeply directed overprint C3 is attributed to latest 
Neoproterozoic diagenesis recorded during the sub- 
Paleozoic hiatus. 

CONCLUSIONS 

1. Shaler Supergroup sedimentary rocks of this study 
contain magnetic overprints, B1 and B2, caused by 
Franklin intrusions, that mask or replace the primary 
magnetization. 

2. The 20° difference between a primary pole from the 
Tsezotene and Katherine units of the Mackenzie 
Mountains and a previously inferred primary pole from 
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Thermal parameters in rock units of the 
Winter Lake-Lac de Gras area, central Slave 
Province, Northwest Territories - implications 
for diamond genesis1 
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Thompson, P.H.,  Judge, A.S., and Lewis, T.J., 1995: Thermal parameters in rock units of the 
Winter Lake-Lac de Gras area, central Slave Province, Northwest Territories - implications for 
diamond genesis; & Current Research 1995-E; Geological Survey of Canada, p. 125-135. 

Abstract: Radiogenic heat production varies with rock type from 0.1-0.8 W r n 3  in amphibolite and 
tonalitic gneiss to 8.0-15.8 pWIm3 in late granites. Metasedimentary rocks and other granitoid units fall 
between these extremes. Thermal conductivity ranges from 2.3 to 4.9 W1m.K. Conductivity parallel to 
planar foliation or layering is up to 1.6 times higher than that perpendicular to these features. 

A simple conductive thermal model and the assumption that the lithosphere/asthenosphere boundary is 
a thermal feature (1 300°C) suggests that decreasing heat production in the crust can account for the transition 
from barren lithosphere less than 100 km thick at the end of the Archean to a diamond-bearing lithosphere 
200-225 km thick today. Lateral variations in this parameter may cause the thickness of diamond-bearing - 
lithosphere beneath the Slave Province to change. 

Consistency between the model results, surface geology, and the results of otheFGdelling approaches 
suggests that crustal thermal parameters and their evolution with time should be part of any comprehensive 
hypothesis for formation and evolution of lithosphere beneath Archean cratons. 

Resum6 : La production de chaleur d'origine radioactive varie selon le type de roche, soit de 0,l- 
0,8 pW/mf dans I'amphibolite et le gneiss tonalitique A 8,O-15,8 pWIm3 dans les granites tardifs. Les roches 
mttastdimentaires et autres unitts granitoldes se situent entre ces deux extremes. La conductivitt thermique 
varie entre 2,3 et 4,9 W1m.K. La conductivitt parallele A la foliation ou stratification planaire est jusqu'h 
1,6 fois plus Clevte que celle qui lui est perpendiculaire. - 

Selon un modble3Ziple de conductivitk thermique et l'hypothese selon laquelle la lirnite lithosphbre- 
asthCnosphtre est unemactkristique thermique (1 3W°C), une diminution de la production de chaleur dans la croOte 
peut Ctre i3 l'origine de la trmsitiorientre une lithosph2re stkrile de moins de 100 km d'Cpaisseur A la fin de I'Archkn 
et une lithosph2re djamantifbre de 200 A 225 km d'tpisseur aujourd'hui. Les variations laterales de ce parametre 
peuvent modifier 1'Cpaisseur de la lithosph6re diarnanwere au-dessous de la Province des Esclaves. 

La cohtrence entre les rtsultats obtenus par modtlisation, les donntes gCologiques sur les dtp6ts 
superficiels et les rksultats obtenus par d'autres mtthodes de modtlisation fait supposer que les parambtres 
thermiques de la crofite et leur Cvolution dans le temps devraient Ctre inttgrks h toute hypothtse globale de 
la formation et de 1'Cvolution de la lithosphbre sous les cratons archtens. 

Contribution to the Slave NATMAP Project 
Terrain Sciences Division 
GSC Victoria, Sidney 
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INTRODUCTION 

The strong influence of crustal radiogenic heat production and 
thermal conductivity on heat loss from the earth's interior has 
a significant effect on geothermal gradients in the lower crust 
and lithospheric mantle (Pollack and Chapman, 1977). 
Together with surface heat flow, these parameters are essen- 
tial components of numerical models constructed to explain 
the thermal evolution and metamorphic history of any orogen. 
Of particular interest is the time at which the lithosphere 
beneath the Archean Slave Province, northwestern Canadian 
Shield, became thick and cool enough to contain diamonds. 
One school of thought maintains that the apparent Iithospheric 
roots outlined by present day seismic tomography beneath 
Archean cratons formed at the same time as overlying crust 
(Jordan, 1988; Pearson et a]., 1995). Other workers argue for 
progressive growth with time (Helmstaedt and Schultze, 1989; 
Ringwood, 1989; Abbot, 1991). Although ages of inclusions 
in individual kimberlite pipes that range from 3.2 to 1.2 Ga 
(Richardson et al., 1993; Pearson et al., 1995) can be attributed 
to a long history of metasomatic alteration of a very old root, 
the range could reflect the heterogeneity of material added to 
a progressively growing root. Neither side of the discussion 
has paid particular attention to the effect of crustal thermal 
parameters on the evolution of subcratonic roots. 

Charles Fipke's discovery of 52 million year old diamond- 
bearing kimberlites (Northern Miner, 1993) and seismic 
tomography (Grand, 1987) are consistent with a thick 
(>I20 km), cold lithosphere beneath the Slave Province 
today. In contrast, Archean low-pressurerhigh-temperature 
metamorphism and magmatism (Thompson, 1989; 
Thompson et al., 1995) and numerical modelling results 
(Thompson and Lucazeau, 1989) indicate that the late 
Archean geothermal gradients were high enough to intersect 
the base of the lithosphere at pressures too low for formation 
of diamonds. We use new thermal data from the Slave 
Province to investigate the possibility that decreasing crustal 
heat production was a factor in the lithospheric thickening 
required to explain the contrast between the Late Archean 
geological record and lithosphere today. 

The definition of continental lithosphere remains contro- 
versial (Anderson, 1995). Jordan (1988) proposed that seis- 
mic tomographic roots 300-400 km thick correspond to a 
lithological or chemical mantle root that was depleted in 
basaltic components. Polet and Anderson (1 995) discussed 
chemical roots of a "permanent" nature only 200 km thick 
that induce cold downwellings in the asthenosphere, thereby 
increasing their apparent depth by 100-200 km.(i.e. 300- 
400 km). The modelling described here assumes that at 1300°C 
peridotite is close enough to its solidus that it flows on a scale 
that is characteristic of the asthenosphere, thereby defining the 
base of the lithosphere. This simplifying assumption does not 
consider the complications introduced by the effects of water, 
carbon dioxide, and increasing pressure on the solidus. Nor does 
it address compositional variations in the mantle. 

A strong relationship between surface heat flow, crustal 
heat production, and temperature variations with depth in the 
continental lithosphere is not a new idea (Pollack and 
Chapman, 1977; Stein, 1995). In this paper, we extend the 

concept to consider changes in temperature with time in a 
stable craton due to a natural reduction of heat production in 
rocks (Jessop and Lewis, 1978). Moreover, we consider the 
possibility that lateral variations in this parameter affect the 
thickness of diamond-bearing lithosphere. 

GEOLOGICAL SETTING 

The Slave Province of the Canadian Shield (Fig. 1) is distin- 
guished from classic Archean "granite-greenstone" terranes, 
like the Abitibi segment of the Superior Province or the 
Kaapvaal craton in South Africa, by the high proportion of 
sedimentary rocks in the supracrustal sequence, the limited 
occurrence of ultramafic igneous rocks, and abundant highly- 
evolved granitoid rocks (McGl ynn and Henderson, 1972; 
Henderson, 1981 ; Padgham, 1990). Centred 250 km north of 
Yellowknife, the Winter Lake-Lac de Gras map area 
(1 1 000 km2, Thompson and Kerswill, 1994; Thompson et al., 
1995) is typical of Slave geology and contains parts of two 
major lithotectonic elements. Thin discontinuous volcanic 
belts (2.7 Ga; Villeneuve, 1993) separate a domain dominated 
by recrystallized, migmatitic and gneissic granitoid rocks from 
one dominated by metamorphosed greywacke-mudstone. The 
metamorphosed, heterogeneous, "older" granitoid rocks are 
interpreted to be, for the most part, crystalline basement 
beneath the supracrustal sequence (Yellowknife Supergroup of 
Henderson, 1970) on the basis of the map pattern, discordant 
metamafic dykes, the isograd pattern, and the change in struc- 
tural style across the domain boundary (Thompson et al., 
1995). "Younger" granitoids similar to those dated elsewhere 
in the Slave at 2.62-2.58 Ga (van Breemen et a]., 1992 and 
references therein) intrude both domains. Peak metamorphic 
conditions were probably attained after 2.62 and before 
2.58 Ga. The map area overlaps the western boundary of the 
BHP-Diamet property. A diamond-bearing kimberlite also 
occurs 40 km to the southwest and another 50 km south- 
southeast of the map area (Pell, 1995). 

THERMAL PARAMETER DATA 

In the course of the geological mapping of the Winter Lake- 
Lac de Gras (Thompson and Kerswill, 1994; Thompson et al., 
1995), rock samples were collected from ten rock units for 
measurement of thermal conductivity and radiogenic heat 
production (Table 1). For comparison, heat production was 
also measured in 20 metasedimentary rocks from three other 
sedimentary domains in the Slave Province (Fig. 1). Rock 
units referred to in this paper are described by Thompson 
et a1.(1994) and Thompson and Kerswill(1994). Prior to this 
study, the only published measurements of heat flow, heat 
production, and thermal conductivity in the craton were from 
a single site near Yellowknife (Lewis and Wang, 1992). 

Laboratory methods 

The concentrations of the naturally occurring, long-lived 
radioactive isotopes of uranium, thorium, and potassium andlor 
daughter products were determined by passive gamma-ray 
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Figure I .  SimpE$ed map of the Slave Province after McGlynn (1977) outlining location of the Winter 
Lake-Lac de Gras map area (rectangle) and other sampled sedimentary domains (1 -Yellowknife, 2 -Healey 
Lake, 3-Tinney Hills-Overby Lake). 
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Table 1. Radiogenic heat production and thermal conductivity of rock units in the 
Winter Lake-Lac de Gras map area. 

Rock Type 

  eat Generation (pWlm3) 
averagelrangelstandard dev. 

Number of Thermal Conductivity (Wlm-K) 
samples t = 0 t = 2400 Ma (no. samples) 

Pink Biotite Granite 5 9.1 15.7 i 8.7 nd 
4.9-15.9 8.1-29.1 

White Biotite Granite 

I Biotite-magnetite Granodlorlte 1 0.5 1 .O nd I 
Quartz Glob Granite 

Metasedimentary Rocks * 29 1.2 2.9 * 1.2 3.3 (25) 
(phyllite, schist, migmatite) 0.1-3.1 0.2-5.9 planar fabric para(5) 3.9 

perp(5) 2.9 

Mafic Metavolcanic Rocks 3 0.5 0.9 planar fabric para(1) 2.8 
(amphibolite) 0.1 -0.8 0.3-1.4 perp(1) 2.3 

Hornblende Metagranite 

Metagranitoid (granite-tonalite) 15 1.4 2.4 i 2.1 3.4 (1) 
0.2-5.4 0.5-8.7 

Granitold Migmatite 
(dyke/leucosome) 

Quartzofeldspathic Gneiss 6 2.0 3.2 * 1.4 planar fabric para(2) 4.1 
0.8-3.4 1.3-4.3 perp(2) 3.5 

' four sample domains (number samples, average heat production): 1) Yellowknife (7, 1.1 pW/m3); 2) Healey Lake (9, 1.1 pW1m3); 
3) 'rinney Hills-Overby Lake (8, 1.1 pW/m3); 4)Winter Lake-Lac de Gras (5, 1.4 pW/m3) 

spectrometry using comparisons with internationally cali- 
brated standards (Lewis, 1974). Heat generation is calculated 
from these concentrations on the basis of accepted values for 
half-lives and present day energy conversions. A density of 
2.70 g/cm3 is assumed. The assumption causes heat produc- 
tion to be overestimated in denser rocks and underestimated 
in less dense rocks by a few per cent. Thermal conductivity 
of the rock samples collected in the course of regional map- 
ping was measured at room temperature using the divided bar 
steady state method (Jessop, 1970) on discs cut from 2 cm 
cores. Rocks containing a planar preferred orientation of 
minerals or compositional layering were cored parallel and 
perpendicular to the structure. Uncertainties of less than plus 
or minus five per cent are associated with heat production and 
thermal conductivity measurements. 

Results 

Radiogenic heat production in the different rock types of the 
Winter Lake-Lac de Gras area varies by a factor of 15 
(Table 1). Metamorphosed sedimentary and mafic volcanic 
rocks are relatively low, as are the four components of the 
deformed and metamorphosed "older" granitoid-migmatite- 
gneiss suite. Similar heat production values were obtained 

from metasedimentary rocks in three other areas of the Slave 
Province (Table 1, Fig. 1). The Pink Granite and the White 
Granite of the younger, discordant granitoid suite are the most 
radiogenic. However, a discordant granitic dyke (20 cm thick) 
intruded into the granitoid migmatite and, locally, the leu- 
cosome in the migmatite, yielded values similar to those 
obtained from the most radiogenic granites. Compared to 
many granites elsewhere (e.g. Whalen, 1993), those in this 
study are highly radiogenic. 

Chemical and petrographic studies indicate that the most 
radiogenic rocks sampled to date are true granites (>35 per 
cent alkali feldspar) with highly potassic (4.5-5.5 per cent 
K20), metaluminous compositions. In the Pink Granite, 
uranium ranges from 7.3 to 53 ppm and thorium from 29 to 
59 ppm. Comparable thorium contents occur in the White 
Granite (30-63 ppm) but uranium is generally lower (4.9- 
15 ppm). Potassium feldspar and the common accessory 
minerals, allanite, monazite, and zircon are the most likely 
hosts of radioactive elements. 

Radiogenic heat production in rocks decreases with time 
through a natural decay of the radioelements. At the time of 
latest granite intrusion in the Slave Province (e.g. 2620- 
2580 Ma, van Breemen et al., 1992 and references therein), 
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heat production of each of the rock units was almost double 
present day measurements. Table 1 includes values back- 
calculated to 2400 Ma. 

Measurements of thermal conductivity ranged from 2.5 to 
4.5 W/mK (Table 1). Conductivity parallel to foliation or 
gneissic layering is up to 1.6 times that perpendicular to these 
features. Regional dips at the surface tend to be moderate to 
steep. At depth, attitudes are not known. 

THE MODEL 

In the absence of non-conductive heat transfer within the 
lithosphere (i.e. crust + lithospheric mantle), the increase of 
temperature with depth in the lithosphere is a function of its 
thermal conductivity, heat derived from radioactive decay 
within the lithosphere, and heat coming from the underlying 
asthenosphere. Higher heat flow at the earth's surface corre- 
sponds to a higher geothermal gradient; that is, a larger 
temperature change through the lithosphere, and typically 
accompanies a thin or thinner lithosphere (Pollack and 
Chapman, 1977). This paper focuses on the influence of 
radiogenic heat production and thermal conductivity in the 
crust on lithospheric thermal regimes, both laterally within a 
craton today and with time since the end of the Archean 
2500 Ma ago. 

The present day situation 

Present day temperature profiles with depth below the surface 
were calculated for a single site at Yellowknife and, using a 
weighted average, 65 sites for the Winter Lake-Lac de Gras 
area. The following equation was used assuming purely con- 
ductive heat transfer within the lithosphere and crust; 

T = temperature at depth z, To = surface temperature 

q = surface geothermal flux (summation of crust and 
mantle contributions) 

k = thermal conductivity 

A - radiogenic heat production in a layer (per unit time per 
unit volume) 

Model parameters are summarized in Table 2 and on 
schematic lithospheric columns (Fig. 2). An average thermal 
conductivity of 3.5 W/m.K was calculated for the surface 
rocks (Table 1). Dependence of conductivity on temperature 
takes the form, k = k(T-0°)/(1 + cT), where T is temperature 
and c=.002 for the crust and c=.001 elsewhere. The base of 
the lithosphere is assumed to correspond to the 1300°C iso- 
therm (i.e. lithosphere/asthenosphere boundary for this 
purpose is assumed to be thermal in nature), the crust to be 
35 km thick (Barr, 1971), and heat production within the more 

Table 2. Model parameters (estimated and assumed). 

Yellowknife Winter Lake-Lac de Gras 

Parameters t = O a  t=2400Ma t = O a  t=2400Ma 

Thickness (km) 
upper crust 
middle crust 
lower crust 

Heat Production (!W/m3) 
upper crust 
middle crust 
lower crust 
crustal average 
lithospheric mantle 

Thermal Conductivity 
(W/maK)* 
surface rocks 3.5 3.5 3.5 3.5 

Upper boundary, 
top of crust ("C) 

Lower boundary 
base of lithosphere CC) 1300 1300 1300 1300 

1 Surface heat flow (mW/m2) 50 9 1 40 
73 I 

Derived mantle heat flow 13 2 1 11 18 
(base of lithosphere) 

* conductivity(k) = k(T=OO)/(l + cT), where T = temperature and c = .002 for crust and 
c = .001 for mantle 
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mafic (tonalitic?) middle and lower crust and the ultramafic 
upper mantle taken as 1 .O, 0.1 5 ,  and 0 pw/m3, respectively. 
Recent heat flow and heat production measurements in the 
Basin and Range Province of the United States (Lachenbruch 
eta]., 1994) support the assumption that radioactivity of rocks 
decreases with depth, at least within the crust. Our assumed 
middle and lower crustal values are similar to Drury's (1989) 
estimates for the Superior Province. Ashwal et al. (1987) 
estimated a mean value of about 1 pw/m3 for middle and 
lower crust in the Kapuskasing Zone (Superior Province). 
Derived mantle fluxes of 13 and 1 1 mw/m2 for the two areas 
(Table 2) are comparable to values of 10-1 4 mw/m2 obtained 
for the Superior Province (Guillou-Frontier et a]., 1994). Two 
lithospheric temperature profiles calculated from the 
weighted average of new heat production and conductivity 
data at Winter Lake-Lac de Gras (65 sites) and from the 
published data for a single site west of Yellowknife are con- 
sidered to be two among a range of profiles that might be 
expected across the Slave Province. Yellowknife is included 
here because it is the only site for which surface heat flow data 
has been published. 

Geothermal gradient c (Fig. 3) for the Yellowknife site is 
derived using an upper crustal heat production (2.3 + 
1.4 mw/m3, Fig. 2) averaged from ten samples of surface 
granodiorite (Lewis and Wang, 1992). Their measured heat 
flow of 50 f .18 mw/m2 (Lewis and Wang, 1992) is somewhat 
higher than the average (42 -1 8 mw/m2) for the Archean 
Superior Province of the Canadian Shield (Drury, 1991). Heat 
production in the granodiorite is near the low end of the range 
measured in granitoid rocks from the Winter Lake-Lac de 
Gras map area. Model gradient c (Fig. 3) implies a present 
day lithosphere 175 km thick with the lowermost 20 km in 
the stability field of diamond. 

Geothermal gradient b representing the Winter Lake-Lac 
de Gras map area (I 1 000 km2) incorporates an upper crustal 
heat production of 1.7 pW/m3 based on the relative surface 
area of rock units and their average heat production (Table 1). 
To simplify the calculation, the less-radiogenic granitoids that 
intrude the volcano-sedimentary sequence were grouped 
together as granitelgranodiorite (Fig. 2) as were all the units 
interpreted as older than the supracrustal rocks. In the absence 
of measurements of heat flow, 40 mw/m2, a value close to the 
average for the Superior Province (Drury, 1991), was assumed 
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Figure 2.  Schematic lithospheric columns corresponding to the geothermal gradients presented in 
Figure 3. For the purposes of modelling, the upper crust at the site west of Yellowknife was assumed to 
be composed entirely of the granodiorite present at the surface. See text for explanation of heat source 
distribution in upper crust representing Winter Lake-Lac de Gras area. 
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for the Winter Lake-Lac de Gras area where average heat 
production is significantly lower than it is at the Yellowknife 
site. With the assumed distribution of heat sources (Fig. 2) 
and this heat flow, the present base of the lithosphere (1 300°C) 
occurs at a depth of 225 km and the lowermost 1 10 km fall in 
the diamond stability field (Fig. 3). On this basis, five times 
more lithosphere occurs within the diamond stability field 
beneath Winter Lake-Lac d e  Gras than beneath the 
Yellowknife locality. 

These preliminary calculations show that if the average 
crustal heat production does, in fact, vary to the extent indi- 
cated in the schematic lithospheric columns, the thickness of 
lithosphere that falls within the diamond stability field may 
differ across the Slave Province. The single Yellowknife site 
is probably not representative of the surrounding region. 
There is, however, a radioactivity anomaly tens of kilometres 
wide located 100 km to the northeast (Darnley et al., 1986) 
that corresponds to regional heat production much higher 

Depth 
km 

500 1000 1500 

Temperature OC 

Figure  3. Pressure(depth)-Temperature diagram of calculated 
geothermal gradients, graphiteldiamond transition (Kennedy and 
Kennedy, 1976), and dry peridotite solidus (Wyllie, 1979). Geothermal 
gradient a after Thompson and Lucazeau (1 989) is close to the gradient 
derived from metamorphic data in the Winter Lake-Lac de Gras area 
(Thompson et al., 1995) for the temperature range 0-900°C. See also 
Thompson (1 989). 
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than that west of Yellowknife or that in the west half of the 
Winter Lake-Lac de Gras area. Different average heat produc- 
tion within zones that are more than 100 km wide, are more 
likely to have an effect on lithospheric thickness than are 
smaller scale variations present within the upper crust of a 
zone (e.g. column b, Fig. 2). If, as predicted by the model, 
such broad zones of high crustal heat production correspond 
to thinner lithosphere, the probability of a Cretaceous kim- 
berlite picking up diamonds on its way through the Slave 
lithosphere may not have been everywhere the same. 

2400 Ma before present 

Geothermal gradients b' and c' calculated for 2400 Ma 
(Fig. 2,3) correspond to gradients b and c at the present time. 
The only differences are caused by the calculated higher 
radiogenic heat production at that time due to the greater 
amounts of U, Th, and K present 2400 Ma ago. Related 
increases in surface heat flow and in derived mantle heat flow 
are indicated in Table 2. We assume, using simple models of 
thermal conduction in the crust and lithosphere, that uplift and 
erosion related to ca. 2.6 Ga Archean orogenesis had ceased 
2400 Ma ago (Thompson, 1989) and that the present erosion 
surface is approximately the same as it was then. That is, 
burial of the present erosion surface beneath younger sedi- 
mentary cover (subsequently removed) was not more than one 
or two kilometres (Grotzinger and Royden, 1990; Nassichuk 
and McIntyre, 1995). Furthermore, we assume that Proterozoic 
orogenic events around the margins of the craton (McGlym 
and Henderson, 1972) had little impact on the thermal regime 
in the central Slave Province. Any thermal effects associated 
with the diabase dyke swarms that intruded the Slave craton 
between 2.27 and 1.23 Ga (LeCheminant, 1994), are inter- 
preted to be localized on the craton margins. Going back in 
time, as radiogenic heat production and hence, surface heat 
flow, increase, geothermal gradients for both areas are higher 
(Fig. 3, Table 2). Eventually, the calculated gradients for each 
area reach asthenospheric temperatures (1300°C for this 
model) without crossing the diamond stability field. The time 
at which this occurs is the maximum age for diamond growth 
in the model lithosphere. 

Depth-time diagrams (Fig. 4) show the time dependence 
of lithospheric growth over 2400 Ma based on our proposed 
model for thermal evolution of the lithosphere. The model 
results are very sensitive to crustal heat flow and heat produc- 
tion. This is demonstrated by comparing the Yellowknife 
locality where upper crustal heat production increases from 

Figure 4. Depth-time diagrams representing increasing 
depth to the base of the lithosphere (1300°C) as crustal 
radiogenic heat production decreases with time. Thermal 
evolution between 2700 and 2400 Ga is afrer Thompson 
(1989) and after a numerical model involving overthickening 
of previously-thinned crustllithosphere (Thompson and 
Lucazeau, 1989). Geothermal gradients for time = 0 and time 
= 2400 Ma are from Figure 3. Diamond stability field afrer 
Kennedy and Kennedy (1976). a) Yellowknife heat flow site; 
b) Winter Lake-Lac de Gras map area. 

2.3 to 4.2 p ~ / m 3  (Fig. 4a) with the Winter Lake-Lac de Gras 
area (1.7 to 3.0 p ~ / m 3 ,  Fig. 4b). Surface heat Jlows of 50 and 
40 mw1m2, increase to 91 and 73 mWlm , respectively, 
2400 Ma ago. In both cases, the increase in radiogenic heat 
production is sufficient to cause the model lithosphere to thin 
by more than 50 per cent. To the extent that the assumptions 
on which the modelling is based are valid, the results have a 
bearing on diamond stability in the lithosphere and on thick- 
ening of the lithosphere with time. 

SUMMARY OF IMPLICATIONS 

If the average crustal heat production and surface heat flow 
are as high as may be the case at Yellowknife (Fig. 4a), the 
amount of present day lithosphere within the diamond stabil- 
ity field is probably less than it would be at Winter Lake-Lac 
de Gras (Fig. 4b), thereby reducing the chance of a kimberlite 
picking up diamonds during ascent. Is it coincidental that 
many more diamond-bearing kimberlites have been reported 
from the Lac de Gras region? Moreover, the time at which the 
base of the lithosphere entered the diamond stability field 
occurs later where heat production is higher, and therefore the 
maximum age of diamond growth is younger, for example, 
900 Ma (Fig. 4a) rather than 1850 Ma (Fig. 4b). 

Model results 2400 Ma back in time (Fig. 3,4) show a 
tendency for the geothermal gradients to approach a, a gradi- 
ent that intersects the base of the model lithosphere (1300°C), 
at a depth of 65 km, well before it encounters the stability field 
of diamond (Fig. 3). Ancient crustal geothermal gradients can 
be reconstructed from the metamorphic pressures and tem- 
peratures preserved in metamorphic terranes (Richardson, 
1970; Thompson, 1977). Gradient a represents the thermal 
regime at 2500 Ma as derived from a kinematic numerical 
model of the 2.7-2.4 Ga thermal and tectonic history of the 
Slave Province (Thompson and Lucazeau, 1989). Gradient a 
is constrained by low-pressurehigh-temperature metamor- 
phic conditions attained during ca. 2.6 Ga orogenesis in the 
Slave Province (Thompson, 1989; Thompson et al., 1995). 
Both evidence of 2.6 Ga Archean metamorphism on the 
present erosion surface and the results of thermal modelling 
bf the period 2700-2400 Ma are consistent with our resul6 
indicating that lithosphere thickness has more than doubled 
since the end of the Archean. 

DISCUSSION 

Our simple conductive model and the assumption of a ther- 
maVmechanica1 definition for the base of the lithosphere 
suggests that the lithosphere beneath the Slave craton may 
have been less than half its present thickness prior to 2400 Ma 
ago. Thin lithosphere at 2.6 Ga is also a requirement of a 
lithospheric delamination hypothesis proposed by Davis 
et al., 1994) to explain late granite magmatism and metamor- 
phism in the Slave. Furthermore, a lithosphere 115-150 km 
thick at 2.0 Ga (Fig. 4) is supported by Grotzinger and Royden 
(1990). They argued, on the basis of a flexural analysis of the 
Proterozoic Kilohigok sedimentary basin in the northern 
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Slave, that the elastic plate thickness at 1.96 Ga was about one 
tenth the present value and geothermal gradients were two to 
four times higher. Hoffman (1990) pointed out that these 
results are in direct disagreement with arguments (Jordan, 
1988) supporting an Archean age for deep lithospheric roots 
beneath Archean cratons, and went on to suggest that models 
for progressive thickening of the lithosphere need considera- 
tion (e.g. Helmstaedt and Schulze, 1989). 

Although age ranges of 3-1 Ga obtained from xenoliths 
and inclusions in diamonds from individual kimberlite pipes 
have been interpreted as evidence of alteration of a very old 
root (e.g. Richardson et al., 1993; Carlsonet al., 1994; Pearson 
et al., 1995), they may also be consistent with progressive 
thickening of the lithosphere. Our model (Fig. 4) shows 
lithosphere thickening at an average rate of 40-50 m/Ma from 
less than 100 km at the end of the Archean to 200-225 km 
today. This implies that the age of the lithosphere should 
decrease with depth, presumably as progressively younger 
asthenosphere cools and accretes to the lithosphere. We 
predict that lithospheric xenoliths and diamonds found in 
kimberlite pipes in the Slave Province would have a range of 
ages with higher pressure xenoliths more likely to be younger. 

More measurements of heat production and of heat flow 
across the Slave Province are desperately needed to explore 
the possibility that lithospheric thickness is affected by vari- 
ations in upper crustal heat production. This can be done 
relatively cheaply by using the holes drilled for exploration 
although specialized borehole measurement techniques must 
be used to combat the presence of permafrost in these northern 
locales (Judge, 1973). 

The simple thermal model presented here is obviously not 
the complete solution to the complex problem of the origin of 
subcratonic lithosphere which is both thermally and chemi- 
cally controlled. Consistency between our model results, 
surface geology and the results of other modelling approaches 
leads us to suggest, however, that crustal thermal parameters 
and a consideration of thermal evolution with time should be 
part of any comprehensive model prqposed for the formation 
and evolution of continental lithosphere beneath Archean 
cratons. 
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Hrabi, R.B., Nelson, M.D., and Helmstaedt, H., 1995: Diverse rnetavolcanic sequences and late 
polyrnictic conglomerate-associated rnetasedirnentary rocks in the Winter Lake supracrustal belt, 
Slave Province, Northwest Territories; Current Research 1995-E; Geological Survey of 
Canada, p. 137-1 48. 

Abstract: Mafic volcanic sequences in the Winter Lake belt have a wider range in chemical composition 
than previously recognized, ranging from calc-alkalic to tholeiitic basalts. Trace element geochemistry 
indicates that some of the volcanic rocks, including pillowed komatiitic basalts, have been contaminated 
by crustal material while others do not show such contamination. The differences in the chemical 
composition, the sequence of volcanic units, and their contact relationships on opposite sides of the belt 
indicate that the volcanic rocks do not form a simple stratigraphic sequence. 

Polymictic conglomerates and associated sandstones near Sherpa lake post-date the mafic volcanic 
rocks, are deformed about upright folds, and are preserved in a steeply south-plunging structural basin that 
is overturned at the south closure. Map-scale "interfingering" of the conglomerate and mafic volcanic rocks 
is a fold repetition of these units. 

RCsumC : Les skquences volcaniques mafiques dans la ceinture du lac Winter prCsentent un Cventail de 
composition chimique plus Ctendu que d'abord Ctabli, variant de basaltes calco-alcalins ii basaltes tholCii- 
tiques. L'analyse gCochimique des ClCments traces indique que certaines roches volcaniques, dont des 
basaltes komatiitiques en coussins, ont Ctt contaminkes par du matCriau crustal tandis que d'autres ne I'ont 
pas CtC. Les diffkrences de composition chimique, la sCquence d 'unitb volcaniques et leurs relations par 
contact sur les cGtCs opposCs de la ceinture indiquent que les roches volcaniques ne forment pas une sCquence 
stratigraphique simple. 

Les conglomCrats polygCniques et les grCs associCs pr&s du lac Sherpa sont postCrieurs aux roches 
volcaniques mafiques, sont dCformCs autour des plis droits et sont conservCs dans un bassin structural 
fortement inclink vers le sud et qui a CtC renversC B la fermeture sud. L'ccinterdigitation~ d'kchelle 
cartographique du conglomCrat et des roches volcaniques mafiques est une rCpCtition par plissement de ces 
unit&. 

' Contribution to Canada-Northwest Territories Mineral Initiatives (1991-1996), an initiative under the Canada- 
Northwest Territories Economic Development Cooperation Agreement 
Department of Geological Sciences, Queen's University, Kingston, Ontario K7L 3N6 
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INTRODUCTION 

The Winter Lake supracrustal belt is located in the east half 
of the Winter Lake sheet (NTS 86A), central Slave Province 
(Fig. 1). Mapping at 1:50 000 scale of the belt was completed 
during the summers of 1992 and 1993 (Hrabi et al., 1993, 
1994). During the summer of 1994 the areas west of Big Bear 
and Sherpa lakes were mapped in detail and critical contact 
relationships were re-examined in several other areas. The 
summary map (Fig. 2) includes changes made during map- 
ping this summer and supersedes previous maps published by 
this project. 

Previous work in the Winter Lake area includes 1 :250 000 
scale regional mapping by Fraser (1969) and detailed map- 
ping of the sedimentary rocks southwest of Newbigging Lake 
(Rice et al., 1990). The 1 :250 000 scale mapping was under- 
taken concurrently with this project by Peter Thompson 
(GSC, Ottawa) (Thompson, 1992; Thompson et al., 1993, 
1994a, b). Mike Villeneuve (GSC, Ottawa) is responsible for 
the U-Pb geochronology studies associated with the project. 
Bill Davis '(GSC, Ottawa) is undertaking Nd isotopic studies 
of the volcanic rocks in the belt. 

The supracrustal rocks have been informally subdivided 
into three groups (Hrabi eta]., 1993,1994): 1) older felsic to 
intermediate volcanic rocks with distinctly different ages of 
ca. 3.1 Ga (Villeneuve et al., 1993) and ca. 3.3 Ga 

(M.E. Villeneuve, pers. comm., 1994) at the structural base of 
opposite sides of the belt; 2) mafic to intermediate volcanic 
rocks and turbiditic sedimentary rocks similar to units of the 
Yellowknife Supergroup (Henderson, 1970); and 3) a 
sequence of polymictic conglomerate and associated sedi- 
mentary rocks interpreted to post-date the mafic volcanic and 
turbiditic sedimentary rocks (Fig. 2). 

The purpose of this paper is to describe the differences in 
geochemistry and field relationships of some of the volcanic 
rocks in the Winter Lake belt that suggest the belt contains 
fragments of volcanic rock with significantly different 
origins. An equally important objective is to describe the 
geometry and sedimentology of the polymictic conglomerate- 
associated sedimentary rocks west of Sherpa lake to clarify 
the relative timing of deposition of these rocks. All rock types 
have been metamorphosed under greenschist or amphibolite 
facies conditions, but for clarity the prefix "meta" has been 
omitted in this paper. 

MAFIC AND KOMATIITIC BASALT 
VOLCANIC ROCKS 

1 ip  gneisses (in paltx3Ga) 

Figure I .  Location of the Winter Lake supracrustal belt 
(outlined) in the Slave Province. Modified afrer Hoffmdn 
(1 989). 

Introduction 

The Winter Lake belt has a broadly synformal geometry. The 
older felsic rocks present on both margins of the belt flank 
units of mafic volcanic rocks and the belt is cored by turbiditic 
sedimentary rocks. The apparent uniform nature of the mafic 
volcanic rocks that lie on either side of the belt resulted in 
these rocks being grouped together during previous mapping 
of the belt (Hrabi et al., 1993, 1994). More detailed mapping 
in 1994 southwest of Big Bear lake and west of Sherpa lake, 
together with the results of major and trace element geochem- 
istry, suggest that the mafic volcanic rocks have a wider range 
in composition than was previously recognized. 

Field observations 

A relatively homogeneous sequence of pillowed mafic vol- 
canic rocks is found on both sides of the belt. On the west 
side, this sequence forms an east-facing homocline of mafic 
volcanic rocks that immediately overlies the older (ca. 3.3 Ga) 
felsic volcanic rocks. On the east side, it is a folded sequence 
of mafic volcanic rocks that structurally overlies the older 
felsic rocks (ca. 3.1 Ga) along a highly strained contact. The 
belt has an overall southward-closing synformal outline north 
of the Snare River (Fig. 2), but the mafic volcanic sequence 
cannot be traced around this apparent hinge zone. Rather, the 
east and west limbs become parallel to the belt boundaries as 
the belt narrows to the south (Fig. 2), and it is probable that 
the eastern and western mafic sequences are not strictly 
correlative. 

Several differences are noted between the two mafic 
sequences. Komatiitic basalts are found on both sides of the 
belt, but their stratigraphic position relative to the pillowed 
mafic volcanic rocks is different. On the east side, a thin unit 
of pillowed komatiitic basalt lies between the older felsic 
rocks and the mafic sequence. In contrast, the western mafic 
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sequence is separated from the older felsic rocks by a thin unit 
of iron-formation and orthoquartzite, and the komatiitic 
basalts form part of a diverse group of volcanic rocks, epiclas- 
tic rocks, and iron-formation structurally above the mafic 
rocks (Fig. 3). 

The contact of the mafic sequences with the older felsic 
volcanic rocks also differs significantly. On the east side of 
the belt southeast of Sherpa lake, the ca. 3.1 Ga felsic volcanic 
rocks, pillowed komatiitic basalts, and the main mafic 
sequence are folded together around a series of large-scale F2 
folds. In spite of the generally high state of strain in this area, 
an earlier foliation, parallel to the contact, can be traced 
around these folds. Furthermore, the foliation was best devel- 
oped towards the contact. In contrast, along the west side of 
the belt southwest of Big Bear lake, layering in iron-formation 
and orthoquartzite lying along the upper contact of the older 
felsic rocks parallels the adjacent mafic sequence and these 
rocks are relatively undeformed at the contact with the under- 
lying schistose felsic to intermediate volcanic rocks. 

GEOCHEMISTRY 

One of the most important differences between the east and 
west sequences of mafic rocks is their geochemical charac- 
teristics. The samples described are from the area south of Big 
Bear lake to the Snare River on the west side of the belt and 
from west of Sherpa lake south to the Snare River on the east 
side of the belt. In the following discussion, major elements 
are used to distinguish the major subdivision of rock types. 
Rare earth element (REE) patterns and Th-Nb-La systematics 
have been used in numerous studies to identify arc signatures 
in modem and ancient rocks (Briqueu et al., 1984; Swinden 
et al., 1990; Jenner et a]., 1991) or to identify crustal contami- 
nation in komatiites (Jochum et a]., 1991). 

The geochemical composition of the mafic volcanic rocks 
on the east side is quite homogeneous. They range from Mg- 
to Fe-tholeiites (Fig. 4) when plotted on a Jensen Cation Plot 
(Jensen, 1976). On an extended REE plot they typically have 
flat to very slightly LREE-enriched profiles (Fig. 5a). Most 
samples have a small negative Nb-negative Th anomalies 
relative to La and these samples are therefore unlikely to have 
been contaminated by continental crustal material. 

The geochemistry of the samples from the western mafic 
homoclinal sequence is more complicated. The samples 
analyzed to date from this sequence plot on a Jensen cation 
diagram in a dispersed region overlapping the tholeiitic basalt, 
tholeiitic andesite and calc-alkalic basalt fields (Fig. 4). A 
series of six analyses from a single vertical section through 
the homocline gives the best control on the vertical chemical 
variation of the sequence. All four samples from the base of 
the section are LREE-enriched and have a definite Th enrich- 
ment relative to La and the three samples analyzed for Nb have 
a Nb depletion relative to La (Fig. 5b). The two uppermost 
samples in the section have a flat REE profile or are slightly 
LREE-depleted and they have a negative Nb-negative Th 
anomaly relative to La (Fig. 5b). Of three samples from other 
locations in the western mafic sequence, one has charac- 
teristics similar to the samples from the base of section and 

two are similar to the samples from the top of the section. 
Additional analyses are in progress to test whether the LREE 
enrichment and negative Nb-positive Th anomalies are 
restricted to the lower part of the western mafic sequence. It 
is clear, however, that within this sequence some units have 
characteristics consistent with an arc signature (Briqueu et al., 
1984; Swinden et a]., 1990; Jenner et a]., 1991) or with 
contamination by crustal material (Jochum et al., 1991). 

The komatiitic basalt samples (as plotted on a Jensen 
cation plot, Fig. 4) from both sides of the belt are very similar, 
all showing LREE-enriched profiles and a strong negative 
Nb-positive Th anomaly relative to La (Fig. 5c). This strongly 
suggests that the komatiitic basalts contain a component of 
crustal material (Jochum et al., 1991). 

BIG BEAR LAKE SECTION 

The area southwest of Big Bear lake is well exposed and 
contains the widest variety of mafic and ultramafic rock types 
in the belt (Fig. 2,6) .  As such, detailed mapping of the western 
volcanic section at 1:15 000 scale was undertaken in 1994 
near Big Bear lake. 

Strongly deformed quartz-biotite-plagioclase~omblende 
schists identified by Fraser (1969) occur at the structural base 
of the section. These are interpreted to be felsic to inter- 
mediate volcanic rocks based on the common presence of 
monomictic quartz-phyric lapilli tuff and lapilli breccia within 
the unit. 

A unit of sulphide iron-formation and orthoquartzite up to 
several metres thick is present along the upper contact of the 
schistose felsic section for at least 8 km. The iron-formation 
is generally strongly oxidized, but well-preserved nodular 
pyrite layers with thin chert layers were observed. The main 
mafic volcanic sequence, the east-facing homocline of tholei- 
itic to calc-alkalic basalts described previously, lies above and 
appears concordant to the iron-formation. The mafic sequence 
is up to 2 km thick, but is only 300-800 m thick in the Big 
Bear lake section. The pillowed rocks are intruded by fine- to 
medium-grained gabbroic dykes and sills. 

The strain in the mafic rocks is relatively low through most 
of the Big Bear lake section including at the contact with the 
older felsic rocks. The felsic rocks, however, contain a strong 
foliation locally discordant to the contact, not observed in the 
mafic rocks. This relationship suggests that the older felsic 
rocks were deformed prior to the extrusion of the mafic 
volcanic rocks and that in this area the contact has not been 
significantly deformed since the extrusion of the pillowed 
rocks. 

East of the mafic homocline is a heterogeneous group of 
interlayered volcanic rocks, chemical and clastic sedimentary 
rocks, and mafic to ultramafic intrusions. Part of this unit was 
mapped in detail at 1: 1 000 scale where it is fault-bounded by 
extensions of late (Proterozoic?) faults (Hrabi et al., 1994) 
previously mapped to the south by Stubley (1990a, b). The 
sequence consists of mixed units of fine grained volcaniclastic 
rocks, lapilli tuffs, and serpentinized peridotites overlain by a 
series of thin flows of fine grained igneous rocks ranging from 
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Figure 2. 

Simplified geological map 
of the Winter Lake supra- 
crustal belt. 

BL - 
BBL - 
HL - 

Beauparlant Lake, 
Big Bear lake, 
Hopeless lake, 
Izabeau lake, 
Lake Providence, 
Left lake, 
Newbigging Lake, 
Point Lake, 
Shallow lake, 
Sherpa lake, 
Snare River, 
Terminus lake. 
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Figure 2 (cont.) 

141 
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Schematic tectonostratigraphy 
West side of belt 

southwest of Big Bear lake 
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Localized 
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Sherpa lake area 

Figure 3. Diagrammatic sections illustrating the diflerences in the mafic volcanic 
sections on the east and west sides of the supracrustal belt. Peridotites are found 
throughout the belt intruding most rock types and are not considered characteristic 
of the western section. 

FeO* + Ti02 

A kornatiitic basalt 
v east side 
A west side 

pillowed basalt 
0 east side 

west side / \ 

Figure 4. Jensen Cation Plot of analyzedpillowed komatiitic 
basalts and pillowed basalts from the east and west sides of 
the belt. 

Figure 5. Extended rare earth element spidergrams of 
a)  pillowed mafic volcanic rocks, the east side of the 
supracrustal belt, b) pillowed majc  volcanic rocks, the west 
side of the belt, and c) pillowed komatiitic basalts from the 
east and west sides of the belt. Symbols as in Figure 4;filled 
squares in Figure 5b  are from the single vertical section 
discussed in text. Primitive mantle normalizing values from 
Hofmann (1 988). 
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10 cm to 65 cm in thickness (Fig. 7a). When originally 
mapped at 1 5 0  000, these layers were thought to represent 
sheeted dykes. Stripping and washing of outcrops revealed 
units of silicate facies iron-formation (Fig. 7b) overlying the 
thin flows. The flows and iron-formation are folded, resulting 
locally in the near orthogonal orientation of the layered units 
to the regional strike of the mafic sequence that had been 
observed during regional mapping. Other evidence gathered 
during the detailed mapping to support the interpretation of 
these rocks as thin flows includes the presence of interlayered 
mafic tuffslinterflow sediments with the layered rocks 
(Fig. 7c, 7d) and the along-strike continuation of similar thin 
layered units with associated layers of iron-formation. 

The iron-formation and mafic tuff units are intruded by 
medium grained black gabbros. These units are overlain by a 
thick sequence of fine grained cummingtonite- and/or 
tremolite-bearing volcanic rock, similar in appearance to the 
komatiitic basalts interlayered with strongly foliated, 
medium- to coarse-grained ultramafic schists of variable com- 
position. In one outcrop of cordierite-anthophyllite-tremolite 

schist, poorly defined features resembling relict spinifex tex- 
ture were observed (Fig. 8). Slabbed sections show that the 
features have irregular boundaries, and thin sections show the 
radiating features are composed of Mg-rich chlorite. While it 
appears that these could simply be alteration features, the 
possibility remains that some of the coarser ultramafic schists 
represent true komatiitic flows. 

The contact relationships of &e fine grained cumrningtonite- 
tremolite-bearing rocks and the ultramafic schists are highly 
variable. In places, the schists can be mapped as both cross- 
cutting and forming concordant layers within coherent layers 
of pillowed flows. Elsewhere, variably-sized, isolated 
lozenges of pillowed flows were found within the coarser 
grained schists. Units consisting of thin, discontinuous layers 
of the fine grained volcanic rocks interfingered with strongly 
foliated schist are common. Close to the late fault on the east 
side of the detailed section the rocks are all schists. The two 
rock types are thought to represent two distinct protoliths. The 
coarser grained ultramafic schists may represent Mg-rich 
intrusions (+flows?) into komatiitic basalt flows. Partitioning 

Polymlctlc conglomerate, 
intorbedded conglomerate 
and cross-bedded sandstone 

sandsloneand mudstone 

Turbldltlc sedimentary rocks 
including mlgrnatlles 

and masalve f l o w  (dominantly 
calc-alkaliomalloon west slde 
tholeiillcon east side). 
coarse-grained mallc sills 

flows of komatlltic basalt. 
altered ultramaflo units. 
pillowed mallc votcanlc rockr. 
Silicate Ironstone, Interflow 
sedlmentary rocks, mafic 
lul land Intermediate 
volcaniclastIcS - Thin flowsol basall 

Figure 6. 

Map of the supracrustal belt southwest of Big 
Bear lake. 
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Figure 7. Representative units in the heterogeneous group of volcanic and sedimentary rocks. a )  Thin 
flows striking 070" with no interflow sediments betweenflows. 6 )  Silicate facies iron-formation to east 
of thin flow unit. c )  Interlayered flows and interflow sedimentary layers (uneven weathering layers). 
d)  Close-up of one of layers of interflow sediment afer  stripping and washing of the outcrop. 

of strain during strong deformation could have resulted in the 
dismemberment of many of the flows and the development of 
the stronger fabric in the schists. 

LATE COARSE SEDIMENTARY SEQUENCE 

Mapping of the polymictic conglomerates and associated 
sandstones west of Sherpa lake (Sherpa lake sequence) 
(Fig. 2, 9) was undertaken to resolve controversy on the 
relative age and stratigraphic significance of these deposits. 
Rice et al. (1990) suggested that the entire Sherpa lake 
sequence is east facing and stratigraphically overlies the 
turbiditic sedimentary rocks to the west, based on younging 
indicators in the western part of the sequence. Mafic volcanic 
layers are interfingered with the sedimentary rocks and, in the 
absence of observed facing directions in these rocks. the mafic 

u 

volcanic rocks were interpreted to be stratigraphically inter- 
Figure 8. Radiating features resembling spinifex texture in layered the conglomerate sequence ( ~ i ~ ~  et 1990). 
a strongly altered rock that now contains a cordierite- 
anthophyllite-tremolite assemblage. Thompson et al. (1993, 1994a, b) concurred with this inter- 

pretation based on the apparent interlayering of the units and 
the concordant structures and similar metamorphic grade in 
the coarse sedimentary rocks and the surrounding units. 
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In contrast, Hrabi et al. (1993, 1994) interpreted the underlying turbidites that were not recognized in the 
conglomerate-sandstone sequence to have been deposited conglomerates and sandstones, and on local angular uncon- 
unconformably on the volcanic-turbidite sequences. This, formable map relationships in which conglomerates overlap 
interpretation was based on the very coarse and polymictic both turbiditic sedimentary rocks and the mafic volcanic 
nature of the conglomerates, the recognition of folds in the rocks. 

Figure 9. Map of the conglomerate associated sedimentary rocks west of Sherpa lake. 
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The majority of the sedimentary se uence Is 
projected from the south closure ofyhe basin, 
and the mafic volcanic/comglomerate sequence 
is rojected from the north. 
It {as been assumed that the lunge from 
the north is not constant, and Phe projection 
uses a shallower plunge than is indicated by 

w v w v v . v " .  

lineation data from the north closure. 

Figure 10. Composite schematic section west of the Sherpa lake based on plunge 
projecrions from the south and north ends of the basin. 

Geometry 

During previous mapping (Hrabi et al., 1993), it was recog- 
nized that the Sherpa lake sequence clearly closes in a syn- 
form north of the Snare River but this closure could not be 
traced northward due to the lack of west-facing top directions. 
Rare facing reversals did suggest, however, that the section 
to the north is not homoclinal. Part of the problem in deter- 
mining the geometry of the rocks west of Sherpa lake was the 
lack of reliable facing indicators in the apparently "interlay- 
ered" mafic volcanic rocks and conglomerates ("central con- 
glomerate") that occur east of the main part of the Sherpa lake 
sequence (Fig. 9). Considerable time this summer was spent 
cleaning outcrops and searching for unambiguous facing 
directions, usually in the form of consistent pillow shelves 
and pillow shapes. 

Within the mafic flows around the northern closure of the 
central conglomerate, several unambiguous facing directions 
were found to indicate that these flows face inward toward the 
conglomerate that occupies the core of a syncline between 
two limbs of mafic rocks. At each contact (or "base") of the 
conglomerate, small-scale unconformable contacts cutting 
across mafic units can be observed. In addition, the conglom- 
erate has a symmetrical distribution of units between the 
mafic limbs. The conglomerate is dominated by mafic clasts 
and has a mafic matrix composition at both contacts with the 
mafic flows. Towards the centre of the conglomerate unit this 

changes to a polymictic composition with a feldspathic 
arenite matrix. Within the conglomerate, facing indicators are 
rarely observed, but a few, thin, channel-shaped units of 
sandstone were found that support the interpretation of a 
synclinal geometry. 

In the Sherpa lake sequence west of the infolded mafic 
volcanic rocks, most top directions face east. However, by 
concentrating in the area close to the mafic volcanic rocks, 
several well-preserved primary structures (crossbedding, 
normal grading, and channel shapes) reveal the presence of a 
narrow west-facing limb of sedimentary rocks. This limb 
represents the extension of the synclinal closure of the con- 
glomerate sequence mapped to the south (Fig. 9). A pillow 
shelf in an outcrop of west-facing pillows was found near the 
west edge of the west finger of mafic volcanic rocks located 
midway between Sherpa lake and Left lake (Fig. 9). Although 
based on very limited data, we suggest that an anticlinal axial 
trace passes through the western finger of mafic volcanics. 
Units within the coarse grained sedimentary sequence are 
truncated at this contact and a well-developed schistosity is 
present along this contact. Together these observations 
suggest that the sedimentary sequence and mafic volcanics 
have been folded into an asymmetric antiform with a thin, 
west-facing limb, but a fault along or near the sedimentary- 
mafic contact modifies the fold and may be partly responsible 
for the thinness of the west-facing limb. 
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The Sherpa lake sequence is deformed by upright F2 folds in crustal contamination may be a function of the higher 
and occupies a canoe-shaped structural basin that is steeply thermal erosive ability of the hotter komatiitic lavas, the 
overturned at its southern closure. A composite schematic observations are also consistent with a structural juxtaposition 
section across the sequence based on plunge proiections from of the volcanic sequences. - -  - 
the north and south ciosures of the bask is shown in Figure 10. 
The geometry of the mafic volcanic-sedimentary domain west On the east side of the belt, tholeiitic volcanic rocks, 

of Sherpa lake clearly shows that the conglomerates are not pillowed komatiitic basalts and older felsic volcanic rocks are 

synvolcanic. The coarse sedimentary rocks post-date the separated by highly strained contacts which have been sub- 

mafic volcanic rocks, but the absolute age difference between sequently deformed during the first folding event recognized 

these different rock units has not yet been determined. in all the supracrustal rocks (Hrabi et a]., 1993). Whereas the 
komatiitic basalts directly above the older felsic volcanic 

DISCUSSION 

Volcanic sequences 

Detailed mapping and the results of geochemical analyses 
indicate that the mafic volcanic sequences in the Winter Lake 
supracrustal belt have a wider range in composition than 
previously recognized. The trace element composition of the 
komatiitic basalts analyzed to date from both sides of the belt 
indicate that they have been contaminated by a component of 
pre-existing crustal material. In contrast, the mafic volcanic 
sequences have distinct geochemical signatures. On the east 
side of the belt, the tholeiitic mafic volcanic sequence have a 
MORB-like trace element pattern suggesting neither crustal 
contamination nor eruption in an arc setting. In the homocline 
on the west side of the belt, the geochemical nature of tholei- 
itic to calc-alkalic basaltic rocks changes from the bottom to 
the top of the section. At their base, the mafic rocks have 
negative Nb-positive Th anomalies and enriched LREE sug- 
gesting that these samples could also have been erupted 
through pre-existing crustal material. However, the trace 
element patterns of samples from the top of this section 
suggest little or no crustal contamination. 

Consideration of the geochemical data in the context of 
the present distribution and contact relationships of the vol- 
canic sequences poses several interesting problems. On the 
west side of the belt south of Big Bear lake, the mafic rocks 
are conformable with the iron-formation and orthoquartzites, 
the underlying older felsic volcanic rocks locally have folia- 
tion patterns discordant with the contact and there are pre- 
served sections of the contact along which the overlying mafic 
rocks are not highly strained. These observations are consis- 
tent with the felsic rocks having been deformed prior to 
deposition of the mafic sequence above a disconfonnable 
contact with no significant post-mafic deposition structural 

rocks indicate contamination with older crustal material, the 
tholeiitic volcanic rocks do not. If the data are not simply 
reflecting the increased thermal erosive ability of the komati- 
itic basalt lavas, these observations are consistent with the 
tholeiitic rocks having formed in a different tectonic setting 
and subsequently faulted against the komatiites and older 
felsic rocks. Continued structural and geochemical analysis 
may help to answer some of these problems. 

Sherpa lake sequence 

Many uncertainties concerning the geometry of the Sherpa 
lake sequence and its relationship with the adjacent supracrus- 
tal rocks have been resolved. The apparent interlayering of 
the polymictic conglomerate with mafic volcanic rocks 
results from folding of the conglomerates and underlying 
mafic rocks. Facing directions in the pillowed volcanic rock 
and erosional features at the base of the conglomerates in the 
syncline show that these conglomerates post-date the adjacent 
mafic volcanic rocks. 

On a map scale, the Sherpa lake sequence unconformably 
cuts through the adjacent turbiditic sedimentary rocks down 
to the mafic rocks and does not record the earliest folds 
observed in the underlying turbiditic sequence. This suggests 
that the conglomerate sequence not only post-dates the mafic 
volcanism but is significantly younger that the other 
supracrustal rocks. The absolute timing of deposition for 
these rocks, however, is still uncertain. U-Pb dating of detrital 
zircons and individual clasts has not established a young 
(i.e. ~ 2 6 0 5  Ma) depositional age as in the Jackson Lake 
Formation in the Yellowknife greenstone belt (Isachsen and 
Bowring, 1993) or the Kaycee conglomerates in the Anialik 
River belt (Villeneuve et a]., 1993). In the Winter Lake belt, 
dating of detrital clasts and cross-cutting dykes so far has 
constrained the deposition of the group to between 2689 Ma 
and 2548 Ma. 

reactivation along the contact. While the "crustally contami- 
nated" geochemistry of the lower mafic sequence is consistent A better bracket of the depositional age of the Sherpa lake 

with such an interpretation, it is unclear why the upper part sequence continues to be an important objective of the project. 

of the section is apparently not "contaminated". Structural analysis suggests that the conglomerates were 
deposited after a folding event recorded in the turbiditic sedi- 

The komatiitic basalts on the west side of the belt also have mentary rocks but prior to two other major folding events 
been influenced by pre-existing crustal material but overlie (Hrabi et a]., 1993). In addition, the conglomerate sequence 
the top of the tholeiitic to calc-alkalic mafic homocline that has a similar metamorphic grade as the surrounding supracrustal 
has not been influenced by such material. The contact between rocks (Thompson et al., 1994b). A better defined age for the 
these sequences, where not defined by late faults, is marked deposition of the conglomerates will therefore help to put 
by a distinct topographic lineament and increased alteration. absolute limits on the timing of the different deformation 
As the contact itself is generally covered, structural data events and metamorphism in the Winter Lake supracrustal belt. 
suggesting a fault are not available. Although the difference 
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Abstract: Lithological and structural mapping has determined that the Indin Lake greenstone belt 
comprises a mafic through felsic volcanic assemblage conformably overlain by turbidites. Homoclinal 
panels of mafic volcanic rock intercalated with the turbidites have strongly tectonized contacts. The 
structural geometry of the belt is characterized by regional scale, F2/FI interference fold patterns involving 
both the turbidites and volcanic rocks, which have been refolded about an upright, steeply plunging F3 
synclinorium. The occurrence of downward-facing folds and kilometre-scale overturned panels implies that 
this possibly imbricated structural stack was in part overturned prior to D3 deformation. 

Granulite to uppermost-amphibolite-facies gneisses of the Cotterill Lake complex, east of the greenstone 
belt, include tonalite orthogneiss, migmatitic paragneiss, and diatexite. Preliminary age relationships and 
lithological similarities suggest the complex could represent mid-crustal rocks of the greenstone belt, that 
have been uplifted on a Late Archean to Paleoproterozoic oblique-normal fault 

RCsumC : La cartographie de la lithologie et de la structure de la ceinture de roches vertes d'Indin Lake 
a permis d'ttablir qu'elle se compose d'un assemblage volcanique intermtdiaire A felsique surmontt en 
concordance de turbidites. Les panneaux homoclinaux de roches volcaniques mafiques intercalts avec les 
turbidites ont des contacts fortement tectonists. La gtomttrie structurale de la ceinture est carackriste par 
des plis d'interftrence F2/F, d'tchelle rtgionale qui ont touch6 tant les turbidites que les roches volcaniques, 
lesquelles ont t t t  replites autour d'un synclinorium F3 droit, A plongement raide. La prtsence de plis A 
vergence vers le bas et de panneaux dtversks d'tchelle kilomktrique laisse supposer qu'une partie de cet 
tdifice structural possiblement imbriqut a t t t  renverste avant la dtformation D3. 

Les gneiss du facibs des granulites au facibs sommital des amphibolites du complexe de Cotterill Lake, 
A l'est de  la ceinture de roches vertes, incluent des orthogneiss tonalitiques, des paragneiss migmatitiques 
et de la diatexite. Les liens provisoires ttablis entre les iges et les similaritts lithologiques portent A croire 
que le complexe pourrait reprksenter des roches de la crofite intermtdiaire de la ceinture de roches vertes 
qui ont kt6 soulevtes sur une faille oblique-normale de 1'Archten terminal au PalCoprotCrozoi'que. 

Contribution to Canada-Northwest Territories Mineral Initiatives (1991-1996), an initiative under the Canada- 
Northwest Territories Economic Development Cooperation Agreement. 
Department of Earth Science, Queen's University, Kingston, Ontario, K7L 3N6 
Department of Earth Science, Carleton University, Ottawa, Ontario, K1S 5B6 
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INTRODUCTION 

The Indin Lake area, situated in the western half of the 
Archean Slave Province (Fig. I),  is underlain by volcanic and 
sedimentary rocks of the Indin Lake greenstone belt and high 
grade gneisses of the Cotterill Lake complex (Fortier, 1949; 
Tremblay et al., 1953; Stanton et al., 1954; Frith, 1993). The 
present mapping project has been undertaken to update the 
geological understanding of the area and to provide a struc- 
tural context for mineral occurrences in the Indin Lake green- 
stone belt. Field work in 1994 focused on structural and 
stratigraphic relationships within the greenstone belt and 
characterization of the gneiss complex. 

This report contains: (1) an overview of the stratigraphy 
of the greenstone belt, (2) a description of the high grade 
gneiss domain, and (3) an overview of the structure of the 
area. Readers are referred to Pehrsson and Beaumont-Smith 
(1994) for a more complete description of rock units. All rock 
units described are metamorphosed to lower greenschist to 
granulite facies. For simplicity the prefix "meta" has been 
omitted. 

63" 

INDIN LAKE GREENSTONE BELT 

The Indin Lake greenstone belt comprises three intercalated 
lithostratigraphic units: i) turbiditic sedimentary rocks (here- 
after referred to as turbidites), ii) Hewitt Lake assemblage 

6,0 
volcanic and intrusive rocks, and iii) Leta Arm assemblage 117' I I 1. gneisses (in part 9 . 8  Gal 
volcanic and intrusive rocks (Fig 2). All of these units are 
intruded by tonalite-granodiorite and granite plutons that Figure 1. Location map of the study area wirhin the Slave 
have been described elsewhere (Pehrsson and Beaumont- Province. IL=Indin Lake, PL=Point Lake. 
Smith, 1994). A brief summary description of the volcanic 
assemblages and turbidites is given below. 

\ Paleoproterozoic strike-slip fault 

Intrusive units 

unfoliated monzo- and syenogranite, pegmatite 

foliated hbl-bio tonalite and granodiorite 

megacrystic monzogranite and porphyritic granite 
with numerous migmatite/gneiss inclusions 

Su~racrustal r o c k  

0 turbiditic sedimentary sequences 

e e e silicate, oxide-facies iron formation - 
El felsic volcanic rocks including 

hypabyssal porphyry intrusions 

m intermediate-mafic volcanic 
and volcaniclastic rocks, diorite sills, 
intruded by gabbro dykes and sills 

Hewitt Lake assemblaae 

felsic-intermediate volcanic and 
volcaniclastic rocks intruded by 
gabbro dykes and sills 

I mafic volcanic rocks, gabbro dykes 
and sills 

Cotterill I nke comoley 

gt-cord-sill migmatite and diatexite, 
opx-cpx-plag migmatite 

banded tonalite orthogneiss, 
amphibolite, migmatitic 
paragneiss, foliated monzogranite 

n biotite-in isograd 

A cordierite-in isograd 

-I- sillimanite-in isograd 

B- melt-in isograd 

0 granulite-facies assemblage 
occurrence 

Legendfor Figure 2 .  
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Figure 2. Simplified geological map of the Indin Lake area. 'c' and 'j' denote distribution of the coarse 
and$ne facies turbidites. Large scale folded bodies of the Leta Arm assemblage are named as follows: 
BI=Burn Inlet body, BL= Baton Luke body, FL=Fortune Lake body, SR=Snare River body. Dominantly 
majc volcanic rocks occur in the Hewitt Lake panel (HLp), the Gamey Lake panel (GLp) and the Chalco 
Lake panel (CLp). Lake abbreviations are asfollows: CL-Cotterill Lake, DL-Daran Lake, HL-Hewitt Lake, 
SnL-Snare Lake, SL- Spider Lake, TL-Truce Lake. 
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Hewitt Lake assemblage 

Mafic volcanic rocks of the Hewitt Lake assemblage occur in 
large (2-5 km thick, 10-40 km long) homoclinal panels or as 
thin (<1 km wide, 10-50 km long) units within the turbidite 
packages (Fig. 2). The assemblage comprises over 80% 
aphyric, pillowed and massive mafic volcanic flows, subor- 
dinate gabbro sills and minor mafic to felsic breccias and 
epiclastic sedimentary rocks. The mafic rocks are overlain by 
up to 200 m of felsic to intermediate flows and volcaniclastic 
rock within the Hewitt Lake and Gamey Lake panels (Fig. 2). 
These upper units are intruded by gabbro dykes and sills. 

Leta Arm assemblage 

The Leta Arm assemblage is characterized by mafic, interme- 
diate and felsic composition volcanic and volcaniclastic 
rocks. The units within the assemblage are laterally discon- 
tinuous and heterogeneously distributed. Volcanic flows and 
fragmental units of felsic, intermediate and mafic composi- 
tion are interlayered on a tens of metres to 500 m scale. Felsic 
to intermediate clast to matrix-supported breccias and lapilli 
tuffs commonly occur at the top of the Leta Arm assemblage 
panels. All units in this assemblage are intruded by gabbro 
dykes and sills, themselves deformed and metamorphosed. 

Our work has shown that the Leta Arm assemblage panels 
are nor predominantly underlain by mafic pillowed flows as 
previously suggested (Frith, 1993). Up to 25% of the units, 
formerly characterized as mafic, are composed of quartz and 
feldspar-phyric felsic lapilli and block sized clasts set in a 
chlorite, actinolite or hornblende-rich groundmass depending 
on metamorphic grade (Fig. 3). Cordierite-staurolite and 
cordierite-sericite quartzofeldspathic schists are associated 
with these volcaniclastic rocks. The patchy, irregular distri- 
bution of the FeIMg-rich groundmass at the outcrop scale, 
intermediate to felsic composition of the clasts, and unusual 
porphyroblasts suggest that these units are metamorphosed, 
metasomaticaly altered felsic to mafic volcanic rocks. 

Figure 4. Felsic volcanic lapilli and blocks in bedded 
greywacke-siltstone. Pen is 15 cm long. GSC 1994-734J 

Other felsic volcanic units 

As described by Pehrsson and Beaumont-Smith (1 994), felsic 
debris flows occur within the lower turbidite package. Addi- 
tional rhyolite flows, tuffs, and debris flows have been found 
within this package. These comprise massive quartz-feldspar- 
phyric rhyolite flows with brecciated tops and associated, 
laterally discontinuous, beds of felsic volcanic granule to 
boulder conglomerate with a silt to ash matrix (Fig. 4). A 
preliminary age of 2670 + 10 Ma has been obtained from one 
of the felsic debris flows (Pehrsson et al., 1994). The age of 
these felsic volcanic rocks relative to the Leta Arm assem- 
blage is not presently known. 

Turbidites 

Based on work in 1993 the turbidites were subdivided into 
two facies (Fig. 2). The coarse facies is characterized by thick, 
graded greywacke to mudstone beds (1 5 cm to >1.5 m thick), 
with local massive greywacke channels greater than 10 m 
thick. Thin (c5m thick) beds of quartz-feldspar grit, granule 
conglomerate and volcanic pebble to boulder conglomerate 
are associated with this facies. The pebble to boulder con- 
glomerates, dominated by rhyolite, dacite and quartz- 
porphyry clasts, occur as rare, discontinuous units at the Leta 
Arm assemblage contact and as beds within the turbidites. 

The finer grained facies consists of 1-15 cm thick, lami- 
nated, graded beds of greywacke to mudstone, pyritic dark 
brown to black shales and 1-15 m thick units of silicate, oxide, 
and sulphide-facies iron-formation. At higher metamorphic 
grade the black shales are recognized as distinctive andalusite- 
garnet and staurolite-garnet schists. 

Previous work suggested that the two facies were re- 
stricted to separate packages separated by the Hewitt Lake 
assemblage (Pehrsson and Beaumont-Smith, 1994). This 
year's work has revealed that the turbidite facies grade into 

Figure 3. Felsic volcanic agglomerate with a recrystallized one another laterally and vertically both areas. 
plagioclase-hornblende matrix. Patchy development of 
hornblende (note hbl poor areas above lens cap) can vary The centre of the greenstone belt predominantly com- 
from 25-90% of the matrix at the outcrop scale. Lens cap is prises the coarse facies turbidites, which directly overlie the 
5 cm wide. GSC 1994-734K Leta Arm assemblage. The contact between the Leta Arm 
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assemblage and overlying turbidites is apparently conformable 
with consistent younging directions across the contact. The 
finer turbidites underlie a 2 to 6 km wide, 50 km long strip 
above the Hewitt Lake assemblage on the east side of the 
greenstone belt. The contact relationships of the turbidites 
with the Hewitt Lake assemblage will be discussed below. 

Structure 

The structure of the Indin Lake greenstone belt is dominated 
by fold interference patterns at all scales, involving both the 
turbidites and volcanic assemblages. Three regional sets of 
Archean structures have been observed in the turbidites, 
whereas two have observed in the volcanic rocks. An outline 
of these structural sets is presented here, along with a sche- 
matic cross-section and description of the regional structural 
geometry of the map area. 

Dl structures 

Turbidites 

The earliest recognized fabric in the turbidites, S is a rare, 
bedding-parallel, slaty cleavage. It is defined by aligned 
biotite and muscovite and is commonly preserved within 
microlithons between the syn-thermal peak, S2! cleavage 
surfaces. Throughout much of central Indin Lake it has been 
obliterated by strong development of the regional S2 cleav- 
age. At higher metamorphic grade S1 is observed as crenu- 
lated inclusion trails within cordierite and andalusite 
porphyroblasts, suggesting its formation predates the meta- 
morphic thermal peak. 

Early folds of bedding, overprinted by the regional S2 
cleavage, are found in the turbidites throughout the map area. 
Hinges are rare and the folds are commonly recognized by 
changes in younging direction. They are tight to isoclinal 
folds with tens of metres to 100 m wavelength. The folds are 
moderately doubly-plunging (25-60'). The map trace of S is 
axial planar to these folds, however, due to strong S2 or later 
overprinting, S, has not been observed within the preserved 
F1 hinges. 

' Recumbent isoclinal folds, with axial traces 5 to 10 km 
long have been identified in northeast and southwest Indin 
Lake (Fig. 5). The absence of an axial planar cleavage, and 
overprinting by S2 cleavage leads us to infer that they are 
large-scale F1 stuctures. 

Volcanic rocks 

The oldest recognized fabric in the volcanic rocks is a 
regional foliation defined by alignment of quartz and 
feldspar and the long axes of flattened volcanic clasts and 
pillows. A strong steeply plunging vesicle and clast elon- 
gation lineation is developed on S1. A spaced cleavage, 
concordant with S2 in the turbidites, locally overprints 
S1 in the volcanic rocks. At low metamorphic grade 
actinolite and chlorite overgrow or are aligned parallel to 
S1 . At higher grade garnet porphyroblasts and cum- 
mingtonite laths overgrow S 1. Thermal peak minerals 

such as hornblende are concentrated within compositional 
bands defining S1 folia but are not aligned within the plane of 
the foliation. These observations suggest that the metamor- 
phic thermal peak outlasted S formation in the volcanic rocks 
and it is therefore correlated with S I  in the turbidites. 

Regional F, folds of the volcanic rocks within the Leta 
Arm assemblage have been interpreted based on changes in 
facing direction and folding of S1 in regional-scale fold inter- 
ference patterns (see below). 

Hewitt Lake assemblage-turbidite contacts 

A penetrative S I cleavage, which locally obliterates primary 
features, occurs in the both the turbidites and volcanic rocks 
at the Hewitt Lake assemblage-turbidite contacts. It is subpar- 
allel to bedding in the turbidites and is associated with a 
greater than average concentration of bedding parallel quartz 
veins. These veins are boudinaged or completely pulled apart 
parallel to SI .  S1 within the volcanic rocks intensifies at the 
contacts and an increased flattening of pillows, from equant 
in the horizontal plane to 10: 1 or 20: 1 attenuation, is observed. 
Unique intrafolial folds and an extreme boudinage of quartz 
veins are observed in the volcanic rocks. A strong, steeply 
north-plunging quartz-feldspar stretching lineation on S is 
observed in both the turbidites and volcanic rocks in these 
zones of higher Dl strain. 

D2 structures 

The predominant fabric in the turbidites is a crenulation 
cleavage, S2, which overprints the limbs and axial traces of 
the F1 folds and refracts through graded beds. It is defined by 
aligned biotite and is both overgrown by, and wraps around, 
cordierite and andalusite porphyroblasts. These observations 
suggest that D2 deformation was broadly coeval with the 
metamorphic thermal peak. 

S2 is axial planar to folds of bedding and S I  in the 
turbidites that have wavelengths from tens to several hun- 
dreds of metres. Minor F2 folds are moderate to tight with a 
predominant "Z" asymmetry. They have upright to slightly 
inclined, northeast-trending axial surfaces in central Indin 
Lake and are steeply north plunging (>65"). The SdS, inter- 
section lineation is predominantly steeply north to northeast 
plunging. Local variations in this plunge direction are related 
to changes in bedding orientation around F, hinges. F2 inter- 
ference with east-west trending F, axial surfaces produces 
minor and meso-scale modified mushroom to heart shaped 
fold patterns (intermediate between type 2 and 3 of Ramsay 
(1967)). 

A crenulation cleavage, interpreted to be S2, is locally 
well-developed within the volcanic rocks and is particularly 
strong west of Indin Lake, and south of Spider Lake. It is axial 
planar to minor asymmetric folds of SI .  It is defined by 
aligned hornblende and actinolite and is concordant with S2 
of the turbidites, with which it is correlated. A steeply north- 
plunging lineation, defined by aligned and stretched feldspar 
and hornblende, is developed on S2. It is subparallel to F2 fold 
axes and S2/So intersection lineations. 
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Figure 5. Simplified stratigraphy and structure of the Indin Lake area. Line A-A' is location of schematic 
section in Figure 7 .  See text for discussion. Abbreviations as in Figure 2. 
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The outcrop pattern of the Leta Arm volcanic assemblage 
defines four major, elliptical to irregular shaped bodies 
(Fig. 5). S1 foliation within the volcanic rocks and bedding 
within the turbidites are folded around these bodies. A cre- 
nulation cleavage correlated with S2 in the turbidites is axial 
planar to these folds, implying that they are regional scale 
F2 folds. The Fortune Lake and Bum Inlet bodies are dou- 
bly-plunging and mushroom to heart-shaped. They are inter- 
preted to be regional scale interference patterns, similar to 
the meso-scale F2/F1 interference patterns observed in the 
turbidites. The southern hinges of the Baton Lake, Fortune 
Lake, and Burn Inlet bodies plunge steeply northward 
(Fig. 6A, B). L2 mineral alignment and stretching lineations 
and S2ISO intersection lineations also plunge steeply north. 
These data imply that these folds are synforms. However, 
younging directions within these bodies and adjacent tur- 
bidites face outward, leading to the interpretation that the 
Leta Ann assemblage F2IF1 interference fold patterns are 
downward facing. This geometry could be due to preserva- 
tion of only the overturned limb of regional-scale recumbent 
F1 folds within the Leta Arm assemblage. More work is 
required to characterize the geometry of these folds, particu- 
larly within the Baton Lake body, where the vertical plunge 
of the northern hinge precludes interpretation as a simple 
doubly-plunging F2 synfonn. 

D3 and later structures 

upright large-scale fold of bedding, S t  and S2 (Fig. 5). These 
structures are interpreted to be F3 folds. The regional F3 fold 
is north- northeast trending and steeply south plunging (Fig. 
6C), with a wavelength of over 10 km. S3 is clockwise to 
bedding on the east limb of this fold, but can only locally be 
differentiated from S2 on the west limb, where it is counter- 
clockwise to bedding. Minor F3 fold axes and S3/S0 intersec- 
tion lineations at Spider Lake plunge steeply to the south (Fig 
6C). The cordierite-in and biotite-in regional metamorphic 
isograds in the turbidites are apparently folded by F3. The 
south-plunging nature of this structure indicates that it is a 
synform. This has important implications for the overall 
regional geometry which will be discussed below. 

A steep, northwest-trending, crenulation cleavage, S4, 
(previously termed S3, Pehrsson and Beaumont-Smith, 1994) 
overprints S2, S3, and both limbs of the major F3 fold. It is 
locally the main fabric observed in turbidites on west and 
northeast Indin Lake. S4 is axial planar to upright, minor 
chevron folds and kinks and open, kilometre-scale folds of 
bedding, S and S2 in northeastern and westem Indin Lake. 
These folds are interpreted to be northwest-trending,F4cross- 
folds (Fig. 5). Continued study will focus on resolving the 
extent to which the F21F1 interference fold patterns have been 
modified by F3 and F4 folding. 

Latest Archean to Proterozoic structures 

A locally developed, north-northeast trending S3 cleavage The map area is transected by two sets of latest Archean to 

crenulates S2 in the Spider Lake and Indin Lake regions. It Proterozoic faults. The first set comprises north-south trend- 

is preferentially developed in the pelitic portions of graded ing, brittle-ductile, high angle reverse faults (Bay-Lex and 

beds and is defined by aligned biotite. It wraps around Leta faults of Stanton et al., 1954). A younger set of north- 

cordierite and garnet porphyroblasts, suggesting that its de- west-trending brittle, strike-slip faults with sinistral map 

velopment post-dated the metamorphic thermal-peak. S3 is separations truncate all units in the map area. These faults are 

axial planar to symmetric, open minor folds at Spider Lake, thought to be older than 1.84 Ga., as they are not known to 

minor folds of "S" asymmetry east of Indin Lake and an cut the Proterozoic/Archean unconfonnity to the west, which 

Mean F2 fold axis: 

Equal Area 

L? 

1 Mean F3 fold axis: 207/83 1 

Pols lo  SO and SI Pole La 50 and S1 Pole 10 SO. S1 and SZ 

+ SllSO Interrectlm Ihneauon and L2 rwarchlnp fineallon + SZ/SO lntersetuon lhsauon and L2 avelchlng lineslion 
+ 53/50 intsnecum llncatlm and F3 dnw fold axes 

F3 sxir 
FZ axis g FZ axis 

Figure 6. Equal area stereonet projections of selected data. F2 and F3 fold axes are defined by measured 
minor fold axes and stereonet fit of dispersion of So and SI and S2. A) southern Fortune Lake hinge, 
B) southern Baton Lake hinge, and C) Spider Lake area. 
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is offset by ca. 1.84 Ga strike-slip faults (Frith, 1993). As the 
north-south reverse faults are offset by the northwest faults 
and themselves truncate the regional metamorphic isograds, 
they are inferred to be Latest Archean to Paleoproterozoic in 
age. 

determinations of the two volcanic assemblages and turbidites 
are currently in progress to test this relative stratigraphic 
sequence inferred from the field observations. 

EASTERN GNEISS DOMAIN 
Belt-scale geometry 

A schematic cross-section parallel to the northwest-trending 
cross-folds has been constructed through the central, least 
deformed, part of the Indin Lake belt. (Fig. 7). It illustrates 
that the belt scale geometry is potentially affected by a 
regional F3 synform. Within the section the Leta Arm assem- 
blage is preserved in steeply plunging, downward-facing F2 
synforms, whereas the Hewitt Lake assemblage occurs as 
steeply overturned, homoclinal panels. Younging directions 
between intercalated volcanic assemblages and turbidites 
define a pre-F2 structural stack in which the lowest tectonos- 
tratigraphic unit of the greenstone belt is the Leta Arm 
assemblage and the highest unit is the turbidites stratigraphi- 
cally overlying the Hewitt Lake assemblage (Fig. 2,s). Age 

Mapping of the Daran Lake and Cotterill Lake areas outlined 
a domain of uppermost amphibolite to granulite facies 
gneisses and plutonic rocks (Fig. 2). The following descrip- 
tion of the high-grade metamorphic mineral assemblages is 
based on field examination. 

Cotterill Lake complex 

The western half of the Cotterill Lake map sheet (86Bl2) is 
predominantly underlain by a heterogeneous unit of banded 
gneiss. This unit was first outlined by Fortier (1949) and 
subsequently studied by Frith (1993) who interpreted it to be 
basement to the Indin Lake greenstone belt. 

1 

/ / Daran Lake Fault 

Lek~ Ann volcanic assemblage 
. . . . . . . 

' . ..$. Dl fold axial trace biotite-in isograd 
- U Twbidites 

Hewitt Lake volranic assemblage -a. . 
' - . D2 fold axial trace L+J TWO mica gtanib 

D3 synfonn 

Migmatitic paragneiss 

- cotdierite-in isograd 

I sillimanite-in isograd (field 
observation) 

post-thermal peak fault 

Figure 7. Schematic structural-section of the Indin Lake greenstone belt. Features shown are constructed 
from station observations on the line of section or by up- or down-plunge projection. Dip of isograds is 
constrained by drill data from the Damoti Lake gold prospect (H. Falck, pers. comm. 1994). The section 
illustrates the possible synformal nature of the F3 refold, and the overturning of units at the belt scale. No 
vertical exaggeration. Location of section shown in Figure 5. 
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The gneiss is characterized by a pronounced composi- 
tional layering composed of strongly foliated to gneissic 
tonalite, amphibolite, and weakly foliated to massive mon- 
zogranite. This layering is concordant with narrow ( 4 0  m 
wide), anastomosing zones of high strain in which the unit 
develops a straight gneissic to mylonitic foliation. 
Monzogranite dykes crosscut the compositional banding 
but are transposed into the zones of high strain. Unde- 
formed syenogranite and pegmatite dykes crosscut the 
foliation. 

Coarse grained amphibolite increases in abundance (to 
25% of the unit) adjacent to the greenstone belt. It carries 
white-weathering, zoned porphyroblasts of garnet sur- 
rounded by plagioclase feldspar, a typical metamorphic tex- 
ture commonly related to decompression (Fig. 8A). 

Panels (10 to >500 m wide) of dark-green weathering, fine 
grained amphibolite, talc schist, coarse amphibolite with sub- 
rounded quartzofeldspathic fragments, and migmatitic parag- 
neiss with iron-formation can be mapped within the Cotterill 
gneiss. These units resemble the upper-amphibolite-facies 
mafic volcanic flows, felsic volcanic breccias and turbidites 
within the Indin Lake greenstone belt, and consequently are 
interpreted to be of supracrustal origin. A U-Pb zircon crys- 
tallization age of 2680 f 5 Ma has been obtained from the 
foliated tonalite phase of the banded gneiss (Pehrsson et. al., 
1994). This age is coeval with a preliminary age of a felsic 
volcanic rock obtained from the Leta Arm assemblage in the 
greenstone belt, suggesting that the tonalite gneiss may be 
largely synvolcanic. 

porphyroblasts of orthopyroxene in the leucosome (Fig. 8B). 
The migmatite is cross-cut by narrow dykes of weakly foliated 
orthopyroxene-bearing monzogranite and is intruded along its 
eastern contact by this unit. The migmatite and foliated mon- 
zogranite are, in turn, intruded by a tabular shaped pluton of 
megacrystic granite. These units are the northern continuation 
of similar units found in the Wijinnedi Lake map area imme- 
diately to the south (Henderson and Schaan, 1993). 

The eastern half of the Cotterill Lake area is largely 
underlain by megacrystic granite containing mappable en- 
claves of migmatitic paragneiss, diatexite, and tonalite gneiss 
(Fig. 2). The megacrystic granite locally shows waxy green 
feldspar on the fresh surface. The paragneisses and diatexite 
have the  assemblage cordierite-garnet-kfeldspar- 
sillimanite. At the eastern limit of the map area the parag- 
neiss contains rare orthopyroxene and is associated with 
orthopyroxeneclinopyroxene-plagioclase gneiss. A similar as- 
sociation of megacrystic granite, cordierite-garnet-Kfeldspar di- 
atexite with orthopyroxene-bearing gneiss has been noted in the 
Wijinnedi Lake area where pressure-temperature determinations 
on the diatexite yield conditions of 750-800°C and 7 kbar 
(Chacko et al., 1995). 

The megacrystic granite is associated with massive to 
weakly foliated monzogranite with a Kfeldspar porphyritic, 
magnetite-bearing phase. Both the megacrystic and magnetite 
bearing monzogranite phases occur as veins in the migma- 
tites. The magnetite-bearing monzogranite intrudes the 
tonalite orthogneiss. 

An elongate body of coarse grained, foliated hornblende- 
biotite tonalite intrudes the gneiss complex east of Daran 
Lake, but is overprinted by a foliation parallel to the host 
gneissic foliation. Similar foliated tonalite occurs as inclu- 
sions and large enclaves within the megacrystic granite, 
indicating it predates intrusion of the megacrystic granite. 

Granulites and late granites 

Granulite-facies gneisses and migmatites have been found 
on the south shore of Daran Lake and east of Cotterill Lake 
(Fig. 2). The Daran Lake unit is a hornblende-orthopyroxene- 
clinopyroxene-quartz-plagioclase migmatite with l a rge  

Figure 8. A) Foliated spotted amphibolite. Black arrow 
points to a porphyroblast with a garnet core (grey) sur- 
rounded by a plagioclase rim (white). Pen is 15 crn long. GSC 
1994-7340. B) Two-pyroxene-plagioclase migmatite from 
the Daran Lake area. Grey ovals are 2 cm orthopyroxenes. 
Brunton compass is 20 cm long. GSC 1994-7341 
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Greenstone belt-gneiss domain contact DISCUSSION 

The contact between the Indin Lake greenstone belt and the 
high grade gneiss domain where observed, is a steeply west 
dipping, ductile shear zone (here informally termed the Daran 
Lake fault). Stretching lineations in the mafic mylonites along 
the Daran Lake fault plunge 65' to the north. Offset of the 
isograds, as well as one observation of asymmetric exten- 
sional shears give an oblique-normal (west-side down and 
north) sense of displacement. This is consistent with the 
juxtaposition of upper-amphibolite to granulite- facies rocks 
of the gneiss domain with greenschist to mid- amphibolite 
facies rocks of the greenstone belt. Pressure- temperature 
estimates for the amphibolite grade rocks in western Indin 
Lake are between 450-570°C and 2-3.5 kbar (Jones, 1994). 
Peak pressure estimates from granulite-facies units in the 
Wijinnedi Lake area correlative with those at Daran Lake, are 
ca. 7 kbar (Chacko et al., 1995). While more thermobaromet- 
ric work is required to characterize the pressure jump at Daran 
Lake itself, the existing data suggest a difference of up to 
3.5 kbar across the fault. The timing of the oblique-normal 
faulting is bracketed between the age of regional peak meta- 
morphism (ca 2.6 Ga for the Wijinnedi Lake area, 
M. Villeneuve, pers. comm.) and the Paleoproterozoic north- 
west-trending strike-slip faults that offset the contact. 

ASPECTS OF ECONOMIC INTEREST 

Field work in 1994 has outlined new occurrences of iron- 
formation and the thinly bedded turbidites that host the 
Damoti Lake gold prospect (Fig. 2). Silicate-facies iron- 
formation extends to west of Daran Lake where it lies along 
strike of iron-formation units in the northern Wijinnedi Lake 
map area (Henderson and Schaan, 1994). Assays of sulphide- 
bearing iron-formation found on northeastern Indin Lake in 
1994 have yielded anomalous gold values of >lo0 ppb. 

Pyrrhotite- and arsenopyrite-bearing iron-formation 
occurs discontinuously along a strike length of nearly 7 km 
on north-central Spider Lake (Fig. 2). A trench exposes large 
quartz veins in this arsenopyrite-bearing occurrence. Assays 
of the iron-formation in the vicinity of the trench yield up to 
500 ppb Au. 

Iron-formation was traced northward to the limit of the 
map area, although the lower turbidite package continues for 
another 18 km to the north Frith, 1993). These turbidites, in 
the Origin and Grenville Lake sheets, are considered highly 
prospective for sulphide-bearing iron-formation. 

Volcaniclastic rocks of the Leta Arm assemblage in the 
Bum Inlet panel contain abundant sericite, cordierite, and 
staurolite (Fig. 2). These felsic schists are interpreted as 
metamorphosed, hydrothermally altered volcaniclastic rocks. 
Mineralogically similar altered volcanic rocks are associated 
with massive sulphide mineralization in the High Lake green- 
stone belt of the northern Slave Province (Henderson et al., 
1994). The observations indicate that the Leta Arm assem- 
blage may be a target for base-metal exploration. 

Detailed study of the Indin Lake greenstone belt has shown 
that it has a complex structural geometry resulting from four 
generations of folding. The plunge direction of the regional 
F3 fold and the F2 interference patterns of the Leta Arm 
assemblage are critical to the interpretation of the belt-scale 
geometry. Current data suggest that the regional structural 
geometry can be explained by upright F2 and F3 refolding of 
recumbent FI folds and thrusts. Further work is required to 
test the geometry of the interference fold patterns and its 
implications. We suggest that given the tectonized nature of 
the Hewitt Lake assemblage contacts, similarity between the 
turbidites above and below the unit, and in the absence of 
evidence for a major unconfomity within the turbidites them- 
selves, it is unlikely that the currently preserved structural 
stack is an intact stratigraphic sequence. Intercalation of the 
Hewitt Lake assemblage with the turbidites and major thick- 
ness changes of the tectonostratigraphic units may have been 
a result of Dl  thrust imbrication. 

Presence of supracrustal rocks similar to the Indin Lake 
greenstone belt in the Cotterill gneiss complex and the ca. 
2.7 Ga date of tonalite crystallization imply that the upper- 
amphibolite to granulite facies Cotterill Lake gneisses may 
represent mid-crustal equivalents of the Indin Lake green- 
stone belt. These deeper crustal rocks were uplifted differen- 
tially in the Latest Archean to Early Proterozoic on an 
oblique-normal shear zone which marks the boundary 
between the Indin Lake greenstone belt and the Cotterill Lake 
complex. 
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Controls on and geological setting of regional 
hydrothermal alteration within the Onaping 
Formation, footwall to the Errington and Vermilion 
base metal deposits, Sudbury Structure, Ontario1 

D.E. Ames and H.L ~ i b s o n ~  
Mineral Resources Division 

Ames, D.E. and Gibson, H.L., Controls on and geological setting of regional hydrothermal 
alteration within the Onaping Formation, footwall to the Errington and Vermilion base metal 
deposits, Sudbury Structure, Ontario; Current Research 1995-E; Geological Survey of Canada, 
p. I61 -1 73. 

Abstract: Comprehensive field evidence clearly indicates that the Early Proterozoic Onaping Formation 
is a hydrothermally altered sequence of pyroclastic fall and debris flow, hydroclastic breccia and pyroclastic 
flow deposits. A stacked, basin-wide, semi-conformable succession of altered tuff is well exposed in 
outcrop. From exposed base to top it comprises silicified, feldspathized, chloritized and carbonatized zones. 
Preliminary observations suggest that the basal, syndepositional silicification zone predates emplacement 
of the granophyre intrusion. Although the modes of brecciation and emplacement are similar to volcani- 
clastic deposits, the Onaping Formation is not a typical cauldron sequence, however it is not a suevite or 
meteorite fallback breccia. The exceptional preservation of one of the most extensive semi-conformable 
alteration systems known, permits detailed study of hydrothermal processes involved in generating the 
overlying replacive massive sulphide deposits hosted in carbonate sinter mounds. 

RCsum6 : Les indices globaux recueillis sur le terrain indiquent clairement que la Formation d'onaping 
du Prottrozo'ique prtcoce est une stquence alt6rte par des fluides hydrothermaux et composte de dCbris 
pyroclastiques de retombte et de coulee, de br2ches hydroclastiques et d'ignimbrites. Une succession 
semi-concordante de tufs alttrks empilts B 1'Cchelle du bassin est bien exposCe dans I'affleurement. De la 
base au sommet de l'affleurement, on observe des zones de silicification, de feldspathisation, de chloritisa- 
tion et de carbonatation. Les observations prtliminaires laissent supposer que la zone de silicification basale 
synsedimentaire prCcbde I'intrusion de granophyre. MCme si les modes de brkchification et de mise en place 
sont semblables a ceux de dtp6ts volcanoclastiques, la Formation d'onaping ne constitue pas une shuence 
typique de chaudron, mais ce n'est pas non plus une brbche de retombte de sutvite ou de mtttorite. La 
conservation exceptionnelle de l'un des systbmes d'alttration semiconcordants les plus vastes connus 
permet d'ktudier en dttail les processus hydrothermaux participant B la mise en place des gisements de 
sulfures massifs de remplacement sus-jacents encaissQ dans des monticules de tufs agglomtrts. 

' Contribution to Canada-Ontario Subsidiary Agreement on Northern Ontario Development (1991-1995), 
Canada-Ontario Economic and Regional Development Agreement. 
Geology Department, Laurentian University, Sudbury, Ontario P3E 2C6 
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INTRODUCTION 

The study of regional semi-conformable alteration associ- 
ated with volcanogenic massive sulphide (VMS) deposits is 
of prime interest to both the research community and the 
exploration industry as its characteristics, distribution, and 
interrelationships determine the nature of regional-scale 
hydrothermal systems. Although the spatial association 
between regional semi-conformable alteration and VMS 
deposits is recognized in such mining districts as Noranda, 
Sturgeon Lake, Snow Lake, Skellefte, Bergslagen and the 
Iberian Pyrite belt, the modes of formation and genetic 
relationships to the massive sulphide producers are poorly 
understood. Alteration systems in the Iberian Pyrite belt and 
Onaping Formation, Sudbury are an order of magnitude larger 
than those listed above. 

The Onaping Formation is footwall to two known base 
metal deposits, the Errington and Vermilion mines containing 
6.4 Mt grading 4.36% Zn, 1.37% Cu, 1.15% Pb and 55 glt Ag 
(Jonasson and Gibson, 1993) and is host to numerous base 
metal prospects with lesser gold showings (Rousell, 1984). 
The Onaping Formation is optimum to study regional 
(approximately 53 X 17 X ~ 3 . 5  km) semi-conformable silici- 
fication and carbonatization as two metamorphic and tectonic 
regimes are present: 1) greenschist facies, low strain rocks in 
the north range of the Sudbury structure and 2) amphibolite 
facies and high strain rocks in the south range. 

This is a multi-year study of regional hydrothermal altera- 
tion within the Onaping Formation. It contributes to the origin 
of the Zn-Cu-Pb massive sulphide deposits and the nature of 
the Onaping Formation. The immediate objectives are to 
determine the spatial distribution, mineralogy, chemistry, 

CHELMSFORD Fm 

0 ONAPING Fm 

(modlfled from Stoness. 1994) 

Regional Alteratlon and Stratigraphy Other Whitewater Group map areas 
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Figure I .  Sudbury structure showing the location of 199311994 map areas in the Onaping Formation. 
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timing, and origin of "basin-wide" silicification, feldspathi- 
zation, palagonitization/chloritization, and carbonatization 
and to determine the stratigraphic, syn- and post-depositional 
structural controls on alteration. A key is to distinguish which 
of the alteration types are related to intra-Onaping base metal 
occurrences, to the overlying Zn-Cu-Pb massive sulphide 
deposits, and perhaps, to both. 

Detailed mapping (1:2000) of stratigraphy and alteration 
in each of the ten 1993-94 map areas (Fig. 1) encompassed: 

1. complete transects through the Onaping Formation in the 
north range Morgan Township and south range Garson 
powerline transect (map areas 3 and 7); 

2. three areas extending from the granophyre through the 
Sandcherry member strata and the contact unit of the 
overlying Dowling Member (map areas 4-6); 

3. the upper Dowling Member (map areas 2,8); 

4. intra Onaping mineralization including the Simmons Pb- 
Cu-Zn showing (map area I), Limerick Cu-Zn showing 
(map area 3) (Fig. 1, 2, 3). Key areas mapped at 1 : 100 
include those with critical stratigraphic relationships and 
the Cow Lake, McNunes and Ryan base metal occur- 
rences (map areas A-C and 4) (Fig.1). 

REGIONAL GEOLOGY 

The 60 x 28 km, Sudbury Structure contains the outer 
Sudbury igneous complex (SIC), Sudbury breccia and the 
interior Whitewater Group that comprises (from oldest to 
youngest), the Onaping, Vermilion, Onwatin, and 
Chelmsford formations (Martin, 1957; Stoness, 1994). The 
Early Proterozoic Onaping Formation forms an inner annular 
rim around, and is intruded by the 1850 Ma Sudbury igneous 
complex (Krogh et al., 1984; Peredery, 1972; Muir and 
Peredery, 1984). The older age limit is constrained by the 
2219 Ma Nipissing diabase dykes that do not intrude the 
Onaping Formation (Corfu and Andrews, 1986). Formation 
of the Sudbury structure was penecontemporaneous with a 
major tectono-metamorphic event termed the Penokean 
Orogeny which in the western Southern Province is a com- 
posite event attributed to multiple terrane collisions from 
1.890 to 1.835 Ga (Van Schmus, 1980; Sims et al., 1989). In 
contrast, the Penokean orogeny in the Lake Huron region, is 
an event whose absolute age is not well established but, is 
broadly constrained as a post-Nipissing diabase (2219 Ma) 
and pre-Killarney (1 750 Ma) deformational event (Card, 
1992). 

Onaping Formation 

The Onaping Formation is controversial as to whether it is of 
impact or volcanic derivation. As with many impact struc- 
tures (e.g. Ries, Germany; Mistassin Lake and Manicouagan, 
Canada) the fragmental succession of the Onaping Formation 
was initially mapped as ash-flow tuffs and lavas resulting 
from catastrophic volcanic eruptions during cauldron subsi- 
dence (Thompson, 1957; Williams, 1957; Stevenson, 1972, 

1990; Muir, 1984). Others have interpreted the Onaping 
Formation as products from a meteorite impact including 
fallback breccias or suevite, melt bodies and wash-in from the 
crater walls (French, 1967; Dence, 1972; Peredery, 1972; 
Avermann, 1992). 

The 1400 m Onaping fragmental sequence was until 
recently (Muir, 1984; Gibbins, 1994) considered a heteroli- 
thological chaotic mixture. Significant features first recog- 
nized by Muir (1 983,1984) include 1) the Onaping Formation 
is not chaotic and is bedded, 2) although the base is generally 
coarse and the top fine, it contains normally graded units with 
indistinct contacts, 3) the base of the so-called Black member 
is marked by an increase in the proportion of chloritic shards, 
and 4) carbon does not define the Black member because it is 
locally absent from the Black member and present in the Gray 
member. 

Extensive mapping has defined a distinctive and consis- 
tent stratigraphic sequence with variations in shard morphol- 
ogy between blocky and lenticular, size and percentage of 
juvenile and lithic fragments, internal morphology, and con- 
tact relationships that are consistent with hydroclastic origin 
for the breccia (hyaloclastite, pyroclastic fall, flow or debris 
flow) (Gibbins, 1994) (Fig. 2a). Gibbins (1994) grouped these 
units into the Sandcherry member and Dowling member, the 
lower and upper part of the Onaping Formation, respectively. 
This change in terminology from Gray and Black member 
means that the newly defined contact marks a change in the 
morphology and size of shards, percentage of matrix and lithic 
fragments and is not due to a colour change or presence or 
absence of carbon (Gibbins, 1994). The terminology followed 
herein is based on Fisher's (1966) size classification of pyro- 
clastic rocks with no genetic connotation. 

Stratigraphy 

The Onaping Formation consists of the Basal member (Muir, 
1981,1983; Muir and Peredery, 1984), the Sandcherry mem- 
ber composed of hydroclastic breccias with blocky shards and 
the Dowling member breccias produced by explosive erup- 
tions (Gibson et al., 1994; Gibbins, 1994). The Basal member 
in the south range (Muir and Peredery, 1984) or quartzite 
breccias (Stevenson, 1961) outcrop only in the south and east 
range and lie stratigraphically below the Sandcherry member 
(Fig. 1, map area 7; Fig. 2a). This Basal member displays in 
situ brecciation of quartzite fragments with a cuspate, angular, 
chloritic matrix all intruded by granophyre. Due to intense 
deformation, primary relationships are obscured. Further 
mapping of this unit is required to understand the mechanisms 
of brecciation and its relationship to the basal intrusion and 
aphanitic dykes. 

The Sandcherry member strata were grouped into two 
major rock types; 'Fluidal fragment', characterized by tabular 
flow banded shards and 'Shard-rich', characterized by equant 
plate-like shards. These are laterally discontinuous, matrix- 
poor and contain at least 60% shards. The base of the Dowling 
member is marked by the Contact unit (Gibbins, 1994) for- 
merly the chlorite shard horizon (Muir and Peredery, 1984) 
or Green member (Avermann, 1992) and characterized by 
20-45% lenticular chlorite shards that locally are incipiently 
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welded. The Dowling member contains matrix-rich (<40% 
glass shards) laterally continuous rock types stratigraphically 
grouped into lower, middle and upper units (Gibbins, 1994). 

The majority of the Onaping formation (Sandcherry and 
Dowling member) has a very low average percentage of lithic 
fragments (4% by volume), (Gibbins, 1994) although some 
units may display a block-rich base (30% by volume). In 
contrast the 4 5 0  m thick, Basal member on the southeast 
range comprises mainly lithic fragments (75-95% by volume) 
(Muir and Peredery, 1984). 

Intrusions 

The Onaping Formation is intruded by: 1) aphanitic, flow- 
banded dykes genetically related to fluidal fragments 
(Peredery, 1972; Gibbins, 1994) present in Sandcheny mem- 
ber rocks; 2) the 'Basal Intrusion' (Gibbins, 1994) that contains 

Vennlllon/Enlngton 
Pb-ZnCudeposlts 

BoJol lntnrrlon 
I 

Aphonk dyke 

LEGEND 

o ~Ocky/lentlcular shards 

units previously described as Basal member and melt bodies 
(Peredery, 1972; Muir and Peredery, 1994); 3) the grano- 
phyric phase of the Sudbury igneous complex (Peredery, 
1972); and 4) 1238 Ma Sudbury diabase dykes (Krogh et al., 
1987) (Fig. 2a). 

Syn-Onaping intrusions 

Penecontemporaneous andesitic dykes were autobrecciated 
to form part of the Fluidal-fragment units and cut Shard-rich 
units in the Sandcheny member. Similar glassy andesitic 
dykes intrude the Onaping Formation at various stratigraphic 
levels with increasing vesicularity toward the top (Fig. 2a). 
Within the Contact unit, Middle units and Upper units are 
intrusive lobes (2.5 to 5 m) with annular, texturally variable 
bands. In general, the lobes have a massive core followed by 
spherulitic bands with variable amounts of hyaloclastite and 
an amygdaloidal rim (Fig. 3, 4). 

, curbon 
Boundary 

Figure 2. A) Simplij?ed stratigraphic column of the Onaping Formation (mod$ed after Gibbins, 
1994; Muir and Peredery, 1984). B) Generalized alteration column through the Onaping Formation, 
showing alteration distribution and vertically stacked semi-conformable alteration zones. 
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I I 

LEGEND 
, - ,, outer rim, hyaloclastite rich with fine spherulites -__' 

Andesite 
Andesite lobes 

0 Massive andesite 
Andesite breccia 

Zone of magma = melthuff mixing 
Intense mixing zone (85% andesite, 15% tuff) 

Weak mixing zone (25% andesite, 65% chloritized tuff) 
I\ Silicified tuff (with 25% hyoclastite) 
1///1 Chloritized tuff (with 15-20% spherulitic pods) 

Pseudo tuff breccia 
0 Silicified tuff 

Volcaniclastic Rocks 
0 Tuff 

Figure 3. Detailed geological map of A&M outcrops showing peperite crosscut by penecontemporaneous 
andesite lobes in the Middle unit, Dowling member, Onaping Formation. 



Current ResearchIRecherches en cours 1995-E 

Zones of mixing between andesite dykes and tuff of the 
Dowling member were mapped (l:200 scale) in the middle 
units at the A&M showing, and in the upper units at Gordon 
Lake Road, and documented in drillcore at the top of the 
Onaping Formation in contact with the Vermilion Forma- 
tion (Figs. 1-6). These zones are interpreted to be peperite, a 
rock generated by mixing of coherent magma with unconsoli- 
dated wet sediment (McPhie et al., 1993) (Fig. 5). The 
peperite exposures are characterized by a lensoidal (Fig. 6c) 
or blocky (Fig. 6a) clastic texture with two components 
1) spherulitic, amygdaloidal andesite and 2) Dowling mem- 
ber tuff (Fig. 6). The tuff is silicified and characteristically 
light gray due to the lack of carbon. 

Intra-Onaping mineralization 

Base metals occur in stringers and veins of Cu, Zn, Pb, Fe 
sulphides, carbonate and quartz (Simmons and Limerick 
showings); reworked Cu, Zn, Pb, Fe and carbonate fragments 
(Cow Lake, McNunes area), and as sulphide replacements of 
lapillistone beds (Ryan) and shards, dominantly at the base of 
the Middle Units of the Dowling Member (Fig. 1). Sulphide 

is disseminated in the Middle and Upper units; the spatial 
association with synvolcanic faults, with or without dyke 
emplacement, can be documented in many areas. 

HYDROTHERMAL ALTERATION 

The relative distribution of vertically stacked semi- 
conformable alteration and disconformable alteration 
zones are simplified in Figure 2a. Silicification occurs as 
a basin-scale, semi-conformable zone of pervasive altera- 
tion at the exposed base of the Onaping Formation, as 
discordant fracture-controlled and pervasively silicified 
zones associated with high level dykes intermixed with 
Dowling Member tuff (i.e. peperite). Discordant zones of 
feldspar alteration are confined to Sandcheny member strata 
in association with hyaloclastite-rich margins to flow banded 
dykes and as mottled and pervasive zones in proximal brec- 
c i a ~  within feeder zones to the fluidal fragment breccias. 
Fracture-controlled feldspar-silicified zones are in the Joe 
Lake and Capreol map areas. Chlorite alteration of shards is 
most prominent in the contact unit but present throughout the 
Onaping Formation. Semi-conformable carbonate alteration 

-. . is distinctive basin-wide in the upper part of the Onaping 
\ Formation (Fig 2b). 

'l 

Semi-conformable alteration zones 

Silicification 

In the Morgan map area (Fig. l ) ,  a 440 m map width of 
pervasive silicification was traced for 1300 m along the 

. exposed base of the Onaping Formation. The lower contact 
' 1  is intruded by hydrothermally altered basal intrusion and 

*% %, >;I unsilicified granophyre but the upper contact has not been 
observed. Silicification has affected both the shard-rich 
and fluidal-fragment lapilli tuffs in the Sandcherry member 

3 i (Fig. 7). Relict, recessive weathering, blocky shard-like 

Figure 4. Outcrop photographs of A&M intrusive lobes. Figure 5. In situ brecciation of silicified (light gray) tuff 
A) Andesite lobe with massive core, block rich zone and separated by andesite. (GSC 1995-077P). This jigsaw-fit 
spherulitic, amygdaloidal outer margin. GSC 1995-0771 texture is characteristic of thel'pseudo tuffbreccia" exposed 
B) Bimodal size population of spherulites within andesite at the southern margin of the intense zone of mixing in 
lobe. GSC 1995-077J Figure 3. 
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Figure 6. Outcrop photographs of peperite textures in the 
most intense and moderate zones of mixing. A) Blocky 
peperite texture with clasts of andesite in silicified tuff 
Representative of most intense mixing zone in the Upper units, 
Dowling member, Gordon Lake Road. GSC 1994-321 
B) Clasts of silic$ed tuffwithin matrix of spherulitic andesite 
in the most intense mixing zone, Middle units, Dowling 
member, A&M outcrops. GSC 1994-324 C) Lensoidal- 
texured peperite with spherulitic amoeboid pods of andesite 
and dark gray hyaloclastite in silicij?ed, light gray tufl 
Moderate mixing zone in the Middle units, Dowling member, 
A&M outcrops. GSC 1994-316 

Figure 7. Photographs of basal silicification zone. 
A) Fragment of previously silicified Shard-rich lapilli tuff 
within stratigraphically higher, relatively unaltered 
Shard-rich lapilli ruff. GSC 1995-077K Evidence for 
syn-depositional timing of basal silicification. B) Polished 
slab of intensely siliciJied Fluidal-fiagment lapilli tufS GSC 
199.5-07711 C) Polished slab of intensely silicified Shard-rich 
lapilli tuff, note the relict blocky shard outlines. GSC 
1995-077W 
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outlines decorate buff weathering, orange and yellowish 
stained outcrop. Local, 30 cm pervasively silicified patches 
are scattered throughout the zone. The mineral assemblage is 
dominated by albite and quartz with lesser chlorite, titanite 
and pyrrhotite, pyrite and chalcopyrite. Fragments of pre- 
viously metasomatized, lithified shard-rich tuff from the basal 
silicified zone were observed in a relatively unaltered shard- 
rich unit <200 m above the silicified zone (Fig. 7a). In other 
localities silicified fragments occur within a silicified frag- 
mental matrix. In the Capreol and Joe Lake map areas, 
carbon-bearing shard-rich units outcrop near the granophyre 
contact. The carbon distribution is patchy, locally semi- 
conformable and has diffuse gradational contacts with 
carbon-poor strata. 

Chlorite pseudomorphs after palagonite in shards are distrib- 
uted throughout the Onaping Formation but obscured in areas 
of most intense silicification or feldspathization. Feldspar and 
quartz also replace palagonite around the rims of chloritized 
shards. 

In the basal silicification zone, relict chlorite cores some 
shards. In feldspathized zones the shards clearly indicate 
feldspar overprinting chlorite. Some chlorite shards are also 
partially overprinted by actinolite. The most prominent 
chloritic unit in the Onaping Formation, the Contact unit 
contains 20% (vol.) orthoclase+albite+quartz leucocratic 
shards and 40% chloritized, lenticular, locally incipiently 
welded shards. Patchy, diffuse feldspar+quartz alteration is 
common, at the base of the unit in blocky shards and localized 
lithophysae are found. The relative distribution, composi- 
tions, and importance of chlorite, feldspar and quartz altera- 
tion of palagonite are being determined. 

Carbonatization 

Regional carbonate alteration was studied in detail in the 
Cow Lake, Simmons, and Morgan map areas by mapping 
the presence or absence of calcite. Other (Fe, Mg, Mn) 
carbonate minerals compositions are current1 y being exam- 
ined in the laboratory. Calcite is ubiquitous in shards and 
matrix, as rims on lithic fragments and locally as fragments 
with pyrrhotite, chalcopyrite, pyrite, and sphalerite in the 
upper 1400 m (apparent) of the Onaping Formation. Cal- 
cite is notably absent in areas of mineralization or discor- 
dant silicification. Both the upper and lower contacts of the 
carbonate alteration zone are slightly discordant to strati- 
graphy in detail. In the Morgan area, the uppermost 
exposed 100 m lacks calcite but the presence of other 
carbonate minerals cannot be ruled out. Distribution of 
such carbonate minerals may have important implications 
with respect to emplacement of sulphide mineralization. 

Disconformable alteration zones 

Epidotization 

Vein controlled epidote is at the top of the granophyre in the 
Joe Lake and Capreol map areas (Fig. 8). The vein paragene- 
sis from core to rim is quartz+potassium feldspar, epi- 
dote+actinolite or chlorite and quartz within a pyritic 
wallrock. Epidote is essentially lacking in the Onaping For- 
mation, except for local microscopic metamorphic epidote in 
the Sandcherry member rocks. The carbonate-bearing envi- 
ronment of the Onaping Formation may have inhibited the 
formation of epidote. 

Feldspathization 

The only volumetrically significant discordant alteration is 
feldspathic within the Sandcherry member strata. Mapping of 
feldspathic alteration in the Morgan, Joe Lake, Hanmer 
Powerline, Capreol, and Garson powerline map areas defined 
at least two stages and three types. The Joe Lake area is the 
type area for feldspar alteration and exemplifies a pervasive 
syndepositional phase and a second, brittle fracture controlled 
alteration that postdates emplacement of the Basal intrusion 
and granophyre. 

Type 1, feldspar alteration is genetically and spatially 
associated with the emplacement of flow banded aphanitic 
sills and dykes (Fig. 9a). These dykes are feeders to the 
Sandcherry member fluidal-fragment units and may display 
hyaloclastite margins, implying passive fragmentation in a 
subaqueous environment (Fig. 9). Intense feldspar replace- 
ment of shards within 1 m wide envelops around isolated dyke 
apophyses, attests to the syndepositional timing of stage 1 
alteration. Above sills, intense alteration is aerially extensive 
and the density of sills and dykes affects the alteration distri- 
bution. The least altered units have dark green amphibole and 
chlorite shards in a greyish green matrix (Fig. 9b). With 
increasing alteration the shards contain variable proportions 
of actinolite+chlorite and feldspar+quartz whereas the fluidal 
fragments are preferentially and pervasively altered. In zones 

Figure 8. Fracture controlled alteration within granophyre, 
Joe Lake map area. GSC 1995-077V 
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of more intense stage 1 feldspar alteration the matrix is 
bleached; shards and flow banded lapilli fragments are per- 
vasively replaced and lithic fragments are partly replaced. 
Quartzose lithic fragments are resistant to alteration (Fig. 9c). 
Within the most intense alteration adjacent to the flow banded 
sill-dyke complex, shard-rich lapilli tuff contains angular and 
spheroidal clots, with internally radiating amphibole enclosed 
by a 1-2 cm pinkish cream bleached halo and irregular, 
pervasively bleached, mottled patches in the tuff matrix 
(Fig. 9d, e). 

Type 2, vein-controlled alteration is manifested by 1-2 cm 
actinolite vein cores surrounded by a halo of pinkish white, 
pervasively bleached feldspathic wallrocks (Fig. 10). Veins 
cut the 'Basal intrusion' and the surrounding lapilli tuff and 
also transect shard-rich tuff in the Joe Lake area. In the 
Capreol area a vertical pipe-like zone, containing at least 12 
actinolite veins with silicified margins, is also spatially 
associated with a sill-dyke complex. These veins cannot be 
related to the syndepositional alteration associated with the 
intruding vent complex since they cut a younger intrusion. 

Figure 9. 

Photographs of Type 1, syndepositional feldspar altera- 
tion, Joe Luke map area. A) Feldspar alteration restricted 
to hyaloclastite margin to jlow-banded, amygdaloidal 
aphanitic andesite dyke. GSC 1995-077TB) Polished slab 
of less altered Sandcherry member lapilli tuff GSC 1995- 
077G C) Moderately altered Zapilli tu# Note the bimodal 
ateration of shards, partial alteration of lithic fragments 
and angular actinolite clots. GSC 1995-0770 D) Polished 
slab of pervasively altered Sandcherry member lapilli tuff 
adjacent tojuidal dykelsill complex, altered equivalent of 
photo B. GSC 1995-077B E) Actinolite clot with bleached 
rim within moderate, pervasive alteration of lapilli tu# 
GSC 1995-077R 
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quartz and pink weathering, potassium feldspar are charac- 
teristic of the third type of feldspar alteration (Fig. 1 I). A 

..,4 spectacular, 9 x 5 m stockwork breccia (Fig. 11) in the Joe 
Lake area is hosted by the Basal intrusion. This alteration is *:4 multi-staged as evidenced by early bleaching of the Basal 

$* a 

intrusion and fragments which are derived by its brecciation, 
, . .. which are cut by a quartz+potassium feldspar veins which in . . 
i.. turn are cut by a late quartz stage (Fig. 11). Pegmatoid quartz ' I \ \  . , 

and potassium feldspar pods have been observed in the 
. . .  p,': Onaping strata around the hydrothermal breccia and within a 

, phase of the granophyre. A pipe-like body of potassium 

"<\ feldspar and quartz alteration observed in the granophyre at 
-%.<>P*' 

..-+.-; ..,.,,R . ... - . . i; Joe Lake is of similar orientation to that in the Onaping 
- .. - ' Formation. Mineral chemistry, fluid inclusion, and oxygen 

Figure 10. Polished slab of Type 2 ,  fiacture controlled, isotope studies now underway should constrain the tempera- 
pervasive feldsparlquartz alteration within Shard-rich t u .  ture of formation and genesis of the hydrothermal breccia, 
Joe Lake map area. Note the relict quartzose lithicfragment. pegmatoid patches and veins- The timing of this alteration 
(GSC 1995-077A) relative to stage 2 alteration is unknown but definitely post- 

dates stage 1 syndepositional feldspathization. 

Figure 11. Photographs of Type 3 feldspathization, Joe Lake map area. A) Quartz, potassium feldpar 
pegmatoid patch in Shard-rich unit. GSC 1995-077E B) Outcrop photograph of stockwork breccia cutting 
the Basal Intrusion. GSC 1995-077s C) Polished slab of stockwork breccia, note quartz-potassium feldspar 
veins (Stage 2) cut previously bleached fragments (Stage I ) .  GSC 1995-077H D) Late quartz (Stage 3) 
crosscuts quartz-potassium feldspar stage in hydrothermal breccia. GSC 1995-077F 
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Silicification 

Although disconformable silicification is associated with the 
feldspathization described above, there is a distinctively dif- 
ferent style of quartz dominated fracture controlled silicifica- 
tion that pervasively replaces the matrix of lapilli-tuff units. 
This has been observed in the Morgan map area associated 
with a base metal showing in the Middle units of the Dowling 
member and in Hanmer powerline map area where it trans- 
gresses the Sandcherry member-Dowling member contact 
and is spatially associated with the emplacement of a flow 
banded, aphanitic dyke. The silicified tuff has a distinctive 
greyish quartzose matrix with cream weathering relict shards. 
This disconformable silicification clearly postdates the semi- 
conformable silicification zone. 

Silicification is prominent at the A&M and Gordon Lake 
road peperite localities as pervasive alteration in the tuf- 
faceous component of the peperite as well as in less dismem- 
bered tuff adjacent to zones of magma and wet tuff mixing. 
The silicified tuff is light grey due to the absence of carbon 
and increase in quartz. 

Carbonatization 

Discordant carbonate alteration is significant in close prox- 
imity to the carbonate-hosted Zn-Cu-Pb Errington and 
Vermilion deposits (Martin, 1957; Paakki, 1992; Gray et a]., 
1995; Gray and Gibson, 1993). Similarly the intra-Onaping 
base metal showings studied including Simmons, Cow Lake, 
McNunes, Ryan, Limerick, and unnamed occurrences show 
similar discordant Fe-Mg carbonate alteration. Minor carbon- 
ate alteration occurs in the basal zone of silicification and as 
amygdale fillings in peperite bodies within Dowling member 
strata. 

DISCUSSION AND CONCLUSIONS 

The Onaping Formation is not a fallback breccia nor a 
sequence of ash flow tuffs (Gibson eta]., 1994) but neither is 
it a typical volcanic cauldron sequence. The entire 1400 m 
fragmental sequence including flow banded aphanitic dykes 
are compositionally similar (Gibbins, 1994), but cauldron 
sequences usually contain chemically variable lava flows, 
pyroclastic flows, domes, and debris flows. Single terrestrial 
calderas are smaller than the Sudbury structure. 

Peperite bodies near the top of the Onaping Formation are 
significant in that magmatism continued throughout Onaping 
time, therefore deposition of the Onaping formation was not 
an instantaneous event. This is evidence against a meteorite 
fallback origin for the breccia. Zones of peperite have only 
been observed stratigraphically below known VMS deposits 
on the south-southwest part of basin and are associated with 
sericitization and silicification. Low confining pressures are 
required to form peperite bodies (Kokelaar, 1982) and thus 
peperites are suggestive of shallow water conditions. 

Chlorite and calcite alteration minerals were previously 
observed within the Onaping Formation (Muir and Peredery, 
1984). Schandl et al. (1986) documented compositional 

zoning in feldspar speciation from lower Na-rich feldspar to 
upper K-rich feldspars within the Onaping Formation, con- 
cluding that the alteration zonation was due to cooling of a 
single ignimbrite sheet. This hypothesis is weakened by field 
observations of: 1) type 3 feldspathization with microcline in 
the lower Sandcheny member rocks, coupled with prelimi- 
nary microprobe results which indicate orthoclase and albite 
in the lower member rocks; 2) distinct different stratigraphic 
units; and 3) the distribution of alteration types. 

Peredery (1972) interpreted complex glasses composed of 
mafic and felsic minerals as original heterogeneous features, 
atypical of volcanic glasses, formed during quenching of 
shock melted country rocks. In the light of extensive detailed 
field documentation of alteration in this study, the heteroge- 
neous nature of glass shards is found to be due to devitrifica- 
tion, silicification, feldspathization, palagonitization, 
chloritization, and carbonatization. 

The Onaping Formation is intruded at different strati- 
graphic intervals by granophyres of the Sudbury igneous 
complex (Muir and Peredery, 1984). In the north range the 
Sudbury igneous complex intrudes Sandcheny member-strata 
whereas deeper stratigraphic levels are intruded in the south 
and east range, exposing the Basal member. The Onaping 
Formation on the north range could have been significantly 
thicker, with the base removed by the Sudbury igneous 
complex. The map distribution of the basal silicification zone, 
termed 'undefined units' by Gibbins (1994), is discontinuous 
along strike with intervening 'Basal intrusion and Fluidal- 
fragment' units and the Sudbury igneous complex. Various 
interpretations of the lower silicification zone based on the 
field observations outlined in this study and above are per- 
missible. The upper contact of the silicified zone may repre- 
sent: 1) a hiatus, between the silicified rocks and unaltered 
units that contain altered fragments, significant enough to 
allow deposition, metasomatism and lithification of the basal 
zone prior to rebrecciation; 2) syndepositional alteration with 
a progressive irregular, alteration front in which rocks, that 
have been silicified, brecciated and deposited in overlying 
sequences were subsequently silicified; 3) an early syndepo- 
sitional silicification event that was originally discontinuous; 
or 4) continuous deposition but, subsequently intruded by 
aphanitic dykes and 'fluidal-fragment' units. There is no 
evidence of an erosional unconformity to support the first 
hypothesis but the others remain permissible; further field 
work will concentrate on this problem. 

Many authors have suggested that the Sudbury igneous 
complex was the heat source for the Errington and Vermilion 
base metal deposits (Burrows and Rickaby, 1930; Martin, 
1957; Card and Hutchinson, 1972; Paakki, 1992) but cross- 
cutting relationships show that a large hydrothermal altera- 
tion system was active prior to emplacement of the 
granophyre of the Sudbury igneous complex. Since the basal 
silicification is a syndepositional event it is not plausible that 
the intruding granophyre of the Sudbury igneous complex is 
the heat source. The patchy distribution of carbon in the 
Sandcheny member at Joe Lake and Capreol close to the 
granophyre contact, the removal of carbon within breccias 
adjacent to dykes, and the absence of carbon in silicified rocks 
in the Dowling member, suggest that carbon was once 
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ubiquitous throughout the Onaping Formation, but was sub- 
sequently oxidized and moved upward by a silica-rich 
hydrothermal fluid. 

Determining the precise relationship between regional 
semi-conformable alteration and VMS deposits on the south 
range is inhibited by thrusting and intense deformation. 
Preliminary Pb-isotope studies of galena (Jonasson, pers. 
comm.) indicate that the Errington, Vermilion, and intra- 
Onaping base metal showings and deposits yield the same 
isotope signatures suggesting they formed during the same 
mineralizing event. Determining the genetic relationship 
between the intra-Onaping base metal showings and the types 
of regional alteration will enhance our knowledge of the 
processes involved in forming VMS related hydrothermal 
systems. 
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p. 175-1 86. 

Abstract: Gold distribution in till overlying the Flin Flon greenstone belt results from a combination of 
glacial transport and post-glacial weathering effects. On a regional scale, elevated gold values in the 
e0.063 mm fraction of till are found in areas of known gold mineralization. Ninety-three per cent of visible 
gold grains are in this size range and exhibit predominantly modified and pristine morphologies. In adetailed 
study conducted down-ice from a known gold occurrence, gold concentrations in weathered till (<0.063 mm 
fraction) are anomalous for the region. The size and morphology of gold grains in these samples are similar 
to the regional study. Pristine grains exhibit features observed in gold associated with pyrite and quartz in 
the mineralized bedrock. The presence of these grains in till suggests release from sulphides by post-glacial 
weathering processes. This observation questions the validity of using gold grain morphology in weathered 
till as an indicator of glacial transport distance. 

RCsumC : La distribution de I'or dans le till reposant sur la ceinture de roches yertes de Hin Flon est le 
rCsultat des effets combinks du transport glaciaire et de I'altCration postglaciaire. A I'Cchelle rkgionale, les 
concentrations Clevkes d'or dans la fraction de <0,063 mm du till s'observent dans les zones de minCrali- 
sation aurif&re connue. Quatre-vingt-treize pour cent des grains d'or visibles se situent dans cette fraction 
granulomCtrique et prksentent surtout des morphologies inaltkrCes et modifiCes. Dans une Ctude dttaillCe 
rCalide en aval-glaciaire d'un indice aurif2re connu, les concentrations de l'or dans le till altCrC (fraction 
de <0,063 mm) constituent une anomalie dans la rkgion. La taille et la morphologie des grains d'or de ces 
Cchantillons sont semblables B celles Ctablies dans I'ktude rkgionale. Les grains inaltkrks prksentent des 
caractkristiques observtes dans I'or associb 21 de la-pyrite et du quartz dans le substratum rocheux minCralisk. 
La prQence de ces grains dans le till incite A conclure qu'ils ont Ctk arrachCs des sulfures par des processus 
d'altkration postglaciaires. Cette observation met en doute la validit6 d'utiliser la morphologie des grains 
d'or dans le till altCrC comme indicateur de la distance du transport glaciaire. 

' Contribution to Canada-Saskatchewan Partnership Agreement on Mineral Development (1990-1995), a subsidiary 
agreement under the Canada-Saskatchewan Economic and Regional Development Agreement. 
DCpartement des Sciences de la Terre, Universitt d u  QuCbec A Montrtal (UQAM), case postale 8888, succ. A, 
MontrCal, Qutbec, Canada H3C 3P8 
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INTRODUCTION 

Many researchers have examined the nature of gold distribu- 
tion in till and addressed the difficulties associated with 
analytical techniques and reproducibility of results com- 
monly involved in gold exploration using overburden (Lakin 
et a]., 1974; DiLabio, 1985; 1990; Averill and Zimmerman, 
1986; Rampton et a]., 1986; Nichol et al., 1992; among 
others). These studies have identified many factors affecting 
gold concentrations in glacially derived sediments, particu- 
larly till. These factors include: 1) the degree of alteration of 
the till, 2) analytical techniques, 3) sample size, 4) the size 
range of gold in till, 5) the form of gold within the primary 
deposit, 6 )  the distribution of drift cover, and 7) the 
Quaternary history of the area. All studies emphasize the 
uniqueness of each mineralized region and the importance of 
developing exploration strategies specific to an area and/or 
deposit. In this paper we will concentrate on some of the 
factors affecting gold distribution in the Flin Flon greenstone 
belt, northern Saskatchewan, by examining the distribution of 
both visible gold grains and gold in the finer grained fractions 
of till. The size and morphology of gold grains will be 

Mesozoic sedimentary 
rock 

0 STUDYAREA 

Paleozoic carbonate rock / Ice flow direction 

PRECAMBRIAN - Major moraine 
Greenstone belt & associated 
intrusions 

Granitic intrusions, 
gneiss & migmatite 

Figure I .  Location map showing major moraines and 
regional ice flow trends (afrer Prest et al., 1968). 1 = oldest 
relative age. 

characterized on a regional scale and the significance of these 
attributes to drift prospecting will be examined in a detailed 
study carried out in an area of known gold mineralization. 

Studies focusing on drift prospecting with reference to 
gold in Canadian Shield areas of Saskatchewan include work 
by Averill and Zimmerman (1986), Schreiner (l986), Sopuck 
et al. (1986), and Campbell and Schreiner (1989). Campbell 
(1988) examined the gold distribution in tills in part of the 
Flin Flon greenstone belt included in this study. These last 
results will be integrated into this paper. 

This project is part of a program which incorporates 
surficial geology mapping with geochemical studies of till 
and humus in the Amisk Lake-Annabel Lake area as part of 
the Canada-Saskatchewan Partnership Agreement on Mineral 
Development 1990-95 (Henderson and Campbell, 1992, 
1994; Henderson, 1995). The study area (Fig. 1) is underlain 
by Proterozoic metavolcanic and metasedimentary rocks of 
the Flin Hon greenstone belt and the high grade metamorphic 
equivalent of the belt, the Kisseynew terrane, to the north. In 
the south, Canadian Shield rocks are unconformably overlain 
by Paleozoic dolomite and sandstone (Macdonald, 1987). The 
area has a high potential for gold and base metal mineraliza- 
tion (McDougall et al., 1982). 

QUATERNARY GEOLOGY 

The Quaternary geology of northern Saskatchewan has been 
mapped by Schreiner (1 984). Surficial mapping has also been 
completed in the Flin Flon and Cormorant Lake areas (NTS 
63K/12 and11 3) (Clarke, 1989). More detailed Quaternary 
geology maps (scale 1:50 000) for the Amisk Lake-Annabel 
Lake area are presently in preparation (Campbell and 
Henderson, in prep.; Henderson, in prep.). 

The region was glaciated by ice flow from a dispersal 
centre in the District of Keewatin (Prest et al., 1968). Dominant 
regional ice flow indicators in the study area trend south- 
southwest (190" to 206") (Henderson and Campbell, 1994; 
McMartin, 1994; McMartin and Campbell, 1994; Nielsen, 
1994) (Fig.1). Striations indicating an earlier ice flow (215" 
to 226") are present within and east of Amisk Lake. A similar 
southwest ice flow trend (213" to 224") recognized north of 
Creighton and Annabel Lake and in the eastern part of the area 
postdates the main south-southwest flow (190"-206") and is 
interpreted as forming during a glacial readvance. During ice 
retreat, the entire area was inundated by Glacial Lake Agassiz 
and glaciolacustrine silt and clay are present in topographic 
depressions. Models for the deglaciation of northern 
Saskatchewan and Manitoba and the probable extent of Lake 
Agassizarepresented inTeller and Clayton (1983) and Schreiner 
(1984), among others. 

On the shield, drift cover is thin (c2 m) and discontinuous 
with thicker accumulations occurring on the down-ice side of 
outcrops and in depressions; south of the shield margin, drift 
forms a thin, continuous blanket over dolomitic bedrock. 
Extensive deposits of glaciofluvial and glaciolacustrine origin 
are present north of Annabel Lake in an east-west-trending 
belt and as discontinuous, north-south-trending linear 
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features, east of Amisk Lake. These stratified sequences are 
interpreted as  subaqueous outwash (Henderson and 
Campbell, 1994). 

BEDROCKGEOLOGYANDGOLD 
MINERALIZATION 

Bedrock mapping in the Annabel Lake-Amisk Lake area 
includes the work of Byers and Dahlstrom (1954), Byers et 
al. (1965), and Syme et al. (1993), among others. This discus- 
sion will focus on rocks of the Flin Flon greenstone belt which 
host the major gold occurrences in the area (Fig. 2). 

The Flin f lon greenstone belt includes the Amisk Group, 
a metamorphosed assemblage of volcanic and associated 
sedimentary rocks, and the Missi Group, an overlying 
sequence of metamorphosed immature sandstones and con- 
glomerates. These rocks have been intruded by a diverse suite 
of intrusive rocks, ranging from gabbroic to granitic compo- 
sition, during various phases of deformation. East of Amisk 
Lake, the Amisk Group is composed primarily of subaqueous 
mafic to intermediate flows and pyroclastic rocks, with 

Dolostone units 

U Intrusive rocks 

a Gneissic units 

@ Melasedimentary units 

Gold Occurrence 

Volcanic units - associated rocks 

Figure 2 .  Distribution of known gold deposits and 
occurrences in the Annabel-Amisk Lake area (after Pearson, 
1983). Star indicates the location of the detailed study. 
Geology simpl$ied from Byers and Dahlstrom (1954) and 
Byers et al. (1965). 

subordinate felsic to intermediate flows, volcaniclastic and 
sedimentary rocks. West of the lake, felsic to intermediate 
flows and pyroclastics predominate. 

Gold occurs in two areas of the Flin Flon greenstone belt 
(Fig. 2): a) the AmiskLake area, particularly the West Channel 
and Missi Island, and b) east of Amisk Lake in the vicinity of 
Creighton and Flin Flon (Coombe, 1984). The majority of 
these occurrences exhibit structural control, lying within frac- 
ture zones that are typically sulphide-bearing and may or may 
not be quartz-filled. 

In the Amisk Lake area, all gold occurrences are hosted 
within Amisk Group metavolcanic rocks and associated 
intrusives and Missi Group metasedimentary rocks. Occur- 
rences are commonly associated with widespread carbonati- 
zation, sericitization, silicification and tourmalinization of 
adjacent wall rocks. Associated mineralization may include 
pyrite, arsenopyrite, chalcopyrite, molybdenite, and galena 
(Pearson, 1980, 1983). 

In the Creighton-Flin Flon area, occurrences are known 
in all rock types. Two generations of deposits have been 
recognized (Pearson and Galley, 1985). In the earlier genera- 
tion deposits, quartz-sulphide veins, similar in mineralogy, lie 
within narrow alteration zones. Later generation deposits are 
more complex and exhibit differing ore mineralogy, host rock 
and alteration assemblages. Mineralization includes pyrite, 
chalcopyrite, arsenopyrite, molybdenite, and scheelite 
(Galley and Franklin, 1987). Associated alteration varies, but 
includes carbonatization, silicification, chloritization, and 
epidotization. 

DRIFT PROSPECTING 

Drift prospecting in the area is complicated by the presence 
of thick glaciolacustrine deposits which overlie previously 
deposited sediment in depressions and by extensive areas of 
ice marginal sedimentation. In upland areas or on the down- 
ice side of outcrops, a locally derived, commonly thin, till is 
present in depressions in the bedrock surface or buried 
beneath a thin glaciolacustrine cover. Striations on bedrock 
surfaces underlying this unit at several sites parallel the 
dominant ice flow trend. Since the composition and texture 
of the till is closely related to the lithology of the local 
bedrock, it is the optimal sampling unit for drift prospecting. 

Samples were obtained primarily from pits dug to bedrock 
or 1.0 m depth and, in nearly all cases, were collected below 
the A and B soil horizon in order to minimize geochemical 
effects resulting from weathering processes. Over 400 6 kg 
till samples were collected at approximately 1-5 km spacing 
depending on access (Henderson, 1995). At selected sites, 
larger 10-12 kg samples were also collected for mineralogical 
analyses. 

Analytical procedures 

Gold was analyzed in the <0.063 mm (silt plus clay) fraction 
of till on a regional basis and, at the selected sites, by grain 
counts of visible gold. This analytical strategy was based on 
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cost and on earlier work of Campbell (1988) and Schreiner 
(1986) which concluded that gold occurs predominantly in 
the fine fraction, generally <0.050 mm diameter. Nichol et al. 
(1992) concluded that <0.063 mm fraction is the optimum 
analytical fraction in gold prospecting. Gold grains extracted 
from till were examined to determine the number, character, 
and grain size distribution within the till. 

The <0.063 mm fraction of till was separated by dry 
sieving. Au, Pt and Pd concentrations were determined by fire 
assay/atomic fluorescence spectrometry on approximately 30 g 
of this fraction by Chemex Inc., Vancouver, B.C. (Henderson, 
1995, Appendix VI). Analytical accuracy and precision were 
monitored through duplicate analyses of submitted field sam- 
ples and a laboratory standard. Results of analyses of the 
standard show good reproducibility; other duplicate analyses 
show poor reproducibility (Henderson, 1995, Appendix X). 
This inconsistency is common in gold analyses and has been 
attributed to the particulate nature in which gold occurs 
coupled with sample inhomogeneity (Lakin et a]., 1974; 
Nichol et al., 1992). High gold values may be related to the 
presence of large grains in a subsample (the "nugget" effect). 
On a regional scale, however, gold analyses of the <0.063 mm 
fraction of till will highlight -of potential mineralization, 
although at specific sites gold anomalies may be undetected 
or falsely represented. 

Visible gold grains were extracted from the c2  mm frac- 
tion of the 10-12 kg till samples by Overburden Drilling 
Management Ltd., Nepean, Ont. using a shaker table followed 
by panning. Grains were counted and classified on the basis 
of size and morphology. Three categories based on morphol- 
ogy have been recognized: pristine, modified, and reshaped 
(DiLabio, 1990). These shape classes reflect the appearance 
and surface texture of the grain and have been used as an 
indication of distance of glacial transport (Averill and 
Zimmerman, 1986). Larger grains (>0.100 mm) were 
removed and examined under the SEM (scanning electron 
microscope) at the Geological Survey of Canada. 

REGIONAL DISTRIBUTION OF GOLD 

Till geochemistry 

The regional distribution of gold in the <0.063 mm fraction 
is shown in Figure 3a. Within the area, gold values in this 
fraction range from below detection limit to 148 ppb. Values 
>10 ppb are considered significant (DiLabio, 1982); elevated 
values exceed the arithmetic mean by one standard deviation 
(s.d.) (>I7 ppb); anomalous values by twice the s.d. (>27 ppb); 
and highly anomalous by three times the s.d.(>51 ppb) (Bird 
and Coker, 1987). Highest gold concentrations are clustered 
in four areas within the Flin Flon greenstone belt: 1) Missi 
Island, Amisk Lake, 2) the eastern shore of Amisk Lake, east 
of Missi Island, 3) south of Creighton-Flin Flon, and 4) along 
an east-west zone encompassing Annabel Lake. Extensive 
gold mineralization is known from three of these areas (Fig. 2). 
No known occurrences are reported in conjunction with anoma- 
lous concentrations (>27 ppb) present in the Annabel Lake 
zone, north-northwest of Creighton, and west of Athapapuskow 
Lake (cf. Fig. 2). However, the association between areas of 
known gold occurrences and gold concentrations in the 
<0.063 mm fraction of till indicates that gold is transported 
glacially from mineralized zones and till analyses can be an 
effective means of prospecting despite the limitations of gold 
analyses discussed in the previous section. 

Visible gold grains 

The distribution of visible gold grains extracted from bulk till 
samples (normalized to 10 kg <2 mm table feed) is shown in 
Figure 3b. In the present study, 48 samples were examined 
and 790 grains counted with the largest proportion (93%) 
<0.063 mm diameter (Table 1). The number of grains recov- 
ered from the tills ranges from 2 to 70 for an average of 
17 grains per sample. This differs significantly from the study 
conducted by Campbell (1988) where the number of grains 
ranged from 0 to 13 and averaged 5 grains per sample from a 

Table 1. Size distribution and morphology of visible gold grains extracted from till in 
the Amisk Lake-Annabel Lake area 
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Figure 4. Range of morphologies of gold grains extracted from the regional tills. a,b): Reshaped grains showing 
pitted and spongy surface. Folded protuberances are present at the grain edges (a). c,d): Modijed grains with 
original shapes somewhat preserved. All edges appear curled, folded andlor blunted. Grain surfaces may be 
damaged (c). eJJ: Pristine to slightly modijed gold grains collected from rill near Creighton. Crystal faces are 
preserved. Surfaces are smooth. 
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similar amount of material. This discrepancy is most likely 
due to differences in sophistication of analytical procedures 
since the technique was in its infancy during the earlier study. 
Despite the differences, it is important to note that the highest 
number of gold grains for both studies is in the Flin Flon- 
Creighton area where gold mineralization is known. 
Significant concentrations are also present on Missi Island, 
Amisk Lake. 

In the regional till database (Henderson, 1995), gold grain 
morphologies were classified through binocular microscope 
examination based on the scheme of D~Labio (1 990) (Table 1 a). 
Approximately half (54%) of the 790 grains extracted were 
classified as reshaped and 12% as pristine. The grains are 
predominantly silt-sized (54%) and compositions are mainly 
native gold with traces of silver. Examination with the SEM 
revealed a wide variety of grain shapes and considerable 
differences in the relative proportion of grains in each shape 
classification (Fig. 4). Based on SEM examination, the high- 
est proportion of grains are described as modified (60%) and 

only 13% as reshaped (Table 1 b). These observations question 
the reliability of binocular microscope classification for 
determining gold grain morphology. 

Campbell (1988) used the terminoIogy of Averill and 
Zimmerman (1986) to classify gold grains in the east Amisk 
Lake area using the binocular microscope. Approximately 
46% of the 295 grains examined are described as reshaped, 
indicating some degree of reworking. Grains are predomi- 
nantly fine (82% <0.063 mm) and, in contrast to the regional 
study, a higher proportion of coarser grains are classified as 
delicate in character (Table 1 a). 

DETAILED STUDY 

A detailed study was conducted in the southeast end of 
Phantom Lake (cf. Fig. 2), in an area of known mineralization, 
the MacMillan prospect (Fig. 5). At this site, gold occurs in 

Basic volcanic rocks. undifferentiated - ri 

Porphyritic andesite - - - - - - - - - - - - - 

Quartz vein - - - - - - - - - - - - - - - - - - - 

F a u l t o r s h e a r z o n e - - - - - - - - - - - - - -  

Trench . . . . . . . . . . . . . . . . . . . . . . .  63 

Number of hole - - -. - - - - - - - - - - - - 
Main ice flow - - - - - - - - - - - - - - - - - - 

- 0 meters 10 30 0 25 50 

melers 

Figure 5. Geology of the MacMillan prospect showing location of detailed sampling grid 
(modifiedfrom Byers et al., 1965). 
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volcanic-hosted carbonate-quartz-sulphide zones (Pearson, 
1983; Pearson and Galley, 1985). Four mineralized zones 
have been recognized (Byers et al., 1965). The mine is located 
in a quartz vein within massive and amygdaloidal basalts, 
flow breccias, and gabbro dykes. The vein is up to 60 cm wide, 
grey to white, and contains 5 to 10 per cent sulphides. The 
hangingwall rocks are altered to cherty quartz; footwall rocks 
are sheared and silicified. Pyrite, chalcopyrite, and galena are 
present in the quartz vein; pyrite, chalcopyrite, and gold in the 
cherty quartz. 

Till distribution in the area of the deposit is discontinuous 
and occurs primarily on the flanks of outcrops. Depressions, 
including parts of the mineralized zone, are covered by thick 
deposits of glaciolacustrine sand and silt. Nine holes were dug 
in till on a grid (Fig. 5) in an area down-ice from the deposit. 
All holes were dug to bedrock and the degree of oxidation of 
the sediment varies from essentially unoxidized to highly 
oxidized. The pits were approximately 0.4 m diameter and 
ranged from 1.2 to 0.5 m depth. Each hole was sampled at 
10 cm intervals. The <0.063 mm fraction of all samples was 
geochemically analyzed; the heavy mineral content and the 
composition and degree of weathering of clasts in the pebble 
fraction (4-8 mm) were determined to assess the degree of 

Table 2. Areal distribution of gold in the Phantom 
Lake sample grid 

alteration of the sample medium (Roy, 1993). Finally, a bulk 
sample (10-12 kg) was taken at the base of each hole for 
visible gold analysis. 

Distribution of gold in till 

The vertical distribution of gold in the <0.063 mm fraction of 
till collected in the Phantom Lake grid is variable (Roy, 1993). 
Gold values range from below detection limit to 88 ppb and 
average 30 ppb. This is significantly higher than the regional 
average (6.7 ppb), and is considered anomalous on that scale. 
With the exception of two holes, anomalous to extremely 
anomalous gold concentrations appear throughout or at some 
level within each hole although no consistent pattern is evi- 
dent. This inconsistency is similar to that reported in previous 
studies examining the vertical variation in gold concentration 
in oxidized till (Rampton et al, 1986; DiLabio 1988). 

The areal distribution of visible gold grains and the 
average gold concentration in the ~ 0 . 0 6 3  mm fraction of till 
for each hole is given in Table 2. In both cases, absolute values 
increase in the down-ice direction (southwest to south- 
southwest): a result opposite to that expected in a classic 
dispersal train from the known deposit. Further detailed work 
is necessary to determine whether the observed pattern results 
from glacial processes peculiar to the site andlor represents 
an alternate source of gold mineralization. 

Morphology and size of gold grains 

Till 

The size and morphology of gold grains extracted from till 
collected at the base of the holes in the sampling grid was 
examined. Of the 380 grains found, the bulk (94%) are in the 
<0.063 mm size range (Table 3). Grain morphologies are 
classified as dominantly reshaped and modified under the 
binocular microscope with the highest proportion of pristine 
grains in the finer size fraction. For the most part, a good 
correlation is present between the number of gold grains and 
gold concentration in the ~ 0 . 0 6 3  mm fraction of till which 
suggests that the bulk of the gold is within the silt-size 
fraction. 

Table 3. Distribution of the various gold grain morphologies in till collected in an 
area of bedrock mineralization 

Total # Grains 

Total # Grains 
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Figure 6. Gold grains found in the till of the Phantom Lake area. a,b): Pristine grains showing crystal face 
andfor mold of the pyrite cubic crystal. c,d): Pristine to slightly modified grains with protruding wires folded 
or bent. ed: Pristine grains showing void and indentations previously filled by quartz or sulphide. 
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Figure 7. Gold grains extracted from a mineralized quartz vein in the Phantom Lake area. a,b): Gold grain 
associated with quartz (note the sharp grain boundaries and remains of veinlets, now void). C, d): Gold grain 
associated with pyrite. e): Silt-sized flakes and large gold grain. fl: Grain coating of iron oxide and 
incorporation of sulphides. 
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Gold grains from till collected at the base of the holes 
have been examined under the SEM (Fig. 6). Single grains are 
primarily silt sized (94%). They are overwhelmingly classi- 
fied as pristine (63%) and modified (35%) in shape, in contrast 
to the results obtained from binocular microscope examina- 
tion (Table 3). The most common grain shape exhibits flat 
faces characteristic of crystal forms. These faces commonly 
have a cubic form and appear to represent a mold of part of 
the pyrite crystal with sharp edges (Fig. 6a,b). Protruding 
wires or projections which appear slightly folded or bent are 
also present (Fig. 6c,d). Voids or irregular shaped indentations 
suggest other primary mineralogical associations, likely with 
quartz (Fig. 6e,f). In occasional gold grains quartz was pre- 
served in depressions in the grain surface. The composition 
of the gold grains is generally gold with a trace of silver. 

Deposit 

Several hand specimens containing visible gold were 
removed from the quartz vein at the MacMillan property and 
dissolved in hydrofluoric acid. In most cases, quartz was 
completely dissolved and resistate minerals, primarily sul- 
phides, remained. This residual material was examined under 
a binocular microscope for hand-picking of gold grains andlor 
was panned and the heaviest grains were collected on a stub 
for examination under the scanning electron microscope. 

Based on examination of 30 gold grains extracted from 
the quartz vein two associations of gold mineralization were 
recognized. The first type of gold occurs along quartz grain 
boundaries or as small veinlets or crystals within the quartz 
(Fig. 7a,b). It commonly exhibits void spaces, previously 
quartz filled, and extended protrusions with delicate termina- 
tions. The second type occurs as isolated grains or stringers 
within pyrite crystals (Fig. 7c,d). The size of primary gold 
grains occurs in two populations: the largest number averages 
0.036 x 0.055 mm (silt size) and the other 0.7 x 1.0 mm (sand 
size). In some cases, the smallest grains appear to be derived 
from larger ones which are quite delicate and flaky, but 
generally similar in shape (Fig. 7e). Their surfaces are gener- 
ally smooth and polished. Individual grains may be coated 
with iron oxides; cubic grain outlines suggest an association 
with sulphides such as pyrite or arsenopyrite during formation 
(Fig. 70.  As in the till, the composition of gold grains is 
generally gold with a trace of silver. 

The similarity between the composition, size range, and 
morphology of grains extracted from the deposit and those 
found in till suggests that most pristine gold grains in the till 
are associated with the primary gold hosted in the mineralized 
quartz veins. In the deposit, gold grains are commonly asso- 
ciated with sulphides such as pyrite. In the till, no sulphides 
are present in the heavy mineral fraction due to the high degree 
of oxidation. If we assume that sulphides containing gold 
were originally within the till, it is conceivable that primary 
gold grains could have been released from the sulphide grains 
during the weathering process and exhibit no physical attributes 

resulting from glacial transport. In this instance, the shape of 
the grains has nothing to do with distance of glacial transport 
and everything to do with post-glacial weathering of the host 
minerals. The number of gold grains would be the best indi- 
cation of closeness to the deposit. 

SUMMARY 

In the Amisk Lake-Annabel Lake area of the Flin Flon green- 
stone belt, gold occurs predominantly in the silt-size range. 
Therefore, analyses of the <0.063 mm fraction of till should 
give a reasonable indication of the gold mineralization in the 
area. This appears to be generally true on the regional scale 
and within the detailed study area; however, difficulties do 
exist in duplicating analytical results. These difficulties may 
result in undetected or falsely represented gold anomalies at 
specific sites, particularly at low gold concentrations. 

The study indicates that pristine gold grains are released 
in till by post-glacial weathering of sulphides. This observa- 
tion questions the validity of using gold grain morphology in 
weathered till as an indication of glacial transport distance; 
although shape classification can be a more useful tool in 
evaluating transport distances of gold grains in unweathered 
till. Comparison of the results of gold grain counts in the 
regional and detailed study indicates that the abundance of 
grains in till indicates closeness to mineralization, regardless 
of any secondary processes affecting the sample medium 
(Fig. 3b, Table 2). 

The presence of modified or reshaped grains in till indi- 
cates glacial transport or post-depositional reworking of some 
kind. This includes pre-glacial weathering processes. If these 
grains occur in association with a considerable number of 
pristine grains, several explanations are possible: 1) the popu- 
lation represented by the pristine grains represents the post- 
glacial weathering of ore minerals such as sulphide, 2) the 
presence of multiple sources of mineralization in the area, and 
3) the reworking of previously deposited material due to a 
shift in ice flow or a later glaciation. 
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Till and stream sediment geochemistry near the 
Manitouwadge Greenstone Belt, Ontario1 

I.M. JSettles1, R.G. ~ a r r e t t ~ ,  and J.B. ~ u r t o n ~  
Terrain Sciences Division 

Kettles, I.M., Garrett, R.G., and Murton, J.B., 1995: Till and stream sediment geochemistry near 
the Manitouwadge Greenstone Belt, Ontario; & Current Research 1995-E; Geological Survey of 
Canada, p. 187-1 93. 

Abstract: As part of the Northern Ontario Development Agreement (NODA) and in aid of mineral 
exploration, Geological Survey of Canada collected and analyzed 46 till samples from the vicinity of the 
Manitouwadge greenstone belt. Also analyzed were 98 till samples from a Carleton University study and 
44 till and 109 stream sediments samples collected by Mineral Resources Division scientists in 1967. As 
would be expected, many till and stream sediment samples collected near the Manitouwadge mine sites 
have high concentrations of copper, zinc, and, in some cases, lead. Levels of the same elements are also 
high in stream sediments at three sites northwest of the Geco mine and in some till samples collected over 
or near the north-northeast-trending fault which extends from the eastern end of ManitouwadgeLake. Away 
from the mines in the detailed sampling area, there are few areas with high levels of copper or zinc in till 
or stream sediments. Elevated levels were detected in till at one site south of Little Mose Lake and at another 
south of Nama Creek. Some follow-up exploration work may prove worthwhile. 

RCsum6 : Dans le cadre de ]'Entente de d6veloppement du nord de ]'Ontario et pour faciliter l'explora- 
tion mintrale, la Commission gtologique du Canada a analysC 46 Cchantillons de till recueillis dans les 
environs de la ceinture de roches vertes de Manitouwadge. De plus, on a analyst 98 Cchantillons de till 
utilisCs dans une Ctude de I'Universitt Carleton et 44 Cchantillons de till et 109 tchantillons de stdiments 
fluviatiles recueillis par des scientifiques de la Division des ressources mintrales en 1967. Comme prtvu, 
de nombreux Cchantillons de till et de sCdiments fluviatiles prClevCs prts des sites miniers de Manitouwadge 
contiennent des concentrations tlevCes de cuivre, de zinc et, dans certains cas, de plomb. Les concentrations 
des m&mes Bltments sont Cgalement tlevBs dans les sCdiments fluviatiles B trois sites situts au nord-ouest 
de la mine Geco et dans certains tchantillons de till pr t levb au-dessus ou prSs de la faille B direction 
nord-nord-est qui s'allonge ii partir de l'extrkmitt est du lac Manitouwadge. A une certaine distance des 
mines dans la rCgion fortement Cchantillonnte, on observe quelques zones en hauteur oil les concentrations 
de cuivre ou de zinc dans le till ou les skdiments fluviatiles sont Clevks. Le plomb est prtsent dans le till 
d'un site au sud du lac Little Mose et  d'un autre site au sud du ruisseau Nama. Un suivi des travaux 
d'exploration pourrait s'avBrer valable. 

Contribution to Canada-Ontario Subsidiary Agreement on Northern Ontario Development (1991-1995), under the 
Canada-Ontario Economic and Regional Development Agreement. 
Mineral Resources Division 
Department of Geology, University of Wales, Cardiff, Wales 
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INTRODUCTION 

As part of the Northern Ontario Development Agreement 
(NODA), the Geological Survey of Canada carried out a study 
of glacial sediments in the Manitouwadge area. Between 
1991 and 1992,616 till samples were collected (Kettles, 1993, 
1994; Kettles and Murton, 1993). The purpose was to provide 
information about Quaternary geology, including ice flow 
directions and lithological and geochemical composition of 
glacial sediments, that would be valuable for drift prospect- 
ing. The survey included more detailed sampling in the vicin- 
ity of the Manitouwadge greenstone belt, especially near the 
Geco and several abandoned copper-zinc mines (46 samples) 
(Fig. 1). Other samples collected near Manitouwadge, includ- 
ing 98 till samples from a Carleton University study (Kettles 
and Murton, 1993) and 44 till and 109 stream sediments 
samples collected by Mineral Resources Division scientists 
in 1967, were also used (Garrett, 1969). Some preliminary 
results of the detailed survey are presented. 

Field and analytical procedures 

Till samples were collected from hand' dug holes approxi- 
mately 1 m deep. To minimize the effects of weathering on 
the geochemical composition of the till, care was taken to 
sample the least weathered till. Samples of fine sand to 
clay-sized materials were collected at or near the surface of 
stream beds at low energy sites. For both types of samples, 
the ~0 .063  mm fraction was obtained by dry sieving and 
analyzed for trace, minor, and major elements by Inductively 
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
methods, following an aqua regia partial extraction. 
Geochemical data were statistically analyzed using the 
computer software program Statview and were plotted using 
a computer program developed by Wyatt Geoscience, 
Ottawa. 

Bedrock and surficial geology 

The study area is underlain by Archean greenstone belts and 
granitoid plutons of the Wawa subprovince of the Canadian 
Shield (Williams and Breaks, 1990; Zaleski and Peterson, 
1993; Ontario Geological Survey 1991; Fig. 2; Table 1). The 

Figure I .  Project area, Manitouwadge-Hornpayne area. Area of more detailed sampling is outlined. 
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Manitouwadge greenstone belt, comprising highly deformed 
metavolcanic and metasedimentary rocks, hosts four known 
volcanogenic massive sulphide (VMS) deposits, the largest 
of which is the Geco copper-zinc-silver deposit (Fig. 1, 2; 
Friesen et al., 1982). 

Detailed mapping of surficial deposits was undertaken in 
the area of the detailed survey by Kristjansson and Geddes 
(1986). All glacial sediments were deposited during the Late 
Wisconsinan. Striae measurements indicate that the predomi- 
nant flow direction was 210-220'. 

The most widespread glacial deposit is till, which com- 
monly forms a thin, discontinuous veneer (up to 1.5 m thick), 
but in places exceeds 10 m in thickness. On account of poor 
exposure it was difficult to distinguish between till facies. 
However, where till was better exposed in road and stream 
cuts, the following three facies were observed and sampled 
(Kettles and Murton, 1993): (1) a compact diamictonenriched 
in Paleozoic carbonate clasts found on the down-ice slopes of 
certain hills and in some lowland sites; (2) a loose, sandy 

Table 1. Bedrock geology legend 

L E G E N D  

Dlabase 

Granitoid intrusive and gneissic rocks 

Metamorphosed Iron formation 

Metasedlmentary rocks 

Felslc to Intermediate metavoicanic rocks 

Maflc to lntermedlate metavolcanic rocks 

Geological contact. ............................................. 

Masslve sulphlde deposit . . . . . . . . . . . . . . .  X 

Geology from Zaleskl and Peterson, 1993 

diamicton with low to high concentrations of Paleozoic clasts, 
it is the most widespread till, commonly forming discontinu- 
ous sheets of variable thickness (0.5-3.0 m); and (3) a loose, 
very sandy diamicton with high concentrations of angular 
clasts derived from the local Precarnbrain bedrock. It is com- 
mon in areas of exposed bedrock. 

Glaciofluvial ice-contact and glaciolacustrine deposits 
also occur. Glaciolacustrine sediments have been observed as 
high as 325 m. (R. Geddes, unpublished report, 1987). Eolian 
dunes are found in some areas where glaciolacustrine sedi- 
ments predominate, and alluvial sands and silts are well 
developed along major rivers and streams. Deposits of peat 
and organic muck are widespread, particularly in areas under- 
lain by glaciolacustrine sediments. 

TILL AND STREAM SEDIMENT 
COMPOSITION 

Glacial sediments partially derived from local Precambrian 
units contain Paleozoic carbonate and Proterozoic metasedi- 
mentary rocks which were glacially transported at least 
100 km southwestward from Hudson Bay Lowland (Kettles, 
1993, 1994). Previous work on the granule-small pebble 
fraction (5.6-16.0 mm) of till samples from the detailed survey 
area (Kettles, 1993,1994), indicated that 65% of the samples 
had greater than 20% Paleozoic carbonate clasts and only 7% 
of the samples had less than 5%. More than 50% of the 
samples also contained more than 10% Proterozoic metasedi- 
mentary clasts. In contrast, till samples with high concentra- 
tions of local Archean bedrock lithologies closely mirrored 
nearby outcrops. 

The patterns of distribution of copper, lead, and zinc 
(Fig. 2,3,4) are similar in till and stream sediments, but levels 
of copper and zinc are generally higher in stream sediments 
(see statistical summxies). Similar patterns of regional dis- 
tribution are expected since stream sediments are partially 
derived from till, and, as a result, their chemical charac- 
teristics are influenced by drift geochemistry. There are at 
least two explanations for the higher levels of copper and zinc 
in stream sediments within the detailed study area: 1) propor- 
tionally more stream sediment samples than till samples were 
collected from over bedrock units comprising the greenstone 
belt; 2) stream sediment samples are generally enriched in 
manganese compared to till samples, although they have 
similar levels of iron. Twenty five per cent of the till and 
stream sediment samples had manganese concentrations 
greater than 245 and 860 ppm, respectively. Stream sediments 
contain more by-products of postglacial weathering, such as 
oxides and hydroxides, which enhance their cation exchange 
capacity relative to the tills and, consequently, their cation 
concentrations. 

High concentrations of Paleozoic carbonate in till and 
related sediments tend to suppress the geochemical signature 
of the fine fraction (Kaszycki, 1989), because unmetamor- 
phosed carbonate bedrock contains low trace element concen- 
trations with some exceptions (Mason, 1966, Table 6.5). 
Despite the effects of dilution resulting from long-distance 
transport of Paleozoic carbonate, the distribution of copper, 
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zinc, and lead in the ~0.063 mm fraction of till and stream 
sediments may be related, in many areas, to local bedrock 
composition. As would be expected, many samples collected 
in the vicinity of the Manitouwadge VMS deposits have high 
concentrations of copper (>36 ppm for till, >88 ppm for 
stream sediments), zinc (>72 ppm for till, >279 ppm for 
stream sediments) and, in some cases, lead (>23 ppm for till, 
>19 ppm for stream sediments). Approximately 1 km north- 
west of the Geco mine, there are also high levels of the three 
elements in sediments from a stream which drains northward 
from the bedrock units associated with the VMS deposits. 
Likewise, sediments collected from a southward flowing 
stream 2 km northwest of the Geco site, are enriched in 
copper, zinc, and, to a lesser extent, lead. Although the latter 
sample site was located north of the bedrock units associated 
with the VMS deposits, it is within a kilometre of the Willroy 
mine and its associated mine waste. Hydromorphic 
geochemical dispersion is expected to be limited due to the 
high carbonate nature of the environment. 

Levels of copper, zinc, and lead are also relatively high 
in a number of till samples collected over or near the fault 
which extends north-northeast from the eastern end of 
Manitouwadge Lake. The Geco mine site is located on the 
same fault. Other than in the vicinity of the mines, there are 
few areas with high levels of copper or zinc. However, till is 
enriched in lead at one site south of Little Mose Lake and at 
another site 12 km west of Manitouwadge. Where till or 
stream sediments are enriched in base metals some follow-up 
exploration work may prove worthwhile. 

ACKNOWLEDGMENTS 

The authors wish to thank the following: Steven Bauke and 
Kathryn Laurus for their able assistance in the field; K. Bell, 
Carleton University, for permitting use of samples obtained 
for a project funded by an NSERC strategic grant; Helena 
Karam for sample processing; Manfred Hebel for assistance 
with data compilation; Eva Zaleski for providing us with a 
digital bedrock map; D.B. McKay for helpful advice; the staff 

of the geology department of Noranda Geco mine for discus- 
sions and permission to sample near the mine; Northwood 
Geoscience for plotting the proportional symbol maps; and 
R.A. Klassen for reviewing the paper. 

REFERENCES 

Friesen, R.G., Pierce, G.A., and Weeks, R.M. 
1982: Geology of the Geco base metal deposit; Geological Association of 

Canada, Special Paper 25. p. 343-363. 
Garrett, R.G. 
1969: Geochemical study, Ma~touwadge, Ontario (42FI4); Report of 

Activities, Part A; Geological Survey of Canada, Paper 69-IA, 
p. 47-48. 

Geddes, R.S. 
1987: Quaternary geology of the Hemlo region, Districts of Thunder Bay 

and Algoma; Ontario Geological Survey, unpublished report. 
Kaszycki, C.M. 
1989: Surficial geology and till composition, northwestern Manitoba; 

Geological Survey of Canada, Open File 21 18, 150 p. 
Kettles, I.M. 
1993: Reconnaissance geochemical data for till samples from the 

Ma~touwadge area, Ontario; Geological Survey of Canada, Open 
File 26 16, 197 p. 

1994: Till geochemistry in the Manitouwadge-Hornpayne region, Ontario; 
Geological Survey of Canada, Open File 2933,287 p. 

Kettles, I.M. and Murton, J.B. 
1993: Till composition in the vicinity of the Manitouwadge greenstone 

belt, Ontario; & Current Research, Part C; Geological Survey of 
Canada, Paper 93-1 C, p. 249-257. 

Kristjansson, FJ. and Geddes, R.S. 
1986: Quaternary geology of the Manitouwadge area, District of Thunder 

Bay; Ontario Geological Survey, Map P. 3055, scale 1: 50 000. 
Mason, B. 
1966: Principles of Geochemistry; Wiley, New York; 329 p. 
Ontario Geological Survey 
1991 : Bedrock geology of Ontario, east-central sheet; Ontario Geological 

Survey, Map 2534. 
Williams, H.R. and Breaks, F.W. 
1990: Geology of the Manitouwadge-Hornpayne area; Ontario Geological 

Survey, Open File Map 142, scale I: 50 000. 
Zaleski, E. and Peterson, V.L. 
1993: Geology of the Manitouwadge greenstone belt, Ontario; Geological 

Survey of Canada, Open File 2573, scale 1.25 000, 

Geological Survey of Canada Project 910017 





Formation resistivity factor of core samples from 
the Sudbury Structure, Ontario 

T.J. Katsube, N. Scromeda, and M. salisburyl 
Mineral Resources Division 

Katsube, T.J., Scromeda, N., and Salisbury, M. ,  Formation resistivity factor of core samples from 
the Sudbury Structure, Ontario; Current Research 1995-E; Geological Survey of Canada, 
p. 195-200. 

Abstract: Formation resistivity factor (F) and pore surface resistivity (pc) values were determined for 
16 drillcore samples representing some of the major lithologies exposed in the Sudbury Structure (SS). The 
purpose was to provide basic information required to understand the electrical conductivity mechanisms of 
the structure. 

Results indicate that F values obtained are within the range found in the literature for crystalline rocks 
(430-25 000). Preliminary examination of the relationship between these data for F and pc and previous 
electrical resistivity (p,) data suggest that several different characteristics exist. Some display characteristics 
likely due to the pore surfaces being fresh with little or no alteration, suggesting that pore structure has a 
dominant effect on pr. Others display characteristics likely due to pore surfaces being highly altered, or 
completely or partially lined with conductive minerals, suggesting that pore structure has little effect on pr. 
Some high pr samples also display such characteristics. 

Rdsumd : Les valeurs du facteur de formation (F) et de la rtsistivitt de surface des pores (pc) ont Ctt 
dtteminCes pour 16 tchantillons de carottes reprtsentant quelques-unes des principales lithologies affleu- 
rant dans la structure de Sudbury (SS). Cette tlche avait pour but de fournir les informations de base 
ntcessaires pour comprendre les mtcanismes de conductivitC Clectrique de la structure. 

Les rCsultats indiquent que les valeurs obtenues pour F se situent dans l'intervalle d o ~ C  pour les roches 
cristallines dans la documentation (430-25 000). L'analyse preliminaire de la relation entre ces donntes 
pour F et pc et les donnCes antkrieures sur la rtsistivitk Clectrique (pr) rkvklent qu'il existe plusieurs 
caracttristiques diffkrentes. Certaines affichent des caractkristiques vraisemblablement attribuables aux 
surfaces des pores peu ou pas alttrtes, ce qui incite A proposer que la structure des pores aun  effet dominant 
sur p,. D'autres affichent des caracttristiques probablement attribuables A la forte alttration des surfaces 
des pores ou au fait que ces surfaces sont complCtement ou partiellement revCtues de mintraux conducteurs, 
indiquant que la structure des pores a peu d'effet sur pr. Quelques Cchantillons it pr ClevC prtsentent 
Cgalement ces caracttristiques. 

GSC Atlantic, Dartmouth 
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INTRODUCTION 

Formation resistivity factor, F, and pore surface resistivity, 
p,, values have been determined for 16 drillcore samples 
representing some of the major lithologies exposed in the 
Sudbury Structure (Katsube and Salisbury, 1994). The pur- 
pose was to provide basic information required to understand 
the electrical conductivity mechanisms of the rocks constitut- 
ing these lithologies. 

Bulk rock electrical resistivity, p,, and other physical 
properties have been measured on 52  drillcore samples 
(Scromeda et a]., 1993) from the same lithologies to provide 
constraints on the interpretation of deep high electrical con- 
ductivity zones (Katsube and Salisbury, 1994) detected by 
surface electromagnetic surveys carried out across the south- 
em part of the Sudbury Structure (Boerner et al., 1994). 
Samples with low resistivities unexpectedly found in cores 
(Katsube and Salisbury, 1994) from lower sections of the 
Sudbury Structure have provided some of these constraints 
(Boerner et al., 1994). Minor amounts of carbon were sug- 
gested as the likely cause of these low resistivities. However, 

the electrical conductivity mechanism of these rocks is not yet 
fully understood. The 16 samples used in this study are from 
the same suite of 52 samples. 

The F and p, values are determined by measuring bulk 
electrical resistivity (p,) of the rock samples for a multiple 
number of NaCl solutions with different values of pore fluid 
resistivity, p,,, and then by inserting the results into the 
Patnode and Wyllie (1 950) equation: 

According to this equation, the relationship between the 
two variables, l/p, and lip,,, should be linear. This linear 
relationship is used to determine F and p,. This relationship, 
however, sometimes deviates from linearity and can become 
a source of reduced accuracy when determining F (Katsube 
and Scromeda, 1993). We normally use five different NaCl 
concentrations of 0.02 to 0.5 N (Katsube, 198 1) to determine 
F and p,. According to recent studies (Katsube and Scromeda, 
1993; Katsube et al., 1995) on tight shales, the accuracy 
problem is usually eliminated by using NaCl concentrations 
greater than 0.02 N, and saturation times greater than 
240 minutes. 

Table 1. Formation-factor (F) and surface resistivities (PC) for different NaCl solutions: 
boreholes 4301,3502,5601 and 52847 

Sample I p, (x103 n-m) I 
Pm 0.295 0.615 1.15* 2.09* 5.18* 
(n-rn) 0.001 0.002 0.003 0.01 0.03 
NaCi 0.5 0.2 0.1 0.05 0.02 
(N) 

p,, = pore fluid resistivity 
p,= bulk resistivity of the rock for solutions of different salinities 
F = formation resistivity factor 
p, = surface resistivity 
X = data points used for formation factor determination 
***= p, values considered to be extremely large 
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We have published F data for various types of rocks 
(e.g. Katsube et a]., 1991; Katsube and Mareschal, 1993), 
and have noticed this non-linearity problem existing in some 
cases other than tight shales. The measurement accuracy of 
these data were estimated to be f 5 0  % (Katsube, 1981). 
While this accuracy was considered to be adequate for 
obtaining reliable F data (Katsube et a]., 1995), it is not 
sufficient for obtaining reliable pore surface resistivity (p,) 
values (Katsube and Scromeda, 1993). However, it is not 
known whether the same procedure used to improve the 
accuracy for tight shales will apply to rocks from the Sudbury 
Structure. Therefore, the usual five different NaCl 
concentrations with saturation times larger than 240 minutes 
were used in this study, but with special attention given to the 
adequacy of these concentrations. 

However, actual measurements do not always produce 
such results (Katsube et al., 1995). Therefore, a check on 
whether pc is larger than pr is a good guide to improving 
measurement accuracy. 

METHOD OF INVESTIGATION 

The 16 samples are discs of 0.45-0.87 cm in thickness, cut 
from 2.54 cm (1 inch) diameter horizontal minicores obtained 
from approximately vertical drillcores (4 drillholes: 4301, 
3502,5601,52847 in Tables 1 and 2), representing sequential 
depths of 200-2,720 m in the Sudbury Structure (Scromeda 
et al., 1993; Katsube and Salisbury, 1994). They are the same 
samples that were used for 0, measurements in the previous 

Bulk rock electrical resistivity (p,) represents the in situ studies (Scromeda et al., 1993). F has been deteriined for 

electrical resistivity of a rock when saturated with ground only 16 out of the 28 samples previously studied from these 

water or the natural pore water with an electrical resistivity of 4 drillholes. This is because the rest display pr values below 
p,. Since p, and p,, can be replaced by p, and p, in 50 Qm. We experience difficulty in obtaining reliable F 
equation (11, it  indicates that the following relationship values at low resistivities, since a high resistivity measuring 
should exist: system is used in these studies (Katsube et al., 1995). 

Table 2. Formation-factor (F), surface resistivity (PC) and bulk resistivities (p,) 
for different NaCl solutions: boreholes 4301,3502, 5601 and 52847 

Sequence P, F +% PC 
Sample Depth (m) Formation (x103 n-m) (xl 02) (x1 O3 0-m) 

4301-1 206 Chlm-GW 17.1 i 0.6 55.0 i 0.5 *** 
4301 -2 275 7.7 i 0.05 32.0 * 2.1 *** 
4301 -3 388 10.1 i 0.8 47.4 2.5 *** 
4301 -6 484 0.75i 0.066 14.7 i 21 0.870 i 11 
4301 -7 478 0.24i 0.004 4.27 i 0.0 0.1 96 i 0.0 

3502-4 1,260 Onp-Tf 30.2 i 0.4 75.8 i 0.5 "* 
3502-5 1,300 0.945 0.004 73.0 i 8.8 1 .I3 * 1.8 

5601 -1 1,590 Onp-Tf 1.81* 0.17 26.4 i 1.1 2.69 i 0.9 
5601-2 1,700 1.66* 0.01 45.3 i 24 4.74 i 50 
5601-6 2,100 0.43i 0.00 20.5 * 42 0.553 *18 

52847-2 2,450 Onp-Tf.bl 53.0 * 1.2 151 * 7.5 50.5 i 25 
52847-3 2,480 Onp-Tf.gr 19.8 i 0.5 118 * 2.1 42.0 i 6.3 
52847-4 2,570 17.8 * 1.9 170 rt 0.7 33.4 i 2.0 
52847-5 2,650 Onp-Bsl 50.6 * 2.8 382 * 7.0 87.0 i 27 
52847-6 2,690 65.6 i 0.4 254 i 0.5 174 * 4.4 
52847-7 2,720 GrP 18.2 i 3.8 135 * 0.3 31.9 i 0.9 

Petrophysical Parameters Rock Types 
p, = bulk rock electrical Gw = greywacke 

resistivity Tf = Tuff 
F = formation resistivity factor Bsl = Basal 
p, = pore surface resistivity Grp = Granophyr 

Formations Colour 
Chlm = Chelmsford bl = black 
Onwt = Onwatin gr = grey 
Onp = Onaping 
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All 16 samples are of tight solid material with no visible 
fractures, and with no visible sulphides present. Further 
details on the texture are described in the literature (Scromeda 
et al., 1993; Katsube and Salisbury, 1994). Information on the 
formations and rock types that these samples represent are 
listed in Table 2. Further details of the geological environment 
and rock types can be found in the literature (Scromeda et al., 
1993; Katsube and Salisbury, 1994). 

Further details of the measurement procedures used to 
determine F and pc, using the five different NaCl concentra- 
tions of 0.02 to 0.5 N, are also described in the literature 
(Katsube and Scromeda, 1993). 

EXPERIMENTAL RESULTS 

Results of the p, measurements used for F and p, determi- 
nation are listed in Table 1. The results of the F and p, 
determinations using the Patnode and Wyllie equation 
(Katsube and Scromeda, 1993) are listed in the last two 
columns of this table. The reduced major axis (RMA) is used 
in these determinations. The percentage errors, listed in these 
columns, are determined by taking the differences in the F and 
p, values obtained by using the different regression lines 
(Fig. 3,4): the RMA and the normal regression lines (NRL). 
The two different NRLs, in each case, are derived by inter- 
changing the data sets which are used as the dependent and 
independent variable. The principles of the RMA are 
described in Davis (1986), and examples of related applica- 
tions are found in Katsube and Agterberg (1990). These F and 
p, values are also listed in Table 2 which includes p, values 
obtained by previous studies (Katsube and Scromeda, 1993; 
Katsube and Salisbury, 1994) for comparison. 

Figure I .  Typical example of llp, as a function of l/p, for 
sample 52847-6, displaying a good linear relationship. The 
solid line represents the reduced major axis (RMA) and the 
two normal regression lines (NRL), which are coincident in 
this case. 

Four types of llp, versus llp, relationships (equation 1) 
have been observed in these data, as shown in Figures 1 to 4a. 
No non-linear relationships, similar to those observed for 
shales (Fig. 5), showing deviations from linearity at the lower 
NaCl concentrations (lower llp, values) have been seen in 
this study. A case where a good linear relationship exists 
between llp, and llp, is shown in Figure 1 for sample 
52847-6. All three regression lines are represented by a single 
solid line in this figure, because the correlation coefficient (r) 
is close to unity in this case. A similar example, but displaying 
a negative l/pc value is shown in Figure 2 (4301-1). In this 
case, the RMA is interpreted to intersect the origin within the 

Figure 2. Typical example of llp, as ajknction of llp, for 
sample 4301 -1, displaying a good linear relationship but with 
a negative ZIP, value. The solid line represents the RMA and 
the two NRLs, which are coincident in this case. 

Figure 3. Typical examples of the l/p, as afunction of llp, 
for sample 5601-6, displaying considerable scatter. The solid 
line represents the RMA, and the broken lines represent the 
two NRLs. 
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range of measurement error. As a result, pc is interpreted to 
be infinite. The "***sM in Table 1 represent such values for 
p,. An example displaying considerable scatter is shown in 
Figure 3 (5601-6). An example interpreted to display non- 
linearity, due to data points deviating from linearity at the 
higher NaCl concentrations (higher I/pw values), is shown in 
Figure 4 (5601-1). This is in contrast with the non-linearity 
of the shales (Fig. 5)  where deviations at the lower NaCl 
concentrations were the cause. 

Figure 4. Typical examples of the Ilp, as ahnction of llp, 
for sample 5601-1 showing a poor linear relationship. Data 
point is inferpreted to deviate from linearity at the highest 
NaCl concentrations (largest llp, value). (a) The case where 
allfive data points were used to determine F and p,. The solid 
line represents the RMA, and the broken lines represent the 
two NRLs. (b) The case where the data point that deviated 
from the linear relationship (largest llp, value) was 
eliminated to determine F and p,. The solid line represents 
all three regression lines (RMA and NRLs), which are 
coincident in this case. 

Figure 5. Example of llp, as a function of llp,, showing 
poor linear relationship for a shale sample (Katsube et al., 
1995). This is a case where progressive deviation from 
linearity is seen with decreasing NaCl concentrations 
(decreasing llp, values), and only the three data points with 
the larger values of llp, have been used to determine F and 
p,. The solid line represents the RMA, and the broken lines 
represent the two NRLs. 

Samples displaying the first three llpm versus l /pw char- 
acteristics (Fig. 1-3) satisfy equations (1) and (2). Samples 
displaying the fourth characteristic (Fig. 4a), generally, have 
not satisfied equation (2). Only the data points with the 
smaller l/pw values have been interpreted to display a linear 
relationship and used to determine F and pc for these cases. 
Figure 4b displays an example (5601-1) where the data point 
that deviated from the linear relationship (largest l/pw value) 
was eliminated. The data points used to determine F and pc 
are represented by "Xs" in Table 1. There are five such cases 
listed in this table. Only the results that satisfy equation (2) 
are listed in Table 2 (columns 3 and 4). Although elimination 
of data points for high NaCl concentrations has resulted in an 
increase of pc for these five samples, it has resulted in com- 
plete conformity with equation (2) for only three of the five 
samples (Tables 1 and 2). It did not result in acceptable 
conformity for the two Samples 4301-7 and 52847-2. 
However, since the two values are very close for these two 
samples, they are interpreted to be almost equal due to l/(Fpw) 
<< l/pc in equation (1). Consequently, they are interpreted to 
satisfy equation (2). 

DISCUSSION AND CONCLUSIONS 

The F values obtained in this study (Tables 1, 2) are in the 
range of 430-25 000. This is within the range found in the 
literature for crystalline rocks (Katsube and Mareschal, 1993). 
The infinite p, values obtained for four of the samples (4301 -1 
to 4301-3 and 3502-4 in Table 2) are likely due to the pore 
surfaces being very fresh with little or no alteration. The two 
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samples (4301 -7 and 52847-2). displaying pc values close to 
those of p,, likely have pore surfaces that are highly altered, 
or are completely or partially lined with conductive minerals 
of some kind. 

A preliminary examination of the data for F and pc suggest 
that several different characteristics can be seen in these rock 
samples. Samples from drillhole 52847 tend to show pc values 
substantially larger than those of p, (Table 2), except for 
sample 52847-2. This implies that the pore surface conditions 
for samples from this hole generally have only a minor effect 
on their p, values. The fact that the p,value of sample 52847-2 
is dominated by pc and that the sample has a blackish colour, 
suggests that although it has a very large p, value, whatever 
electrical conduction is seen in that rock sample is probably 
due to carbon deposited on the pore surface with very minor 
effects from the pore structure. 

Samples from drillholes 4301 and 3502 tend to display p r  

values related to those of pc (Table 2) with little effect from 
F, suggesting that pore surface conditions have a major influ- 
ence on pr for these samples. For samples from drillhole 4301, 
both pore surface pc and F appear to influence pr. This 
suggests that both pore structure and pore surface conditions 
influence the pr values for these samples. Further analysis of 
these data is scheduled. 
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Quaternary geology and implications for drift 
prospecting in the Napaktulik Lake, Point Lake, 
and Contwoyto Lake map areas, northwest 
Slave Province, Northwest Territories1 
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Kerr, D.E., Dredge, L.A., Ward, B.C., and Gebert, J.S., 1995: Quaternary geology and 
implications for drift prospecting in the Napaktulik Lake, Point Lake, and Contwoyto Lake map 
areas, northwest Slave Province, Northwest Territories; Current Research 1995-E; Geological 
Survey of Canada, p. 201 -209. 

Abstract: As a contribution to Slave NATMAP Project, three 1:250 000 map areas (NTS 861,86H, and 
parts of 76E) were mapped to provide fundamental regional baseline data of surficial materials for drift 
prospecting, integrated environmental planning, and assessment studies for future development. This report 
documents some of the preliminary results from the 1994 field season. One till sheet was identified, and till 
blankets and veneers are the most common surficial sediments. An exception is the eastern half of 861 where 
the granitoid bedrock has little or no overburden. Dominant ice flow directions range from west to northwest 
in the Point Lake and Contwoyto Lake areas, and from northwest to north in the Napaktulik Lake region. 
Glacial transport distances were evaluated based on pebble lithologies in till. Although erratics have been 
traced for tens of kilometres, the majority of pebbles appear to have travelled less than 10-15 km. 

RCsum6 : Comme contribution au projet CARTNAT dans la Province des Esclaves, trois rtgions ont 
BtB cartographikes i I'Cchelle de 11250 000 (cartes 861,86H et des parties de la carte 76E de la SNRC), afin 
d'obtenir des domtes  de base rtgionales sur les mattriaux superficiels aux fins de la prospection 
glacio-ddimentaire, de  la planification environnementale inttgrte et des Btudes d'tvaluation nkcessaire aux 
mises en valeur futures. Le prCsent rapport documente certains rtsultats prtliminaires recueillis durant la 
campagne de 1994. Une nappe de till a t t t  identifiee; les couvertures et les placages de till sont les skdiments 
superficiels les plus rtpandus. On note une exception dans la moitiC orientale de  la carte 861 oii le substratum 
granitoi'de est peu ou pas recouvert de morts-terrains. Les directions dominantes de 1'Ccoulement glaciaire 
varient d'ouest A nord-ouest dans les rtgions du lac Point et du lac Contwoyto et du nord-ouest au nord dans 
la rCgion du lac Napaktulik. On a Cvalut les distances du transport glaciaire en se basant sur la lithologic 
des cailloux contenus dans le till. MCme si l'on a retract des blocs erratiques sur des dizaines de kilom&tres, 
la majorit6 des cailloux semblent avoir parcouru moins de 10 A 15 km. 

- 

' Contribution to the Slave NATMAP Project 
Energy, Mines and Petroleum Resources, Government of Northwest Territories, P.O. Box 1320, Yellowknife, 
Northwest Territories XI A 2L9 
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INTRODUCTION 

The Slave Province National Mapping Program (NATMAP) 
is a multi-disciplinary project which provides fundamental 
regional baseline data of surficial materials for ongoing devel- 
opment in theslave Structural Province (Fig. 1). The discovery 
of diamonds by drift prospecting in the Lac de Gras region of 
the central Slave, and the possibility of a diamond mine, in 
addition to the gold and base metal potential of the area, have 
resulted in the need for a better understanding of the local and 
regional glacial geology. Stimulated by exploration and dis- 
covery interest and the fact that detailed knowledge of the 

Figure 1. Location of Slave Province and study area. 

861 

glacial geology of the area was lacking, Terrain Sciences 
Division carried out intensive fieldwork during 1994 in three 
1:250 000 map areas: Napaktulik (86I), Point Lake (86H) and 
south and west parts of Contwoyto Lake (76E), (Fig. 1, 2). 
This region is north of the three map areas mapped in 1993: 
Winter Lake (86A) (Kerr et al., 1994a), Lac de Gras (76D) 
(Ward et al., 1994b), and Aylmer Lake (76C) (Dredge et al., 
1994a), east of the Coppermine River area mapped by 
St-Onge (1988), and west of the preliminary surficial maps of 
the Contwoyto Lake area (Hart et al., 1989). 

The investigation involved interpretation of 1:60 000 
scale airphotos, ground mapping, striation measurements, 
pebble lithology analysis, and mineralogical and geochemical 
analysis of till for gold, base metals, and kimberlite indicator 
minerals. Mineralogical and geochemical results will be 
released in separate publications in a similar format as that 
covering Winter Lake (Kerr et al., 1994b). Lac de Gras (Ward 
et al., 1994c), and Aylmer Lake (Dredge et a]., 1994~). 

METHODS 

The area was mapped by traversing with helicopter, and by 
interpretation of 1:60 000 airphotos. Approximately 510 till 
samples of 3 kg were taken for grain size and trace element 
geochemical analysis. At each site, 50 pebbles (2 to 4 cm in 
diameter) were collected for provenance investigations, and 

Figure 2. 

Summary iceflow diagram for the study area. 
The flow events are numbered according to 
age. The thickness of the line gives the relative 
afSect of theflow on transport of debris and on 
modifying the landscape; the thickest arrows 
represent the dominantjlow, most responsible 
for the transport of glacial debris. 
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the nature of the bedrock was noted. In addition, 210 10 kg 
samples of till were taken for analysis of kimberlite indicator 
minerals to document their range and background concentra- 
tions. Till was collected predominantly from pits dug in mud 
boils for ease of sampling, at depths of 40 cm to 90 cm. Frozen 
ground was encountered at depths as shallow as 15 cm below 
the surface in peat in early to mid July. The active layer in till 
and glaciofluvial sediments was at least 90 cm deep in late 
summer. Detailed till sampling of glacial dispersal trains from 
two kimberlite sources was also undertaken in order to docu- 
ment their characteristics. Striation trends were measured and 
where possible, their relative ages determined to document 
ice flow history. Major stratigraphic sections along streams 
were also logged. 

BEDROCK GEOLOGY 

The study area straddles the northeast-trending boundary 
between the Archean Slave Province and the Proterozoic 
sedimentary cover (see bedrock geology map in pebble lithol- 
ogy section below) to the west (Gebert and Jackson, 1994). 
An isolated remnant of Proterozoic cover is found in the 
northeast quadrant of 86H. Archean rocks underlie much of 
the study area and consist of supracrustal rocks of the 
Yellowknife Supergroup (ca. 2.71 to 2.65 Ga; Mortensen 
et al., 1988), younger granitoid rocks, and more rarely grani- 
toid and gneissic rocks pre-dating the Yellowknife Super- 
group. ~rch'ean volcanic rocks of predominantly mafic 
composition form a thin north trending belt that is referred to 
as the Point Lake volcanic belt in the south (86H) and the 
Napaktulik Lake volcanic belt in the north (861). Felsic vol- 
canic rocks with numerous gossans are common in northeast- 
trending arms of the belts. 

Slave Province greywacke-mudstone turbidites are found 
in the metasedimentary domain bordering the Point Lake 
volcanic belt. The turbidites are bordered by granitoid rocks, 
most commonly biotite-hornblende granite to granodiorite; 
gneissic granitoid rocks are common in the Napaktulik Lake 
sheet (861). Proterozoic rocks record two sequences grading 
from clastic to carbonate rocks (Epworth and Recluse 
groups), overlain by fine grained clastic rocks of the Takiyuak 
Formation. The study area is transected by avariety ofdiabase 
dykes of which the north-northwest-trending Mackenzie 
swarm is most prominent. Thick diabase sheets (Morel Sills) 
lie along the ArcheanlProterozoic boundary. Important vol- 
canogenic base metal deposits (IZOK, Hood, Gondor) and 
iron-formation hosted gold deposits (REN) occur within the 
study area. 

NATURE AND DISTRIBUTION 
OF SURFICIAL SEDIMENTS 

Tills 

As in the Winter Lake (86A), Lac de Gras (76D), and Aylmer 
Lake (76C) areas to the south, till is the most extensive 
surficial sediment in the mapping area (Dredge et al., 1994b; 
1995; Kerr et al., 1995; Ward et al., in prep.) and is attributed 

to the Late Wisconsinan Laurentide Ice Sheet. The till consists 
of a matrix-supported diamicton, with a sandy silt to sand 
matrix, and exhibits low to high compaction. Clasts are gen- 
erally subrounded to subangular and average 2-4 cm in diame- 
ter. Matrix grain size varies according to bedrock source; till 
derived from granitoid rocks is sandy whereas sedimentary 
and volcanic rocks produced a more silty till. Locally, in the 
Napaktulik Lake area, many of the fines were removed by 
meltwater, resulting in isolated lag deposits consisting of 
pebble to boulder-sized clasts c2 m diameter. In many cases, 
the upper 0.5 m to 1 m of till has been extensively modified 
by cryoturbation and solifluction, destroying primary sedi- 
mentary structures such as layers or lenses. Organic matter 
has sometimes been incorporated by cryoturbation to depths 
of 70-80 cm. 

Till deposits are subdivided according to thickness and 
surface morphology: veneer, blanket, and hummocky. Till 
veneer is generally 4 m thick, rarely continuous over large 
areas containing bedrock outcrops and felsenmeer, and con- 
forms to underlying bedrock morphology (Fig. 3A). Till 
veneer occurs throughout the study area. It is generally loose 
to compact, with high concentrations of cobbles and boulders 
at the surface; where veneer is thin and discontinuous, struc- 
tural bedrock features are usually visible on airphotos. Till 
veneer was likely deposited during deglaciation, possibly as 
ablation till. Till blankets are generally >2 m thick and either 
drape the underlying bedrock, forming undulating till plains, 
or are low to moderate-relief drumlinoid and crag-and-tail 
features (Fig. 3B). These tills tend to be relatively compact, 
contain fewer boulders than till veneer and may represent 
lodgement till deposited directly by ice. Till blankets and 
associated crag and tails occur throughout the study area 
(Fig. 3C). A stark contrast in till thickness and landforms 
exists between regions underlain by Proterozoic cover and 
parts of the Slave Province; this is most noticeable in the 
eastern half of the Napaktulik Lake map area where granitoid 
bedrock is essentially devoid of any surficial sediment. In the 
western region which is underlain by Proterozoic bedrock, till 
plains, drumlinoid landforms and crag-and-tail features are 
common. Hummocky till is variable in thickness and forms 
hummocky topography with irregular mounds a few metres 
high. In the central Napaktulik Lake map area, they are 
sometimes associated with small rock outcrops or isolated 
kames, whereas they form an extensive area east of Point 
Lake. They range from firm to compact, and represent a form 
of ablation till, possibly associated with stagnant ice. 

Glacioflrcvial sediments 

Glaciofluvial sediments consist of eskers, kames, and pro- 
glacial outwash commonly containing kettle lakes. The eskers 
have a sinuous to linear form and generally trend west, 
northwest, and north. Cobble and boulder lags are associated 
with the sides of eskers as well as bedrock surfaces between 
esker segments. Eskers range from small, sinuous ridges afew 
tens of metres long, to large, more linear features up to 30 m 
high and over 25 km in length, such as those occurring north 
and south of Napaktulik Lake (Fig. 3D). Sandy lateral nodes 
may occur at intervals along their length. Sediment texture 
and internal structures are variable, and grain size may change 
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A. Boulder-till veneer overlying flat bedrock outcrops in the D. Large esker complex exhibiting raised beaches on east 
southeast quadrant of Napaktulik Lake map area (left) side, trending northwest, northern Napaktulik Lake 
(GSC 1995-081A); map area (GSC 1995-081L); 

B. Rolling till plains with rock outcrops and crag-and-tail E. Raised beaches up to 426 m a.s.1. (32 m above lake level), 
features. Arrow indicates ice pow direction. southern Napaktulik Lake (GSC 1995-081 C); 
(GSC 1995-081 I); 

C. Rock outcrop with veneer of boulders, eastern F. Glaciolacustrine sediments exposed along the White 
Napaktulik Lake map area (GSC 1995-081J); Sandy River, southwest quadrant of Napaktulik Lake 

map area (GSC 1995-081B). 

Figure 3. 
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rapidly over short distances. Very fine- to coarse-grained sand 
may be capped by a thin layer of gravel. Sedimentary struc- 
tures consist dominantly of climbing ripples, planar bedding, 
and trough and planar crossbedding. 

Flat-topped kame terraces and outwash plains scarred by 
braided channels are associated with the esker complexes but 
may also occur within structurally controlled bedrock gorges 
which served as meltwater drainage channels during ice 
retreat. Some of these sand and gravel outwash plains are 
more than 20 km long and up to 5 km wide. They are more 
common in the study area than the Winter Lake, Lac de Gras, 
and Aylmer Lake map areas to the south. As with eskers, their 
composition is variable, but finely laminated and cross lami- 
nated fine sand and silt are common. In many localities, the 
flanks of sharp crested eskers are surrounded by the terraces 
and outwash plains. The relative timing of esker development 
appears to have preceded that of the surrounding kame ter- 
races and outwash plains which exhibit evidence of subaerial 
deposition. Glaciofluvial deposits are potential resources for 
large volumes of granular materials. 

Glaciolacustrine sediments 

Isolated deltas, raised beaches, and wave-washed benches on the 
flanks of reworked eskers and kames provide evidence for the 
existence of glacial lakes. Lake sediments were only identified in 
a few localities and consist of fine to coarse sand, pebbles, and 
cobbles forming deltas and beach ridges (Fig. 3E). With the 
exception of the Contwoyto Lake map area which extends outside 
the study area, the largest glacial lake appears to have been formed 
in the Napaktulik Lake basin. Abandoned shorelines are well 
developed in the northcentral and eastern parts of Napaktuhk 
Lake, north of the large peninsula which dissects the lake. They 
are generally absent from the northwest, west, and southwest 
regions of the lake, except for a few sites on the southern and 
western shores of the peninsula. 

Craig (1960) reported raised beaches along the southeast- 
em shore of Napaktulik Lake at 425 m a.s.l., about 30 m above 
the present lake level (394 m a.s.1.). During the present 
investigation, beaches and wave-washed zones were found up 
to 440 m on the eastern shores. In the southwest Napaktulik 
Lake map area, along the White Sandy River valley, isolated 
deposits at 360 m a.s.1. forming a 16 m coarsening-upward 
sequence (Fig. 3F) of rhythmically bedded, normally graded 
fine sand capped by clay drapes, climbing ripples, and coarse 
sand and gravel may represent deposits of Glacial Lake 
Coppermine (St-Onge et al., 1981; St-Onge, 1988) which 
occur immediately to the west of the study area. There is also 
evidence for recessional lakes around the west and south parts 
of Point Lake,-up to 50 m above present lake level. In the 
Contwoyto Lake basjn, Blake (1963) and Hart et al., (1989) 
reported well-developed abandoned glaciolacustrine shore- 
lines above present lake level. No fine grained sediments are 
associated with this glacial lake but till near present lake level 
commonly appears washed with many of the fines being 
removed. 

ICE FLOW PATTERNS 

Figure 2 is a summary diagram of flow direction based on air 
photo interpretation and over 500 striae points, and on 
regional observations made by Craig (1960), Blake (1963), 
and Bostock (1980). However, some of the striae observations 
made by Bostock (1980) around Point Lake could not be 
confirmed. 

In the Napaktulik map area, large-scale ice flow indicators 
(drumlins and crag and tails), together with well-defined and 
abundant striae reflect a dominant flow (2 in Fig. 2) to the 
northwest in the east, to the north-northwest and north in the 
northwest, and to the west-northwest in the southwest. In the 
Point Lake map area, the dominant flow as indicated by 
drumlins and the majority of striae (2 in Fig. 2) was generally 
west-southwestward and westward in the southern and south- 
central region, and west-northwestward in the north. In the 
Contwoyto Lake map area, dominant ice flow directions (2 in 
Fig. 2) are northwestward and more westward in the south- 
west quadrant. 

At a few locations throughout the study area, isolated 
striae (1 in Fig. 2), cross-cut by the dominant striae, record a 
west-northwestward flow in the Napaktulik Lake region, 
southwestward and west-northwestward flow in the Point 
Lake map area, and a southwestward flow in the Contwoyto 
Lake map area; a similar southwestward striae pattern is 
recorded farther south (Ward et al., 1994a). At a limited 
number of sites in the Napaktulik map area, rare striae (0 in 
Fig. 2) record flow directions towards the southwest and 
northeast which deviate from and are cross-cut by dominant 
patterns (2 in Fig. 2), and, in one instance, are cross-cut by 
striae 1 (Fig. 2). Limited to the south-central region of the 
Contwoyto Lake map area, there is local evidence of a 
younger southwest ice flow (3 in Fig. 2) cross-cutting the 
dominant flow to the northwest and west. 

GLACIAL HISTORY 

All ice flow indicators are thought to represent flow directions 
relating to the Late Wisconsinan glaciation. The Napaktulik, 
Point Lake, and Contwoyto Lake map areas lie 600-700 km 
west of the M'Clintock Ice Divide of the Laurentide Ice Sheet 
(Dyke and Prest, 1987; Dyke and Dredge, 1989). This region 
was likely still ice covered by about 10 500 BP and became 
ice-free by about 9000 BP, at which time the ice margin lay 
150-200 km to the east. Some aspects of the ice flow history 
can be determined by the relative age of striations, as well as 
large-scale indicators such as drumlinoid landforms, roches 
moutonntes, and crag and tails. 

The oldest reported striae (0 in Fig. 2) represent ice flow 
prior to the establishment of the dominant regional patterns 
as they are cross-cut by flows '1' and '2'. Alternatively, they 
represent local, topographically controlled ice flow either 
during ice build-up, full glacial conditions, or early in the 
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deglaciation phase. If the second youngest set of striae (1) 
correlate, they may represent radial flow related to the ad- 
vance of Laurentide Ice prior to the last, strongest flow 
(2 in Fig. 2). If striae (1) do not correlate throughout the study 
area, the southwestward flow in Point Lake area and the 
northwestward flow in Napaktulik areas could relate to dif- 
ferent events. 

The striation arrangement could represent the following 
sequence of events (Fig. 2) if striae 1 correlate throughout the 
study area and relate to the oldest flow: 1) in the central and 
southern region of the Napaktulik and Point Lake and south- 
em Contwoyto Lake map areas, ice advanced from the north- 
east, east, and southeast; 2) a subsequent westward flow in 
the southern part of Point Lake and southwest part of 
Contwoyto Lake map areas with a shift to northwestward 

flow over northern Point Lake and southern Napaktulik Lake 
and much of the rest of the Contwoyto Lake map areas. This 
clockwise shift in flow continued with a north-northwestward 
and northward flow in the central and northwest region of 
Napaktulik Lake. However, there was northwestward flow in 
the northeast part of the Napaktulik Lake map area. All these 
flows (2 in Fig. 2) are dominant flows attributed to the last 
stages of glaciation; and 3) a younger, local flow towards the 
southwest in the southeast region of the Contwoyto Lake map 
area which may be related to reorientation of ice in the period 
of ice retreat. 

During deglaciation a glacial lake formed in the 
Napaktulik Lake basin. The maximum elevation of wave- 
washed zones at 440-438 m a.s.1. (Fig. 4A) may reflect the 
first phase of a lake, herein called glacial lake Napaktulik. Its 

- 66" 30' 

0d raised beaches 
/0  

margin of stagnantlretreating ice 

w outlet 

extent of lake 

Figure 4. Maps illustrating the evolution ofglacial lake Napaktulik. Extent of the lake is extrapo- 
lated between isolated beaches at the same or similar elevations. A) 440-438 m; B) 426-420 m; 
C) 410-400 m. 
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extent is defined on the basis of isolated beaches at similar and ice-contact collapse structures on the opposite side indi- 
elevations, and on the premise that areas which do not exhibit cate the ice margin was to the west. With continued deglacia- 
evidence of washing or wave action were ice-covered. As ice tion to the north, south, and northwest during phase three, 
receded, the lake dropped to a second lower phase at 426- glacial lake Napaktulik increased in area as evidenced by 
420 m a.s.1 and expanded into two bodies of water separated numerous beaches at 410-400 m a.s.1. (Fig. 4C). Melting of 
by the large peninsula dissecting the lake (Fig. 4B). A ice andlor ice retreat permitted waters to drain westward into 
northwest-trending esker with beaches on its northeast flank the Coppermine River to the west of the study area. 

Figure 5. Clast lithology map showing the regional contoured percentages of granitoid pebbles in 
till from 861,86H and 76E. Dominant ice flows are summarized in Figure 2. Generalized bedrock 
geology mod$ed from Gebert and Jackson (1994). 
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PEBBLE LITHOLOGY 
PROVENANCE STUDIES AND 
TRANSPORT DISTANCES IN TILL 

A regional provenance study based on the lithology of peb- 
bles in till and field observations on boulder lithologies was 
undertaken to determine the relation between till and bedrock, 
to estimate transport distances and directions as an aid to 
mineral exploration, as well as to contribute to the ice flow 
history. In planning a drift prospecting program in the map 
area, the 'dominant' ice flow, corresponding to the most 
prominent and frequent striae and orientation of drumlins and 
crag and tails, is the most important direction of till transport. 
The direction of dominant flow varies throughout the area 
with three broad zones recognized (Fig. 2): 1)  a westward 
flow across the southern portion of Point Lake and southwest 
Contwoyto Lake map area; 2) a northwestward flow over 
much of the Contwoyto Lake, northern Point Lake and south- 
em and northeast Napaktulik Lake map areas; and 3) a north- 
northwest and north flow in the central and northwest region 
of Napaktulik Lake. 

This area provides the opportunity to determine patterns 
of drift transport because many of the bedrock contacts run 
perpendicular to dominant ice flow directions. Figure 5 shows 
the percentage and distribution of granitoid (granite and 
gneiss) pebbles in till over granitoid, sedimentary, meta- 
sedimentary, volcanic, and metavolcanic bedrock in the three 
map areas. To illustrate patterns of glacial dispersal, granitoid 
rock was chosen over other lithologies as an indicator lithol- 
ogy because of clearly defined source areas and because it can 
be easily distinguished as clasts compared to other rock types. 
Granitoid pebbles occur at almost all sites, although anumber 
of sites underlain by sedimentary rocks in the western half of 
861 contain no granitoids. 

The expected distribution pattern of granitoid pebbles was 
one of consistently decreasing clast concentration down-ice 
(i.e. west, northwest, and north) of the source rock and bed- 
rock contact, as illustrated by Shilts (1975) and other workers. 
The distribution map of Figure 5 illustrates a similar trend for 
granotoid clasts in the western region of 861 and the northwest 
region of 86H. However, the predicted pattern of clast-content 
attenuation is not as evident where different types of bedrock 
occur as small, disjointed bodies and where contacts are 
convoluted, as in the eastern half of 86H and the northern half 
of 76E. 

As expected, the highest concentrations of granitoid clasts 
occur in areas underlain by granitoid bedrock. The highest 
reported concentration of these clasts is 94% in northeastern 
and east-central 861, and regions containing 60% to over 80% 
are common. The sharpest decrease is noted in the western 
region of 861 and the northwest region of 86H where transport 
distances can be estimated along dominant ice flow pathways. 
In the down-ice direction to the northwest, concentrations fall 
to 40% within 5 km of granitoid bedrock, to 20% within 
approximately 15 km of granitoid bedrock, and to 10% or less 
from as little as 10 to 50 km of the bedrock source. At several 
sites in the west half of 861, granitoid clasts (2-4cm) are absent 

20-35 km down-ice of the contact between non-granitoid and 
granitoid bedrock. They occur at greater distances as erratics 
up to several metres in diameter. 

At the north end of Napaktulik Lake and the west margin 
of Rockinghorse Lake 5 to 6 km down-ice of non-granitoid 
bedrock sources, sites overlying granitoid bedrock contain as 
little as 4 to 14% granitoid clasts. The low concentrations can 
be interpreted on the basis of dominant ice flow directions. At 
the north end of Napaktulik Lake, 40 to 90% of clasts are 
non-granitoid in nature and were carried by ice northward 
onto granitoid terrain. Conversely, in the southeast quadrant 
of 86H, one site on non-granitoid bedrock contains up to 74% 
granitoid clasts, and is 8 km down-ice of a large granitoid 
complex. 

The results from this study differ from those in the Aylmer 
Lake area (76C) to the southeast ( Dredge et al., 1994b) where 
sites more than 20 km down-ice of a source rock contact 
commonly retained greater than 40% source rock (meta- 
sedimentary and metavolcanic) clasts, indicating a greater 
distance of glacial transport. The nature of the bedrock and 
till thickness may be factors contributing to a relatively well 
defined dispersal pattern observed on a regional scale in this 
study area. The sharp decrease of granitoid pebbles, and hence 
sharp increase in non-granitoid pebbles northwest of the main 
north-trending bedrock contact in the centre of 861, may 
reflect differences in the break-down habits between sedi- 
mentary and volcanic rocks and granitoid rocks. The former 
fracture readily along planes into thin segments and are prone 
to break quickly into pebble-sized components creating a 
dilution effect, whereas granitoid rocks are coarsely jointed 
and break into blocks and boulders before comminution to 
pebble sizes (Dredge et al., 1994b). Areas of till veneer exhibit 
high concentrations of locally derived pebbles and relatively 
low concentrations of non-local clasts, although this differ- 
ence in till thickness did not consistently account for pebble 
distribution. It is difficult to assess the effects of an earlier ice 
flow on pebble dispersal patterns in this region because dis- 
tribution strongly reflects the predominant westward, north- 
westward, and northward flows. Lower granitoid 
concentration overlying granitoid bedrock in the central 
Contwoyto map area may result from the dilution of grani- 
toids by sedimentary/volvanic clasts originating from the 
north-central regions of the map area during earlier flow. 

CONCLUSION 

This preliminary description of surficial sediments, striation 
patterns, till lithology, and glacial transport distances pro- 
vides important implications for drift prospecting in this area. 
The recognition of one till sheet consisting of distinct till 
blankets, veneers and hummocky till is consistent with other 
regional studies in adjacent areas. Ice flow history and the 
three zones representing dominant ice flow directions relate 
to the main period of most till transport. Provenance investi- 
gations are summarized as follows: (1) the dominant clast 
content in till generally reflects the nature of the underlying 
bedrock; (2) sites overlying granitoid bedrock typically con- 
tain at least 40-50% granitoid clasts and generally 60-80% or 
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more; (3) the regional dispersal train resulting from erosion 
of granitoid bedrock forms a relatively narrow 10-20 km wide 
rim (from 50% down to 10%) in the down-ice direction along 
the length of the main western Proterozoic/granitoid bedrock 
contact; and (4) pebble distribution appears to suggest that 
dispersal trains from exploration targets are likely to be linear 
features parallel to the dominant ice flow patterns. Additional 
provenance studies are required to determine if volcanic or 
sedimentary rocks show similar distribution trends and more 
detailed orientation surveys are needed to accurately deter- 
mine surficial sediment types and local ice flow patterns for 
effective drift prospecting. 
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Abstract: During micropaleontological analysis of 15 wells in the Jeanne d'Arc Basin, large numbers 
of spumellarian radiolarians were found to be present in Paleocene to Lower Eocene sections in most sites. 
This event coincides with the deposition of the prodeltaic South Mara unit, a sandytsilty member of the 
otherwise shaly Banquereau Formation. The restricted range of these taxa within this interval suggests that 
their preservation may have been a function of the higher sedimentation rate represented by the South Mara 
unit. At least five different taxa appear in the interval, based on gross morphology. These are largely similar 
or identical to coeval types described and illustrated in the literature from the nearby DSDP Site 384 and 
some North Sea locations. 

R6sum6: Au cours de I'analyse micropaltontologique de 15 puits forts dans le bassin de Jeanne!' Arc, 
on a dtcouvert un grand nombre de radiolaires spumellariens dans des profils du Paltocsne ?I l'Eoc6ne 
inftrieur dans la plupart des sites. Leur prksence co'incide avec le dtp6t de I'unitt prodeltalque de South 
Mara, un membre sableux/silteux de la Formation de Banquereau autrement shaleuse. L'intervalle restreint 
de ces taxons durant cette ptriode laisse supposer que leur conservation peut Ctre due i la vitesse de 
stdimentation plus tlevte reprtsentte par I'unitt de South Mara. En se basant sur la morphologie gtnkrale, 
on dtnombre au moins cinq taxons difftrents dans I'intervalle. 11s sont en grande partie semblables ou 
identiques aux types contemporains dtcrits et illustrts dans la documentation portant sur le site 384 du 
PSFM situt dans le voisinage et sur certains endroits dans la mer du Nord. 
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INTRODUCTION 

This paper describes the occurrences of several taxa of large 
spumellarian radiolarians in lower Paleogene sediments of 
the Jeanne d' Arc Basin, offshore Newfoundland, particularly 
the South Mara unit. 

This basin has been the site of exploratory hydrocarbon 
drilling since 1971 and at present over 60 wells have been 
completed there, usually targeted on Mesozoic hydrocarbon- 
bearing zones. 

In much of the basin, the overlying Cenozoic deposits 
together commonly total more than 1500 m in thickness. 
Cuttings samples from the Cenozoic sections of 15 wells have 
been analyzed for micropaleontological study (Thomas, 
1994), and contain rich foraminiferal assemblages ranging 
from Paleocene to Late Miocene, based on the quantitatively 
derived scheme for the Eastern Canadian Margin devised by 
Gradstein and Agterberg (1982). 

During the course of analysis, numbers of spumellarian 
radiolarians were encountered in 13 wells at levels usually 
dateable as Early Eocene. Until recently, these forms had not 
been identified definitely as radiolarians due to their usually 
poor state of preservation. In studies of individual wells in the 
region (Thomas, unpublished data), and a regional compila- 
tion (Thomas, 1994), these taxa were informally termed 
"balls", although their shapes actually ranged from spherical 
to lenticular, discoid and spindle-shaped. 

All samples were prepared originally for foraminiferal 
analysis, not radiolarian research. Therefore, only relatively 
large radiolarian taxa would have been recovered. Neverthe- 
less, to this author's knowledge, no work has yet been pub- 
lished on samples from this basin prepared specifically for 
radiolarian study, so the present survey represents baseline 
research for this field. This paper outlines the distribution and 
stratigraphy of these occurrences, and presents tentative iden- 
tifications of these forms. 

GEOLOGICAL SETTING 

The Jeanne d'Arc Basin lies in the northeastern part of the 
Grand Banks of Newfoundland, a large eastward extension of 
the continental shelf (Fig. 1, Table 1). It has its origins in the 
early Mesozoic, but by the end of the Cretaceous it had 
stabilized to its present dimensions and attitude, and was 
being buried by marine shelf deposits. The structural highs 
that define the basin are the Outer Ridge Complex to the east 
and south and the Bonavista Platform to the west. 

During the Tertiary the Jeanne d'Arc Basin was the site of 
apparently near-continuous deposition, usually as shales, with 
minor chalk and siltstones. The lithological unit encompassing 
the Tertiary in the Jeanne d'Arc Basin, as elsewhere on the 
Grand Banks and Scotian Shelf is the Banquereau Formation 
(McIver, 1972). A local feature of the Banquereau widespread 
in this basin is the Paleocene and Lower Eocene South Mara 
unit (also sometimes called the South Mara member), a 

West Flying Foam L-23 

0 

Figure I .  

Location map of Jeanne &Arc Basin, showing 
well locations and structural features. Open 
circles show location of other wells not yet 
examined. 
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relatively siltylsandy unit derived from eroding Upper 
Cretaceous deposits near the western margin of the basin 
(Sinclair, 1988). A compilation of lithostratigraphic picks for 
59 wells in this basin (McAlpine, 1989) defines top and 
bottom boundaries of the South Mara unit in the 15 wells 
analyzed in this paper. 

In previous literature the South Mara unit has been char- 
acterized as principally Paleocene in age (Sinclair, 1988; 
McAlpine, 1989, 1990). Undoubtedly the deposition of this 
unit began in the Paleocene, but this study suggests deposition 
of the South Mara unit continued into the earliest Eocene in 

Table 1. Technical data of 15 Jeanne d'Arc Basin 
wells. 

many sites. Figure 2 compares lithostratigraphy of the Ban- 
quereau Formation in the literature with this revised age of 
the South Mara unit. 

Mobil eta/. 
South Mara C-13 

Mobil eta/. 
South Tempest G-88 

Petro-Canada et a/. 
Terra Nova K-08 

Husky-Bow Valley et a/. Trave 
E-87 

Mobil eta/. 
West Flying Foam L-23 

Near the end of the Mesozoic, the sedimentary processes 
taking place in the Jeanne d' Arc were producing overlapping 
deltaic sequences with distal turbidites in the shallower south- 
em and western areas and deeper-facies, chalky limestones in 
the northwest (Grant and McAlpine, 1990). By the Early 
Eocene, infilling during the Mesozoic had caused the Jeanne 
d'Arc to nearly cease being a distinct basin at all, and the 
whole structure was subsiding in concert with the entire 
Grand Banks area. The South Mara unit encountered in wells 
over much of the basin, seems to represent delta-front tur- 
bidites, deposited as distinct, episodic and intermittent events 
and appears in seismic lines as prograding wedges (Agrawal, 
pers. comm., 1994). 

46"42'01.07"N 
48"32'19.63"W 

47'07'1 9.92"N 
47'57'30.48"W 

46O27'31.60N 
48'30'59.60"W 

46'56'1 7.56N 
47'58'09.74"W 

47'02'43.81 "N 
48'49'17.02"W 

Seismic data show overlying strata of the Banquereau 
Formation to consist of mostly flat-lying, laterally continuous 
sheets with only minor local faulting. The regional subsidence 
of the Grand Banks area continued throughout the Cenozoic, 
roughly keeping pace with sediment deposition. Later 
Cenozoic depositional history and paleoceanographic events 
in this basin, as indicated by the foraminifera1 faunas of the 
Hibernia area in the western part of the basin, have been 
documented elsewhere (Thomas, 1994). 

METHODS 

The samples used in this study were derived entirely from 
ditch cuttings. These were composite samples derived from 
two or three sample intervals which have been recombined to 
represent an interval of, usually, 10 m. There are normally 20 
or even 30 m gaps between samples. 

The raw samples ranged from 100 to 250 g, and were 
disaggregated by soaking for 24 to 48 hours (including an 
hour or so of heat and mechanical agitation) in an aqueous 
solution of Quaternary 0, a commercial surfactant. They were 
washed through a 63 Fm sieve, and the residues oven-dried. 
The microfossils were then hand-picked in a semi-quantitative 
way, as follows: 

1. Residues were dry-screened in a stack of sieves with 
openings of 850 pm, 250 p, and 150 pm. 

2. Two picking trays of each of the three fractions were 
picked clean of microfossils, which were placed in 60-grid 
slides. The fraction less than 150 microns was not usually 
picked. 

3. In cases where the faunas were very rich, less than two 
trays of each mesh size were picked, and this information 
was noted on the slide. 

In this way, a roughly similar amount and microfossil size 
distribution of each sample was examined, allowing reason- 
able sample-to-sample comparisons for richness and species 
diversity. 



Current ResearchlRecherches en cours 1995-E 
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MIOCENE i PLIOCENE 

MIOCENE 

EOCENE 

PALEOCENE 

THIS PAPER 

Figure 2. Lithostratigraphy of Banquereau Formation and South Mara unit (SMU) 
as illustrated by McAlpine (1990) and as revised by recent micropaleontological work. 

Detailed species lists and gross biostratigraphic picks of The size of the study area and distribution of sampled sites 
the 15 wells of this survey have been documented elsewhere warrants division into three sections; western, south-central, 
(Thomas, 1994). and eastern. 

The micrographs were taken on the Enviroscan environ- 
mental scanning electron microscope at the Geological Western 
Survey of Canada office in Dartmouth. 

In the western half of the study area, represented by West 
Flying Foam L-23, Nautilus C-92, the six Hibernia wells 

RESULTS (B-08, G-55,I-46,J-34, K-18, and 0-35), and Rankin M-36, 
the South Mara unit can be dated by diagnostic planktic andor 

The constraints described above unquestionably affect the 
precision of paleoecological interpretations and stratigraphic 
correlation of the microfossil assemblages encountered. Yet 
the well-to-well comparisons of coeval assemblages in the 
lower Paleogene of these wells reveal both basin-wide events 
and local variances and permit some detail in outlining the 
deposition and preservation of the radiolarian event during 
this interval. 

In general, the radiolarian event appears to correlate in 
time to the deposition of the South Mara unit, roughly span- 
ning the PaleoceneIEocene boundary, and probably continu- 
ing for the first part of the Early Eocene. In a few cases, 
radiolarians appear in cuttings samples just above the upper 
boundary of the South Mara unit as defined by electrical logs, 
and more often, in samples from below the lower boundary. 
This latter case, however, can almost certainly be ascribed to 
downhole caving. 

benthic foraminifera (Fig. 3). In thk ~ i b e r n i a  fikld, these dates 
are; Early Eocene in G-55, J-34,O-35; probably Early Eocene 
in 1-46, and ?Paleocene to Early Eocene in B-08 and K-18. 
In all Hibernia wells, radiolarians appear at or near the top of 
the South Mara unit, and usually continue on for one or two 
samples below it, almost certainly as part of a substantial 
cavings component containing many demonstrably younger 
taxa. 

North of this field, Nautilus C-92 contains some 180 m of 
sediments defined as the South Mara unit, Early Eocene in 
age, but completely devoid of preserved radiolarians. North 
of Nautilus, West Flying Foam L-23 contains a thinner, 90 m 
South Mara unit of Paleocene age, with small numbers of 
radiolarians. 

South of the Hibernia field, Rankin M-36 contains signifi- 
cant numbers of these taxa in a 50 m span of undated, though 
pre-Late Eocene, sediments. 
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South-Central 

Three wells, Terra Nova K-18, Hebron I- 13, and South Mara 
C-13 lie in the southern and central portion of the study area 
(Fig. 4). Hebron and Terra Nova both contain numbers of 
radiolarians within the South Mara unit, which is dated as 
Early Eocene. In both wells, thin beds of probable Paleocene 
age lie well under the lower boundary of the South Mara unit. 
The South Mara C- 13 well contains no preserved radiolarians 
in its 120 m of this unit. 

Figure 4. Positions of South Mara unit (SMU, from 
McAlpine, 1989) and radiolarian event in three south-central 
wells in Jeanne &Arc Basin. Chronostratigraphy is from 
Palmer (1983), zonation is from Gradstein and Agterberg 
(1 982). 

Figure 5. Positions of South Mara unit (SMU, from 
McAlpine, 1989) and radiolarian event in three eastern 
Jeanne d'Arc Basin wells. Chronostratigraphy is from 
Palmer (1983), zonation is from Gradstein and Agterberg 
(1982). 

Eastern 

On the eastern flank of the basin, Trave E-87 and South 
Tempest G-88 contain small numbers of radiolarians in some- 
what condensed South Mara unit sections, both datable as 
Early Eocene (Fig. 5). Anomalously, Archer K-19, in the 
southeast corner of the basin, contains some of these taxa in 
a 50 m interval of questionable Paleocene or Early Eocene 
age just above the South Mara unit, also of the same uncertain 
age. 

DISCUSSION 

Stratigraphy 

The relatively large numbers of radiolarians so widespread in 
this one chronolithological unit in the Jeanne d'Arc Basin is 
unique in the area's Cenozoic history. Except for those in the 
South Mara unit, very few radiolarians have ever been 
reported from this basin, usually as occasional isolated speci- 
mens (Thomas, 1994). Undoubtedly, this near-total absence 
can be ascribed at least in part to the fact that the samples were 
not specifically prepared for radiolarians, thus probably miss- 
ing most of these taxa, which are normally somewhat smaller 
than most foraminifera. Significantly, the radiolarian taxa 
under discussion here are relatively large, easily within the 
size range of microfossils recovered in the original foraminif- 
eral studies. Notwithstanding, some comments can still be 
made about the apparent radiolarian event in the South Mara 
unit. 

The key to the restricted stratigraphic range of these taxa 
probably lies in the prodeltaic nature of the South Mara unit. 
This unit appears to have been deposited as episodic, instan- 
taneous events, possibly in the form of turbidites. This inter- 
pretation is supported by the unit's appearance in seismic 
lines, its expression on electric logs, and by its coarser sedi- 
ment size, compared to overlying strata (McAlpine, 1990). 

Supporting evidence comes from the foraminiferal data. 
In many sites, the micropaleontological record in the South 
Mara unit is marked not only by the appearance of the 
radiolarians, but by a marked diminution in the numbers and 
diversities of the foraminiferal assemblages, compared to 
overlying material. In most of the studied sites, foraminiferal 
assemblages in levels just above the South Mara unit are 
primarily agglutinated "flysch-type" similar to those reported 
by Gradstein and Berggren (1981). The dilution of foraminif- 
eral assemblages in situations of very rapid sedimentation is 
in keeping with similar locales and Cenozoic sections on the 
Canadian Atlantic Margin (Thomas, in press, and unpub- 
lished data). 

According to Sanfilippo et al. (1985) radiolarians are 
commonly only preserved in situations where burial is rapid, 
unless bottom and interstitial water is saturated with respect 
to silica. Following this line of reasoning, the South Mara unit 
may represent the only time during the Cenozoic that these 
conditions were met on a regional scale before the gradually 
infilling basin became too shallow to support the ecological 
requirements of radiolarians. 
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In only two sites, Nautilus C-92 and South Mara C-13, are 
radiolarians missing from the South Mara unit. One possible 
explanation is that the more distal positions of these sites from 
sources of the South Mara unit may have resulted in their 
receiving smaller pulses of sediment containing more clays 
(and less free silica) than wells closer to the sources. Conse- 
quently, radiolarians may not have been preserved. Depth of 
burial is probably not a factor since present subsea depths of 
the South Mara unit are the same or greater in some of the 
more peripherally located wells. 

Paleoecology 

The presence of spumellarian radiolarians in the South Mara 
unit reveals little about the paleoecology of the basin during 
the early Paleogene. Sanfilippo et al. (1 985) stated that radio- 
larians were probably widespread in all Cenozoic ocean 
waters of normal marine salinity, in a wide range of latitudes, 
and that their irregular distribution in marine sediments is 
usually a function of preservation. 

The foraminiferal types co-occurring with these radiolari- 
ans are largely the species one would expect to find in mid- 
to upper-bathyal water depths (approximately 200-1000 m) 
in this latitude. Species lists for Lower Eocene and Paleocene 
sections for each site are published in Thomas (1994). 

In a study of microfossils from wells in the North Sea, 
Jones (1988) reported large spherical radiolarians possibly 
conspecific with at least some of the South Mara unit fauna 
in basin floor assemblages from paleodepths of 1000- 1500 m. 

Taxonomy 

Due to the usually poor preservation of the radiolarians in the 
South Mara unit, definitive identifications of the various 
morphological types represented are not practical at the pre- 
sent time. Interior structures, critical for reliable diagnosis in 
many radiolarian species, have been completely obliterated 
in the fossilization process. Also, in many cases secondary 
silica overgrowth seems to have occurred, obscuring surface 
details. However, since resemblances do exist to certain spe- 
cies recently reported from other Paleogene North Atlantic 
and North Sea sediments, especially among better-preserved 
specimens, some tentative suggestions as to the taxonomic 
positions of these species can be made. 

Since all forms seem to exhibit a more or less spherical or 
ovoid outer structure, their taxonomic positions all appear to 
fall within the radiolarian order Spumellaria. 

Grossly, the morphotypes observed are: a) spherical to 
ovoid, b) lenticular, and c) spindle-shaped. 

Spherical to ovoid 

Many of these forms bear a resemblance to Cenosphaera 
lenticularis (Grzybowski), a species figured by Jones (1988, 
PI. 2, fig. 7) and described as common in Paleocene basin 

floor assemblages (1000-1500 m) of the Viking Graben, 
North Sea. The specimens from the Jeanne d'Arc basin are 
somewhat smaller than Jones's illustrated example, but are 
otherwise similar (see PI. 1, fig. 1 and 4). A few show 
evidence of a single opening or depression somewhere on the 
otherwise finely reticulate surface, and may represent 
Diploplegma (?) sp. aff. D. somphum Sanfilippo and Riedel. 
illustrated by Nishimura (1 992, PI. 2, fig. 6,lO; P1.l I ,  fig. 10) 
from DSDP Site 384, some 800 km to the south of the Jeanne 
d'Arc Basin (see PI. 1, fig. 3,5,8). A few specimens showed 
regular polyhedral openings and a few triangular spines, 
allowing a very preliminary assignment to the genus 
Pseudostaurosphaera (Pl. 1, fig. 7). A few specimens were 
flattened into a discoid form, but poor preservation prevented 
determination whether these were actual discoid species or 
merely diagenetically flattened spheres. (Flattening of certain 
foraminiferal tests was not uncommon in many samples.) 

Lenticular 

Some specimens exhibited a biconvex, lenticular shape, with 
a finely reticulate surface visible in the SEM (see P1. 1, 
fig. 6,9). 

In some sites spindle-shaped individuals were seen, usually 
poorly preserved. The illustrated specimen (PI. 1, fig. 10). in 
anomalously good condition, closely resembles Spongurus 
(?) irregularis as illustrated by Nishimura (1992, pl. 2, fig. 7, 
8,9). 

FUTURE WORK 

Since this study constitutes the first and only published work 
on radiolarians from- offshore eastern Canadian sites, the 
scope for future work in the region on this class of microfos- 
sils is virtually unlimited. Analysis of smaller grain sizes in 
the cuttings samples of many sites may yield more Cenozoic 
(and Mesozoic) radiolarian assemblages, particularly in sec- 
tions characterized by accelerated rates of deposition. 

Realistically, however, it is probably not scientifically or 
economically rewarding enough to begin such a large under- 
taking in an area in which good biostratigraphic zonations and 
databases already exist for several microfossil groups includ- 
ing foraminifera (e.g. Ascoli, 1976; Gradstein and Agterberg, 
1982; Thomas, 1994),palynology (e.g. Barss et al., 1979; 
Williams et al., 1990),and nannofossils (Doeven et al., 1982). 

CONCLUSIONS 

The data contained in the present study suggest the following 
points about the Paleogene history of the Jeanne d'Arc Basin: 
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Figure 1. ?Cenosphaera lenticularis (Grzybowski) from Terra Nova K-08,1120- 
1 130 m. Actual diameter 0.187 mm. GSC specimen number 1 1 1002. 

Figure 2. Ovoid form from Terra Nova K-08, 1120-1 130 m. Actual diameter 
0.176 mm. GSC specimen number 1 1 1003. 

Figure 3. ?Diploplegma (?) sp. aff. D. somphum Sanfilippo and Riedel from 
Trave E-87,2120-2130 m. Actual diameter 0.204 mm. GSC specimen 
number 1 1 1004. 

Figure 4. ?Cenosphaera lenticularis (Grzybowski) from Rankin M-36, 1075- 
1085 m. Actual diameter 0.225 mm. GSC specimen number 11 1005. 

Figure 5. ?Diploplegma (?) sp. aff. D. somphum Sanfilippo and Riedel from 
Archer K-19,1900-1910 m. Actual diameter 0.296 mm. GSC specimen 
number 1 1 1006. 

Figure 6. Lenticular form from Rankin M-36, 11 15-1 125 m. Actual diameter 
0.270 mm. GSC specimen number 1 1 1007. 

Figure 7. ?Pseudostaurosphaera sp. from Terra Nova K-08, 1120-1 130 m. 
Actual diameter 0.173 mm. GSC specimen number 1 11 008. 

Figure 8. ?Diploplegma (?) sp. aff. D. somphum Sanfilippo and Riedel from 
Hibemia 1-46, 1400-1410 m. Actual diameter 0.262 mm. GSC speci- 
men number 11 1009. 

Figure 9. Lenticular form (probably same species as 6) from Archer K-19, 
1870-1880 m. Actual diameter 0.279 mm. GSC specimen number 
11 1010. 

Figure 10. Spongurus (?) irregularis Nishimura from Trave E-87,2 120-21 30 m. 
Actual length 0.238 mm. GSC specimen number 11 101 1. 
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1.  Based on the restricted range of preserved radiolarian 
species, the South Mara unit probably represents the 
single most rapid period of deposition in the basin during 
the Paleogene. 

2. At least five different species of spumellarian radiolarians 
are probably present in the South Mara unit, and are 
comparable to some coeval taxa from DSDP Site 384 to 
the south, and possibly some Paleocene North Sea sites. 

3. Future discoveries of these or similar taxa in other 
stratigraphic levels in the region may signal heightened 
depositional rates for these intervals. 
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Stratigraphy of the Central Maritimes Basin, 
eastern Canada: non-marine sequence stratigraphy 
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Rehill, T.A., Gibling, M.R., and Williamson, M.A., 1995: Stratigraphy of the Central Maritimes 
Basin, eastern Canada: non-marine sequence stratigraphy; Current Research 1995-E; 
Geological Survey of Canada, p. 221 -231. 

Abstract: The Maritimes Basin of Atlantic Canada covers an area of 210 000 km2. However, with more 
than 70% of the basin lying offshore, relatively little is known about its regional stratigraphic history. 
Offshore studies of the Upper VisCan to Lower Permian strata have identified the presence of five major 
depositional cycles of second order duration. The cycles are bounded by regionally identifiable, conformable 
to unconformable sequence boundaries. Each cycle consists of a basal coarse grained facies with an 
overlying finer grained facies. The basal facies are interpreted to be forestepping systems tracts, developed 
in response to increased sedimentation rates and decreased accommodation space. This caused braidplain 
fan deltas to prograde basinward. Backstepping systems tracts overlie both the basal unit and a transgressive 
surface. These tracts developed in response to decreasing sediment supply and increasing accommodation 
space. This resulted in a relative rise of base level, allowing finer grained sedimentation on the basin flanks. 

R6sumC : Le Bassin des Maritimes dans I'Atlantique au large du Canada s'etend sur une superficie de 
210 000 km2. Cependant, comme plus de 70 % du bassin est situt au large des cetes, on connait relativement 
peu son histoire stratigraphique rtgionale. L'Ctude des couches du VisCen suptrieur au Permien inferieur 
reposant au large a permis de relever cinq cycles de ~Cdimentation importants de durCe de second ordre. 
Les cycles sont IimitCs par des limites de sCquences concordantes 51 discordantes identifiables B I'tchelle 
rkgionale. Chaque cycle est compost d'un facibs basal B grain grossier sur lequel repose un faci6s A grain 
plus fin. Le faci&s basal est interpret6 comme un couloir de systhmes transgressifs, formts par un 
accroissement des vitesses de sedimentation et une diminution de I'espace disponible, causant la prograda- 
tion vers le bassin des c6nes de dejection de plaine anastomosCe. Les couloirs des systbmes regressifs 
surmontent B la fois I'unitC basale et une surface de transgression. Ces couloirs se sont formCs en reaction 
51 une diminution de l'apport saimentaire et 51 une augmentation de l'espace disponible. Une hausse relative 
du niveau de base a suivi, favorisant une skdimentation B grain plus fin sur les flancs du bassin. 

Department of Earth Sciences, Dalhousie University, Halifax, Nova Scotia B3H 355 
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INTRODUCTION 

Since the mid 1800s, geologists have studied eastern 
Canadian upper Paleozoic continental strata (Fig. 1). The 
strata, Late Devonian to Permian in age (Hacquebard, 1986), 
outcrop throughout northern Nova Scotia, southeastern and 
central New Brunswick, Prince Edward Island, sounthwestern 
Newfoundland, southeastern Gaspksie, and the Iles de la 
Madeleine. Offshore, in the Central Maritimes Basin (CMB) 
(Fig. l), the strata underlie the southern Gulf of St. Lawrence 
and near the depocentre reach thicknesses of more that 12 km. 

Over the last few decades, multiple depocentres have been 
recognized as sub-basins of alarger, regional Maritimes Basin 
(Fig. 2) (Williams, 1973). It has been suggested that during 
the Carboniferous the Maritimes Basin was composed of a 
complex series of interconnected sub-basins and platforms 
(Howie and Barss, 1975). However, although the Maritimes 
Basin is one of the largest preserved Late Paleozoic basins in 
North America, it is only an erosional remnant of a much 
larger basin that originated after the Acadian Orogeny 
(Gibling et al., 1992). Recent studies suggest that 1-4 km of 
strata have been removed since the Early Permian (Ryan and 
Zentilli, 1993) 

The mapping of a thick upper Carboniferous coal-bearing 
package underlying much of the Gulf of St. Lawrence (Grant 
and Moir, 1992) provoked a new look at the resource potential 
of the offshore. Recent studies suggest that these coal meas- 
ures have the potential to source hydrocarbons (Mossman, 
1992). Traditionally, the depositional setting of most of the 
Central Maritimes Basin strata was thought to be fluvio- 
lacustrine (Howie and Barss, 1975). However, studies of 

d 

MI; 6p, &I", 

Figure I .  Map showing the distribution of upper Paleozoic 
strata location of the Maritimes Basin (shaded areas). The 
darker grey area is the Central Maritimes Basin (CMB). 

Figure 2. Map showing the distribution of sub-basins and 
platform areas which make up the composite Maritimes 
Basin. Seismic line locations are shown (A and B): see 
Figure 6. 

agglutinated foraminifera now indicate that sections of the 
Coal Measures were deposited in marine influenced environ- 
ments, enhancing the possibility of sourcing hydrocarbons 
from Type I1 and I11 kerogens (Wightman et a], 1994). The 
detection of marine foraminifera within the Coal Measures 
also supports recent suggestions of cyclothemic deposition in 
the Maritimes Basin (Grant, 1994). 

The problem? 

The Maritimes Basin of Atlantic Canada (Fig. 1) (Williams, 
1973) covers approximately 210 000 km2. With more than 
two thirds of the basin lying beneath the Gulf of St. Lawrence 
and Laurentian Channel, relatively little is known about 
regional stratigraphy, tectono-stratigraphic history, and 
hydrocarbon potential. 

It is not surprising that with such a large composite, 
predominantly offshore basin, a complex stratigraphic 
nomenclature and tectonic history has evolved. Due to the 
offshore nature of the basin,  geological studies of 
Carboniferous basin fill have tended to focus on the onshore. 
Over the last century, the stratigraphy and sedimentology of 
onshore strata have been well documented (Belt, 1964, 1965; 
Kelly, 1967; Ryan et al., 1991). In general, these studies have 
dealt with the tectonics and stratigraphy of each subbasin. The 
results of such studies were then applied to the regional basin 
framework. As a result, a unique stratigraphic nomenclature 
has become associated with each sub-basin, and although 
quite effective at the local scale, they typically cannot be 
applied and correlated basin wide. 
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Figure 3. Plot of basin, sub-basin, and platform areas. The indicated sub-basins and platforms 
correspond to Figure 2. 

Not only do these sub-basins and platform areas represent 
a very small portion of the total Maritimes Basin area (Fig. 3), 
the onshore record is further complicated by a complex his- 
tory of local tectonic activity, that on the scale of the basin as 
a whole may in fact simply represent noise on the true basin 
fill record. The important question is whether the Maritimes 
Basin onshore exposures are representative of what underlies 
the Gulf of St. Lawrence. Until recently, any detailed strati- 
graphy of the offshore portion of the Maritimes Basin was 
restricted to areas of interest to the petroleum industry and 
published primarily in company well history reports. Ryan 
et al. (1991) and Hacquebard (1986) tied onshore Maritimes 
Basin stratigraphy to the offshore basin fill using changes in 
lithological colour and coal spores, respectively. 

An offshore Central Maritimes Basin database has been 
compiled to assist in advancing our understanding of the 
geological framework of the Maritimes Basin region. This 
study includes: 1) reconnaissance surveys of Cape Breton 
~sland, Prince Edward Island, ~ewfoundland, and northern 
Nova Scotia exposures; 2) the linking of stratal units and 
isolated wells by seismic data; and 3) analysis of well logs for 
lithology, correlation and sedimentologic trends. Our objec- 
tive is to develop a regional Central Maritimes Basin strati- 
graphic framework to underpin our efforts to understand the 
stratigraphic and sedimentological history of the Maritimes 
Basin region. 

METHODS OF STUDY 

Geological data 

The primary data sets for most offshore basin studies are 
geophysical wireline logs and seismic data. The presence of 
oil seeps in coeval onshore strata; sourced from the lower 

Figure 4. Map showing the location of study wells, coastal 
sections, and geological cross-sections: see Figure 5 and 
Table I .  

Carboniferous Horton Group, led to the drilling of 20 deep 
exploration wells in the Central Maritimes Basin. Most of the 
wells had gas shows, but all were classified dry and aban- 
doned, except the East Point E-49 gas discovery. These 
20 wells, along with 8 onshore wells and 2 coastal sections, 
were chosen for this study (Table 1). The two key 
prerequisites for well selection were that wireline logs 
had to be available and the well must have penetrated Late 
Carboniferous basin fill. 

Geological cross-sections were constructed both across 
and parallel to the southwest-northeast orientated basin axis 
(Fig. 4, 5). Correlations were made between wells using 
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Table 1. List of wells and coastal sections providing subsurface dataon Maritimes Basin fill: see  Figures 4 and 5. 
In addition to geophysical well logs, types of supporting data for each well are indicated. Brackets indicate poor 
data, multiple "X's" indicate multiple data sets. 

wireline log signature data, tied to seismic data, while hon- 
ouring the supporting data identified in Table 1 .  In addition, 
where possible, the offshore wells were correlated to repre- 
sentative onshore sections surrounding the Central Maritimes 
Basin. 

Seismic data 

Foraminifera Data 

X 

X 
X 
X 

The seismic database in the Maritimes Basin is extensive. 
Over the last 30 years, 80 000 line-km of industry seismic data 
and several government lithoprobe and high resolution 
seismic surveys have been shot over much of the Central 
Maritimes Basin. All of the data are available to the general 
public. 

Well # 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
I I 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3 0  

Twenty-eight lines were chosen from the larger data set to 
complement the offshore well data set. These lines were 
investigated to determine the seismic character of the overall 
basin fill and more importantly, to tie the study wells to basin 
fill farther away from the well bore locations. 

Micropaleontological 
XX 
XX 

X 
X 
X 
XX 
XX 
XX 
XX 
XX 
XX 
X 
(x) 
XX 
XX 

XXXX 
(x) 
X 
X 
(x) 

(XI 
(x)x 
X 
X 
(x) 
X 

The lines were chosen specifically to get a regional view 
of basin fill across dip and strike, similar to the geological 
cross sections. Each line was examined for characteristic 
seismic reflector patterns (seismic facies) of the basin fill and 
when possible was tied to well bore data using synthetic 
seismograms. 

Well Name - 
Murphy et al. North Sydney P-05 
Shell et al. North Sydney F-24 
Mabou Coastal Section 
NSDME Borehole M-l 
NSDME Borehole M-2A 
Hudson's Bay et al. East Point E-47 
Hudson's Bay-Fina East Point E-49 
Hudson's Bay et al. Beaton Point F-70 
Soquip et al. Naufrage No.1 
Soquip et al. Tyrone No.] 
Hudson's Bay-Fina Green Gables No.] 
Hudson's Bay-Fina lrishtown No.1 
Imperial Wellington Station No. l 
Cumberland Coastal Section 
Irving-Chevron-Texaco Cable Head E-95 
Smep H.Q. Brion Island No.1 
Shell-Soquip-Amoco Bradelle L-49 
Petro-Canada et al. St. Paul P-91 
NSDMEPH-3 
Gulf et al. Hastings No.1 
Irving Chevron et al. Middlesex #I 
Hudson's Bay Bartibog No.1 
Hudson's Bay St. Isidore No. l 
Hudson's Bay St. Isidore No.2 
Hudson's Bay Blanchard No.1 
Island Development Company Hillsborough No. 
Murphy et al. Birch Grove No.1 
Hudson's Bay et al. Northumberland Strait F-25 
Seru Nucleaire Canada Ltee. Fredericton 2 
NSDMEP-58 

RESULTS 

Rockeval Data 

X 

X 
X 

X 

X 
X 

X 

Spud Date 
10-Aug-74 
09-Jun-75 

1978 
1978 

09-Jun-80 
26-Jun-70 
01-Aug-80 
29-Aug-75 
26-Feb-75 
04-Jun-72 
24-Jan-72 
03-Mar-58 
23-Sep-93 
26-Jun-83 
18-Sep-70 
07-Sep-73 
02-Sep-83 

1975 
1 I -Jun-75 

24-Aug-82 
06-Aug-67 
29-Jun-67 
29-Aug-67 
16-Jul-67 
11-Oct-43 
02-Feb-68 
07-Apr-70 
26-Apr-79 
l 1 -Jun-86 

Six cross-sections were constructed; three across the basin 
axis and two parallel to the basin axis. Representative of both 
strike sections, section E-E' (Fig. 5) originates onshore on the 
New Brunswick Platform and extends 517 km towards the 
basin depocentre. The most obvious feature of this section is 
the areal extent of the subsurface units. Individual units (as 
described here, all units should be considered as informally 
named) and the surfaces which bound them are correlatable 
over large distances. On the New Brunswick Platform, the 
units are generally flat-lying and can be traced considerable 
distances with minor changes in thickness. However, once 
into the Central Maritimes Basin, the thickness of the units 
increases rapidly over a short distance. Through these 
changes, the units and bounding surfaces are still correlatable 
over tens to hundreds of kilometres. Close to the basin axis, 
and closest to the depocentre, units 3A and 3B appear in well 
#15. Unit 2A, in several locations, primarily near the 
onshore/offshore transition zone, eroded into units 1A and 
1B. Unit 4A erodes into unit 2B on the basin flanks and on 
the New Brunswick Platform. 

SOQUIP Mineralogy 
X 

X 

X 
X 
X 
X 

X 
X 

(x) 

The B-B' section (Fig. 5) is a 737 km long cross-section 
that was constructed to show the geometries of stratal pack- 
ages across the basin axis from onshore the New Brunswick 
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Coal loeatloas are shown by black 
lims moss thc well logs. 
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Figure 5. Geological cross-sections across the Maritimes Basin (locations shown in Fig. 4). A) Cross-section 
EE' which parallels the northeast orientated basin axis. B )  Cross-section BB' which lies perpendicular to the 
main basin axis (units of EE' are same for section BB'). 
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Table 2. List of seismic units and their characteristics identified in the Central Maritimes Basin (CMB) 
fill. The underlined units are aerially restricted to the basin depocentre and along the basin axis. 
These units are shown in Figure 6B, a s  unit 3A and unit 38. The units are shown in descending order. 

Platform, through the Central Maritimes Basin, over Cape 
Breton Island and into the Sydney sub-basin. Again the most 
obvious feature is the large areal extent of the basin fill units 
and bounding surfaces. Towards the basin axis (between wells 
#9 and #7), all unit thicknesses increase and units 3A and 3B 
appear. This cross section shows that the distribution of units 
3A and 3B seems to be restricted to the southeastern portion 
of the Central Maritimes Basin and the Sydney sub-basin. 
units 1A and 1B have been completely removed by erosion in 
well #7 and in the Sydney sub-basin. 

Seismic analysis 

In general, the Central Maritimes Basin fill has a charac- 
teristic "cyclic" signature which is shown on almost all of the 
lines examined (Table 2) (Fig. 6). The most prominent reflec- 
tions tend to be associated with the top of the Windsor Group, 
found at the base of the section and the "Coal Measures" facies 
mapped by Grant and Moir (1992). Low energy seismic zones 
are found both above and below the Coal Measures package. 
Contacts between the units are sharp to gradational. At the top 
of the section, another high amplitude reflection package has 
been identified. It has a sharp to gradational contact with the 
underlying seismic packages. 

An additional facies was interpreted (Table 2) on several 
lines closer to the basin depocentre, along the main basin axis. 
This facies is similar in character to the Coal Measures facies 
but lies above the second low energy zone. The facies is 
composed of high amplitude, well-stratified reflections. This 
facies wedges out into more weakly stratified to chaotic 
reflections away from the basin axis. Lying above this unit but 
below the high amplitude reflection zone at the top of the 
section, is a third zone of low energy reflections. This zone is 
much like the previous two "dead zones" and periodically has 
weakly stratified to chaotic reflections. 

In support of the seismic facies interpretation, sonic and 
density logs from wells #7, #15, #8 and #I7 were used to 
construct synthetic seismograms, which linked well facies to 

seismic facies (Fig. 6). Dominantly coarse clastic packages 
(units lA,  2A, 3A, and 4A) correspond to the units that were 
composed of high amplitude, well stratified reflections. The 
low energy, "dead zones" correspond to the dominantly shale 
units identified on the cross sections (Mabou, units 2B, 3B 
and 4B). 

STRATIGRAPHIC FRAMEWORK 

The geological cross-sections, supported by independent 
geological evidence and tied to the seismic database, allow 
the development of a representative Central Maritimes Basin 
stratigraphic column (Fig. 7). The units are described below. 

Central Maritimes Basin Mabou Group equivalent? 

Age: Late VistanlEarly Namurian to Early Westphalian 

Distribution: Found throughout the offshore area, pinches out 
toward the New Brunswick Platform. 

Description: Composed of interbedded sandstones, siltstones, 
and shales with thin limestones and marlstones. The sand- 
stones are light grey to buff, very fine grained to fine grained, 
subangular and well to medium sorted. The sand units tend to 
increase in grain size and bed thickness upsection. The sand- 
stones are cemented by a mixture of silica and calcite. The 
shales are red to grey to green, silty, micaceous and redden 
upsection. The thin limestones are light brown, silty, slightly 
dolomitic and grade into marlstones. Thin stringers and traces 
of coal increase in abundance towards the top of the section. 
The unit has an overall sandshale ratio of 1.13. 

Bounding surfaces: The unit conformably to unconformably 
overlies the Windsor Group. It also occasionally uncon- 
formably overlies the Acadian basement. It conformably to 
unconformably underlies unit 1A and unit 2A. 
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B) Lithoprobe Line 86-1 

Figure 6. Seismic records representative of the Maritimes Basin fill (locations shown in Fig. 2 )  A) Record 
showing cyclic nature of basin fill and the seismic facies identified. B) Well data unit top picks tied to the 
seismic data set. 
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Seismic facies: The Mabou Group is associated with the first Onshore Equivalent: ? 
low energy reflector zone. It periodically has chaotic to 
weakly stratified reflector packages. 

Unit 2A 
Onshore equivalent: Mabou Group ? 

Age: Late Westphalian B - Early Westphalian C to Early 
Westphalian D 

Unit I A  
Distribution: Widely distributed across the entire study area. 

Age: Early Westphalian A to Early Westphalian B 

Distribution: The unit is widely distributed around the flanks 
of the Central Maritimes Basin. It generally is thicker around 
the southern rim of the Central Maritimes Basin. The unit is 
absent closer towards the depocentre, along the basin axis, 
and in the offshore Sydney sub-basin. 

Description: Dominantly sandstones with grain size and bed 
thickness increasing upwards. The sandstones are light grey 
to light green to light red, medium grained to coarse grained, 
subangular and poor to medium sorted. Quartz pebbles are 
common throughout the section. Cements are dominantly 
silica in nature. The overall feldspar content of the unit 
decreases upsection. Shales in the unit tend to be grey- 
green-red, silty, micaceous and "grey" upwards. Thin string- 
ers and traces of coal can be found towards the top of the 
section. The unit has a sandlshale ratio of 2.75. 

Bounding surfaces: Unconformably to conformably overlies 
the Mabou Group, conformably overlain by unit lB ,  uncon- 
formably overlain by unit 2A. 

Seismic facies: The unit is represented by high amplitude 
reflectors that may weaken towards the base. This unit is the 
basal portion of the "Coal Measures" identified by Grant and 
Moir (1992). The reflectors commonly show a progradational 
or shingled geometry. 

Onshore Equivalents: Enrage Formation/claremont Formation/ 
Boss Point Formation? 

Unit 1 B 

Age: Early Westphalian B to Late Westphalian B - Early 
Westphalian C 

Distribution: The unit is widely distributed around the flanks 
of the Central Maritimes Basin. It is absent near the depo- 
centre, along the basin axis, and in the Sydney sub-basin. 

Description: Dominantly composed of shales that are grey- 
green-dark browdred, micaceous, waxy and silty. They also 
contain siltstone stringers and grey upwards. The thin sand- 
stones found in this unit are very fine grained to fine grained, 
subangular, silty, silica cemented, argillaceous and medium 
to well sorted. The sands become more dolomitic towards the 
top of the section. Thin coal stringers and traces are found at 
the top and bottom of the section. Thin, white to light brown, 
argillaceous, silty limestones occur near the base of the 
section. The unit has a sandtshale ratio of 0.50. 

Bounding surfaces: It lies conformably over unit 1A and 
conformably to unconformably underlies unit 2A. 

Seismic facies: This unit is not distinguishable due to the Figure 7. Stratigraphic column for the Central 
dominant "Coal Measures Facies" Grant and Moir (1992). Maritimes Basin: see Figure 5 for unit lithologies. 
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Description: It is composed of dominant sandstones with 
minor interbeds of shales and coals. The sandstones are light 
green to light brown, fine grained to medium grained, 
subangular, siliceous, and medium sorted. Quartz pebbles are 
commonly found at the base of the section. The sandstones 
tend to increase in grain size and decrease in bed thickness 
upsection. Glauconite, kaolinite, and feldspar content 
increases upsection as does the shale content. The shales are 
dark green to grey to red, silty, micaceous and redden 
upwards. Beds, thin stringers, and traces of coal increase 
towards the top of the section. The sandtshale ratio is 2.93. 

Bounding surfaces: The unit unconformably to conformably 
overlies unit 1 B, unconformably overlies unit 1 A, Mabou 
Group equivalent strata and occasionally basement. It is over- 
lain conformably by unit 2B. 

Seismic facies: This is the top section of the "Coal Measures 
Facies" mapped by Grant and Moir (1992). It is composed of 
high amplitude reflectors which are well stratified. The reflec- 
tor packages periodically have progradational and shingled 
geometries. 

Onshore equivalents: Malagash Formation/Inverness 
FormationlSouth Bar FormatiodSalisbury Formation ? 

Unit 2B 

Age: Early Westphalian D to Mid Westphalian D 

Distribution: As with unit 2A, unit 2B is widely distributed 
through the study area. 

Description: Dominantly shale. The shales are interbedded 
with minor sandstone and coal beds. Limestones are occasion- 
ally found at the base of the section. The shales are grey to 
red, micaceous, silty, waxy, slightly dolomitic and contain 
stringers of siltstone, coal and limestone. The unit shales 
upwards. The sandstones are light brown to grey to light red, 
very fine grained to fine grained, subangular, argillaceous, 
medium to well sorted, and have a mixture of calcitic and 
silica cements. The coal beds, stringers, and traces are gener- 
ally found at the base of the section. The thin beds and 
stringers of limestone are brown, argillaceous and silty. The 
unit has a sandlshale ratio of 0.41. 

Bounding surfaces: The package conformably overlies unit 
2A and conformably to unconformably underlies unit 3A, 
unit 3B, and unit 4A. 

Seismic facies: This unit is the second low energy reflector 
zone. Periodically the unit has weakly stratified to chaotic 
reflectors. 

Onshore equivalent: ? 

Unit 3A 

Age: Late Westphalian D to Late Westphalian D 

Distribution: This unit is restricted to the southeastern portion 
of the Maritimes Basin, close to the basin axis and 
depocentre. 

Description: The unit is composed of dominant sandstones 
basinward but becomes shalier towards the basin flanks. The 
unit contains minor coal and limestone beds. The sandstones 
are light green to grey to pink, fine grained to medium grained, 
subangular, siliceous, argillaceous, and medium to well 
sorted. The unit occasionally contains quartz pebbles. Feldspar 
content is up to 40% at base of the section and decreases 
upwards. Calcite cementation increases upsection. Shales are 
green to grey to red, silty, micaceous, dolomitic and contain 
stringers of coal and siltstone. The shales redden upwards. 
The thin beds and stringers of coal are found throughout the 
section. Limestones tend to be thin beds and stringers, light 
brown, argillaceous and silty. They are found generally at the 
base and middle of the section. The sand/shale ratio of unit 
3A is 1.10. 

Bounding surfaces: Unit 3A unconformably to conformably 
overlies unit 2B and is conformably overlain by unit 3B. 

Systems Tracts 

Backstepping 
TS 

Forestepping 
SB4 

Backsteppiing 
TS 

Forestepping 
SB3 

Backsteppiing 
TS 

Forestepping 
SB2 

Backsteppiing 
TS 

Forestepping 
SB1 

Forestepping 

SB ? 

SB sequenceboundaq 
TS transgressive surface 

Figure 8. Sequence stratigraphic framework for the late 
Paleozoic Central Maritimes Basin fill: see Figure 5 for unit 
lithologies. 
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Seismic facies: This unit has high amplitude, well stratified 
reflectors basinward but they wedge out into weaker strati- 
fiedchaotic units. 

Onshore equivalent: none ? 

Unit 3B 

Age: Late Westphalian D to Early Stephanian 

Distribution: Like unit 3A, this unit is restricted to the south- 
eastern e or ti on of the Central Maritimes Basin. 

Description: Dominantly shales with interbedded sandstones 
and thin limestone beds. Thin bed, stringers, and traces of coal 
are periodically found at the base of the section. The shales 
are red to green to grey, silty, calcareous, micaceous and 
contain siltstone, coal, limestone stringers. The sandstones 
are light grey to light pink, fine grained to medium grained, 
subangular, silty, calcite cemented, argillaceous, and medium 
to well sorted. Thin beds and stringers of limestone are grey 
to light brown, argillaceous, fossiliferous, and found at the 
base of the section. Unit 3B has a sandlshale ratio of 0.66. 

Onshore equivalents: Balfron Formation/'Unnamed Redbeds1'/ 
Tormentine Formation ? 

Unit 4B 

Age: Early Permian to Late Early Permian 

Distribution: The unit is widely distributed throughout the 
entire Central Maritimes Basin. 

Description: The unit is dominantly sandstone with interbed- 
ded shales and occasional limestones. The sandstones are red 
brown to light green, fine grained to medium grained, 
subangular grading upwards to subround, medium grading 
upwards to well sorted, and contain some quartz pebbles. The 
sands tend to increase in grain size and bed thickness upsec- 
tion. There is an increase in chert, glauconite, and kaolinite 
upwards. The sandstones are cemented with calcite. The 
shales are red brown to light brown, silty, micaceous, and 
contain both limestone and siltstone stringers. The limestones 
are red, argillaceous, dolomitic, silty, and found at the base 
and middle of the section. It has a sandshale ratio of 0.90. 

Bounding surfaces: The unit conformably overlies unit 4A. 
Bounding surfaces: This unit conformably overlies unit 3A The top of the section represents a major regional 
and conformably to unconformably underlies unit 4A. unconformity. 
Seismic facies: The unit is represented by the third low energy Seismic This unit is masked by surface multiples and 
reflector zone. Like the other two low energy zones, this unit noise. 
occasionallv has weaklv stratified to chaotic reflectors. 

Onshore equivalent: none ? 
Onshore equivalents: Prince Edward Island Redbeds? 

Unit 4A 

Age: Early Stephanian to Early Permian 

Distribution: The unit is widely distributed throughout the 
basin. 

Description: It is composed of dominant sandstones with 
interbedded shales and traces of coal. The sandstones are dark 
red to red to light brown, fine grained to medium grained, 
subangular grading to subrounded upwards, medium grading 
to well sorted upwards, and argillaceous. The sands coarsen 
upwards and there are occasional rusty brown quartz pebbles 
at the top of the section. Feldspar seems to be absent from this 
unit but there is an increase upwards in glauconite and 
kaolinite. The entire unit is dominantly calcite cemented and 
there are traces of fracture porosity. The shales are dark red 
to red grey, silty, micaceous, mottles and redden upwards. 
They contain abundant plant fragments and have thin siltstone 
and limestone stringers. The thin beds, stringers and traces of 
coal are found throughout the section. The units has a 
sandshale ratio of 2.25. 

Bounding surfaces: Unit 4A unconformably to conformably 
overlies units 2B and 3B. It is overlain conformably by 
unit 4B. 

Seismic facies: This unit consists of high amplitude, chaotic 
to weakly stratified reflectors. The facies is commonly 
masked by surface noise and multiples of seismic energy. 

DISCUSSION 

The development of a detailed stratigraphic framework and 
the identification of the surfaces which bound the units have 
helped us to recognize that the Central Maritimes Basin fill is 
cyclic in nature. We have identified that the basin fill is 
composed of five major depositional cycles, or sequences, of 
second order duration. We interpret the cycle bounding sur- 
faces as sequence boundaries, regionally identifiable, 
conformable to unconformable in nature. 

Foraminifera (Wightman et al., 1994) and seismic (Grant, 
1994) studies indicate that there may have been marine incur- 
sions into the Maritimes Basin during the Late Carboniferous. 
We however, chose to apply nonmarine sequence stratigraphic 
tools to the basin fill package because of the basins overall 
nonmarine late Paleozoic character. The characteristic pro- 
gradinglshingling nature of seismic reflectors, high 
sandshale ratios, coarsening upwards nature and multistoried 
channel fillldeltaic log signatures of the coarser grained, basal 
units (units 1 A, 2A, 3A, and 4A) have led us to interpret them 
as forestepping systems tracts as outlined by Legarreta et al. 
(1993). Deposition proceeded in response to an increase in 
coarse clastic sediment supply to the Maritimes Basin. This 
resulted in a decrease in accommodation space, causing the 
progradation of the forestepping systems tracts basinward. 
These prograding deposits for the reasons above are further 
interpreted to be a series of prograding braidplain fan delta 
systems. 
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The presence of limestones in nonmarine settings are 
sometimes indicators of transgressive surfaces (Shanley and 
McCabe, 1994). In addition, well developed coals commonly 
are formed during the late stages of lowstand and the early 
stages of relative base level rise (Beaubouef et al., 1995). The 
location of limestones at the base of the finer grained unit and 
the presence of coals at both the base of the finer grained units 
and tops of coarser grained units, indicate a transgressive 
surface at the boundary between the two units. 

The fine grained units overlying the transgressive surfaces 
are interpreted to be backstepping systems tracts as outlined by 
Legarreta et al. (1993). These systems tracts developed primarily 
in response to a decreased sediment supply to the Maritimes 
Basin. The decreased sedimentation rates were followed by 
increases in regional accommodation space and a relative rise in 
relative base level causing the transgressive, backstepping, depo- 
sition of finer grained strata back onto the basin flanks. 

SUMMARY 

A stratigraphic framework has been developed for the 
Central Maritimes Basin which has implications for 
regional studies of the Maritimes Basin. 

The new framework has been used to identify five major 
depositional cycles of second order duration. 

Each cycle is bounded at the top and bottom by regionally 
identifiable sequence boundaries. 

Each cycle is composed of a coarse grained basal member, 
overlain by a finer grained member. 

The basal members are Forestepping Systems Tracts 
which resulted from an increase in sediment supply, a 
decrease in accommodation space, and a relative lowering 
in base level. These system tracts are interpreted to be 
prograding braidplain fan delta deposits. 

Overlying the Forestepping Systems Tracts are transgressive 
surfaces, above which lie the finer grained Backstepping 
Systems Tracts. These deposits resulted from a decrease 
in sediment supply, an increase in accommodation space, 
and a relative rise in base level. 
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The geological significance of the alkalic 
gabbro in the immediate hanging wall to the 
Brunswick No. 12 massive sulphide deposit, 
Bathurst, New Brunswick' 
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Lentz, D.R., Goodfellow, W.D., and Moore, C.E., 1995: The geological signijkance of the alkalic 
gabbro in the immediate hanging wall to the Brunswick No. 12 massive sulphide deposit, Bathurst, 
New Brunswick; Current Research 1995-E; Geological Survey of Canada, p. 233-243. 

Abstract: A small gabbro lopolith straddles the footwall-hanging wall contact at the north-end of the 
Brunswick No. 12 massive sulphide deposit. It is plagioclase-phyric in the core and fine grained along the 
margins. It is chemically unzoned and compositionally similar to the margins of the discordant porphyry 
dyke that cuts the mine sequence and the Brunswick alkalic basalts. Like the dyke, the gabbro probably 
represents a high-level subvolcanic intrusion to those basalts. The gabbro is relatively unaltered except by 
seawater spilitic processes, i.e. Mg and Na enrichment localized along its margin. The high Fe content is a 
primary feature of this alkalic gabbro suggesting that the very high Fe content of the basal Brunswick alkalic 
basalts is also a primary feature related to rift magmatism along the margin of the back-arc basin, rather 
than being related to late-stage hydrothermal alteration above the deposit. 

R6sum6 : Un petit lopolite de gabbro chevauche le contact entre le mur et le toit h I'extrCmitC nord du 
gisement de sulfures massifs Brunswick no 12. Son noyau est constitut de phknocristaux de plagioclase et 
ses bords de grains fins. I1 est chimiquement non zont et de composition semblable aux marges du dyke de 
porphyre discordant qui recoupe la sCquence mini6re et les basaltes alcalins de Brunswick. Comme le dyke, 
le gabbro reprksente probablement une intrusion hypovolcanique de niveau ClevC par rapport A ces basaltes. 
Le gabbro est relativement inaltkrC sauf par des processus spilitiques en prksence d'eau de mer, c'est-A-dire 
un enrichissement localis6 en Mg et Na le long de sa bordure. La forte teneur en Fe est une caracteristique 
principale de ce gabbro alcalin indiquant que la tr6s forte teneur en Fe des basaltes alcalins de la base du 
gisement de Brunswick est kgalement une caracteristique primaire plut6t like h un magmatisme de rift le 
long de la marge du bassin d'arri2re-arc qu'h une altkration hydrothermale de stade tardif au-dessus du 
gisement. 

Contribution to the 1994- 1999 Bathurst Mining Camp, Canada-New Brunswick Exploration Science and Technology 
(EXTECH 11) Initiative. 
New Brunswick Geological Surveys Branch, P.O. Box 50, Bathurst, N.B. E2A 3 ~ 1  
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INTRODUCTION 

One of the challenges in studying ore deposits, especially in 
complexly deformed terranes like the Bathurst Mining Camp, 
is separating primary features related to the ore formation, 
i.e. geology, textures, and alteration, from those related to 
deformation and metamorphism. This is done through careful 
consideration of all available evidence. As an example, Lentz 
and van Staal (in press) used the general absence of alteration 
in a composite porphyry dyke, interpreted to be synvolcanic 
to the Boucher Brook alkalic basalts, to help constrain the 
timing and origin of hanging wall and footwall alteration at 
the Brunswick No. 12 deposit. A similar approach was fol- 
lowed in this study, where several samples were taken from 
across a small gabbro body located at the north end of the 
No. 12 deposit. This was done to constrain the chemical 
affiiity and degree of alteration of this mafic intrusion, as well 
as to determine if the Fe-rich nature of the overlying spilitic 
alkalic basalts is a result of hanging wall-related alteration 
associated with the waning stages of massive sulphide forma- 
tion, as previously suspected, or is a primary characteristic of 
these basalts. This paper describes these geochemical results 
and their implications with respect to primary and alteration 
features at the Brunswick No. 12 deposit. 

GENERAL GEOLOGY 

Middle Ordovician gabbros ranging from Mid Ocean Ridge 
Basalt (MORB) to alkalic compositions occur throughout the 
Bathurst Mining Camp in the Miramichi, Tetagouche, and 
Foumier groups (Hill, 1974; Janes, 1976; Whitehead and 
Goodfellow, 1978; van Staal, 1987; Paktunc, 1990; van Staal 
et a]., 1991; Winchester et al., 1992). The alkalic gabbros in 

the Miramichi and Tetagouche groups, are related to back-arc 
rifting of a magmatic arc similar to the interpretation for the 
alkalic basalts (van Staal et al., 1991). 

The gabbro body examined in this study (Fig. 1 )  straddles 
the contact between the stratigraphic footwall and hanging 
wall sequence of the No. 12 deposit (1000 m level) at its 
northem-most end and lies beneath the rift-related Brunswick 
alkalic basalts (Whitehead and Goodfellow, 1978; van Staal, 
1987; van Staal et a]., 1991). The geology is extremely 
complex at the 1000 m level of the mine because the main F, 
fold changes in plunge in this area (van Staal and Williams, 
1984). The gabbro body seems to be a lopolith that intruded 
along the contact between the slates and wackes of the Patrick 
Brook and the rhyolites and related sedimentary rocks of the 
Flat Landing Brook formations (Lentz and Goodfellow, 
1992). The Nepisiguit Falls Formation, including the ore 
horizon, is absent at this location, i.e. its stratigraphic position 
is occupied by the gabbro. The occurrence of an alkalic 
gabbro directly beneath the Brunswick alkali basalts of simi- 
lar composition supports a para-autochthonous relationship 
of these basalts to the underlying sequence. 

The gabbro is generally fine grained with a light to 
medium green mottled texture along its margin (quenched?) 
with very minimal fabric development unlike the much thin- 
ner porphyry dyke (Lentz and van Staal, in press). Primary 
mineralogy nor textures are preserved along the margin of the 
body due to replacement by amphiboles with minor carbon- 
ate. The central part of the body is coarser grained than the 
margin with both intergranular and glomeroporphyritic pla- 
gioclase crystals (<0.5 cm) that are weakly altered (Fig. 2). 
The pyroxenes seem to be, at least in part, replaced by 
amphibole that is coarser grained than those on the margins 
of the body. Disseminated hexagonal pyrrhotite platelets also 

v v v  
v v v  

v v v v  
v v v v  

Figure I .  Geology of the 1000 m level of the Brunswick No. 12 deposit, Bathurst, New Brunswick (courtesy 
of Rhea1 Godin and Bill Luff of Brunswick Mining and Smelting Corporation). Diamond-Drill Hole 
12-6539 was sampled between 261.2 m (near drift) to 533 m (upper contact) near the Brunswick alkalic 
basalts. 
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occur but are generally less than 1% of the mode. Overall, (261 m) to the upper Flat Landing Brook contact (533 m), 
however, the petrographic evidence shows that the gabbro is from southeast to northwest in Figure 1, were generated 
not very altered or deformed. (Fig. 3) to determine if there is any chemical zonation within 

the-gabbro, as well as to ascertain the extent of alteration 
This gabbro has been intersected four times in drillholes within the body. compositional and 

on h e  1000 m level of the mine to the west of the deposit and, chemical affinity of the are discussed and 
like the body sampled, is not in direct contact with the with other gabbros and alkalic basalts from the Bathurst 
Boucher Brook alkalic basalts. However, there are very simi- Camp reported in the literamre. is followed by a descrip- 
lar fine- to medium-grained, medium to dark green, plagio- tion of the alteration features within the body. 
clase-phyric gabbros that occur locally at the base of, as well 
as within, the Boucher Brook alkalic basalts suggesting that 
they are comagmatic with the basalts. It was originally 
thought that the alkalic gabbro described herein was compo- 
sitionally similar to other medium grained gabbros along the 
Brunswick Belt, in particular the medium grained tholeiitic 
gabbros that intrude the hanging wall of both the Brunswick 
No. 6 massive sulphide deposit and the Austin Brook iron- 
formation (see van Staal, 1987; and samples 45 and 48 of 
Paktunc, 1990). The gabbro cuts the Flat Landing Brook 
Formation (FLB rhyolites - 466 k 5 Ma; Sullivan and van 
Staal, 1990; van Staal and Sullivan, 1992) but is cut by a thin 
porphyry dyke (459 f 2 Ma; van Staal and Sullivan, 1992) 
that crosscuts the mine sequence (Lentz and van Staal, in 
press) indicating the gabbro has an approximate age of 464 to 
460 Ma. 

The localization of F2 folding at the north end of the 
deposit is related to the occurrence of this large competent 
body similar to the control that the large porphyry dyke has 
on the localization of F2 folds also in the north end of the 
deposit. 

GEOCHEMICAL SYSTEMATICS 

The major- and trace-element chemical compositions of the 
seven gabbros analyzed in this study are presented in Table 1. 
Chemical profiles from the lower Patrick Brook contact 

Analytical methods 

Seven samples were taken from diamond-drill hole (DDH) 
12-6539 that cuts the gabbro body and analyzed in the 
geochemical laboratory of the Geological Survey of Canada 
(Table 1). Major elements were determined by X-ray fluo- 
rescence spectroscopy on fused disks, ferrous iron was 
determined by titration with ammonium metavanadate 
(modified Wilson method), and S, C02, and H20 were 
determined by infra-red spectrometry of combustibles. Trace 
elements were analyzed by Inductively Coupled Plasma 
Emission Spectroscopy (ICP-ES) and mass spectroscopy 
(ICP-MS). The accuracy of these analyses was determined by 
comparing the internal standard MRG-1 with the accepted 
values (Abbey 1979; Govindaraju, 1994). The highest errors 
are typically associated with the elements of lowest abun- 
dance, i.e. near detection limits, although many of the ele- 
ments that are low in MRG-1 are high in the Brunswick 
gabbro samples. A "?" designates uncertianty in the CAN- 
MET standard (Abbey, 1979). The relative per cent error 
based on comparison with MRG-1 are: <2% - SiO,, Ti02, 
A1203, FeO,, MnO, MgO, CaO, Sr, Zr, Ce?, Pr?, Dy?, Ho?, 
Er?, and Lu?; 4 %  - H,O, CO,, Co, Hf?, Nb?, Sc?, and Sm?; 
~ 1 5 %  - K20, P205, S,, Cr, Cs?, Cu, Pb, Rb, U?, V, Y?, La?, 
Nd?, Eu?, and Gd?; ~ 2 5 %  -Na20, Ag?, Ni, Th?, Zn, Tb?, and 
Yb?;> 25% - Ba?, Be?, Mo?, Ta?, and Tm?. 

Figure 2. 

Photograph of plagioclase porphyritic 
(meta)gabbro (GB-4;  DDH 12-6539 @ 
396.9 rn)from sampled interval (see Fig. I ) .  



t4 W
 

0
\
 

T
ab

le
 1

. 
M

aj
or

-, 
tr

ac
e-

, a
nd

 ra
re

-e
ar

th
-e

le
m

en
t 

co
m

po
si

tio
n 

of
 g

ab
br

o 
sa

m
pl

ed
 (G

B
-) 

in
 th

is
 s

tu
dy

 a
nd

 s
el

ec
te

d 
m

af
ic

 ro
ck

s 
in

 th
e 

B
at

hu
rs

t M
in

in
g 

C
am

p.
 

I N
O

T
E

S
: R

ef
. 1

 -
th

is
 s

tu
dy

; 
R

ef
. 2

 - 
Le

nt
z 

an
d 

va
n 

S
ta

al
 (

in
 p

re
ss

); 
R

ef
. 3

 -v
an

 S
fa

al
 et

 a
l. 

(1
99

1)
; R

ef
. 4

 - 
Le

nt
z 

(1
99

5)
; R

ef
. 5

 -
 P

ak
tu

nc
 (1

99
0)

. - 
=

 n
o 

an
al

ys
is

. 



D.R. Lentz et al. 

1 0.1 

250 300 350 400 450 500 550 250 300 350 400 450 500 550 

Drill hole distance (ml Drill hole distance (m) 

1 1 

250 300 350 400 450 500 550 250 300 350 400 450 500 550 

Drill hole distance (m) Drill hole distance (m) 

1 0.1 

250 300 350 400 450 500 550 250 300 350 500 550 400 450 

Drill hole distance (m) Drill hole distance (ml 

Figure 3. Major- and trace-element geochemicalprofiles from the stratigraphic and structural base (261.2 m) 
to the top (533 m) of the gabbro body ffom Diamond-Drill Hole 12-6539 located at the northern-most end of 
the deposit. 
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Primary compositional systematics and 
chemical affinity 

There seems to be only minor alteration along the margins of 
the gabbro body (discussed later), so most element systemat- 
ics reflect the primary chemical variability of the gabbro 
body. The intrusion is inherently Fe-rich like the overlying 
basalts. Ti02 is somewhat irregular with values ranging from 
1.8 to 4.3 but at the scale sampled, no zoning is evident 
(Fig. 3A). Except on the margin, Na,O, CaO, A1203, P205, 
V, Co, and Sc are relatively uniform across the body (Fig. 3A 
and 3B). Similarly, Zn, Cu, and Pb are low and moderately 
uniform (Fig. 3C). The two samples with high Ti02 also have 
low Cr and Ni contents (Fig. 3D) and high Zr, Y, La, and Yb 
(Fig. 3E) indicative of a high degree of fractionation. Many 
of the alkalic elements (Ba, Sr, Rb, Cs; Fig. 3F) are quite 
irregular, particularly on the margins but the highest Cs and 
Rb are in the the two most fractionated samples. 

The gabbro samples are very similar to the mafic end- 
member of the composite porphyry dyke that cross cuts the 
mine sequence (Lentz and van Staal, in press), the Brunswick 
alkalic basalts (Whitehead and Goodfellow, 1978; van Staal 
et al., 1991) and the alkalic gabbros (vanstaal, 1987; Paktunc, 
1990) that occur throughout most of the Tetagouche Group 
(Table 1). The similarity of the gabbro composition to the 
basalts and the minimal evidence of local fractional crystal- 
lization enables the application of petrogenetic diagrams 
normally applied to mafic volcanic rocks (cf. van Staal, 
1987; Paktunc, 1990). Considering the minimal carbonate 
alteration, the elements traditionally considered immobile, 
i.e. the high-field-strength elements (HFSE) (Davies et al., 
1979; Davies and Whitehead, 1980; Hynes, 1980; Dostal and 
Strong, 1983) are used to determined the chemical affinity of 
these gabbros. Using the ZrITiO2 - NbIY discrimination plot 
(Fig. 4; Winchester and Floyd, 1977), the gabbro samples, as 
well as many of the other alkalic mafic rocks (Whitehead and 
Goodfellow, 1978; van Staal, 1987; van Staal et al., 1991; 
Lentz and van Staal, in press) and f i e  grained alkalic gabbros 
(van Staal, 1987; Paktunc, 1990) plot within the alkalic basalt 
field compared to the medium grained tholeiitic gabbros of 
Paktunc (1 990). The Ti02 - Zr plot (Fig. 5a; Pearce and Norry, 
1979) illustrates the tight clustering of alkalic mafic rocks in 
the within-plate lava field. Based on the Ti02-Zr/P205 plot 
(Fig. 5b; Winchester and Floyd, 1976), the body has a transi- 
tional composition between alkalic and tholeiitic end- 
members, although leaching of P205 (cf. van Staal, 1987) 
from the base of the body could account for the anomalous 
samples in the tholeiitic field (Fig. 5b). The gabbro samples 
plot well within the within-plate environment on the ZrIY-Zr 
discrimination diagram (Fig. 5c; Pearce and Nony, 1979) 
with the alkalic gabbros and Brunswick alkalic basalts, i.e. 
distinctly separate from the group I tholeiitic gabbros. This is 
confirmed further by the compositional distribution on the 
Zr-Ti-Y (Fig. 5d; Pearce and Cann, 1973), Zr-Nb-Y (Fig. 5e; 
Meschede, 1986), and Th-Hf-Ta (Fig. 5f; Wood, 1980) dis- 
crimination diagrams and their overlap with the Brunswick 
alkalic basalt data (van Staal et al., 1991) and the group I1 
gabbros (Paktunc, 1990). On the Th-Hf-Ta discrimination 
diagram, most of the gabbro samples plot along the line 

between the E-MORB field (B) and the alkalic basalt 
field (A), whereas the tholeiitic gabbros plot within the 
N-MORB field. 

The chondrite-normalized rare-earth-element (REE) pat- 
terns (Fig. 6) of the Brunswick gabbros (this study), 
Brunswick alkalic basalts and dyke (Lentz and van Staal, in 
press), and group I1 gabbros (Paktunc, 1990) are virtually 
identical in slope with a LaN/LuN ranging from 48 to 52. 
However, there are substantial changes in absolute REE abun- 
dance among these units. There is a minor variation in the Eu 
anomaly from slightly positive to slightly negative indicating 
no obvious plagioclase fractionation. The negative Eu anom- 
aly for sample GB-1 may be caused by hydrolysis of plagio- 
clase feldspar, although the slight negative Eu anomaly in 
sample GB-5 is probably primary. The Zr-La variations 
(Fig. 7a) indicate a slightly different mantle source protolith 
for the Brunswick alkalic rocks (i.e., ZrILa >lo) compared to 
other mafic rocks in northern New Brunswick (ZrILa <lo). 
Although the Cr-Y diagram of Pearce (1982) (Fig. 7b) sug- 
gests that there is considerable fractionation of these magmas 
subsequent to partial melting, the total variation in REE 
abundance (Fig. 6), in particular Zr, Y, and La (Fig. 7a, b, c) 
seems greater than can be explained by fractional crystal- 
lization. Alternatively, disequilibrium (?) behaviour of Cr 
during partial melting or early Cr fractionation could help 
explain the incompatible element variations with respect to 
Cr. If correct, these incompatible element variations could 
then simply represent slightly variable degrees of partial 

1 SubAlkaline Basalt I Alk-Bas 1 

Figure 4. ZrlTi02 versus NbIY compositional discrimination 
plot of Winchester and Floyd (1977) illustrating the 
compositional similarity of gabbro samples to the porphyry 
dyke and the Brunswick alkalic basalts. I = Group I medium 
grained tholeiitic gabbros and I1 = Group I1 fine grained 
alkalic gabbros (Paktunc, 1990). Gabbros - (this study); 
Brunswickporphyry dyke- A (Lentz and van Staal, in press); 
Key Anacon average basalt - * (Lentz, 1995); averages for 
the Brunswick basalt - *; Canoe Landing Lake basalt - x; 
Camelback basalt - +; Eighteen Mile Brook basalt - 0;  
Beresford average basalt - A ;  Robertville basalt - 0 
(van Staal et al., 1991); Group I gabbros - o; Group 11 
gabbros - (Paktunc, 1990). 
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B: lsland arc basalts 

Figure 5. Geochemical tectonic discrimination diagrams illustrating the compositional 
similarity of the gabbro samples in this study to the porphyry dyke and Brunswick alkalic 
basalts and their tectonic setting. a) Pearce and Norry (1979); b) Winchester and Floyd 
(1976); c) Pearce and Norry (1979); d) Pearce and Cann (1973),fields: within-plate basalt 
(D), Ocean-floor basalt (B), low K tholeiite (AB), calcalkaline basalt (B, C); e) Meschede 
(1986), fields: within-plate alkalic (AI, AII), within-plate tholeiite (All, C), P-MORB (B), 
N-MORB (D), volcanic-arc (C, D) ;n  Wood (1980),$elds: A - N-MORB, B - E-MORB, C - 
Alkalic. D - calcalkaline basalt. Symbols are as in Figure 4. 
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melting. Overall, these REE variations are different than the 
group I gabbros, which have flatter REE profiles (Fig. 6). The 
anomalous Yb values compared to the REE profile in this data 
set are consistent w'ith the poor precision of the Yb data 
determined above. 

Alteration systematics 

There is minimal evidence of feldspar-destructive alteration 
(local saussuritization) of the gabbro except along the lower 
margin of the gabbro body (GB-I) (Fig. 8a) where the primary 
mineralogy and textures are destroyed. Coincidentally, this 
sample (GB-1) has the highest MgO, MnO, Ni, and H20 with 
the lowest Na20 and K20 (Rb, Cs, etc) contents, which is 
similar to hydrothermal alteration observed in the hanging 
wall to the massive sulphide deposit (Goodfellow, 1975; 
Lentz and Goodfellow, 1994) as well as along the margins of 
the composite porphyry dyke that crosscuts the mine 
sequence (Lentz and van Staal, in press). For the remaining 
gabbro samples, the high proportion of Na relative to Ca 
(Fig. 8a; Graham, 1976; Stillman and Williams, 1979) and K 
(Hughes, 1973) suggests they are weakly spilitized. The trend 
of decreasing CaO with increasing MgO, in these rocks, may 
indicate minor plagioclase fractionation but a component 
is related to Na metasomatism (Stillman and Williams, 
1979), as mentioned previously, with weak Mg meta- 
somatism. The C 0 2  contents are usually less than 2 wt.%, 
although GB-2 has 4.7 wt.% C02  but does not seem to be 
related to other geochemical variations. GB-1 (margin) has 
the lowest C02 and S contents. The coincidence of Mg and 

Nametasomatismareindicativeoflow-temperatureseawater 
alteration(Hughes, 1973; Graham, 1976) of this gabbro body, 
which also affects the overlying Brunswick alkalic basalts 
(Whitehead and Goodfellow, 1978; van Staal, 1987). The 
correlation between Fe and Mg may be primary (Fig. 8c), 
although the Brunswick basalts contain less Ca than can be 
explained by plagioclase fractionation. The ferric- ferrous 
ratio seems to be unaffected by alteration processes with the 
most altered sample (GB-1) having a low ratio ( ~ e ~ + / ~ e ~ +  
~0.15) .  The very magnetite-rich basalts at the base of the 
Brunswick alkalic basalt sequence are interpreted as sodic 
spilites (Whitehead and Goodfellow, 1978) and in mine ter- 
minology are commonly referred to as basic iron-formation 
(see Saif, 1980). The absence of Fe enrichment on the margin 
of the gabbro suggests that the Fe-rich nature of the gabbro 
and the associated basalts is related to their initial composition 
and is not caused by hydrothermal alteration related to the 
waning stages of massive sulphide deposition at the base of 
the mafic sequence. 

There is no evidence of HFSE mobility in the gabbro with 
all variations explainable by primary processes. For example, 
the consistent LREE to HREE ratio (LaN/LuN) indicates 
negligible differential REE mobility compared to basaltic 
spilites with high fluid-rock ratios (Humphris, 1984). AI2O3 
variations are related to the proportion of plagioclase within 
the gabbro and not related to mass gainlloss during alteration. 
Also, there is no correlation between REE and A1203, further 
suggesting that variation in EREE is not a function of mass 
gainlloss if Al is considered immobile. 

A Dlke 1-3 
Btun 
Gabbro I 
Gabbro ll 

Figure 6. Chondrite-normalized rare-earth-element diagram illustrating the 
compositional similarity of the gabbro samples, dyke samples, and Brunswick 
basalts. Chondrite normalization factorffom Anders and Ebihara (1982).Symbols 
are as in Figure 4. 
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Figure 7. Trace-element geochemical variations illustrating 
differing chemical affinities between the gabbros and other 
alkalic basalts in the Bathurst Camp, a) Zr versus La; b) Cr 
versus Y (Pearce, 1982); c) Cr versus La, the partial melting 
curve is hypothetical. Symbols are as in Figure 4. 
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Figure 8. Major-element variations illustrating the various 
effects of seawater alteration on the gabbro and their 
variations with respect to other volcanic rocks. a) Na20 
versus CaO illustrating the jeld of unaltered majc rocks 
versus "normal" basalt and Na spilitic basalts (Graham, 
1976; see van Staal, 1987); b) CaO versus MgO illustrating 
primary fractionation trends of plagioclase (Plug), olivine 
(Ol), and clinopyroxene (Cpx) and a possible alteration trend 
related to chloritization (Mg) of plagioclase; c) MgO versus 
FeO with a hypothetical primary trend and a seawater 
alteration trend. Symbols are as in Figure 4. 
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ACKNOWLEDGMENTS DISCUSSION 

The alkaline composition of the composite porphyry dyke and 
the gabbro, which cut the mine sequence, provide additional 
evidence for the autochthonous relationship of the Brunswick 
alkalic basalts to the mine sequence. The highly alkalic mafic 
composition of these rocks compared to other mafic rocks in 
the Bathurst Camp, as well as other deposits, which have 
autochthonous alkalic mafic volcanic rocks in their hanging 
wall, like the Canoe Landing Lake massive sulphide deposit 
(Walker and McDonald, 1995) and the Key Anacon massive 
sulphide deposits (Lentz, 1995), empirically links rift mag- 
matism with massive sulphide genesis during both initial 
back-arc rifting (i.e. Canoe Landing Lake Formation alkalic 
basalts and rhyolite; 470 Ma; Sullivan and van Staal, 1993) 
and later rifting on the margin of a back-arc basin (i.e. 
Brunswick basalts; 457 Ma). The association of VMS 
deposits to alkalic mafic volcanism is two fold; 1) their 
subvolcanic equivalents, i.e. deep- to shallow-seated gabbros, 
may be responsible for developing large high-temperature 
hydrothermal circulation systems, and 2) the mafic volcanism 
may be occurring along rift structures that were previously 
hydrothermally active. Interestingly, the composite porphyry 
dyke at Brunswick No. 12 is situated within the stockwork 
zone of the deposit, which is inferred to be the paleofault that 
focussed fluids responsible for the formation of the deposit 
(Lentz and van Staal, in press). This is somewhat analogous 
to the rifted island-arc setting inferred for the Kuroko deposits 
(Cathles et al., 1983), as well as the role that subvolcanic 
intrusions play in the formation of some VMS deposits 
(Campbell et al., 1981). 

CONCLUSIONS 

1. The alkalic mafic composition of this gabbro is strong 
evidence that it represents a subvolcanic intrusion 
co-magmatic with the Brunswick alkalic basalts and 
suggests an autochthonous relationship of those basalts 
with the mine sequence. 

2. This, together with the compositional systematics from 
the porphyry dyke, provides further evidence that the 
basalts are more or less autochthonous to the mine 
sequence. 

3. Although this individual gabbro was not responsible for 
the hydrothermal system that formed Brunswick No. 12, 
similar intrusions at depth may have generated an 
anomalous thermal gradient during upwelling of the 
mantle. 

4. The genetic link between highly alkalic mafic volcanism 
and the spatially associated Brunswick ore bodies is 
integral to understanding their paleoenvironment within 
the rift system but also determining the heat source that 
was responsible for the convecting hydrothermal system. 

We thank the staff at Brunswick Mines, in particular Bill Luff 
and Rhea1 Godin, for their help orienting us to the complex 
mine geology. The manuscript was critically reviewed by 
Steve McCutcheon (NBGSB) and Cees van Staal (GSC). 
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Stratigraphy and structure of the Glover Group, 
Grand Lake-Little Grand Lake area, Newfoundland1 

Adam szybinski2, Steve ~ o u s e ~ ,  and G.A. ~ e n n e r ~  
Continental Geoscience Division 

Szybinski, A,,  House, S., and Jenner, G.A., 1995: Stratigraphy and structure of the Glover Group, 
Grand Lake-Little Grand Lake area, Newfoundland; & Current Research 1995-E; Geological 
Survey of Canada, p. 245-251. 

Abstract: The Glover Group comprises a lower Kettle Pond Formation characterized by felsic schists 
and an upper Tuckamore Formation consisting entirely of mafic volcanic and subvolcanic rocks. The 
boundary between the Kettle Pond and Tuckamore formations is drawn at the highest felsic horizon. A 
prominent and widespread horizon of metaconglomerate (Basal Conglomerate Member), separates the 
Kettle Pond Formation from the underlying ophiolitic Grand Lake Complex. The structure of south-central 
Glover Island is controlled by complicated fold interference patterns, resulting from the overprinting of 
D2-related folds by D3 folds. 

R6sum6 : Le Groupe de Glover comprend la foxmation inftrieure de Kettle Pond caracttriste par des 
schistes felsiques et la formation suptrieure de Tuckamore constitute enti5rement de roches volcaniques et 
hypovolcaniques mafiques. La limite entre les formations de Kettle Pond et de Tuckamore est tracte A 
l'horizon felsique le plus tlevt. Un horizon m6taconglomtratique Ctendu et visible (Membre conglomtra- 
tique basal) sCpare la Formation de Kettle Pond du complexe ophiolitique sous-jacent de Grand Lake. La 
structure du centre sud de I'ile Glover est contr616 par des schtmas complexes d'interfkrence de plis rtsultant 
de la surimpression de plis associts D2 par des plis D3. 

Contribution to Canada-Newfoundland Cooperation Agreement on Mineral Development (1994-l995), a subsidiary 
agreement under the Canada-Newfoundland Economic and Regional Development Agreement. 
Department of Earth Sciences, Memorial University of Newfoundland, St. John's AIB 3x5 
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INTRODUCTION PRESENT MAPPING 

This report presents preliminary results from the mapping 
project carried out on rocks of the Glover Group (Knapp, 
1982) during 1994. Mapping was confined to rocks of the 
group on Glover Island (Fig. 1 a),where exposure is poor, (see 
also Cawood and van Gool, 1994) and concentrated on rocks 
in the interior of the island. In particular,emphasis was on the 
immediate area of Kettle Pond in the south-central part of 
Glover Island, in which the quantity and quality of outcrop is 
somewhat improved thanks to rugged topography and efforts 
of geologist(s) from Newfoundland Gold Bar Ltd. This area 
is located within the nose of a regional scale fold (the Glover 
Anticline of Knapp, 1982; Cawood and van Gool, 1993, 
1994). The Glover Anticline represents one of several large 
structures, reflecting interference patterns produced by inten- 
sive overprinting of structural elements produced during dif- 
ferent deformational events. Observations from this area were 
extrapolated southwest and northeast of the pond, where only 
subcrop and limited outcrop were found. 

PREVIOUS WORK 

Our recent mapping on Glover Island (Fig. 1 b) provided data 
that permit several changes to both presently used lithostrati- 
graphic divisions (Knapp, 1982; Cawood and van Gool, 1993, 
1994) and allows better understanding of structural evolution 
of the Kettle Pond area. Our field observations disagree with 
the outcome of work by Cawood and van Gool(1993,1994), 
and allow us to conclude that the Kettle Pond and the 
Tuckamore formations represent stratigraphic units rather 
than a large shear zone. These observations support the valid- 
ity of the lithostratigraphic divisions proposed by Knapp 
(1982), and we continue to use the name Glover Group as 
defined by Knapp (1982), as well as the names Kettle Pond 
and Tuckamore formations. However, we suggest some 
modifications, namely that all felsic rocks (schistose and 
apparently less metamorphosed or deformed varieties) pre- 
viously included in the Tuckamore Formation should be 
removed from this formation and included in the Kettle Pond 
Formation, for reasons described below. A brief description 
of formations included in the Glover Group and of the associ- 
ated Grand Lake Complex are given below. 

The term Glover Group was applied by Knapp (1982) to a 
unit which was originally introduced by Riley (1957) as the 
Glover Formation. Knapp (1982) divided the group into the 
Kettle Pond (quartz-sericite-schist, metaconglomerate) and 
Tuckamore (variably interfingered silicic and mafic schists, 
volcanic and volcaniclastic rocks) formations, and excluded 
from it several rock types previously included by Riley (1957) 
in the Glover Formation. The excluded rock units were as- 
signed by Knapp (1 982) to the Grand Lake Complex (variably 
serpentinized and carbonitized ultramafic rocks, gabbro, 
trondhjemite, sheeted dykes, greenschist), Otter Neck Group 
(sheeted dykes, pillow lava), and Red Point (metasandstone 
and metaconglomerate, phyllite) and Comer Pond (meta- 
sandstone, metaconglomerate, pillow lava) formations. All of 
Knapp's (1982) lithostratigraphic divisions are considered 
informal. 

Cawood and van Gool (1 993,1994) abandoned the Kettle 
and Tuckamore formations of Knapp (1982) and returned to 
the term Glover Formation (cf. Riley, 1957), but applied it 
only to mafic igneous rocks east of the Grand Lake Complex. 
Rocks included previously in the Kettle and Tuckamore for- 
mations are considered by these authors to form a large folded 
shear zone, the Kettle Pond shear zone, dividing the Grand 
Lake Complex and the Glover Formation. 

The Newfoundland Gold Bar Ltd. geologists working on 
Glover Island use a modified version of the lithostratigraphic 
scheme of Knapp (1982) and presently recognize three for- 
mations, namely the Kettle Pond, Tuckamore and Glover 
formations (D. Barbour, pers. comm.). These include rocks 
previously included in the Glover Group, with rocks of the 
former Tuckamore Formation split between the modified 
Tuckamore (schistose felsic and mafic volcanic and volcani- 
clastic rocks) and Glover (predominantly mafic igneous 
rocks) formations. 

Grand Lake Complex 

The Grand Lake Complex (Knapp, 1982) is exposed north- 
west of Kettle Pond, where it consists of ultramafic rocks 
(represented by variably serpentinized pyroxenites and peri- 
dotites), fine- to coarse-grained gabbro (that intrudes the 
ultramafic rocks), diabase, greenschist, and sporadic mafic 
dykes. Small trondhjemitic and dioritic intrusions are found 
exclusively near the fault(?) contact between the Grand Lake 
Complex and Glover Group and are included in the complex, 
although their relationship to the complex is not clear at the 
moment. An outcrop of rocks believed to be sheeted dykes 
and included in the Grand Lake Complex (Knapp, 1982) was 
found to be altered ultramafic characterized by a layering of 
obscure origin. 

Kettle Pond Formation 

The Kettle Pond Formation is exposed best east and southeast 
of Kettle Pond. The southwestern shoreline of the pond is 
underlain by a distinct horizon of clast supported polymictic 
metaconglomerate that forms the lowermost rock unit of the 
Kettle Pond Formation along its contact with the Grand Lake 
Complex. It is here referred informally to as the Basal Con- 
glomerate member. Our mapping indicates that exposure of 
this conglomerate extends northeast well beyond area pre- 
viously mapped by Knapp (1 982). The actual contact between 
the Kettle Pond Formation and the Grand Lake Complex has 
not been observed, and in all outcrops in which rock types of 
both units are exposed together, they appear to be divided by 
a shear zone or gap in exposure. In places, this contact is 
marked by slivers of mafic schist interpreted by some workers 
(D. Barbour and T. Calon, pers. comm.) as strongly deformed 
mafic dykes intruding the contact, although we feel that the 
mafic schist could represent a schistose equivalent of other- 
wise more massive mafic intrusive or volcanic (?) rocks of 
the Grand Lake Complex. 
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Units: 
uGG -undivided Glover Group 
TF - Tuckamore firmation 
KPF - Kettle Pond Formation 
Barn - Basal Conglomerate member 

GLC - Grand Lake Complex 

Symbols: 
geological bounda~y 

-.-.-.-.-. h o r n  ----- approxhate 
- - - - - - - - - -  assumed 

fault 

Figure I .  Location of the map area in western Newfoundland (a), and schematic 
geological map of the Kettle Pond area in southern Glover Island (b). 
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Two endmember types of the conglomerate are present, 
one which contains predominantly clasts of various (fine 
grained to pegmatitic) types of trondhjemite surrounded by a 
felsic matrix, and the other type which consists mainly of 
hornblende gabbro and diabase cobbles immersed in a mafic 
matrix. However, most of the Basal Conglomerate member is 
transitional between these two end-members, and contains 
mixture of clasts in a composite matrix. The matrix of this 
conglomerate was probably tuffaceous sedimentary material. 
Locally it is strongly schistose and thinly laminated consist- 
ing of quartz-plagioclase laminae divided by sericite-chlorite 
films, and associated clasts are commonly stretched. Sparse 
massive mafic flows are present near the base of the member. 

The Basal Conglomerate is overlain by thinly laminated 
quartz-sericite (f plagioclase and chlorite) schist, which in 
places contains variable amounts of trondhjemite and lesser 
felsic volcanic clasts, and sparse gabbro and reddish-grey 
hematitic chert. Locally, aggregates of fuchsite are present in 
the schist, probably derived from the underlying Grand Lake 
Complex. The presence of fuchsite and hematitic chert clasts 
in siliceous schist is used by exploration geologists in the area 
as a method of identifying the Kettle Pond Formation schist, 
and separating it from an apparently similar schist that forms 
the base of the Tuckamore Formation, as defined by Knapp 
(1982) (D. Barbour, pers. comm.). We feel that the somewhat 
erratic presence of the chert and fuchsite is a feature inade- 
quate to warrant the division of siliceous schists between 
these two formations. The only major difference seen in the 
field between siliceous schists included in the Kettle Pond 
Formation and those formerly in the Tuckamore Formation is 
the presence of probable subvolcanic massive sills intruding 
the latter unit, particularly northeast of Kettle Pond. Taking 
under consideration the overall similarity of felsic rocks in 
both formations, felsic rocks of the Tuckamore Formation as 
defined by Knapp (1982), including those interlayered with 
the mafic schistose tuffs, are included here in the Kettle Pond 
Formation. The highest horizon of felsic schist in the Kettle 
Pond Formation is considered here to form the boundary 
between these formations. 

Tuckamore Formation 

As we have redefined the Tuckamore Formation, it consists 
of schistose mafic tuffs, less deformed pillowed to massive 
and locally brecciated flows, and fine- to medium-grained, 
frequently plagioclase-phyric, mafic intrusive rocks. The 
lowermost part of the Tuckamore Formation is strongly schis- 
tose in places (in particular where it interleaves with the felsic 
schists of the Kettle Pond Formation), but otherwise bedded 
to massive mafic tuffs are interbedded with sparse lenses of 
pillow lava and/or pillow breccia. The interleaving of sili- 
ceous felsic schists of the Kettle Pond Formation with mafic 
schistose tuffs of the Tuckamore Formation (as defined by 
Knapp, 1982) was observed only south and southwest of the 
pond. The contact between rocks of these formations east and 
northeast of Kettle Pond is commonly faulted, and here 
mainly intrusive mafic rocks of the Tuckamore Formation are 
juxtaposed with siliceous schists of the KettleFormation. The 
main part of the Tuckamore Formation is made up of poorly 
pillowed to massive mafic volcanic and subvolcanic rocks. 

PRELIMINARY PALEOTECTONIC DIVISIONS 

The preliminary results of a geochemical sampling of vol- 
canic, subvolcanic, and volcaniclastic rocks within the south- 
em part of Glover Island indicate that rocks in this area 
formed in at least two distinct tectonic settings. This is re- 
flected in a relatively wide range of Ti, Zr, and V abundances 
and immobile elements ratios as illustrated by the Ti-V and 
Zr-Ti diagrams (Fig. 2a, b). On the Ti-V diagram, samples 
have a relatively broad range of Ti and V abundances and 
TilV ratios between 20-50, similar to that expected in Mid 
Ocean Ridge Basalts (MORB). The same set of samples plots 
within the ocean floor basalt (OFB) field and beyond (towards 
ocean island basalt (OIB) compositions) on the Zr-Ti dia- 
gram, which supports their non-arc oceanic affinity. How- 
ever, some samples plot mainly in the arc field on the Zr-Ti 
diagram, as calc-alkalic basalts (CAB) and low-K tholeiites 
(LKT). These geochemical relationships are consistent with, 
although not definitive of, an arc tectonic setting. 

To test the validity of this division into arc and non-arc 
types based on Ti-V-Zr, the next step was to determine if 
samples in these sets have developed the more definitive arc 
geochemical signature, i.e. Nb depletion with respect to Th. 
On the Th-Zr-Nb diagram of Wood (1 980) (Fig. 2c), samples 
that already revealed anon-arc affinity on the basis of theTi-V 
and Ti-Zr variations display relatively high NbITh ratios and 
plot within the MORB field, however one sample that pre- 
viously revealed the non-arc affinity plots within the arc field. 
This same sample plots in the arc field on the Th/Nb-NbIYb 
diagram of Pearce (1983) (Fig. 2d) and appears to possess 
geochemical signatures which are transitional between arc 
and non-arc. 

The Glover GroupIGrand Lake Complex volcanic rocks 
can be divided into two major types displaying diverse tec- 
tonic affinities: NA-type: non-arc volcanic rocks that include 
samples identified as having oceanic affinity on most of 
tectonic discrimination diagrams; A-type: arc volcanic rocks 
encompassing samples of clearly defined arc affinity. There 
is the possibility of a third TR-type of rocks transitional in 
geochemical characteristics between rocks erupted in non-arc 
and arc settings. 

STRUCTURE 

The main problems with establishing a definitive lithostrati- 
graphic framework for the southern part of Glover Island 
stems from the locally intense and strongly heterogeneous 
brittle and plastic deformation that has predominantly af- 
fected rocks of the Kettle Pond Formation, as well as adjacent 
rocks of the Tuckamore Formation and Grand Lake Complex. 
Strain has been partitioned heterogenously between the lo- 
cally isotropic to highly anisotropic conglomerates, and the 
overlying, isotropic to partially anisotropic felsic tuffs of the 
Kettle Pond Formation, and the interbedded mafic tuff facies. 
Felsic tuffs and sparse dykes form aspectrum of final li- 
thological products that vary from brecciated felsic protolith 
to a widespread mylonite represented by quartz-sericite 
schist. A whole range of structures can be seen in pillowed 



A. Szybinski et al. 

I I I I I 

OFB: 0. B 
L m h B  - OAB: A C - 
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Legend of symbols: 

calc-alkalic pillow basalt, Tuckamore Fm. x sill, Kettle Pond Fm. 
ca non-arc pillow basalt, Tuckamore Fm. v mafic sill, Tuckamore Fm. 

massive flows, Kettle Pond Fm. + gabbro and diabase, Grand Lake Complex 
o felsic tuff, Kettle Pond Fm. m trondhjemite, Grand Lake Complex (?) 

Figure 2. The TiI1000-V diagram (a) and Zr-Ti diagram (b) indicate two broad tectonic settings (non-arc 
and arc), in which the ma$c (and one felsic) volcanic rocks of the Glover Island formed. The Th-Zr-Nb 
diagram (c) and NblYb-ThlYb diagram (d) provide, as well, division of the samples into the arc and non-arc 
types, and indicate an extistence within the samples of a third type with the transitional character. Fields 
A, B,  and C in Figure 2c are non-arc,while field D is arc. Abbreviarions are defined in text. 



Current ResearchlRecherches en cours 1995-E 

and massive flows, and mafic tuffs of the Tuckamore Forma- 
tion resulting from the brittle fracturing, as well as from a 
higher degree of penetrative strain. 

At least three events were identified in the deformational 
history of the Kettle Pond area on the basis of structural and 
geological observations, but timing of these events is unclear. 
These events are described briefly below and a summary of 
structural elements recognized in the field is given in Fig- 
ure 3. Dl deformation is a regionally penetrative event that 
produced the dominant fabric seen in the rocks, i.e. S folia- 
tion. The strongly mylonitic S1 foliation appears to parallel 
So. The S I fabric is refolded by folds associated with at least 
two following major events, giving a wide distribution of 
normal to S,  planes around the edges of a stereonet (Fig. 3). 
The S, foliationis associated with a locally well developed 
mineral lineation, that is moderately to steeply plunging and 
slightly oblique to the azimuth of the S1 fabric. However, 
distribution of this lineation on the stereonetis suprisingly 
clustered (Fig. 3), suggesting possible association with one of 
the younger events postdating Dl .  S best developed in rocks 
of the Kettle Pond Formation, is heteregenously distributed 
and decreases in intensity away from rocks of this formation, 
but it is present as well in the Grand Lake Complex and the 
Tuckamore Formation rocks. 

Sl planes 

The D2 and Dg deformational events fold the SdS fabric 
and produce complex large scale fold interference patterns. 
The most prominent fold produced is the F2/F3 half-dome and 
the surrounding basin-type folds in the Kettle Pond area 
(Fig. lb). A more complex, "mushroom"- type fold interfer- 
ence pattern, that results from the overprint of the F2 fold by 
the F3 structure, is developed southwest of Kettle Pond 
(Fig. 1 b). 

On outcrop scale both the F2 and F3 events produced 
similar, frequently chevron-style folds and associated wide- 
spaced crenulation cleavage. However, features resulted from 
the D2 and D3 are rarely exposed together in single outcrop, 
and there is some overlap in orientation of the S2 and S3 
foliations, which display azimuths between 120-240" and 
70- 150°, respectively. 

SUMMARY 

This mapping supports, in general, the stratigraphic divisions 
of Knapp (1982). Some changes to that scheme include 
removal of all felsic rocks from the Tuckamore Formation, 
and placing them together with felsic schists of the Kettle 
Pond Formation. In our version of the stratigraphy of central 
Glover Island, the Tuckamore Formation consists only of 

S2 planes S3 planes 

F2 fold axes F3 fold axes Ll lineation 
Figure 3. Structural orientation data for the map area presented in Figure 1 b. Poles to planes (SI,.S2 and 
S3), and linear structural elements (F2, F3, L I )  are plotted on equal-area projection and lower hemisphere 
stereo plots. 
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mafic volcanic and subvolcanic rocks, and the boundary 
between the Kettle Pond and Tuckamore formations is drawn 
at the highest felsic horizon. The prominent horizon of poly- 
mictic to monomictic, clast supported metaconglomerate on 
the contact between the Grand Lake Complex and the Kettle 
Pond Formation is raised to the member level and appropri- 
ately named the Basal Conglomerate Member. The area of 
outcrop of this conglomerate was found to be much larger 
than previously found by Knapp (1982). 

The structure of south central Glover Island is much more 
complex than indicated by previous studies (Knapp, 1982; 
Cawood and van Gool, 1993, 1994) and is controlled by 
complicated fold interference patterns, resulting from the 
overprinting of D2 related folds by D3 folds. 
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Abstract: The stability of Mg-biotite has been determined from two sets of reversed phase equilibrium 
data. First, the equilibrium: phlogopite+quartz-enstatite+sanidine+H20 has been reversed in pure H20 and 
mixed H20-C02 fluid. Second, tight brackets define constant A1 saturation at 1.62 + 0.06 Al pfu (12 anion 
formula) in Mg-biotite in equilibrium with sillimanite+sanidine+quartz+HzO over the P-T range 1.1-3.2 
kbar and 650-750°C. The experimental data indicate significantly lower A1 contents in Mg-biotite and a 
larger phlogopite stability field than predicted by Holland and Powell's (1 990) data set, but agree reasonably 
with phlogopite stability based on Berman (1988). Thermodynamic properties refined from the new data 
for the biotite endmembers, phlogopite and eastonite, when combined with constraints on Fe-endmembers 
provide for more accurate construction of petrogenetic grids and thermobarometric calculations involving 
biotite. 

R6sum6 : A partir de deux ensembles de donntes sur l'tquilibre de phase inverst, on a dttermint la 
stabilitt de la biotite-Mg. En premier lieu, l'tquilibre phlogopite+quartz-enstatite+sanidine+H20 a Ctt 
inverse en H20 pure et en fluide H20-C02 mClangC. En deuxitme lieu, les exptriences ont permis de dtfinir 
une saturation en A1 constante A 1,62 f 0,06 unit6 par formule de A1 (formule B 12 anions) dans la biotite-Mg 
en Bquilibre avec sillimanite+sanidine+quartz+H20 dans l'intervalle de pression de 1,1-3,2 kbar et de 
l'intervalle de temptrature de 650-750 OC. Les dom6es expkrimentales indiquent un abaissement signifi- 
catif des teneurs en A1 dans la biotite-Mg et un champ de stabilitt de la phlogopite plus vaste que prtvu par 
les ensembles de donnCes de Holland et Powell (1990), mais elles correspondent raisonnablement avec la 
stabilitC de la phlogopite selon Berman (1988). Les proprittts thermodynamiques Ctablies avec plus de 
pr6cision A partir des nouvelles donntes obtenues pour les membres extremes de la biotite, soit la phlogopite 
et l'eastonite, lorsque combintes aux donnCes sur les membres extremes B Fe, permettent de dresser des 
grilles p6trogtnCtiques plus exactes et d'effectuer des calculs thermobaromBtriques incluant la biotite. 
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INTRODUCTION 

Over the past five years, the thermodynamic data sets of 
Berman (1988) and Holland and Powell (1990) have been 
used extensively for thermobarometric and phase diagram 
calculations. In addition to these tectonic/petrologica1 appli- 
cations, investigations of a number of other problems in the 
earth sciences, such as ore genesis/exploration, waste dis- 
posal, and other environmental issues depend critically on the 
availability of accurate, internally consistent sets of thermo- 
dynamic data for minerals, aqueous species, and gases. 
Because internal consistency is not a guarantee of accuracy 
(Berman, 1988), continuing efforts are needed to test and 
improve the accuracy of thermodynamic data sets. A signifi- 
cant step in this direction has been taken recently by including 
nonideal mixing models into the derivation of an updated 
thermodynamic data set for minerals (Berman and Aranovich, 
in press). The present two-part contribution was designed to 
improve thermodynamic data for biotite. 

Biotite is particularly important in petrogenetic grids for 
pelitic rocks because of its occurrence in a wide range of bulk 
compositions, metamorphic grades, and numerous important 
uni- and divariant equilibria that serve as major metamorphic 
facies boundaries. In spite of its obvious importance, quanti- 
tative calculations involving biotite continue to be relatively 
uncertain, as evidenced by major differences in computed 
petrogenetic grids (Spear and Cheney, 1989; Powell and 
Holland, 1990) and thermobarometric formulations involving 

biotite (Ferry and Spear, 1978; Dasgupta et al., 1991). Much 
of this uncertainty stems from incomplete knowledge of the 
stability of the most important biotite endmembers, Phl and 
Ann (see Table 1 for abbreviations). Data in the Fe-system 
are discussed in Part 2 (Berman et al., 1995). In the Mg- 
system, experimental results on the stability field of Phl+Qz 
relative to En+Sa in pure H 2 0  (Wood, 1976; Wones and 
Dodge, 1977; Peterson and Newton, 1989) are compatible 

Table 1. Abbreviations and chemical formulas. 

Name Abbrev Formula 

Annite Ann K(Fe,)(AIS i3)Ol0(OH), 

Phlogopite Phl K(Mg3)(AISi,)O1~(OH), 

Phlogo~ite~, Phi,, K(Ms,,,AI,,,,)(A~, 55Si1 ,)O,,(OH), 

Eastonite East K(Mg2AI)(A12si2)olo(oH)2 

Siderophyllite Sdr K(Fe,AI)(A~,Si,)Olo(OH), 

Muscovite M s  K(A12)(AISi3)010(0H)2 

Enstatite En MgSiO, 

Sanidine Sa KAISi,O, 

Sillimanite Si AI,SiO, 

Quartz Qz SiO, 

0 this study . Wood (1976) 

+ 0 Peterson & Newton (1989) 

700 720 740 760 780 800 820 840 

T e m p e r a t u r e  ( o C )  

Figure 1. 

P-T diagram showing experimental data for 
equilibrium A in pure H20 along with its 
position calculated with thermodynamic data 
of Berman (1988; solid curve) and Holland 
and Powell (1990; dotted curve). Symbols 
show experimental data afrer adjustment for 
experimental uncertainties, while ends of 
connected lines show nominal experimental 
conditions. Solid and open symbols show 
growth of low-T and high-T assemblages, 
respectively. 
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with one another (Fig. l), but all are discordant with results EXPERIMENTAL METHODS 
in mixed H20-C02 fluids (Bohlen et al., 1983) that suggest a 
smaller stability field for phlogopite. Hydrothermal Apparatus 

Much more severe uncertainties attend calculations 
involving the aluminous biotite endmember, eastonite. The 
primary cause of these uncertainties is that pertinent phase 
equilibrium data (Robert, 1976) are unreversed. Neverthe- 
less, these data show the important effect of excess A1 
expanding the thermal stability of biotite, an effect that 
explains some differences between petrogenetic grids com- 
puted with excess A1 in biotite (Powell and Holland, 1990) 
and without excess A1 in biotite (Spear and Cheney, 1989). 

The present contribution represents the first of a two- 
part experimental study aimed at resolving some of the 
deficiencies and discrepancies cited above. In this paper 
(part 1) we (a) resolve the above noted discrepancy regard- 
ing endmember phlogopite stability by presenting new 
experimental data in both mixed H20-C02 and pure H20 
fluids on the equilibrium: 

and (b) determine the stability of the eastonite endmember by 
presenting reversals of the equilibrium: 

Results are used to derive new thermodynamic data for eas- 
tonite and phlogopite, which, when combined with con- 
straints on Fe-biotite stability (Part 2, Berman et a]., 1995) 
can be used to improve geothermobarometric calculations, to 
construct more accurate petrogenetic grids, and to perform 
forward modelling for any given rock composition (Spear and 
Florence, 1992; Berman and Aranovich, in prep.). 

All experiments were conducted in cold-seal hydrothermal 
apparatus, with pressure vessels made from Haynes Alloy 
#25 (stellite) or Rene' 41, and H20 as the pressure medium. 
Each pressure vessel was monitored by a 60 000 psi digital 
strain sensor (+ 0.2% linearity), calibrated to a Heise burdon- 
tube gauge certified by the manufacturer as accurate to + 0.1 % 
of full scale (0-50 000 psi). The Heise gauge was maintained 
at 1 atm except when calibrating the transducers. Reported 
pressures are believed to be accurate to within + 15 bars. 

Temperatures were controlled and continuously monitored 
by a digital data acquisition and control system made by 
Sciemetric Inc., Ottawa, Ontario. Temperatures were meas- 
ured using chromel-alumel thermocouples sheathed in 
inconel, inserted into a 2 cm well adjacent to the experimental 
charge. Each thermocouple was calibrated against a lab stand- 
ard periodically in order to check for thermocouple drift with 
extended use. The lab standard was calibrated against the 
melting points of Zn (440.3OC), Al (660.g°C), and Ag 
(960.8"C). Offsets of measuring thermocouples relative to a 
"standard" thermocouple placed within the pressure vessels 
were less than 5°C at 1 atmosphere. Measurements at 1 atrn 
indicate that temperature gradients were between 1.5 and 3°C 
over a distance of 3.0 cm. Temperature uncertainties reported 
in Tables 2 and 3 represent the sum of uncertainties due to 
fluctuations over the duration of the experiment, thermocou- 
ple calibration uncertainties (l°C), temperature gradients 
over the length of run capsules, and the temperature gradient 
across the Sciemetric control unit in which the zero point emf 
correction is made (1 "C). 

Table 2. Experiments on equilibrium A; Phl + 3 Qz = 3 En + Sa + H20. 

Time XOO, Xco, Stable % Reaction 
Run # (days) T("c) p(kbar) (initial) (final) Assemblage Observed 

2 25 780 f 5.0 2.56 f 0.08 0.79 nd En + Sa 100 

3 18 782 f 6.0 2.49 + 0.05 0.67 0.65 En + Sa 100 

5 23 772 + 4.0 2.53 + 0.06 0.35 0.38 Phl + Qz 90 

8 22 696 f 6.0 2.54 + 0.04 0.50 0.51 Phl + QZ 100 

10 22 756k 5.0 2.47 + 0.03 0.50 0.47 Phl + Qz 90 

11 22 810 + 6.0 2.49 + 0.08 0.50 0.47 7 0 

12 22 771 f 7.0 2.61 f 0.09 0.50 0.39 Phl + Qz 100 

14 21 757 + 7.0 1.76+ 0.02 0.45 0.45 Phl + Qz 30 

15 18 782 6.5 1.74 + 0.03 0.45 0.45 En + Sa 70 

18 21 768 f 4.0 1.74 f 0.02 0.45 0.49 En + Sa 40 

19 21 760 f 4.0 1.74 f 0.02 0.45 0.49 Phl + Qz 50 

20 23 769 f 5.0 0.46 + 0.01 0.0 0.0 En + Sa 60 

21 24 758 f 6.0 0.49 + 0.02 0.0 0.0 Phl + Qz 80 

22 23 755 f 5.0 0.49 f 0.02 0.0 0.0 Phl + Qz 70 

All fluid compositions represent initial compositions based on weighed amounts of Ag2C20, + H,O, 
except for runs # 14-19 in which oxalic acid was used, and # 20-22 which used pure H20; P-T 
uncertainties represent the sum of both precision and accuracy 



Current ResearchIRecherches en cours 1995-E 

Run Procedures Analytical methods 

Experiments with H20-C02 fluid used 3 mm O.D. (0.1 mm 
wall) Au or 3.5 mm O.D. (0.2 mm wall) Pt capsules, contain- 
ing about 5 mg of either Ag2C204+H20 (carefully weighed 
to yield specific fluid compositions) or oxalic acid (for fluid 
compositions of Xco2 7 0.45), together with about 5 mg of 
mineral mix A. This mlx contained about 10 wt.% of the low 
temperature assemblage of equilibrium A (with molar propor- 
tions Ph1:Qz = 1:3 ) and 90% of the high temperature assem- 
blage (with molar proportions (En:Sa = 3: l), homogenized by 
light grinding for about 10 minutes in an agate mortar. Exper- 
iments on equilibrium A in pure H20 used 2 mm O.D. 
(0.1 rnm wall) Au capsules, containing about 5 mg H20 and 
5 mg of mineral mix A. To study equilibrium B, two capsules 
were used in each experiment, one with low-Al biotite (Phl) 
and the other with high-Al biotite (Ph145), both mixed in 
subequal weight proportions with Si, Sa, and Qz. Each cap- 
sule contained about 5 mg of mix and 5 mg of HzO. All 
minerals used in the above mixes are described below. In all 
experiments, capsules were placed within a cavity in the end 
of steel filler rod. The opposite (cold) end of the filler rod was 
tapped and threaded in order to facilitate its removal with the 
sample capsules at the conclusion of each experiment. 

Experiments were held at elevated pressure and tempera- 
ture for durations of 18-29 days, and then quenched in a jet 
of compressed air to less than 100°C within 3 minutes. 
Samples were examined optically, by XRD, SEM, and micro- 
probe. For equilibrium A, reversals were obtained by com- 
parison of the intensities of non-overlapping XRD peaks (001 
for Phl; 610 for En; 130 for Sa) of the run product with the 
starting material. A half-bracket was considered successful if 
more than 30% change in peak ratios was observed. Fluid 
compositions determined after each experiment could not be 
used as reliable monitors of reaction direction because the 
observed changes were of the same magnitude as the analyti- 
cal uncertainties (see below). For equilibrium B, reversals 
were obtained from electron microprobe analysis of the com- 
positions of biotites in run products. Successful runs produced 
similar biotite compositions from the starting mixes with Phl 
and PhI45. 

Table 3. Experimental data for the assemblage 
Mg-biotitesi-Sa-Qz-H20. 

Time Initial 
Run# (Days) TCC) P(kbar) All Final Al 

23 24 700 i 4 1.24 f 0.07 1.0 1.38-1.64 

24 24 700 f 4 1.24 + 0.07 2.1 1.68-1.63 

25 24 647 f 4 1.12 ? 0.03 1.0 1.34-1.61 

26 24 647 f 4 1.12 ? 0.03 2.1 1.72-1.64 

30 24 755 ? 4  1.12f 0.03 2.1 1.58-1.62 

29 24 755 f 4 1.12 + 0.03 1.0 1.74-1.62 

21 29 702 f 4 3.20 ? 0.05 1.0 1.46-1.62 

22 29 702 ? 4 3.20 ? 0.05 2.1 1.99-1.59 

Al values are the # of cations based on 12 anion formula 
' Initial biotites have Al = 1.0 (Phl) or 2.1 (Phl,,) 

For cell refinements, X-ray diffraction scans were made over 
the 20 range 5 to 90" with a Phillips automated diffractome- 
ter, using a step size of 0.01" 28, and Cu radiation. Si metal 
(a = 5.43054 A") was used as an internal standard in each run. 
Cell refinements were performed using the computer program 
of Appleman and Evans (1973). 

Fluid compositions of the run products of experiments on 
equilibrium A were determined by the method of Johannes 
(1969). C02 was first determined by the weight lost upon 
puncturing sample capsules. H20 was then determined by the 
additional weight lost after drying of the capsule at 120°C. To 
minimize the escape of H20 along with C02, capsules were 
centrifuged prior to puncture. Blank experiments, performed 
to check for absorbed H20 or breakdown of the silver oxalate 
through exposure to light, indicate reproducibility in deter- 
mining fluid compositions near Xco2 = 0.5 of about + 2 mol 
per cent. Blank experiments with oxalic acid reproduced the 
theoretical value of Xco2 = 0.45 * 0.02. 

For SEM and microprobe analysis, samples were disag- 
gregated by very light grinding with ethyl alcohol, finely 
dispersed by pipette on a polished graphite disc, and carbon 
coated. Analyses were collected on a CAMECA SX-50 elec- 
tron microprobe operated at 15 kV and 10 nA sample current 
in wavelength dispersive mode. Analytical totals for synthetic 
biotites (see below) ranged between 52-86 wt. %, the lower 
totals being associated with much thinner biotite grains. 
Oxide sums did not, however, show any apparent correlation 
with Al contents calculated on a fixed anion basis. 

RESULTS 

Synthesis and characterization of starting materials 

Phl and Ph145 were synthesized from stoichiometric mixtures 
of MgO, y-A1203, K2C03, and cristobalite. y-AI2O3 and 
cristobalite were prepared by firing Al(OH)3 and silicic acid, 
respectively, at 1000°C for 20 hours. The MgO was also 
heated at 1000°C for 20 hours to dry it completely. Between 
120- 150 mg of the starting mixture was sealed in 4 mm O.D. 
- 3.8 mm I.D. Au capsules and held for 7-8 days at 2 kbar and 
750°C or 650°C for Phl or Ph145, respectively. Powder X-ray 
diffraction patterns, as well as optical and SEM examination 
indicated complete reaction of the starting materials. Micro- 
probe analysis was hindered by the extremely fine grained 
nature of the synthetic materials (1-5 pm), but showed no 
significant deviation from the expected stoichiometry. XRD 
analyses indicated the presence of both 1M and 3T polytypes. 
Unit cell parameters are similar to those obtained in other 
studies (Hewitt and Wones, 1975; Bohlen et al., 1983; 
Peterson and Newton, 1989). 

Enstatite was synthesized from stoichiometric mixtures of 
MgO and cristobalite, prepared as described above. Complete 
reaction of starting mixtures was obtained in experiments at 
2 kbar and 800°C for 3 days. 
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Sanidine was synthesized from a stoichiometric mixture 
of K2C03, AI(OH)3, and cristobalite, reacted hydrothermally 
at 775°C - 1 kbar for 3 days. Measurement of the (060-i13) 
peak position difference (Hovis, 1989) indicated that the 
synthesis product was approximately 12% ordered. 

Natural quartz (Lisbon) and sillimanite (Brandywine) 
were used in all experiments. 

Experimental Data for equilibrium A 

Experimentally determined half-brackets are listed in 
Table 2, and plotted in Figures 1 and 2. Complete reaction of 
Phl+Qz to En+Sa was observed in four experiments inter- 
preted to be quite far from the equilibrium position. All other 
experiments except one (# 11) produced strong (>30%) 
changes in relative peak intensities, making interpretation of 
run direction unambiguous. 

The new experimental data bracket the equilibrium in 
mixed volatiles at -2.5 and -1.75 kbar, and are particularly 
constraining at the latter pressure (#s 18 and 19). Using the 
calculated curve of Berman (1 988) as a reference for interpo- 
lation (Fig. 1, 2), these data are in excellent agreement with 
the 5 kbar bracket of Bohlen et al. (1983), and with the 
computed curves of Berman (1988). On the other hand, the 
high T half-bracket in pure H20 (# 20) clearly contradicts the 
results of Wones and Dodge (1977) and Wood (1976) 

(Fig. 1). These observations support the conclusion based on 
the mixed volatile data that the position of equilibrium A lies 
at lower T than determined in earlier studies. 

To compare rigorously experimental results in pure H20 
and H20-C02 fluids, thermodynamic properties for phlo- 
gopite were derived from the phase equilibrium data pre- 
sented above, making use of auxiliary data for minerals from 
Berman (1 988) and P-V-T properties of H20 and H20-C02 
mixtures from the equations of state of Haar et al. (1984) and 
Kerrick and Jacobs (1981), respectively. With the exper- 
imental data adjusted for uncertainties described above, the 
two sets of new data are narrowly inconsistent: the data 
obtained in pure H20 indicate a slightly expanded stability 
field (about 5°C) for Phl compared to the mixed volatile data. 
At the present time, it is not known whether the discrepancy 
is due to larger experimental uncertainties than estimated, to 
inaccuracies in the equations of state for H20 and H20-C02 
mixtures, or to a combination of both these possibilities. 

Experimental Data for equilibrium B 

Experimental half-brackets are listed in Table 3. All run 
products contained 2-5 pm biotite along with Si, Sa, Qz, and 
H20 with no additional phases. Analyses of 6- 14 grains were 
collected for each sample. Core to rim zonation in biotite A1 
content was not discernible. In all run products, biotite com- 
position was significantly shifted from the starting composi- 
tion (Fig. 3). The compositional variation between different 

Figure 2.  

T-Xco2 diagram showing experimental data 
for equilibrium A along with its position at 
1.75 kbar, 2.5 kbar, and 5 kbar, calculated 
with thermodynamic data of Berman (1988). 
Symbols as in Figure 1, with data from this 
study at 1.75 kbar (diamonds) and 2.5 kbar 
(squares; x = no reaction), and from Bohlen 
et al. (1983) at 5 kbar (triangles). Numbers 
beside data points indicate pressure (kbar) of 
experiments. Dashed curve is 1.75 kbar curve 
of Holland and Powell (1990). 

M o l e  f r a c t i o n  C O ,  
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grains in a single sample was generally in the range 0.15-0.25 
A1 pfu (12 anion formula), with no recognizable correlation 
with grain size. These observations suggest that the dominant 
mechanism of biotite equilibration was via dissolution and 
regrowth, rather than by diffusional reequilibration. 

We interpret the compositional variations observed in 
each experimental product as representing differing degrees 
of approach towards equilibrium, which implies that the A1 
content most different from that of the starting biotite is 
closest to the equilibrium value. A complicating factor, how- 
ever, is the possibility of overstepping the equilibrium Al 
content, as has been observed in experiments on A1 solubility 
in orthopyroxene (Perkins et al., 1981). Tabulated A1 values 
(Table 3) represent averages based on the 2 or 3 composition- 
ally most advanced (most different from starting composi- 
tion) grains within each run product. All pairs of experiments 
at a specific P-T produced tightly convergent compositional 
brackets, with only minor overlap (<0.02 A1 pfu). These data 
indicate that the assemblage Bi-Si-Sa-Qz-H20 buffers the A1 
content of biotite to a constant value of 1.62 If: 0.03 A1 pfu 
over this P-T range. 

Although total A1 contents could be determined with 
confidence, imprecision in Si analyses due to fine grain size 
and surface irregularities, made it impossible to unambigu- 
ously determine octahedral versus tetrahedral A1 contents. 
The analytical data obtained to date suggest some decoupling 
of octahedral and tetrahedral A1 that can be expressed in terms 

of a Tschermak's exchange ( [61~g[4]~i  = [6]~1[4]~1), relating 
Phl and East components, and a dioctahedral exchange 
( 3 [ 6 ] ~ g  = 2[6]~1[6]~[6]) relating Phl and Ms components. 
Compositional trends in experimental studies (Robert, 1976; 
Patino-Douce et al., 1993) and natural biotites (Guidotti, 
1984) can be interpreted similarly. Synthesis experiments of 
Robert (1976) suggested a maximum of about 8 % Ms com- 
ponent in Mg-biotites at 600°C, a value compatible with the 
present results. 

DISCUSSION 

The combined set of new experimental data on equilibrium A 
lends support to the position of this equilibrium computed 
with the thermodynamic data of Berman (1988), with the 
mixed volatile and pure H20 data indicating a slightly less 
stable and more stable phlogopite, respectively. In contrast, 
the data of Holland and Powell (1990), based primarily on 
their interpretation of natural assemblages, and of Circone 
and Navrotsky (1992), based on heat of solution measure- 
ments, both indicate a much lower breakdown temperature of 
Phl+Qz (Fig. 1). This reduced Phl stability is one major 
contributing factor to computed biotite stability fields (Powell 
and Holland, 1990) that are smaller than can be reconciled 
easily with observations based on natural assemblages (see 
also Berman et al., 1995). 

2.2 I I I I I I I I 

r m  K(Mg~.45Al~.55)(All.55Si2.45)010(OH)2 starting composition 

- Figure 3. 

1.0 

A1 content (per 12 anions) of Mg-biotites 
determined in this study (Table 3). Paired 
symbols show the range of A1 content 

- observed in diferent biotite grains of the 
same run product. Open and closed symbols 

n KMg3(AISi,)0,0(OH)z starting composition 

represent the results-of experiments starting 
with low-A1 biotite (Phl) and high-A1 biotite 

- ( P h k ) ,  respectively. Squares and triangles 
represent low pressure (-2 kbar) and high 
pressure (-3.4 kbar) experimental data, 

I I I I I I I I 

600 620 640 660 680 700 720 740 760 

respectively. 

T e m p e r a t u r e  (oC) 
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The new data for equilibrium B represent the first set of 
reversed experiments defining A1 solubility in Mg-biotite, 
and allow direct determination of the thermodynamic proper- 
ties of eastonite. The enthalpy of formation we derive 
(Berman and Aranovich, in prep.) is approximately 30 kJlmol 
less stable than that determined calorimetrically by Circone 
and Navrotsky (1992), and about 8 kJlmol less stable than 
retrieved by Holland and Powell (1990) from experiments of 
Massonne and Schreyer (1987) on the phengite+Mg- 
biotite+Qz assemblage. The consequence of the latter differ- 
ence is that Powell and Holland (1 990) predicted A1 saturation 
levels in Mg-biotite that are approximately 0.4 Al pfu greater 
than determined in this study. 

The present experimental results, combined with those in 
Part 2 (Berman et al., 1995), tightly constrain the energetics 
of the reciprocal internal equilibrium: 

in the range 6-7 kJ/mol, assuming ideal on-site mixing. This 
enthalpy change reflects the lower solubility of Al in Mg- 
biotite than in Fe-biotite (part 2), a difference that is com- 
pletely compatible with observations of natural biotite 
compositions which show approximately 0.2 less Tscher- 
mak's component in Mg-rich compared to Fe-rich biotites 
(Cheney and Guidotti, 1975). Natural Mg-rich biotites coex- 
isting with Si or staurolite contain 1.65-1.70 A1 (Cheney and 
Guidotti, 1975), in reasonable accord with the value (1.62 Al) 
determined in the present experimental results. The small 

amounts of octahedral Ti and ~ e ~ +  in natural Mg-rich biotites 
(each about 0.05 cations112 anions, Cheney and Guidotti, 
1975), does not seriously affect this comparison (see part 2). 

Results presented in part 2 demonstrate that A1 solubility 
results in a marked increase in the stability of Fe-biotite, 
although the lower saturation levels in Mg-biotite lead to a 
smaller stability difference in the Mg system. Most impor- 
tantly, derived thermodynamic properties for East and Sdr 
(part 2) permit prediction of stable biotite compositions in any 
KFMASH assemblage. When combined with the improved 
data on endmember stability presented above and in part 2, 
petrogenetic grids and thermobarometers involving biotite 
can be computed with much more confidence. Such predic- 
tions are explored in detail elsewhere (Berman and 
Aranovich, in prep.), and only two examples, computed with 
the THERIAK software (de Capitani and Brown, 1987) will 
be briefly discussed here. 

In the KFMASH system, the upper thermal stability of 
Bi+Si+Qz is marked by the transition to Gt+Cd+Sa+H20. 
Figure 4 shows the computed univariant equilibrium in this 
system, along with predicted Gt and Bi compositions. Gt 
becomes increasingly Fe-rich with decreasing temperature 
until it reaches the Alm composition at the singular point at 
688°C and 2.4 kbar. The position of this equilibrium is in fair 
agreement with Spear and Cheney's grid, but their Gt com- 
positions are about 20 mol % richer in Mg. Our curve lies 
about 50°C higher than that of Holland and Powell (1990). 
The present results confirm that the Gt+Cd+Sa assemblage is 

Figure 4. 

P-T diagram showing computed position of 
KFMASH equilibria (heavy curves) discussed 
in text. Numbers beside calculated curves are 
X ~ l m  and octahedral A1 per 12 anion biotite 
formula (in parentheses). 

I . 
I I I I I I I 

500 550 600 650 700 750 800 

T e m p e r a t u r e  (4) 
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a good indicator of metamorphic grade that can be used to 
mark the amphibolite - granulite transition inpelites. The new 
data also allow for a wide stability field for the Bi+And+Qz 
assemblage observed in low pressure terrains worldwide. On 
the other hand, to allow for the occurrence of rare Gt-Cd-Ms 
assemblages, or of almandine-rich Gt in amphibolite facies 
rocks, Mn andlor Ca must be included in our calculations 
because of their large effect in expanding the calculated 
stability field of Gt (Spear and Cheney, 1989; Symmes and 
Ferry, 1992). 

A final example involves the slope of the divariant 
KFMASH equilibrium: 

which has been the subject of some debate because of its 
importance in constraining P-T-time paths (e.g. Pattison and 
Tracy, 1991) in low P terrains like the Slave Province. Our 
new experimental results provide thermodynamic properties 
for Mg-Fe-Al biotites that can be confidently used to predict 
the position of this equilibrium. As shown in Figure 4, the 
computed curve has a positive slope, in contrast with conclu- 
sions of Pattison and Tracy (1991) based primarily on inter- 
pretations of natural assemblages. Further calculations are 
needed to explore the sensitivity of these results to different 
cordierite hydration models, but the present results suggest 
that individual samples that show progressive development 
of Bi+Si from Cd+Ms are most easily reconciled with coun- 
terclockwise P-T paths. 
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Abstract: The stability of aluminous Fe-biotite has been determined from two sets of reversed phase 
equilibrium data. First, tight brackets define constant Al saturation at 2.08 f 0.05 Al pfu (12 anion formula) 
in Fe-biotite in equilibrium with sillimanite+sanidine+quartz+H@ over the P-T range 2-3.5 kbar and 
600-700°C. Second, breakdown of Al-saturated Fe-biotite via the univariant reaction: biotite+sillimanite+ 
quartz=almandine+sanidine+Hfi has been reversed at -2.4 kbar between 691 and 709OC. Thermodynamic 
analysis indicates that our data conflict with petrogenetic grids proposed by Spear and Cheney (1 989) and 
Powell and Holland (1990), both of which result in expanded almandine stability fields. Quantification of 
biotite - almandine stability fields represents an important step towards accurate positioning of equilibria 
involving biotite in petrogenetic grid as well as thermobarometric calculations. 

RCsumC : A partir de deux ensembles de donnCes sur I'Cquilibre de phase inverse, on a dtterminC la 
stabilie de la biotite-Fe alumineuse. En premier lieu, les experiences permettent de dCfinir la saturation en 
Al constante B 2,08 f 0,05 unitts par formule de Al (formule B 12 anions) dans la biotite-Fe en Cquilibre 
avec sillimanite + sanidine + quartz + H20 dans I'intervalle de pression de 2-3,5 kbar et I'intervalle de 
temptrature de 600-700°C. En deuxihme lieu, le fractionnement de la biotite-Fe saturCe en A1 par le biais 
de la rtaction univariante biotite + sillimanite + quartz - almandin + sanidine + H 2 0  a CtC inversC A environ 
2,4 kbar entre 691 et 709°C. L'analyse thermodynamique indique que nos donnCes ne sont pas en accord 
avec les grilles pCtrogCnCtiques proposCes parspear et Cheney (1989) et Powell et Holland (1990), qui dans 
les deux cas donnent des champs de stabilitt de l'almandin plus Ctendus. La quantification des champs de 
stabilitb de la biotite et de I'almandin reprtsente une importante Ctape vers le positionnement exact de 
1'Cquilibre incluant la biotite dans la grille pttrogtnttique ainsi que les calculs thermobaromCtriques. 

' Institute of ExperirnentalMineralogy, Chernogolovka, Russia 
Department of Physics, University of Ottawa, Ottawa, Ontario K I N  6N5 
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INTRODUCTION 

This paper represents the second of a two-part experimental 
study on biotite stability, aimed at providing greater accuracy 
in construction of petrogenetic grids and in thermobarometric 
calculations involving biotite. In Part 1 (Berman et al., 1995). 
data pertaining to the stability of Mg-biotite endmembers, 
phlogopite and eastonite, are presented. In this contribution, 
we examine Fe-biotite stability relations in the KFASH sys- 
tem which is more directly relevant to petrogenetic grids for 
pelitic rocks because of their Fe-rich bulk compositions. 

In spite of their importance, Fe-biotite phase relations are 
poorly constrained by existing experimental data, probably 
because of the added experimental difficulty of controlling 
oxygen fugacity and measuring ~ e ~ +  contents of run products 
in Fe-bearing systems. One equilibrium that has been studied 
(Holdaway and Lee, 1977) and which is important in 
amphibolite-granulite grade pelites is (see Table 1 for 
abbreviations): 

breakdown assemblage must first be defined, because solu- 
tion of excess Al increases the thermal stability of biotite. 
These problems are addressed in this contribution through 
experimental determination of the A1 content of Fe-biotite, 
buffered by the equilibrium 

and the stability of Fe-biotite via the equilibrium: 

Fe-biotite + Si + Qz = Alm + Sa + H20 (Dl 

PREVIOUS EXPERIMENTAL WORK 

Over the last 30 years, a number of experimental studies have 
been performed in order to define the major controls on biotite 
stability (see review b Hewitt and Wones, 1984). For the L Fe-system, variable Fe and uncertainties in hydrogen buffer 
calibrations and efficiency (Chou and Cygan, 1990) have 
contributed to significant uncertainty regarding annite stability 
over a range of oxygen fugacities. Recent work by Cygan et 

Fe-biotite + Si + Qz - fCd + Sa + H20 (A) al. (in press) on the equilibrium: 
Whereas the early grid of Harte and Hudson (1979) incor- 

porated these experimental data, more recent grids (Spear and 
Cheney, 1989; Powell and Holland, 1990; Xu et al., 1994) are 
at odds with these results. Spear and Cheney (1989) rejected 
these data because, when combined with Holdaway and Lee's 
data for the equilibrium: 

fCd = Alm + Si + Qz (B) 

they limit almandine stability to temperatures above about 
750°C. Powell and Holland (1990) also show a large stability 
field for almandine, a factor contributing to the exclusion 
from their grid of the KFMASH assemblage And + Bi + Qz 
commonly observed in low pressure terranes worldwide. 

Clearly there is a need to resolve these differences both 
among various computed petrogenetic grids and between the 
calculations and ex~erimental observations. There are two 

Ann = Magnetite + Fayalite + Sa + H2 (El 
appear to have resolved these problems. Rutherford (1973) 
studied A1 solubility in the Fe-system, and obtained some 
reversals which show the increased stability of Fe-A1 biotite 
relative to assemblages involving spinel solid solution, 
sanidine, and leucite. Quantitative calculations based on these 
data are hindered by the lack of reversed compositional data 
for spinel and biotite solid solutions. Studies by Partin (1984) 
and Rebbert (1986) place important constraints on the ~ e ~ +  
contents of Fe-A1 biotites as a function of hydrogen fugacity. 
Holdaway and Lee (1977) presented data on equilibrium A, 
but the biotite composition produced in their experiments was 
not determined, and their synthetic fCd had impurities of 
hercynite. 

facets to this problem. The first is to determine the overall 
stability of Bi + Si + Qz relative to higher temperature, EXPERIMENTAL METHODS 

Name Abbreviation Formula 

Annite Ann K(Fe3)(AISi3)0,0(OH)2 

Phlogopite Phi K(Mg3)(AlSi3)Olo(OH)z 

Siderophyllite Sdr K(Fe2Ai)(AI,Si2)Olo(OH)2 

Annite,, Ann20 K(Fe22A~O~)(A~~.8Si2.2)010(0H)2 

Annite,, Ann45 K(F~z.~AIo.~~)(AII.~S~Z.~~)OIO(OH)~ 
Alrnandine Alm Fe3A12Si,012 

Fe-cordierite fCd Fe2A14Si,0,, 

Sanidine Sa KAISi30, 

Sillimanite Si Ai,SiO, 

Quartz Qz SiO, 

Eastonite East K(Mg2AI)(Al,si,)olo(oH)2 

anhydrous assemblages. Before this can be achieved. 
however, the aluminum content of biotite buffered by the of procedures me given in 

Additional details specific to the results presented here are 
described below. Oxygen fugacity was controlled in all 

Table 1. Abbreviations and chemical formulae. experiments using the C-CH4 buffer (Eugster and Skippen, 
1967). To study equilibrium C, two capsules were used in 
each experiment, one with low-A1 biotite (Ann), the other 
with high-A1 biotite (Ann2& each mixed with subequal pro- 
portions by weight of sanidine, quartz, and sillimanite. For 
equilibrium D, we used a mineral mix consisting of subequal 
molar proportions of the low and high temperature assem- 
blage. The biotite composition in this mix, Ann45, was that 
determined to be stable after studying equilibrium C. In all 
experiments, each capsule contained approximately 5 mg mix 
and 5 mg of H20. Minerals used in each mix are described 
below. Reversals for equilibrium C were obtained from elec- 
tron microprobe analysis of the compositions of biotites in run 
products. Reaction direction for equilibriumD was determined 
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by changes (>30%) in the ratios of X-ray diffraction peak XRD analysis of all synthetic biotites indicated the pres- 
heights (001 for Bi; 400 for Alm; (1 30 Sa) of run products ence of both lM and 3T polytypes. Unit cell parameters were 
compared to the starting mix. indexed on 17-18 peaks, assuming 1M polytype. Previous 

experimental work (Rutherford, 1973; Hewitt and Wones, 
Transmission Fe-57 Mbssbauer spectra were collected for 1975; Partin, 1984; Rebbert, 1986) has shown that the molar 

synthetic biotites at 22°C using a -10 mCi Co-57 rhodium- volume decreases with both increasing and increasing Fe3+ 
matrix single-line thin source 0' a velocit~ range of M m d s  in biotite ( ~ i ~ .  2). Our results are in excellent agreement with 
with a constant acceleration drive. Data were acquired on volumes from the most reduced biotites studied 

channels and give a flat background and previously (Fig. 2), consistent with h e  Mossbauer measure- velocity position corresponding to the centre shift of metallic ments described above. 
a-Fe at 22°C in the 512-channel spectrum. The absorber 
thickness was 40 mg sample per cm21 Synthetic sanidine and natural sillimanite and quartz start- 

ing materials are described in Part 1 (Berman et a]., 1995). 

RESULTS Experimental data 

Synthesis and characterization of starting materials Equilibrium C 

Annite was synthesized from stoichiometric mixtures of Experimental data bracketing equilibrium C are presented in 
KSi3O6.5 glass, prepared by the method of Schairer and Table 2. All run products contained the assemblage biotite- 
Bowen (1955), with iron oxalate (FeC204.2H20), and Si-Sa-Qz-H20 with no additional phases, except for 
y-A1203. Aluminous biotites were synthesized from iron 
oxalate, y-AI2O3, K2C03, and cristobalite, mixed to give the 
compositions K(Fe2.2A10.8)(Al .8Si2.2)(OH)2 (Annz0) and 
K(F%.45A10.55)(A1 1 .55Si2.45)(OH)2 (Ann45) - ?A1203 and 
cristobalite were prepared by firing Al(OH)3 and silicic acid, 
respectively, at 1 000°C for 20 hours. Between 120 to 150 mg 
of each mixture was sealed in 4 mm O.D. - 3.8 mm I.D. Au 
capsules and held for 7-13 days at 2 kbar and either 700°C 
(Ann) or 650°C (Annzo and Ann45). Hydrogen fugacity was 
buffered by the C-CH4 assemblage (Eugster and Skippen, 
1967), but no attempt was made to ascertain the attained 
fugacity values which depend on the rate of H2 diffusion out 
of the pressure vessels (Chou and Cygan, 1990). 

Powder X-ray diffraction patterns, as well as optical and 
SEM examination, indicated almost complete reaction of the 
annite starting materials. Minor amounts of fayalite and mag- 
netite were discernible in XRD scans of Ann, which had a 
grain size between 2-20 pm (Fig. 1 a). Similar impurities are 
reported in annite syntheses of Hewitt and Wones (1975), 
Partin (1984), and Rebbert (1986). Microprobe analyses 
showed no significant deviation from the expected 
stoichiometry. 

Syntheses of aluminous biotites, Ann2o and Ann45, pro- 
duced 1-10 pm biotite grains (Fig. 1 b) with several corundum 
grains as the only detectible (by SEM) impurities. Microprobe 
analyses of the more aluminous material range between 0.72- 
0.78 octahedral Al pfu (12 anion basis), and indicate that the 
stoichiometric mix composition, with 0.8 octahedral Al, was 
closely approached. Mbssbauer analysis of the less aluminous 
material, which is very close to the equilibrium composition 
for the experimentally studied assemblage (see below), shows 
approximately 4% total Fe3+, of which 2% is in tetrahedral 
and 2% in octahedral coordination. Mossbauer analysis of the 
synthetic annite indicated 12% total Fe3+ of which aw~roxi- 
dately 8% is in tetrahedral coordination. These data very Figure I. Secondary electron images showing the range 
similar to wet chemical and Mossbauer data of other synthetic of crystal size and morphology of Fe-biotite in starting 
annites and Fe-A1 biotites (Partin, 1984; Rebbert, 1986). materials with annite (a) and with Ann20 (b). 

265 
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Figure 2. Variation of Fe-biotite molar volumes with n.4, ( = i 4 1 ~ 1 - ~  =i61~l) .  Experimental data from this 
study (solid squares) are in good agreement with data of Rutherford (1973; diamonds) and Hewitt and 
Wones (1975; triangles). Paired arrows show range of volumes measured at diferent hydrogen pressures 
(see text) by Partin (1984; P84) and Rebbert (1986; R86). 

Table 2. Experimental data for equilibrium C. 

Al' All 
# TkC) P (bars) initial Final 

1 69925 1.97k0.09 1 .O 1.88-2.08 

2 69925 1.97t0.09 2.6 2.3C-2.10 

3 64724 2.05k0.03 1 .O 1.87-2.05 

4 647f 4 2.05+0.03 2.6 2.36-2.1 0 

5' 777k5 2.03k0.07 2.6 

6* 777k5 2.03k0.07 1 .O 

7 606t4 2.0620.06 2.6 2.40-1 -94 

8 606k4 2.0650.06 1 .O 1.92-2.08 

9 698t5 3.51 k0.13 1 .O 1.97-2.1 4 

10 69825 3.51f0.13 2.6 2.38-2.1 1 

1 1 5972 3 3.6720.05 1 .O 1.83-1.84 

12 59723 3.67f 0.05 2.6 2.14-1.92 

Al pfu (12 anion formula) 
I Initial biotites have A1 = 1.0 (annite) or 2.6 (Ann,d 

Bi replaced by Alm + Si + Qz + hercynite + melt 
Most Bi replaced by fayalite 

Al contents of individual grains are reproducible within +3%. 
In all experiments, core to rim zonation in biotite A1 content 
was negligible. The compositional variation between differ- 
ent grains in a single sample (Fig. 4) was generally in the range 
0.15-0.25 Al pfu, with no recognizable correlation with grain 
size. Smaller variations were observed in run products which 
used the less aluminous starting biotite (Fig. 4). The largest 
variation (-0.45 Al) was found in the lowest P-T experiment 
using the more aluminous starting biotite. 

As discussed in Part 1, the Al content of product biotite 
that was most different from that of the starting biotite was 
considered to be closest to the equilibrium value. The 6 
experiments at temperatures above 606°C produced tightly 
convergent compositional brackets, with minor overlap 
(0.03 Al pfu) of the final compositions of experiments # 9 and 
10. These data indicate that the assemblage Bi-Si-Sa-Qz-H20 
buffers Fe-biotite composition to a constant value of 
2.08 f 0.05 A1 pfu over this P-T range. 

The experimental results at -600°C are more ambiguous 
due to the increased sluggishness of Al re-equilibration at 
lower temperature. Significant compositional overlap was 
produced in the experiments at 2 kbar. The much smaller 
variation between grains in the experiment with the Al-poor 

experiments #5 and 6 in which biotite reacted to form almand- starting biotite (# 8)and the consistency of these composiiions 

ine (cordierite) + hercynite + melt, and experiment #11 in with those produced at higher temperatures (Fig. 4) suggest 

which most biotite reacted to form fayalite. Representative that this half-bracket is more reliable. The experimental re- 

textures of run products are shown in Figure 3. Analyses of sults at 597OC and 3.7 kbar are the least reliable of all the data 

10-22 grains were collected for each sample, with the excep- because only 3 biotite grains were found in experiment #11 

tion of run #11 in which only 3 biotite grains were found. in which most biotite reacted to form fayalite. 

Accepted analyses of biotite in run products have oxide As was found in the Mg-system (Part I), total Al contents 

totals between 85-96%, and K between 0.85-1.0 pfu (12 anion could be determined with confidence, but octahedral versus 

formula). No correlation was apparent between oxide sums tetrahedral Al contents could not be defined accurately. The 

and calculated cation contents. Replicate analyses of the same analytical data obtained to date indicate operation of both 

biotite grains in synthesis products and standards suggest that Tschermak's and muscovite substitutions, with tetrahedral Al 
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increasing slightly and octahedral Al decreasing with increas- 
ing temperature. Patino Douce et al. (1993) observed similar 
results in unreversed experiments involving the assemblage 
Mg-Fe-Ti biotite-garnet-Si-Qz. Synthesis experiments of 
Rutherford (1 973) suggested a maximum of 10- 12% Ms 
component in Fe-biotites at 600°C, a value in reasonable 
agreement with that found in this study. 

Figure 3. Secondary electron image of run product of 
experiment # 8 for equilibrium C. Mineral abbreviations: 
B = biotite; Si = sillimanite; Q = quartz; K = sanidine. 

The total Al contents determined above are in excellent 
agreement with compositional data for natural biotites if the 
natural data are corrected for Ti and I?e3+. Fe-rich biotites 
coexisting with sillimanite generally contain about 1.75 Al 
pfu (Cheney and Guidotti, 1975; Guidotti, 1984), with F4e3+ 
-0.15 (assuming ~ e ~ + = 1 0 %  of Fe, Guidotti and Dyar, 1991), 
and Ti -0.1-0.2. The sum of these components (-2.05) is 
almost identical to the experimental Al values (-2.08). Crys- 
tal chemical arguments (Bailey, 1984) indicate that ~ e ~ +  and 
Ti are octahedrally coordinated in biotite, and the above 
comparison suggests that these components may directly 
compete with A1 for occupancy of octahedral sites. 

Equilibrium D 

Experimental data bracketing equilibrium D were obtained at 
-2.4 kbar (Table 3). All run products contained the assem- 
blage Bi-Alm-Si-Sa-Qz-H20, with no additional phases iden- 
tified by XRD, SEM, or optically. XRD patterns of run 
products showing strong biotite growth exhibit strongerpeaks 
at 17.54 and 45.00 20 than Anng used in starting materials. 
These peaks are very close to the positions of (002) and (005) 
Ms peaks, but no muscovite was found in detailed SEM 
imaging, and all experiments were run at temperatures 
exceeding Ms + Qz stability. We interpret these changes in 
XRD peak intensities to indicate increase in the amount of Ms 
component in the product biotite. 

cd A Figure 4. 
m - 2.0 - - 

A 

A1 content of Fe-biotites determined in this 
study (Table 2 ) .  Paired symbols show the 

k A [3 range of A1 content observed in different 

1.8- biotite grains of the same run product. - 

Open and closed symbols represent the 

2.6 

A s s e m b l a g e  
B i  + S i  + Sa + Qz + H20 

A. K(Fe2.2Alo.8)(AII.8Si2.2)010(0H)2 starting composition 

results of experiments starting with low-A1 
biotite (annite) and high-A1 biotite (Annzo), 
respectively. Squares and triangles repre- 
sent low pressure (-2 kbar) and highpres- 
sure (-3.5 kbar) experimental data. 

T e m p e r a t u r e  ( O C )  

1.0 I 
A KFe3(A1Si3)0,0(OH)z starting composition 
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Figure 5. 

T e m p e r a t u r e  

Table 3. Experiments on equilibrium D. 

Duration Stable % Reaction 
# (days) T("C) P(kbar) Assemblage' Observed 

1 20 691+4.0 2.45*0.05 Bi+Si+Qz 70 

3 24 709k4.0 2.34+0.09 Alm + Sa 30 

4 23 728k5.0 2.48*0.07 Alrn + Sa 70 

2 21 748*4.0 2.43k0.07 Alm + Sa 90 

DISCUSSION 

Although a number of petrogenetic grids have been proposed 
involving biotite, most do not make explicit allowance for the 
incorporation of excess A1 in biotite (e.g. Spear and Cheney, 
1990; Pattison and Tracy, 1991). Exceptions are the grids 
derived by Powell and Holland (1990) and Xu et al. (1994), 
which use estimated thermodynamic properties for Sdr based 
on the assumption of zero enthalpy change for the internal 
equilibrium: Sdr + Phl = East + Ann. The present exper- 
imental data on equilibrium C allow direct determination of 
thermodynamic properties of Sdr which can be more confi- 
dently applied to petrological calculations. Because of the 
limited range of biotite A1 contents produced in these exper- 
iments (Table 2), however, Fe-A1 mixing properties can not 
be determined from the results on equilibrium C alone. Com- 
bination of these data with those for equilibrium D is required 
to provide constraints on Fe-A1 mixing as discussed below. 

P-T diagram showing breakdown of Fe- 
biotite + alurninosilicare + quartz. Dotted 
curve is position of equilibrium D com- 
puted for stoichiometric annite. Heavy 
solid curves (with dotted metastable exten- 
sion for equilibrium A)  are computed with 
thermodynamic data based on new exper- 
imental data of this study. Thin dashed 
curve is position of equilibrium A calcu- 
lated with thermodynamic data of Holland 
and Powell (1990). Numbers beside curves 
are predicted A1 contents ( n ~ i  = [41~1-1 = 
@]AZ) of stable biotite. Experimental data 
are for equilibrium D (squares; this study) 
and equilibrium A (triangles; Holdaway 
and Lee, 1977), with solid and open sym- 
bols denoting growth of low- and high-T 
assemblages, respectively. 

For thermodynamic calculations we assume that A1 orders 
onto the M1 site (Circone et al., 1991), Al-Si mixing occurs 
on 4 equivalent tetrahedral sites, and that all excess A1 in the 
experimental biotites is related to Tschermak's substitution. 
With Sdr properties defined by the data for equilibrium C, the 
experimental bracket for equilibrium D is approximately 
20°C higher than computed with the assumption of ideal 
Fe-A1 mixing on the M1 site. A maximum value of WFeAl = 

-14.3 kJ/mol is required to provide the required additional 
stabilization of the biotite solid solution. This value is not 
unreasonable considering the negative excess volume of 
mixing on this join (Hewitt and Wones, 1975), and compared 
to Fe-A1 interactions obtained in studies on other silicates 
(Mader and Berman, 1992; Berman and Aranovich, in press). 

The derived thermodynamic properties can be used to 
compute the equilibrium A1 content and its effect on Fe-biotite 
stability as a function of P-T and bulk composition. Figure 5 
shows some results for the upper temperature stability of the 
assemblage Fe-biotite + sillimanite + quartz, calculated with 
the program THERIAK (de Capitani and Brown, 1987). 
Excess A1 in biotite increases very slowly as P and T increase 
along the breakdown curves to fCd + Sa at low P and to Alm 
+ Sa at pressures above about 2.4 kbar (solid heavy curves in 
Fig. 5). Compared to the computed position for equilibrium 
A with pure amite (dotted curve in Fig. 5),  excess A1 solubil- 
ity in biotite stabilizes the biotite assemblage by approxi- 
mately 200°C! 
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The results presented above can be compared with two 
previous studies. First, our computed curve for equilibrium A 
is in excellent accord with Holdaway and Lee's (1977) 
bracket at 710°C (Fig. 5), and only slightly outside their 
650°C bracket. This overall agreement suggests that their 
biotite, in spite of being synthesized with the wrong A1 
content, approached the equilibrium A1 content during their 
experimental runs, and that hercynite impurities present in 
their starting materials did not significantly affect their inter- 
pretation of run direction. Second, experiments by Hoffer 
(1976) using natural Fe-Mg Cd and Bi separated from the 
same rock, and assumed to be in exchange equilibrium, occur 
about 0.5 kbar lower than predicted by calculations based on 
our data (Berman and Aranovich, in prep.). This correspon- 
dence is encouraging since additional ~ e ~ +  in Hoffer's QFM- 
buffered biotite should have expanded the biotite stability 
field. Third, the (metastable) position of equilibrium A com- 
puted with thermodynamic dataof Holland and Powell (1990; 
thin dashed curve in Fig. 5) lies approximately 100°C lower 
than our curve based on the new experimental results. Never- 
theless, the magnitude of their predicted Al contents of 
Fe-biotite'are in overall accord with the experiments reported 
in this paper, although their calculations show a strong 
decrease in A1 with increasing temperature that is not sup- 
ported by our results (Fig. 5). The main reason for the differ- 
ence in the position of equilibrium A is the relative instability 
of their m i t e  endmember, which is based on Fe-Mg ex- 
change experiments between Bi, Gt, and Opx, as well as 
constraints from natural biotite-chlorite parageneses. It is the 
relative instability of biotite with respect to almandine that 
leads to exclusion of Bi + And + Qz as a stable paragenesis 
in their KFMASH grids (Powell and Holland, 1990; Xu eta]., 
1994), a point discussed further in Part 1. 

In addition to their direct impact on computed petroge- 
netic grids, the present results have important implications for 
the application of Fe-Mg exchange thermometers involving 
biotite. Starting with the work of Indares and Martingole 
(1985), many workers (Sengupta et a]., 1990; McMullin et a]., 
1991 ; Patino-Douce et al., 1993) have attempted to use natural 
partitioning data to calibrate the effect of octahedral A1 on 
Fe-Mg partitioning, with widely divergent results. Analysis 
of Fe-Mg partitioning constrains only the difference between 
Al interactions with Fe and Mg, commonly expressed as the 
difference between Margules parameters, WFeAl - WMgAI. 
As discussed above, analysis of the experimental data pre- 
sented in this study constrains WFeAl < -1 4.3 kJ/mol. Circone 
and Navrotsky (1992) derived WMgAI = 22.8 + 18.7 kJ/mol 
from their calorimetric measurements (assuming symmetric 
mixing). As this value implies a solvus between Phl-East that 
is not observed in single phase syntheses (Robert, 1976), we 
consider it more likely that WMgAl is near the low end of their 
uncertainty range, consistent with linear volumes across the 
Phl-East join (Hewitt and Wones, 1975). Assuming WMg4 = 0, 
the present experimental results provide a minimum estlmate 
of WFeAl - WMgAI = -14.3 kJ/mol, which translates to approxi- 
mately 80°C lower Gt-Bi temperatures for common pelitic 
compositions. Larger temperature corrections apply to other 
geothermometers which have smaller enthalpy changes than 
Gt-Bi. Excess Al has a much more profound effect, for 

example, on Fe-Mg exchange between Cd and Bi, and suc- 
cessful calibration and application of this thermometer must 
account for this effect. 

CONCLUSIONS 

The experimental data presented in this study tightly bracket 
the A1 content of Fe-biotite in assemblages with sillimanite+ 
sanidine+quartz+H20. The results show negligible tem- 
perature dependence of A1 solubility, and are in good accord 
with observations on natural biotites if the effects of Ti and 
~ e ~ +  are considered. Reversals obtained on equilibrium D 
allow unambiguous definition of the stability of Fe-Bi+Si+ 
Qz with respect to high-T, anhydrous assemblages. These 
data lend some support to the earlier work of Holdaway and 
Lee (1977), and are at odds with petrogenetic grids proposed 
by Spear and Cheney (1989) and Powell and Holland 
(1990). Preliminary analysis of the combined set of exper- 
iments indicates stabilization of Al-saturated Fe-biotite by 
approximately 200°C over stoichiometric annite. The 
derived negative excess enthalpy of mixing on the Ann-Sdr 
join provides the first experimental determination of Fe-A1 
interactions in biotite, which in combination with estimated 
Mg-A1 biotite energetics, dictates a significant correction to 
Fe-Mg exchange thermometers. 

To refine the effect of A1 on Fe-Mg partitioning, exchange 
experiments involving Fe-Mg-A1 biotites are in progress. An 
additional bracket on equilibrium D is also in progress to 
provide tighter constraints on the slope of biotite - almandine 
net transfer reactions. 
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Solubility of Al2O3 in orthopyroxene equilibrated 
with almandine in the system Fe0-A1,03-Si02 
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Aranovich, L.Ya and Berman, R.G., 1995: Solubility of A1203 in othopyroxene equilibrated with 
almandine in the system Fe0-A1203-Si02; - in Current Research 1995-E; Geological Survey of 
Canada, p. 271 -278. 

Abstract: Preliminary reversed phase equilibrium data have been collected which constrain the solubil- 
ity of A1203 in ferrosilite (Fs) in equilibrium with almandine garnet (Alm). The new data indicate 
significantly lower A1203 solubility in orthopyroxene (Opx) in the Fe-bearing system compared to the 
Mg-system. Orthopyroxene-garnet thermometry in crustal rocks based on the equilibrium: Fs + A1203 - 
Alm studied here is considerably more robust than previous calibrations based on the equivalent equilibrium 
in the Mg system. Results for several granulite terrannes show that Al-Opx temperatures based on the new 
experimental data generally yield higher temperatures than results based on Fe-Mg exchange thermometry, 
consistent with suggestions of previous workers. The differences in apparent closure temperatures between 
these equilibria (40-80°C) do not, however, appear to be as extreme as those based on previous experimental 
data. 

Resume : Les donnkes prkliminaires sur I'tquilibre de phase inversk renseignent sur la solubilitk de 
A1203 dans la ferrosilite (Fs) en Cquilibre avec I'almandin (Alm). Les nouvelles donntes indiquent une 
solubilitk de A1203 significativement plus basse dans I'orthopyrox&ne du syst&me A Fe que dans le syst&me 
A Mg. La thermomktrie de l'orthopyroxbne-grenat dans les roches de la crofite baske sur l'kquilibre Fs + 
A1203 = Alm B I'ktude dans le cas present est considkrablement plus robuste que les Ctalonnages prkddents 
basks sur l'kquilibre kquivalent dans le systbme A Mg. Les rksultats obtenus pour plusieurs terranes de 
granulites rkvklent que les temperatures de Al-Opx basCes sur les nouvelles donntes expkrimentales donnent 
gknkralement des tempkratures plus klevkes que les rksultats basks sur la thermomCtrie de I'kchange Fe-Mg, 
ce qui corrobore les propositions faites antkrieurement par les chercheurs. Les differences dans les 
tempkratures de fermeture apparentes entres ces tquilibres (40-80°C) ne semblent pas, cependant, Ctre aussi 
extremes que celles fondkes sur des donntes d'expkriences antkrieures. 

Institute of Experimental Mineralogy, Chernogolovka, Russia 
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INTRODUCTION 

The A1203 content in orthopyroxene coexisting with garnet 
in a variety of rock types has long been recognized as a 
sensitive indicator of the pressure (P)-temperature (T) condi- 
tions at which rocks equilibrated. Initial experimental inves- 
tigations focussed on the simplest chemical system, 
Mg0-A1203-Si02 (MAS), in order that P-T estimates could 
be derived for ultramafic, upper mantle xenoliths (e.g. Boyd, 
1973). More recent interest in Opx-Gt thermobarometry 
stems from attempts to understand lower crustal processes by 
defining metamorphic conditions for granulite facies rocks. 
o f  fundamental importance to these enbeavors are inferences 
that the A1203 content of Opx in equilibrium with Gt (here 
referred to as "Al-Opx" thermobarometry) may be consider- 
ably more resistant to post-peak temperature re-equilibration 
thin Fe-Mg exchange thermometers ( ~ r a n o v i c h  and 
Podlesskii, 1989; Fitzsimons and Harley, 1994; Pattison and 
BBgin, 1994; BCgin and Pattison, 1994). The interpretation 
that the Al-Opx thermometer may be better able to "remem- 
ber" near-peak P-T conditions is based on observed compo- 
sitional maps of Opx (Pattison and BCgin, 1994), but 
particularly on comparative Al-Opx versus Fe-Mg ther- 
mometry, the results of which are extremely sensitive to 
thermometer calibration. 

The amount of AI2O3 entering orthopyroxene in the MAS 
system was experimentally calibrated as a function of pres- 
sure and temperature by Perkins et al. (1981), Gasparik and 
Newton (1984), and Aranovich and Kosyakova (1984) for 
garnet-, spinel-, and cordierite-bearing assemblages, respect- 
ively. Most recent studies have attempted to calibrate the P, 
T, and compositional dependence of A1203 in Opx in the 
system Fe0-Mg0-A1203-Si02 (FMAS) which more closely 
represents orthopyroxene occurrences in crustal rocks (e.g. 
Kawasaki and Matsui, 1983; Harley, 1984; Aranovich and 
Kosyakova, 1984,1987; Lee and Ganguly, 1988; Eckert and 
Bohlen, 1992). All of these studies demonstrated the large 
effect of Fe on A1203 solubility in Opx: in garnet-bearing 
assemblages A1203 decreases with increasing bulk FeIMg 
ratio, while in cordierite-bearing assemblages A1 0 in- 

2 ? 
creases with increasing FeIMg. Unfortunately, there 1s no 
consensus among these studies in quantifying this effect: the 
data of Harley (1984) seem to indicate a very sharp decrease 
in Al-solubility while those of Aranovich and Kosyakova 
(1984, 1987) a rather smooth one; the other studies fall in 
between these extremes. 

A major drawback of the FMAS studies mentioned above 
is that, with the exception of 3 experimental brackets of Lee 
and Ganguly (1988), equilibrium was not demonstrated by 
reversals of the A1203 content of Opx approached from 
under- and oversaturation. Lack of reversed phase equilib- 
rium data makes modelling of the thermodynamic properties 
of Al-bearing Opx highly uncertain, and prevents robust 
calibration of thennobarometers involving aluminous Opx. 
We became aware of this uncertainty in the course of a 
thermodynamic analysis of high-temperature minerals in the 
system FMAST (Berman and Aranovich, in press), and found 
that this uncertainty severely affects the conclusions regarding the 

possibility of recovering "near-peak temperatures" of 
granulite-facies metamorphism with Al-Opx and Fe-Mg ex- 
change thermometry. 

To help resolve these uncertainties in the primary exper- 
imental data as well as the ambiguities in applications, 
reversed experimental data that constrain thermodynamic 
properties of Al-Opx in Fe-rich systems are sorely needed. In 
this report we present preliminary data for the equilibrium: 

in which the orthopyroxene solid solution is expressed using 
the components, ferrosilite (Fs) and orthocorundum (Ok = 

AI2O3). From an experimental standpoint, the advantage of 
employing this equilibrium is that it involves only one binary 
solid solution phase (Opx) whose equilibrium composition 
can be approached from opposite directions at fixed P-T 
conditions. 

EXPERIMENTAL METHODS 

Starting materials 

Starting almandine garnet was prepared following the proce- 
dure suggested by Bohlen et al. (1983). First, almandine glass 
was obtained by melting 0.5 g of a stoichiometric mix of 
Fe203, A1203, and Si02 (all oxides as reagent grade chemi- 
cals) in a graphite crucible at 1-atmosphere and 1300°C for 
about 20 minutes. The glass had a homogeneous dark green 
colour and was practically void of metallic Fe inclusions. Its 
chemical composition determined by microprobe analysis 
exactly corresponded to almandine stoichiometry. Almandine 
was crystallized from the finely ground glass using a graphite 
container in a piston-cylinder apparatus at 20 kbar and 
1200°C for approximately 24 hours. No phases other than 

Table 1. Chemical analyses (wt.% and cations) of 
synthetic minerals. 

AI-FS AI-FS AI-FS AI-FS 
Phase Alm Fs (avg.) 1 2 3 

# of analyses 8 6 20 1 1 1  

FeO" 43.05 45.76 51.86 50.59 54.08 51.31 

A1203 20.38 5.08 5.24 2.99 5.91 

Si02 36 54.61 42.84 42.75 44.3 42.24 

Total 99.43 100.37 99.78 98.58 101.37 99.46 

Si 2.99 1 0.93 0.94 0.95 0.92 

Al 1.99 0.13 0.13 0.08 0.15 

Fe 3.01 1 0.94 0.93 0.97 0.93 

Oxygen 12 3 3 3 3 3 

$ All Fe as FeO 
Analyses in last 3 columns show range of AI-Fs analyses 
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almandme were identified in the synthesis products. Almandine 
had a greenish colour with very little brown-red tint, suggest- 
ing almost no ~ e ~ + .  Unit cell parameters are in very good 
agreement with that determined by Bohlen et al. (1983). 
Electron microprobe analysis of the synthetic garnet (Table 1) 
also showed excellent agreement with theoretical almandine 
stoichiometry, thus implying no significant ferric iron. 

End-member ferrosilite was crystallized from a mechani- 
cal mix of Fe-oxalate with silica in sealed Au capsules in a 
piston-cylinder device at 900°C and 15 kbar for 24 hours. 
Approximately 5 wt.% excess Si02 was added to the fer- 
rosilite mix to saturate the fluid phase that was formed on 
decomposition of Fe-oxalate with respect to silica. The syn- 
thesis products were relatively coarse grained ferrosilite with 
subordinate amounts of quartz and graphite. No other phases 
were determined by optical, XRD, and SEM analysis. Pres- 
ence of graphite precipitated from the C-0-H fluid phase 
during the syntheses indicates rather low oxygen fugacity 
conditions (about 1 log unit below those on the QFM buffer). 
Both unit cell parameters and chemical composition of the 
synthetic ferrosilite (Table 1) suggest that little to no ~ e ~ +  is 
present. 

Orthopyroxene containing 5 wt.% A1203 (AI-Fs) was 
synthesized in a two-step procedure similar to that suggested 
by Gasparik (1987) for making Al-rich Opx on the enstatite- 
Mg-Tschermak join. First, a mechanical mix of Fe-oxalate, 
silica, and Y-A1203 was melted in a sealed Au capsule at 
1050°C and 15 kbar in piston-cylinder apparatus for 30 
minutes. Then the temperature was decreased to 950°C , and 
the sample held at this lower temperature for another 3 hours. 
The products of the syntheses consisted of orthopyroxene, 
with minor quartz and graphite, and traces of fayalite as 
inclusions in the central parts of large Opx grains (Fig. la). 
No individual fayalite grains were identified by optical, XRD, 
SEM, or microprobe analysis. The aluminous Opx crystal- 
lized metastably (see discussion below regarding stable as- 
semblage at these conditions) as large elongate grains with 

subordinate short-prismatic grains. The crystals had a dark- 
green colour and strong pleochroism, similar to that of pure 
ferrosilite. Its chemical composition ranged from 3.6-6.0 
wt.% A1203 (Table 1: AI-Fs #1-3) clustering at the nominal 
5 wt.% (Table 1). Unit cell parameters show a systematic 
decrease from those of Fs, indicating that A1203 in Fe-or- 
thopyroxene has a similar, but somewhat greater effect on 
Opx volume compared to the MAS system. 

Two starting mixes were used for the reversal runs: one 
consisted of equal amounts of Alm and Fs (mix "a" in 
Table 2), and another of equal amounts of Alm and AI-Fs (mix 
"b" in Table 2). In a few runs we employed the starting mix 
used for the AI-Fs synthesis (mix "c" in Table 2), in order to 
compare the results of these "synthesis" runs to other studies 
that employ non-crystalline starting materials (Kawasaki and 
Matsui, 1983; Harley, 1984). 

In the reversal experiments, 3 to 4 mg of starting mix was 
loaded in 112-inch Au capsules along with 0.5-1.0 mg of 
hydrated oxalic acid and about 0.2 mg graphite powder. 
Capsules were then sealed by arc welding and placed in the 
high-pressure assembly described below. 

Apparatus and run procedure 

All experiments were carried out in a conventional piston- 
cylinder apparatus with 19.01 mm diameter furnace assem- 
blies and pistons. The assembly and technique for bringing 
P-T parameters of the runs up to the required values exactly 
corresponded to those described in detail by R.C. Newton in 
Johannes et al. (1971) and Johannes (1973). Temperature was 
measured with W-Re thermocouples with no correction for 
the effect of pressure on emf. No pressure correction was 
applied to the NaCl assemblies in accord with the findings of 
many workers (e.g. Johannes et a]., 1971). P-T fluctuations 
during the runs did not exceed 0.1 kbar and 1 "C, respectively. 

Figure 1. Backscattered electron images of synthesis and reversal run products: (a) synthetic Opx with 5 
wt% A1203; bright spots are fayalite nuclei; (b)  almandine (dark spots)-Opx (bright matrix) intergrowth 
in run 2b. 
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Overall uncertainties associated with temperature gradient 
along the graphite heater and pressure calibration of the NaCl 
assembly are no greater than zk 5°C and 0.4 kbar, respectively. 

Two capsules, one containing mix a and the other mix b, 
were placed horizontally inside graphite cylinders and run 
simultaneously to eliminate possible differences in P-T con- 
ditions for each reversal experiment. Run duration varied 
from 2 days at 1000°C to 6 days at 850°C. 

RUN PRODUCTS 

All run products were analyzed optically, by SEM, and by 
electron microprobe. X-ray diffraction was not used to ana- 
lyze products of the reversal runs in order to avoid grinding 
of the samples that could obscure any possible within-grain 
inhomogeneity of run products. Optical examination was 
found quite sufficient for identifying final phases in the runs, 
primarily due to the fairly distinct optical properties of the 
phases. The results of optical studies were always supported 
by back-scattered electron images and microprobe analysis. 

Analyses were made using the University of Chicago 
Cameca SX-50 automated electron microprobe. Operating 
conditions were 15 kV accelerating potential, 25 nA current 
as measured by the Faraday cup, and afocused electron beam. 
X-ray intensities were obtained using wavelength dispersive 
spectrometers with backgrounds obtained by offsetting spec- 
trometers on either side of the peak. Standards were natural 

Table 2. Experimental data for equilibrium (1). 

#. P ToC Time Final X, Eqm 
(kbar) (hours) Range X O ~  

l a  15 950 70 -007-.015 0.015 
I b  15 950 70 .067-.016 0.016 
1~ 15 950 94 -009-.018 

2a 15 1000 69 .012-.019 0.019 
2b 15 1000 69 .062-.020 0.020 

3a 15 900 141 .005-.012 0.012 
3b 15 900 141 .068-.014 0.014 

4a 15 850 169 .OOO-.010 0.010 
4b 15 850 169 -081--010 0.010 
4~ 15 850 188 .008-.016 

5a 12 950 120 .010-.017 0.017 
5b 12 950 120 .070--019 0.019 
5~ 12 950 144 .014-.020 

6a 10 900 167 Alm+Fa+Qz 
6b 10 900 167 Alm+Fa+Qz 

All r u n s  contain Alm + Al-Opx, except for 6a and 6b; 
Runs 5a-5c also contain Fa 
' X, = Al cations I 2  

Estimated equilibrium value based on most advanced 
Opx compositions 

anorthite for Al and natural Fe-rich olivine for Fe and Si. 
Matrix corrections were those supplied by the manufacturer 
(PAP correction procedure). Estimated uncertainties of the 
analyses do not exceed 2% of the amount present. 

Special care was taken in selecting spots for microprobe 
analysis. Due to the same Fe:Si ratio in garnet and orthopy- 
roxene any possible overlap of the analyzed Gt and Opx grains 
would have produced "artificial" Opx compositions with high 
A1203 content. To avoid this problem, back-scattered electron 
imaging was used to select all analysis spots. Opx grains were 
not analyzed closer than 3 pm to the rims, to avoid "edge 
effects" (Ganguly et al., 1988). 

Individual analyses were accepted if elemental oxide 
totals were 100 k 2% and stoichiometries did not deviate by 
more than 1.5% in any cation site from ideal almandine or 
orthopyroxene mineral formulae. With these criteria applied, 
no appreciable ferric iron in either garnet or orthopyroxene 
was indicated in the microprobe analyses. Very good agree- 
ment between calculated octahedral and tetrahedral A1 atoms 
in Opx provided an additional indication of the high quality 
of the accepted analyses. 

EXPERIMENTAL RESULTS 

A major difficulty in interpreting the results of experiments 
on solid-solution bearing equilibria in systems containing 
A1203 arises from compositional inhomogeneity of run 
products (e.g. Perkins et a]., 1981; Aranovich and Kosyakova, 
1984; Aranovich and Pattison, 1995). We also encountered 
this problem in our study. Opx from any single experimental 
charge varies in composition both within individual grains 
and from grain to grain. The intergranular compositional 
heterogeneity was found to be more pronounced than zoning 
within crystals, indicating that the major mechanism of equili- 
bration was dissolution-precipitation via a fluid phase rather 
than solid state diffusion (e.g. Pattison, 1994). 

About 20-30 grains of Opx were analyzed in each run. A 
group (not less than 4 individual points) of spot analyses, 
either of separate homogeneous grains or of rims of a single 
zoned grain, representing compositions most different from 
the starting ones were assumed to be closest to equilibrium. 
These compositions, along with run conditions, are given in 
Table 2. With the exception of run # 4a at the lowest tempera- 
ture, we did not observe pure Fs in runs with starting mix "a", 
whereas most runs using mix "b" contained some Opx grains 
with A1 contents indistinguishable from that of AI-Fs. This 
contrast indicates that forward reaction rate is faster than the 
backward reaction (1). Such "asymmetry" in the rates of 
forward and backward reactions seems to be a typical feature 
of solid solution reactions (e.g. Aranovich, 1976; Aranovich 
and Pattison, 1995). One implication is that midpoints of 
compositional brackets for these reactions may not represent 
the most probable equilibrium position (as is assumed in 
least-squares methods of fitting phase equilibrium data). 

Unlike the results obtained on similar reactions in MAS 
(e.g. Perkins et al., 1981; Aranovich and Kosyakova, 1984), 
our data do not show any overlapping of the most advanced 
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compositions of Opx in the coupled runs. This is most likely 
explained by faster reaction rates for both half-reactions in the 
FAS compared to MAS system. In addition, microprobe 
analysis of FAS run products was facilitated by the greater 
difference in atomic numbers between Al and Fe compared 
to Mg and Al. 

Also presented in Table 2 are the results of a few "synthesisw- 
type experiments in which the same mechanical mix as for 
the Al-Opx synthesis was used as a starting material. With 
sufficient duration, these runs produced low-Al Opx and 
almandine, suggesting that syntheses of AI-Fs involved 
metastable growth of higher Al Opx (-5% A1203) during 
much shorter run times. The compositional range of the 
resulting Opx (Table 2) was generally not as large as that in 
the runs using the crystalline starting mixes, and in all cases 
the range spanned that of the equilibrium value determined 
with the crystalline materials. Thus, although the results 
produced by the synthesis runs are consistent with those 
produced with crystalline starting materials, the knowledge 
of the direction of compositional approach to equilibrium 
with the latter materials yields a more precise estimate of 
equilibrium compositions. 

Our data indicate very limited solubility of A1203 
(<0.02 XOk) in Fe-Opx, which is significantly lower than that 
in Mg-Opx (-0.06 XOk) under the same P-T conditions. This 
result is consistent with the much larger stability field of 
almandine relative to pyrope and the much smaller stability 
field of ferrosilite relative to enstatite. Unfortunately, we have 
been able to collect data on equilibrium (1) over a rather 
restricted range of P-T conditions. At higher temperature we 
observed melting of Alm in presence of H20-C02 fluid. At 
lower pressure, Al-free Opx decomposes to Fa+Qz (Bohlen 
et a]., 1980; Bohlen and Boettcher, 198 1). In the FAS system, 
the lower pressure limit of Opx stability is defined by the 
univariant reaction (Fig. 2): 

In runs at 950°C and 12 kbar (# 5a, 5b in Table 2) we did 
observe fayalite in run products. Although the above equilib- 
rium has not been reversed, we believe that these conditions 
are very close to the univariant equilibrium for the following 
reasons. First, both half-reversal runs produced very similar 
final Opx compositions (XOk = .017-.019) which implies that 
Opx was stable. Second, the calculated position of this equi- 
librium, using thermodynamic properties that do not incorpo- 
rate constraints on its location, is within 200 bars of these 
nominal P-T coordinates (Fig. 2). Further experiments are 
planned to extend the present data set to higher pressure. 

of the thermodynamic data (available on request from the 
second author) incorporates uncertainties in P, T, and compo- 
sition, and is discussed in detail elsewhere (Berman and 
Aranovich, in press). Of primary importance is the conclusion 
based on the new experiments that A1203 solubility in FAS 
Opx is considerably lower than the value based on the lone 
other reversal (at 46 kbar and 1300°C) by Kawasaki and 
Matsui (1983). Constraints provided by the volume of AI-Fs 
determined in this study do not allow these high pressure data 
to be accommodated within the uncertainties of the present 
data set. Also important is the conclusion (Berman and 
Aranovich, in press) that the' present experimental data are 
completely compatible with the only other reversed A1203 
solubilities, in MAS (Perkins et al., 1981) and in FMAS (Lee 
and Ganguly, 1988), and merge more easily with the com- 
bined FMAS data set than the Kawasaki and Matsui bracket. 
Taken together, these results suggest that quantitative calcu- 
lations applied to natural FMAS Opx can now be more 
reliably performed. 

The FAS equilibrium (1) investigated in this study is 
linearly related to an equivalent MAS equilibrium 

which intersects the Fe-Mg exchange equilibrium between 
Opx and Gt 

P y + 3 F s = A l m + 3 E n  (3) 

T e m p e r a t u r e  ( O C )  

DISCUSSION 

The phase equilibrium data presented above provide impor- 
tant constraints on the position and slope of isopleths of Opx 
A1203 content in the FAS system. Figure 2 shows isopleths 
computed with thermodynamic data based on the data pre- 
sented in this study in addition to a large body of other 
experimental data constraining FMAS minerals. Derivation 

Figure 2. Experimental results constraining the equilibrium: 
3 Fs + Ok = Alm ( I ) .  Size of boxes shows experimental P-T 
uncertainties, with nominal Xok values in parentheses. 
Experiments produced the assemblages: Opx + Gt (solid), 
Opx + Gt + Fa (halffilled box), and Gt + Fa + Qz (open 
box). Isopleths of Xok (lighter curves), and univariant phase 
boundaries (heavy curves) calculated as described in text. 
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at an invariant point (Fig. 3). Compared to the MAS equilib- 
rium (2), the FAS equilibrium (1) has a considerably larger 
enthalpy and entropy of reaction, which makes it a much more 
robust thermobarometer. The MAS equilibrium has a mo're 
shallow slope than the FAS equilibrium (Fig. 3), a difference 
that dictates that it will always produce poorer agreement with 
the exchange equilibrium (3) than equilibrium (I), except if 
pressure estimates yield the invariant point. Under optimal 
circumstances, intersection of equilibrium (1) and (3) define 
P and T uniquely, but the acute angle of intersection of these 
equilibria is not conducive to reliable P-T determinations. A 
better approach is to use a net transfer equilibrium involving 
garnet and plagioclase as a barometer, and retrieve T 
estimates from comparison of the positions of equilibria (1) 
and (3). 

Applications 

Recent applications, utilizing the MAS equilibrium and 
Harley's experimental data as a basis of calculations (Btgin 
and Pattison, 1994), have concluded that Al-Opx yields sig- 
nificantly higher P-T results than the Fe-Mg exchange equi- 
librium. These results appear consistent with compositional 
maps of Opx that show greater zonation in Fe-Mg ratio than 
A1203 contents (Pattison and BCgin, 1994), and that have 
been attributed to diffusional reequilibration at lower than 
peak temperatures. Following a correction procedure 
suggested by Fitzsimons and Harley (1994) based on pressure 
d i f fe rences  recorded by equi l ibr ium (2) and the  

Gt-Opx-Plag-Qz barometer, BCgin and Pattison (1994) esti- 
mated the amount of Fe-Mg re-equilibration from the differ- 
ence in temperatures computed with equilibrium (2) and (3). 
"Peak" temperatures are then recomputed from Opx and Gt 
compositions adjusted for this late Fe-Mg exchange. With this 
technique, BCgin and Pattison (1994) computed P-T condi- 
tions for paragneisses from the Minto Block, northern Quebec 
between 5.7-10.9 kbar and 760-1035°C (circles in Fig. 3), up 
to 300°C higher than unadjusted Fe-Mg exchange tempera- 
tures. Their results show a regional difference in P-T condi- 
tions with generally higher pressures in the west part of the 
region, and near-isobaric P-T paths. 

Figure 3 shows preliminary results of thermobarometric 
calculations utilizing the thermodynamic data based on the 
experiments reported in this paper. For the same Minto Block 
mineral core compositions used by BCgin and Pattison (1994), 
we calculate (triangles in Fig. 3) considerably lower tempera- 
tures (6254350°C) with equilibrium (1). For the two highest 
T rocks, equilibrium (1) yields higher temperatures than 
equilibrium (3), but the differences are less than 40°C. The 
lowest T rock shows lower Al-Opx than Fe-Mg exchange 
temperatures. Our results therefore suggest that the less Pro- 
nounced compositional zoning profiles for A1203 compared 
to Fe-Mg in Opx observed by Pattison and BCgin (1994) 
correspond to small differences (up to 40°C) in closure of the 
two thermometers. The lower temperatures computed here 
also lead to calculated pressures that are 2.5-3.0 kbars lower 
(<6.7 kbar), and which do not show any systematic regional 

Figure 3. 

Computed P-T results for Opx-Gt samples 
ffom the Minto block (Bkgin and Pattison, 
1994) and Ashuanipi complex (Percival, 
1991). Curves shown for Minto sample 
B74B. Note geometry of invariant point 
which dictates that the MAS equilibrium 
(2)  always yields more discordant tem- 
peratures than the FAS equilibrium ( I ) ,  
compared to the Fe-Mg exchange ther- 
mometer (equilibrium 3). P-T results for 
Minto samples (triangles) and Ashuanipi 
samples (squares) are based on intersec- 
tion of the Opx-Gt-Plag-Qz barometer 
with the FAS equilibrium ( I ;  solid sym- 
bols) or with the Fe-Mg exchange equilib- 
rium (3, open symbols). Circles show P-T 
results of Bkgin and Pattison (1994) for 
Minto block samples. 

T e m p e r a t u r e  
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variation. These results are in excellent agreement with 
Al-hornblende pressures reported by Percival et al. (1992). It 
should be noted, however, that our calculations apply only to 
six samples for which representative data were published by 
Bkgin and Pattison (1994), and only one (P88) is from the 
high-P region computed by them. 

P-T results for diatexites and paragneisses of the 
Ashuanipi Complex, northern Quebec (Percival, 1991) are 
also shown in Figure 3. For this group of samples, Al-Opx 
temperatures are generally higher than Fe-Mg temperatures, 
with two samples showing differences up to approximately 
80°C. Overall, the entire group of Ashuanipi samples yields 
higher temperatures than the Minto Block samples, with all 
but one sample in the 790-900°C range. The difference with 
the Minto Block rocks is not easily related to calibration 
problems because both groups of samples have very similar 
chemical compositions. Taken as a whole, the combined 
results support previous suggestions (Aranovich and 
Podlesskii, 1989; Fitzsimons and Harley, 1994; Btgin and 
Pattison, 1994) that AI2O3 solubility in Opx is less susceptible 
to post-thermal peak reequilibration. Al-Opx calculations 
based on the more robust FAS equilibrium (1) indicate that 
the maximum difference in closure temperature of Al-Opx 
versus Fe-Mg exchange is likely in the order of 40-80°C. 
Smaller differences recorded by many of the samples shown 
in Figure 3 are probably related to textural differences, such 
as grain size and proximity of Opx-Gt grains. 

Both the Minto block and Ashuanipi Complex are domi- 
nated by unmetamorphosed granodioritic rocks (Percival et al., 
1992) with subsidiary amounts of metasedimentary supracrus- 
tal rocks. Btgin and Pattison (1994) presented petrogenetic 
grid arguments that minimum temperatures in the Minto 
block were at least 800°C to form Gt-Opx-Plag-Qz-melt 
assemblages, and they also reported spinel + Qz inclusions in 
cordierite that may indicate even higher temperatures. If these 
observations are extrapolated to a regional scale, they suggest 
that the two terranes may have formed under very similar P-T 
conditions, and that the dominant contrast between them is in 
their post-"peak" P-T history. Available U-Pb data for zircon 
and monazite (Percival et a1 ., 1992) point to a more protracted 
cooling history, including localized amphibolite retrogres- 
sion, for the Ashuanipi complex compared to that of the Minto 
block. This contrast between the records preserved by the 
isotopic and thermobarometric systems seems most compat- 
ible with post-thermal peak re-equilibration being strongly 
affected by local variations in the availability of fluids. 
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Abstract: The Acadians Range Complex in northern New Brunswick contains extensively deformed 
felsic volcanic rocks of the Middle Ordovician Tetagouche Group. The felsic volcanic rocks contain a 
cryptic stratigraphy that has been obscured by deformation and low grade metamorphism. Using detailed 
petrology and geochemistry the felsic volcanic rocks have been subdivided into three formations and two 
intrusive lithodemes. 

The Caribou Mine Formation consists of three distinct feldspar phyric members and is readily 
distinguished from the rest of the complex by its phenocryst population. The approximately contemporary 
Nepisiguit Falls Formation consists of a series of mostly pyroclastic quartz-feldspar porphyries. The Flat 
Landing Brook Formation is dominated by nearly aphyric ignimbrites and rhyolite flows. A region of coarse 
co-ignimbritic breccias is interpreted to represent a caldera. The two lithodemes are quartz-feldspar 
porphyries that are identified by their phenocryst populations and their chemical compositions. 

R6sum6 : Le Complexe d'Acadians Range dans le nord du Nouveau-Brunswick contient des roches 
volcaniques felsiques tr&s dtformtes du Groupe de Tetagouche de 170rdovicien moyen. Les roches 
volcaniques felsiques contiennent une stratigraphie cryptique qui a t t t  masqute par la dkformation et un 
faible mCtamorphisme. En utilisant une pktrologie et une gtochimie dttailltes, on a subdivist les roches 
volcaniques felsiques en trois formations et deux lithodhmes intrusifs. 

La Formation de Caribou Mine est compost de trois membres distincts A phtnocristaux de feldspath qui 
se distinguent facilement du reste du complexe par ses phtnocristaux. La Formation de Nepisiguit Falls A 
peu prbs contemporaine est constitute d'une strie de porphyres quartzofeldspathiques surtout 
pyroclastiques. La Formation de Flat Landing Brook est surtout composCe d'ignimbrites quasi aphyriques 
et de coultes de rhyolite. Une rCgion de br&ches co-ignimbritiques grossi6res est interprCt6e comme une 
caldeira. Les deux lithod&mes sont des porphyres quartzofeldspathiques que l'on identifie par leurs 
populations de phtnocristaux et leur composition chimique. 

' Contribution to the 1994-1999 Bathurst Mining Camp, Canada-New Brunswick Exploration Science and Technology 
(Extech) Initiative 
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INTRODUCTION 

The Ordovician felsic volcanic rocks of the Tetagouche Group, 
collectively the Acadians Range Complex, are a sequence of 
generally highly deformed extrusive and shallow level intru- 
sive rocks (Rogers, 1994). Previously the Acadians Range 
Complex rocks were subdivided into the Nepisiguit Falls and 
Flat Landing Brook formations (van Staal and Fyffe, 1991). 
However, Rogers (1994) has shown that the Acadians Range 
Complex needs to be further subdivided with the incorporation 
of another formation and two lithodemic units - the Caribou 
Mine Formation and Devils Elbow Brook and Wildcat por- 
phyries, respectively (Fig. 1). The aim of this paper is to 
describe the petrographic and physical features which enable 
the recognition of the various units of the Acadians Range 
Complex. 

This subdivision of the Acadians Range Complex rocks 
became apparent following a combined study of the physical 
features, paleogeography, and geochemistry. The chemistry 
provided a "window" through the pervasive deformation, 
enabling the recognition of distinct petrographic features for 
all the units. As many elements are mobile under the low- 
grade metamorphic conditions present within the region, 
analysis was largely based on the relatively immobile high- 
field-strength (HFSE) group of elements (Fig. 2,3). Identifi- 
cation of the individual rock units were primarily carried out 
on a ZrlTi02-YlTi02 discrimination diagram (Rogers, 1994). 
This diagram also illustrates the possible evolutionary trends 
based on assimilation-fractional crystallization models. 

GEOLOGICAL SETTING 

The Tetagouche Group consists mainly of bimodal mafic- 
felsic volcanic rocks interbedded with subordinate sedi- 
mentary rocks, which have been imbricated into several, 
generally northwardly younging, major thrust sheets (van 
Staal et al., 1991). It lies disconformably upon the clastic 
sediments of the Miramichi Group (van Staal and Fyffe, 
1991). In addition to the formations containing Acadians 
Range Complex felsic volcanic rocks, four other forma- 
tions have been defined (van Staal and Fyffe, 1991; van 
Staal et al., 1992). These are (i) the Patrick Brook Formation, 
which consists of dark grey sandstones, characterized by 
abundant volcanic quartz phenoclasts, interlayered with 
black slates; (ii) the Vall6e Lourdes Formation, comprising 
greenish-grey siltstones interbedded with calcareous sand- 
stones and minor polymictic conglomerates; (iii) the Canoe 
Landing Lake Formation, which consists of two basaltic 
suites (the Canoe Landing Lake suite and the structurally 
overlying Nine Mile Brook suite); (iv) the Boucher Brook 
Formation, which consists of thinly bedded, dark grey to 
black, feldspathic wackelslate rhythmites grading upward 
into a black slate. Deformation was polyphase and complex 
(van Staal and Williams, 1984). The S1 foliation, which is 
related to thrusting, is penetrative and generally parallel to 
bedding, whilst the F4  and F5 structures are responsible for 
most of the large scale regional distributions of rocks. 
Associated with the D l  deformation is low-grade regional 
metamorphism, dated at 447 + 6 Ma (van Staal et  al., 1990). 

a Devils Elbow Brook porhyry 

a Flat Landing Brook Fm 

a Nepisiguit Falls Frn 

a Caribou Mine Frn 

47.5 

Massive Sulphide Deposits 
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2 - Brunswick No. 12 

3 - Caribou 

4 - Heath Steele 
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6 - Nepisiguit 47.25 

7 - Orvan Brook 

66.5 66.0 

Figure I .  Geological map of the Acadians Range Complex. 
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Figure 2. HFSE rock discrimination for the Acadians Range Complex 
(after Winchester and Floyd, 1977). 
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Figure 3. HFSE discrimination of the Acadians Range Complex, with the 
possible evolution trends of each formation. 
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ACADIANS RANGE COMPLEX 

The complex contains almost all of the felsic volcanic rocks 
of the Tetagouche Group (some unrelated comendites occur 
in the Boucher Brook Formation (van Staal et al., 1991)). It 
is divided into the Caribou Mine, Nepisiguit Falls, and Flat 
Landing Brook formations and the lithodemic Devils Elbow 
Brook and Wildcat porphyries (Fig. 1, 4). The Wildcat por- 
phyry has an alkalic chemical signature (Fig. 2), which 
implies that it might be unrelated to the surrounding felsic 
volcanic rocks. 

CARIBOU MINE FORMATION 

The Caribou Mine Formation consists of three feldspar phyric 
members - the Cameron Brook, California Lake Brook and 
Oman Brook porphyries. They range in composition from 
dacites to rhyodacites and appear to be related by assimila- 
tion-fractional crystallization processes. These rocks were 
previously assigned to the Flat Landing Brook Formation 
(van Staal and Fyffe, 1991). 

The Caribou Mine members are distinguished from the 
rest of the Acadians Range Complex by their typically mod- 
erate to high concentration of relatively large feldspar phe- 
nocrysts, combined with an absence of quartz phenocrysts. 
Chemically they are characterized by higher C1, Ga, Rb and 
Y, and lower Na02, Zn and Zr compositions than the other 
felsic volcanic rocks and are readily distinguished on a 
Zr/Ti02-Y/Ti02 discrimination diagram. The three felsic 
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volcanic members are separated primarily on the basis of their 
chemistry, although some recognizable petrographic vari- 
ations have been identified. 

The Caribou Mine Formation is completely bounded by 
ductile thrusts, which means that a complete section is not 
preserved. Furthermore, until all the members have been 
radiometrically dated, it will not be possible to determine the 
internal stratigraphy. In the structural hanging-wall of the 
Caribou Mine, the Cameron Brook porphyry is overlain 
respectively by the California Lake Brook and then the Orvan 
Brook porphyries. Whether this sequence represents a right 
way-up stratigraphy or not is unclear at present. In addition, 
the relative distributions of the members across the formation 
as a whole could relate to the partially overlapping extrusion 
of coeval magmas, rather than any particular "layer-cake" 
type stratigraphy. The formation is restricted in its distribution 
to a relatively narrow zone along the northern margin of the 
Acadians Range Complex, largely stretching between the 
Nepisiguit A and Caribou massive sulphide deposits. Other 
massive sulphide deposits that are contained within this 
formation include the Armstrong Brook and Orvan Brook 
deposits. 

Cameron Brook porphyry 

Field relations, such as the association with sediments and 
lack of autobrecciated margins, imply that the Cameron 
Brook porphyry consists primarily of shallow level sheets and 
cryptodomes. It is a bimodal feldspar porphyry, with the 
phenocrysts pseudomorphed by metamorphic microcline 

Boucher Brook Fm 

Wildcat porphyry 

Nepisiguit Falls 
Fm 

Caribou Mine 
Fm 

Devils Elbow 
Bmok porphyry 
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Figure 4. Stratigraphy of the Acadians Range Complex. 
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(originally sanidine). The microscopic cherty appearance and 
lack of pyroclastic indicators (such as lithic fragments) indi- 
cate an effusive origin. 

The feldspar phenocrysts have a maximum size of 10 by 
5 mm, with a modal size of 5 by 3 mm. In hand specimen they 
are pink or white; the colour is probably due to the local 
oxidation effects induced by metamorphic/metasomatic 
alteration. The concentration of phenocrysts ranges between 
5% and 30% by volume, with the variable degree of shear 
being a major control on the amount of phenocrysts pre- 
served. Moderate amounts of shearing preferentially removes 
groundmass materials and hence tends to increase the propor- 
tion of phenocrysts, whereas more intense shearing causes the 
destruction and/or recrystallization of the phenocrysts into 
mortared augen and so reduces the phenocryst proportion. In 
regions of relatively low strain the feldspar phenocrysts are 
typically euhedral to slightly subhedral in form with sharp 
edges. They appear to have originally consisted of sodium- 
rich sanidine, with simple twinning, which during metamor- 
phic replacement has caused the typical blotchy extinction 
and occasionally patch perthite to develop. The generally 
anhedral feldspar microphenocrysts range from 0.1 to 0.6 mm 
in size and constitute up to 10% of the total rock by volume. 

The groundmass is a lower greenschist assemblage of 
feldspar, quartz, chlorite, sericite, muscovite, and epidote. 
Preserved primary features include lithosae, recrystallized 
quartz-feldspar-chlorite-filled amygdales and perlitic frac- 
tures. The main distinguishing features are the high concen- 
tration of well formed blotchy potassium feldspars, crowded 
microphenocryst assemblage and presence of lithosae. 

California Lake Brook porphyry 

The California Lake Brook porphyry is a light to dark green 
bimodal feldspar porphyry, which at least partially overlies 
the Cameron Brook pbrphyry. The feldspar phenocrysts have 
a maximum size of 8 by 5 mm and a modal size of 3 by 2 mm 
and are generally white or occasionally pink. The concentra- 
tion of phenocrysts ranges from 15% to 40% of the total rock 
volume, with the modal concentration being circa 25% by 
volume. They are generally subhedral in form, with a typical 
slight rounding to the comers when compared to the Cameron 
Brook porphyry. The blotchy extinction, which is typical of 
the Cameron Brook porphyry, is quite rare, whilst the devel- 
opment of patch perthite and chessboard albite is fairly 
common in the California Lake Brook porphyry, as are 
granophyric textures. 

The anhedral microphenocrysts range in size up to 
0.5 mm and comprise between 1 % and 10% of the total rock 
by volume. Overall the main distinguishing petrographic 
features for the California Lake Brook porphyry are (i) its 
high concentration of relatively large potassium feldspars; 
(ii) well formed, but slightly rounded edges to the phe- 
nocrysts; (iii) common formation of patch perthite, chess- 
board albite and myrmekite; (iv) and generally the lowest 
concentration of microphenocrysts within the Caribou Mine 
Formation. 

Orvan Brook porphyry 

The Orvan Brook porphyry is very limited in distribution, 
although this may be as a result of thrust excision. Currently 
the sole radiometric date for the California Mine Formation 
is a U-Pb zircon age of 470 f 5 Ma (van Staal and Sullivan, 
1992) for the Orvan Brook porphyry; this is of little use, as 
the error covers all of the Acadians Range Complex volcan- 
ism. Although further age constraint comes from the local 
interfingering of Nepisiguit Falls Formation volcanic rocks 
(Fig. 4). 

The Orvan Brook porphyry is a light to dark green bimodal 
feldspar porphyry, with subhedral phenocrysts that range of 
between 2 and 6 mm long. They are pink or white and account 
for 3 to 20% of the total rock by volume depending on the 
state of strain. The feldspars crystallized as sanidine and were 
later altered by metamorphisrn/metasomatism predominantly 
to microcline. The formation of alteration textures such as 
patch perthite and chessboard albite is less common than in 
the other members of this formation, although blotchy extinc- 
tion is frequently developed. The anhedral microphenocrysts 
range in size from 0.1 to 0.8 mm and constitute up to 15% of 
the total rock by volume. The most distinctive feature of the 
Orvan Brook porphyry is the presence of opaque pseudo- 
morphs after biotite phenocrysts, that range in size from 0.2 
to 1 mm and constitute between 0.5% and 3% of the total rock 
by volume. 

In summary the distinguishing features of the Orvan 
Brook porphyry are the slightly smaller phenocrysts than the 
other members of the California Mine Formation, in associa- 
tion with larger microphenocrysts. Also, the feldspar 
phenocryst typically exhibit blotchy extinction and only 
occasionally patch perthite. However, the main distinguishing 
feature is the high concentration of opaque pseudomorphs 
after biotite. 

Three quartz-feldspar phyric members that range from dacite 
to rhyolite occur in the Nepisiguit Falls Formation -Lindsay 
Brook, Ratcliffe Brook and Mount Moser porphyries. They 
are readily distinguished from the approximately contempo- 
rary California Mine Formation (Fig. 4) by the presence of 
quartz, as well as feldspar phenocrysts. Chemically the 
Nepisiguit Falls Formation is characterized by a lower mean 
Zr content than the other quartz-feldspar porphyries in the 
Acadians Range Complex, while the three felsic volcanic 
members distinguished from each other on a ZrlTi0,-Y/TiO, 
discrimination diagram (Fig. 3). Contained wlthin the 
Nepisiguit Falls Formation are a number of the massive 
sulphide deposits present in the Acadians Range Complex 
(e.g. Brunswick No. 12). 

Lindsay Brook porphyry 

The Lindsay Brook porphyry has a limited distribution and 
occurs nearly at the base of the Nepisiguit Falls Formation. 
The exact age relations of the felsic volcanic rocks of the 
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Nepisiguit Falls Formation have not been confirmed, as this are shown to be typically rounded and embayed. The alkali 
member has not yet been radiometrically dated and no com- feldspar phenocrysts are slightly larger, typically subhedral 
plete section through the formation is known. and consist more of albite than microcline. The groundmass 

The Lindsay Brook porphyry is a light brown to grey 
quartz-feldspar porphyry. The phenocrysts are dominantly 
subhedral alkali feldspars, with fewer and smaller quartz 
crystals. The occasional preservation of quartz-filled 
amygdales, along with the evidence for an explosive origin 
(e.g. lithic fragments) and the close association of volcano- 
genic sandstones, points towards formation as a partly-welded 
pyroclastic flow in a shallow marine environment. 

The quartz phenocrysts account for circa 25% of the total 
phenocryst population, which relates to 7% of the whole rock 
by volume. They have a modal diameter of approximately 
1 mm, but range up to 3 mm. The feldspar phenocrysts have 
a modal size is 2 by 1.5 mm and account for circa 20% of the 
total rock volume. They are typically subhedral with slightly 
rounded edges and are frequently glomeroporphyritic. The 
compositional ratio of the feldspar phenocrysts is approxi- 
mately 3:l for albite in respect to potassium feldspar. 
Irregularly shaped quartz and feldspar microphenocrysts, less 
than 0.2 mm long, are scattered throughout the groundmass 
of the unit and appear to have resulted from crystal shattering 
due to thermal shock during explosive eruption. The ground- 
mass is recrystallized tuff, consisting of quartz, feldspar, 
sericite, and chlorite, with small amounts of muscovite and 
epidote; it is unclear if it was initially a welded tuff. 

Chemically the Lindsay Brook porphyry has the highest 
mean concentrations of Na20 and Zr in the Nepisiguit Falls 
Formation. TheZr/Ti02-Y/Ti@plot is unable to distinguish this 
member independently from the Taylor Brook rhyolites or 
Wildcat porphyry, both of which partially occupy the same field 
(Fig. 3). However, by combining the petrographic data, confu- 
sion with the apparently aphyric Taylor Brook rhyolites is very 
unlikely and the Nb/Y ratio readily distinguishes it from the 
Wildcat porphyry (Fig. 2). The distinctive petrographic features 
of this member are (i) its high proportion of albite phenocrysts; 
(ii) volcaniclastic nature; and (iii) common glomerophyritic 
feldspars. 

Ratcliffe Brook porphyry 

The Ratcliffe Brook porphyry appears to overlie the Lindsay 
Brook porphyry, when the latter is present. The only radio- 
metric date for the Ratcliffe Brook porphyry is 465 + 5 Ma 
(van Staal and Sullivan, 1992). This error effectively covers 
the entire time-scan of the Acadians Range Complex (470 to 
465 Ma); hence it cannot define the stratigraphic position of 
the Ratcliffe Brook porphyry. The intimate association with 
sediments with this member indicated a submarine environ- 
ment of formation. 

The Ratcliffe Brook porphyry is a light brown to grey 
quartz-feldspar porphyry, containing approximately equal 
quantities of quartz and feldspar phenocrysts. The quartz 
phenocrysts are approximately equant, with a modal diameter 
between 0.6 and 2 mm, and account for 5 to 20% of the total 
rock by volume. In hand specimen they generally have a dark 
smoky and slightly resinous appearance. In thin section they 

is predominantly feldspar, chlorite and sericite with quartz 
and minor amounts of epidote and muscovite. Occasionally 
remnants of cuspate and angular glass shards are preserved, 
as well as amygdales and spherulites where the phenocryst 
population is low. The spherulites are generally in the region 
of 0.5 mm in size, sometimes forming as a mantle around a 
phenocryst. It is not clear if these formed in an effusive flow 
or a pyroclastic flow where heat retention has occurred. 

The ratio of phenocrysts and rounded nature of the quartz 
are the main petrographic features that distinguishes this 
member from the rest of the Nepisiguit Falls Formation, 
whilst the dark smoky and rather resinous appearance of the 
quartz phenocrysts distinguishes it from the remaining 
porphyries in the complex. 

Mount Moser porphyry 

The Mount Moser porphyry appears to be the youngest felsic 
volcanic member of the Nepisiguit Falls Formation, as it 
largely if not completely overlies the Ratcliffe Brook por- 
phyry. The Mount Moser porphyry exhibits a variety of 
modes of formation, from pyroclastic eruption to shallow 
level intrusive units. A U-Pb zircon age determination 
yielded a date of 469 f 2 Ma (van Staal and Sullivan, 1992). 
Thus if the stratigraphic interpretations are correct, all the 
members of the Nepisiguit Falls Formation are 467 Ma or 
older. 

The Mount Moser porphyry is a brown to dark grey quartz- 
feldspar porphyry, containing more quartz than feldspar 
phenocrysts. The size range for quartz phenocrysts is between 
0.5 and 6 mm, with a modal range of 1 to 2 mm; they are 
generally equant in their shape and subhedral to anhedral in 
form. Their edges are typically slightly rounded and very 
commonly embayed. The feldspar phenocrysts are predomi- 
nantly subhedral albites, ranging between 3 and 2 mm; they 
account for approximately 40% of the total phenocryst popu- 
lation and between 10% and 25% of the total rock composition 
by volume. Locally, for example, near the Brunswick No. 6 
massive sulphide deposit, the feldsparphenocrysts arepseudo- 
morphed by hydrothermal alteration associated with the sul- 
phide mineralization to quartz, albite, sericite, and chlorite 
aggregates; consequently this rock superficially appears to be 
a quartz porphyry. The groundmass is predominantly feldspar, 
chlorite, sericite, and quartz, with minor muscovite and epi- 
dote, which gives it a distinctive "dirty-looking" appearance. 

The Mount Moser porphyry is distinguished from the rest 
of the Nepisiguit Falls Formation by having more and larger 
phenocrysts and by its "dirty" chloritic groundmass. 

FLAT LANDING BROOK FORMATION 

The Flat Landing Brook Formation is dominated by the 
felsic volcanic products of a single explosive centre, that 
ranges in composition from dacites to rhyolites and has 
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been separated on a basis of macroscopic petrology into the 
TaylorBrookrhyolitesandGrantsLakepyroclastics.The Hat 
Landing Brook Formation occupies the central portion of the 
Acadians Range Complex and is its most voluminous part. 

Taylor Brook rhyolites 

The Taylor Brook rhyolites represent the predominantly fine 
grained units of the Flat Landing BrookFormation and as such 
consist of a series of sparsely feldspar-phyric ignimbrites, 
co-ignimbritic tuffs, and rhyolitic flows and dykes. The only 
U-Pb zircon age determination currently available gives a date 
of 466 + 5 Ma (Sullivan and van Staal, 1990). This age is 
consistent with the field data which shows that the Flat 
Landing Brook Formation conformably overlies the 
Nepisiguit Falls Formation in the Brunswick Mines area. 

The range of volcanic types in the Taylor Brook rhyolites 
means that they are very variable in petrology. However, they 
generally have an aphyric appearance in the field (even though 
they are almost invariably sparsely feldspar-phyric), which 
easily identifies them from the felsic volcanic rocks of the other 
formations in the Acadians Range Complex. In addition to 
phenocrysts, some of the less deformed samples have pre- 
served xenoliths, fiamme, flow banding, amygdales, andlor 
spherulites. Evidence for the environment of formation is only 
circumstantial, but the distribution of contemporary sedimen- 
tary rocks points towards the central portion of this formation 
having been subaerial, whereas the outer margins were subma- 
rine. This suggests that the Flat Landing Brook Formation may 
represent part of the edifice of a volcanic island. 

The feldspar phenocrysts are generally equant and rela- 
tively small, only rarely exceeding 1 mm in diameter. They 
consist mostly of albite, although locally up to 40% are potas- 
sium feldspar, and account for between 0.5 and 5% of the total 
rock composition by volume. The groundmass is predomi- 
nantly feldspar and chlorite, with quartz, epidote, calcite and 
sericite as minor phases. Locally a number of different volcanic 
textures are preserved, although even in these examples evi- 
dence for the nature of the eruptive environment is frequently 
masked, by the extremely poor quality of the outcrops. The 
most rarely seen of these textures is flow banding. Radiate 
textures (spherulites and variolites) are far more commonly 
seen, although they are very localized in their distribution and 
probably represent devitrification. Hydration contemporary 
with emplacement causes the development of perlite where 
water percolating through cracks, probably caused by thermal 
stresses, has altered the surrounding glass. Amygdales are the 
most commonly preserved volcanic texture, the great majority 
being quartz filled, while a few are filled by chlorite. 
Amygdales, perlite and spherulites occur in the ignimbrites, 
extrusive rhyolite flows, and rhyolite dykes. Consequently 
their presence does not indicate the unit's mode of formation. 

The combined effects of compaction, welding, and 
regional metamorphism have made the nature of the frag- 
ments in the ignimbrites hard to identify. Therefore shards, 
fiamme, and xenoliths are only occasionally seen in the fine 
grained units which dominate this member. The xenoliths are 
typically less than 5 by 2 mm in size and primarily consist of 
penecontemporaneous felsic volcanic fragments, but also 

include basalt and shale; the presence of these foreign 
materials may have a significant effect on the integrity of the 
whole rock chemistry. Occasionally double grading between 
lithic and pumice clasts is preserved, indicating an ignimbritic 
origin. Locally co-ignimbritic breccias with clasts in the order 
of 2 cm are preserved. These are mostly small, isolated 
deposits related to a facies change in an ignimbrite flow and 
are classified as Harrts Lake-type pyroclastics. 

The Taylor Brook rhyolites seem to consist largely of 
ignimbrites with minor rhyolite flows. The relative proportion 
of rhyolite flows increasing towards the east of the formation. 
The rhyolites and ignimbrites are frequently hard to distin- 
guish from each other due to the effects of alteration, tecton- 
ism and poor exposure. However their apparently aphyric 
nature makes them relatively easy to distinguish from the rest 
of the Acadians Range Complex. 

Grants Lake pyroclastics 

The Grants Lake pyroclastics occupy a discrete region ap- 
proximately central to the Acadians Range Complex, that is 
interpreted to represent the caldera for the Flat Landing Brook 
Formation. The only parts of this formation that do not seem 
to be related to the caldera are the scattered dykes and small 
effusive flows of the Taylor Brook rhyolites. The effusive 
flows have mainly been preserved towards the outer margins 
of the formation and hence probably formed parasitic to the 
main volcanic edifice. The Grants Lake pyroclastics are 
dominated by very coarse pyroclastics (including co- 
ignimbritic breccias and lahars), which contain blocks of 
penecontemporaneous rhyolite up to 1 m3. 

DEVILS ELBOW BROOK PORPHYRY 

The Devils Elbow Brook porphyry is an intrusive quartz- 
feldspar phyric dacite, which is widely distributed throughout 
the Acadians Range Complex. Prior to this study these rocks 
were designated as a porphyritic unit of the Flat Landing 
Brook Formation, but as they do not appear to be related to 
this formation, they have been designated as a lithodeme. An 
intrusive nature is implied by its distribution, which consists 
of several large homogeneous units which seem to cut across 
other units of the Acadians Range Complex. A U-Pb zircon 
age of 465 f 1.5 Ma has been obtained for the porphyry (van 
Staal and Sullivan, 1992). Consequently the Flat Landing 
Brook Formation is older than 465 * 1.5 Ma (as the Devils 
Elbow Brook porphyry intrudes it) and younger than 
469 f 2 Ma (as it overlies the Nepisiguit Falls Formation). 

The Devils Elbow Brook porphyry is primarily distin- 
guished petrologically from the other quartz-feldspar porphy- 
ries in the Acadians Range Complex by its quartzphenocrysts, 
which account for approximately 35% of the total phenocryst 
population. These are relatively large, 2 mm diameter, clear, 
glassy and embayed, but the most distinctive feature is the 
commonly rather jagged margins. The feldspar phenocrysts, 
which account for 65% of the total phenocryst population, are 
either white or pink and consist of slightly more potassium 
feldspar (microcline) than albite. Together they make up circa 
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20% of the whole rock by volume. The albite phenocrysts are of the Caribou Mine Formation and Nepisiguit Falls Forma- 
typically 2 by 1 mm in size with a subhedral to anhedral form. tion; it is hoped that the on-going mapping of the complex 
The microclines have better form, show simple twinning and are will confirm these relationships. 
larger (between 3 and 6 rnm long). Metasomatic/metamorphic 
alteration has caused the common formation of patch perthites 
and chessboard albites, as well as causing blotchy extinction in 
the rnicroclines. The groundmass is predominantly microcline, 
sericite, quartz, and muscovite with minor chlorite and epidote. 
The grain size of the groundmass is marginally larger than the 
average for the other units in the region, as an original micro- 
crystalline groundmass developed in contrast to the cherty 
(cryptocrystalline) ones developed in extrusive flows. 

In summary the Devils Elbow Brook porphyry is pet- 
rographically distinguished from the rest of the Acadians 
Range Complex macroscopically by its large, clear, glassy 
quartz crystals and by its light grey granular groundmass. 
Microscopically the jagged margins to the quartz and pres- 
ence of blotchy potassium feldspar, patch perthite, and chess- 
board albite are the most distinctive features. 

-- 

WILDCAT PORPHYRY 

The Wildcat porphyry is a quartz-feldspar porphyry, that is 
limited to asingle, highly deformed horizon. The phenocrysts, 
which only rarely escape intact from the pervasive shear, are 
scattered, making up 5% of the whole rock by volume and 
contain more quartz than feldspar. It is classified as a li- 
thodeme as it is intrusive and highly deformed, with intru- 
sive andlor tectonic contacts with the other rock units. A 
cross-cutting relationship with the Devils Elbow Brook por- 
phyry indicates that the Wildcat porphyry is younger than the 
previously described units. However, the Wildcat porphyry 
has an unusual alkalic NbIY signature (Fig. 2), that indicates 
that it may be substantially younger and not part of the 
Acadians Range Complex volcanism. 

The quartz phenocrysts are equant, with an average diameter 
of 0.8 mm and constitute 3% of the total rock by volume. The 
equant, subhedral feldsparphenocrysts consist of approximately 
twice as much albite as microcline and have a diameter between 
0.4 and 2 mrn. The most distinctive petrographic feature of this 
rock unit is the unusually high concentration of apatite phe- 
nocrysts (although this is still less than 0.2% of the whole rock 
by volume). They are equant and euhedral to subhedral in form 
and typically less than 0.25 mrn in diameter. The groundmass is 
recrystallized feldspar, quartz, chlorite, muscovite, and epidote. 

CONTINUING RESEARCH 

Although the Acadians Range Complex has been divided, as 
outlined above, into a number of units which can readily be 
identified macroscopically to at least their formation in all but 
the most highly deformed ultramylonites, many aspects still 
remain unresolved. Foremost amongst these is the relationship 
between the felsic volcanic rocks and massive sulphide depos- 
its. Rogers (1994) has proposed a spatial link between the top 

In addition to field mapping, the addition of rare earth data 
and improved accuracy from ICP-MS analysis of HFSE 
should help to further constrain the chemostratigraphic dis- 
crimination of the units within the Acadians Range Complex. 
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analysis of compositional zoning and heterogeneity in thin section: a facility for making 
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Abstract: The need to better evaluate compositional zonation and heterogeneity within and among 
minerals, at thin-section scales, has lead to the development of an analytical technique which uses a 
CAMECA-SXSO electron microprobe. The instrument is configured for automated stage movements over 
a user-defined grid, to provide short-duration (1-2 s) point analyses of four elements. Spatial co-ordinates 
and respective element concentrations are recorded in ASCII format, which is imported into visualization 
software that allows evaluation of the spatial distribution of concentrations. Compared with quantitative 
microprobe analysis, advantages of the technique include: (i) it is more time-effective, (ii) it can facilitate 
rapid assessment of a whole thin section, (iii) it is flexible in that different user-defined grids can be used 
to assess different problems, (iv) it provides as much, and possibly more information, and (v) it can be used 
to identify areas for quantitative microprobe analysis. 

Resum6 : La ntcessitt de mieux Cvaluer la zonation selon la composition et  I'htt6rogtntitt dans les 
mintraux et entre les minCraux, 2 1'Cchelle des lames minces, s'est traduite par l'tlaboration d'une technique 
d'analyse recourant I une microsonde Clectronique CAMECA-SXSO. L'instrument est configurt pour des 
dkplacements automatisCs des stades au-dessus d'une grille dCfinie par I'utilisateur afin de permettre des 
analyses ponctuelles de courte durCe (1-2 s) de quatre 616ments. Les coordom6es spatiales et les concen- 
trations des Cltments respectifs sont enregistrtes dans le format ASCII que l'on peut visualiser de fagon 
Cvaluer la rkpartition spatiale des concentrations. Comparativement a l'analyse quantitative par microsonde, 
cette technique offre les avantages suivants : i) elle dure moins longtemps, ii) elle peut acctlCrer I'Cvaluation 
de toute une plaque mince, iii) elle est souple du fait qu'on peut utiliser les diffkrentes grilles dCfinies par 
I'utilisateur pour Cvaluer des probl6mes diffkrents, iv) elle fournit autant et peut-Stre plus d'informations 
et V) on peut I'utiliser pour determiner les domaines d'analyse quantitative par microsonde. 

' Mineral Resources Division 
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INTRODUCTION 

Since the advent of electron microprobe analysis in the 1960s, 
much attention has been given to the quantitative study of 
chemical zoning in both igneous and metamorphic minerals, and 
it is now widely appreciated that chemical zoning preserves an 
important record of a variety of geological processes (e.g. Tracy, 
1982; Nixon and Pearce, 1987). Many studies that have docu- 
mented the complexity of zoning in metamorphic minerals (e.g. 
Tracy et al., 1976; Thompson et al., 1977; Yardley, 1977; Spear 
et al., 1990; Spear, 1993; Robinson, 1991; Scammell, 1993), 
have relied on constructing contour maps from individually 
selected spot analyses, a procedure that is time-intensive and 
does not ensure complete coverage of the mineral. In order to 
address these shortcomings, a number of petrology laboratories 
are now equipped with integrated hardware and software for 
producing high-resolution compositional maps of selected areas 
of a thin section, or an entire thin section. In the present cornmu- 
nication, we present an in-house (GSC-Ottawa) method for 
preparing high-resolution compositional maps with a minimum 
of operator time and effort. Before describing the method, we 
briefly review some applications that underscore the importance 
of obtaining a complete assessment of chemical zoning, and any 
other compositional heterogeneity, with particular reference to 
metamorphic samples. 

COMPOSITIONAL ZONING AND 
HETEROGENEITY IN 
METAMORPHIC ROCKS 

Zoned minerals are important indicators of the crystal growth 
process and reaction history of metamorphic rocks. For example, 
Thompson et al. (1977) reconstructed the entire prograde 
reaction sequence with the help of compositional maps showing 
inclusions and Ca-Fe-Mg-Mn contours of a -1 cm diameter, 
growth-zoned garnet from the Gassetts schist, Vermont. Their 
maps clearly show radially asymmetric zoning that could lead 
to erroneous interpretations from a single, rim to rim compo- 
sitional transect through the centre of the grain. Grover et al. 
(1992) constructed element composition maps that outline a 
relict euhedral, high-Mn core surrounded by a low-Mn rim in 
a garnet interpreted to have formed in two different stages of 
growth. Continued interest in zoning stems from the introduc- 
tion of techniques of reconstructing pressure-temperature his- 
tories and related tectonic processes from zoned garnets (Spear 
and Selverstone, 1983; St-Onge, 1987). 

Careful assessment of zoning and other types of composi- 
tional heterogeneity is also required .for thermobarometric 
calculations which rely on the assumption of chemical equi- 
librium (e.g. Essene, 1982; Newton, 1983; Berman, 1991). 
Therefore, the extent to which mineral compositions have 
changed through the process of diffusional reequilibration is 
one of the most critical effects to quantify in high-grade rocks, 
and this has been demonstrated in several studies which have 
been successful at establishing the relationship of diffusion 
zoning to detailed petrographic features (Tracy et al., 1976; 
Yardley, 1977; Grover et al., 1992; Pattison and Begin, 1994, 
Scammell, in prep.). Also of considerable importance for 

thermobarometry is establishing the amount of chemical 
heterogeneity in plagioclase. Due to kinetic factors, plagio- 
clase tends not to form zoned crystals, but instead to nucleate 
discrete grains of different composition (e.g. Spear, 1993). 
Recognition of different plagioclase compositions, both as 
porphyroblast inclusions or as discrete matrix grains, is criti- 
cal to successful determination of P-T conditions and P-T 
paths (Spear and Florence, 1992; Ravindi Kumar and Chacko, 
1994). 

Thus, for both P-T-t and standard P-T analysis it is impera- 
tive to assess the compositional variations within crystals, 
across crystal interfaces, and both within and between domains 
of a thin section. Complex zoning that is notradially symmetric 
and that depends on intergrain boundaries (inclusion-host, 
porphyroblast-matrix, etc.) is difficult to recognize using clas- 
sical microprobe spot analyses. In addition, minute inclusions 
or matrix grains of key metamorphic minerals can be easily 
missed in petrographic analysis. In this contribution we docu- 
ment the availability of a recently implemented procedure at 
the GSC - Ottawa laboratories to produce high-resolution 
compositional maps. Perhaps the best feature of the method is 
that most of the work (i.e. data collection) is automated. We 
strongly recommend use of this method as the first step in 
routine thermobarometric analysis. 

NEW TECHNIQUE 

High-resolution digital composition maps are produced on 
microbeam instruments by acquiring X-ray counts from a 
large number of grid points on the sample. It is essential to 
keep the point sampling time to a minimum. The most time 
efficient systems accentuate beam rastering and minimize 
stage movement. Also when dealing with multi-element maps, 
energy-dispersive spectrometers are intrinsically more effi- 
cient than wavelength-dispersive spectrometers. 

The available beam control and energy-dispersive soft- 
ware in the microprobe laboratory is obsolete. The computer 
is just adequate for general analytical work but lacks the 
processing speed and capacity necessary for efficient map- 
ping. At the present time the available software configuration 
in the scanning electron microscope laboratory (SEM) only 
allows for automated coverage of approximately 1 cm2. 

The pressing need for high resolution X-ray maps caused 
us to develop a procedure using the CAMECA-SXSO electron 
microprobe. The procedure is a combination of existing SX50 
features. Some efficiency was sacrificed in favour of lower 
development time and expense. 

In the procedure, movement is by stage automation only, 
determinations are practically limited to a selection of four 
elements during each session and the turn-around is approxi- 
mately 7 seconds per point for a 1 second counting time. A 
typical (thin-section scale) run analyzing four elements at 
32 000 points requires 62 hours (1 weekend) of instrument 
time. The inclusion of more than four elements in a run would 
involve spectrometer movement consuming prohibitive 
amounts of time. 
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Stage movement is controlled by a file of grid co-ordinates "Transform" which is marketed by SPYGLASS@, and oper- 
that is generated when the operator selects the corners of the ates under MICROSOFTTM WINDOWS or MACINTOSH. It 
grid and the sampling interval. The grid may cover up to an very conveniently reads the microprobe output file and makes 
entjre polished thin section. The grid is rectangular with various.types of co~positional maps and three-dimensional 
square grid elements given in micrometres. Trials of the images that can be output in a variety of graphic-file formats. 
system used grid sizes in the 50 to 150 pm range. 

Spatial resolution in the maps is a function of beam size, 
sample grain size, and grid-element size. The smallest beam 
size possible in the instrument is less than 5 pm, which is 
small relative to grain size in most samples, and leads to grid 
element size as the major control on spatial resolution. 

Compositions are reported as weight per cent (wt.%) of the 
analyzed element. Analyses are semi-quantitative at best, how- 
ever for compositions greater than 2 wt.% the relative precision 
should approach what is expected in normal quantitative analy- 
sis. The mapping of trace compositions below 2 wt.% is a 
special problem where background interferences may be 
significant. As a matter of routine the technique has been 
established with a 2% wt.% detection limit, and a relative 
compositional resolution of 2% of the amount present. The 2% 
detection limit is a conservative estimate which is dependent 
on spectral interferences. 

The data generated are written in an ASCII file that can be 
read by most spreadsheet or contouring software packages, 
and includes the point co-ordinates so that they may be 
revisited manually for more careful attention. For this study 
we have used the scientific visualization software called 

EXAMPLES 

To document the capabilities of the above procedure we 
present several figures produced with the hardware-software 
combination described above. Figure 1 shows a thin section 
from high-grade pelitic schists in the northern Monashee 
Mountains of British Columbia (for details see Scammell, 
1993). Figures 2 and 3 show compositional maps for the 
whole thin section, and the -1 cm diameter garnet in the thin 
section. Figures 2 and 3 are based on 32 743 and 19 092 spot 
analyses, respectively, which were obtained during auto- 
mated runs lasting up to two days (one weekend). 

Once familiar with the capabilities of the software, the 
composition maps displayed in Figures 2 and 3 took approxi- 
mately 10 minutes to generate from the output file containing 
the microprobe data. Each square (pixel) in these images 
represents one grid-element of information which has associ- 
ated with it a discrete value for the concentration of the 
respective element, based on a single spot analysis which is 
smaller than the grid element. In these images the lowest to 
highest values are represented by a black to white "colour" 

Figure 1. Plane-light, microscopic view of a high-grade, migmatitic, K-feldspar- 
sillimanite-garnet-biotite schist. See Figure 2 for scale. Sample R155-2a. See 
Scammell (1993) for a detailed petrographic description. White areas are 
leucosomes composed mostly of quartz and plagioclase. Middle-grey areas are 
intergrowths of sillimanite and biotite. Black grains are biotite. The large, equant, 
middle-grey grain close to the center of the thin section is garnet which has an 
inclusion rich-core mantled by a thin (-I mm thick) clear rim. 
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scheme. Note, to better illustrate grid-elements outside of the 
selected range for each map, values which are higher are 
shown as black, and values which are lower are shown as 
white. This serves to accentuate grid element values which 
are outside of the range, and could be interpreted as part of a 
compositional zoning trend if higher values were white and 
lower values were black, for the selected "colour" scheme. 
For example, with respect to the garnet in Figures 2 and 3, 
this assignment of outlier tones emphasizes the distribution 
of grid elements which represent inclusions, and also empha- 
sizes the margins of the garnet relative to matrix grid element 
analyses. It is particularly noteworthy that most software 
offers the choice of true colour schemes which greatly 
enhance data analysis, relative to the black and white images 
shown here. Also most software offers a variety of methods 
to statistically treat the data (e.g. linear interpolation, kernel 
smoothing, kriging). 

Figure 2 illustrates several key observations: (i) the sub- 
horizontal leucosomes contain considerable amounts of 
untwinned plagioclase of variable composition, (ii) plagioclase 
of variable composition is present in the pressure shadows 
around the garnet, and (iii) the garnet is strongly zoned in Ca. 

Figure 3 illustrates the zoning of all analyzed elements in 
the garnet. From the central region to the rim of the garnet, Fe 
shows a strong increase, while Ca and Mn show distinct 
decreases in abundances. Mg is particular interesting as it 
shows a distinct increase from the core region to the region 
near the inner part of the thin clear rim, then a subtle decrease 
towards the outer part of the clear rim. Figure 3 also illustrates 
that while zonation of the four elements is roughly concentric, 
the extreme values in the core region also roughly coincide, 
but are not at the geometric centre of the grain. Clearly 
conventional core-rim thermobarometry would lead to emo- 
neous core P-T estimates with this garnet. 

Figure 2. Compositional map of Ca in the thin section of sample R155-2a shown in Figure I. 
See text for discussion. The map was constructedfrom 32 743 point-analyses of wt.% Mn, 
Mg, Ca, and Fe. Each point analysis represents a 150 X 150 pm grid element with a 
concentration value based on a single spot analysis with diameter of the electron beam. 
(-5 pm in this example). X ranges from I8000 to 17700 pm, and Y ranges from 9225 to 
-1 11 75 p. Analytical conditions were as follows: 15 kV acceleration voltage; 5 pm beam; 
100 nA sample current; I s count times; Mn, MgO, wollastonite and magnetite standards; 
and uncorrected for background or matrix interferences. 
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In addition, with respect to the garnet, Figure 3 illustrates 
essentially the same information as derived through several 
weeks of work which involved detailed, quantitative point 
analyses (646 analyses), spreadsheet manipulation, and con- 
touring using less sophisticated software (Scammell, 1993). 
It should also be noted that the microprobe technique we have 
used has detected variations in compositions c2 wt.% in Mg 
and Mn. 

Scammell (1 993) has evaluated microtextures and mineral 
compositional zonation in this sample. In summary, he inter- 
preted the inclusion-rich core to have grown during prograde 
(heating-decompression) metamorphism, and to have experi- 
enced some compositional homogenization during the ther- 
mal peak of metamorphism. The clear rim grew during the 
thermal peak of metamorphism, and was resorbed in the 
upper-right and lower-left quadrants during a retrograde, 
strain-enhanced reaction. Recognition of the compositional 
zoning in this sample, and its interpretation, has allowed the 
derivation of P-T estimates in a texturally complex sample 
with minerals which have a large amount of chemical hetero- 
geneity and zonation (Scammell, 1993). 

SUMMARY 

We have presented an analytical technique to evaluate com- 
positional zonation within minerals, and compositional het- 
erogeneity among minerals, at thin-section scales. The 
technique uses a CAMECA-SXSO electron microprobe con- 
figured for automated stage movements over a user-defined 
grid, to provide short-duration (1-2 s) point analyses of Fe, 
Mg, Ca, and Mn which and are subsequently assessed using 
visualization software. The technique has been tested through 
comparison with samples that are well known through rigor- 
ous quantitative microprobe analysis, and subsequent con- 
touring evaluation. These tests have proven that the technique 
is more time-effective, and can provide as much, and possibly 
more information at a reconnaissance level with respect to 
compositional zonation and heterogeneity, than the traditional 
quantitative microprobe analyses. The technique is most use- 
ful as a tool to identify target areas for quantitative microprobe 
analysis, and can be tailored to specific needs. For example, 
if one was primarily interested in establishing if a particular 
mineral has been overlooked during microscopic evaluation, 
a relatively coarse grid (e.g. 200 mm spacing) could be 
employed. Alternatively, if assessment of zoning around 
inclusions was being evaluated, a relatively fine grid 
(e.g. 5 pm spacing) could be employed. We believe the tech- 
nique is a useful tool that can be utilized to assess composi- 
tional zoning and heterogeneity in thin sections. 
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Petrography of coarse clastic facies, Fisset Brook 
Formation and Horton Group (Upper Devonian- 
Lower Carboniferous), Lake Ainslie and Margaree 
map areas, Cape Breton Island, Nova S~ot ia ' ,~  

Frances J. ~ e i n ~  and Alexandra M. ~ r n o t t ~  
GSC Atlantic, Dartmouth 

Hein, J.F. and Arnott, A.M., 1995: Petrography of coarse clastic facies, Fisset Brook Formation 
and Horton Group (Upper Devonian- Lower Carboniferous), Lake Ainslie and Margaree map 
areas, Cape Breton Island, Nova Scotia; Current Research 1995-E; Geological Survey of 
Canada, p. 293-300. 

Abstract: In central and western Cape Breton Island, Nova Scotia, the Fisset Brook Formation and the 
Horton Group comprise the initial syn-rift volcanic and nonmarine clastic deposits of the Magdalen Basin. 
Distinction of the various coarse clastic successions is difficult in areas of geological complexity, such as 
near fault zones or pre-Carboniferous highlands. Petrographically, the following distinctions are made: 
Fisset Brook - quartzofeldspathic subarkose to arkosic arenite, with white-buff "leachedWoarse clasts; 
Craignish quartz-rich facies - quartz arenite and subarkose; Craignish green polymict facies - more 
feldspathic, subarkose and arkosic arenite, with green-white altered matrix; Craignish red polymict facies - 
more quartz-rich, subarkose and arkosic arenite, with red-altered hematitic matrix, and red-stained quartz- 
grains; Judique - tan and brown subarkose and sublitharenite, with black shale intraclasts; Strathlome - 
grey, less feldspathic subarkoselsublitharenite or arkose; Ainslie - grey with red, compositionally varied 
arenite, ranging from quartz arenite, to arkose and lithic arenite. 

RCsumC : Dans le centre et I'ouest de I'ile du Cap-Breton (~ouvelle-~cosse),  la Formation de Fisset 
Brook et le Groupe de Horton comprennent les volcanites initiales contemporaines du rifting et les dtp8ts 
clastiques continentaux du bassin de la Madeleine. I1 est difficile de faire la distinction entre les diverses 
successions de roches clastiques grossikres dans les rtgions de gtologie complexe, comme les zones de 
failles voisines ou les hautes terres prCcarbonifkres. Sur le plan pktrographique, les distinctions suivantes 
sont Ctablies : Fisset Brook - subarkose quartzofeldspathique A artnite arkosique, renfermant des clastes 
grossiers blanc-chamois adkcolorCsa; faci2s riche en quartz de Craignish - quartzartnite et subarkose; faci2s 
polygknique vert de Craignish - subarkose et artnite arkosique plus feldspathiques, avec matrice altkrke 
vert-bland; faciks polygCnique rouge de Craignish - subarkose et artnite arkosique plus riches en quartz, 
avec matrice hkmatitique altCrCe rouge et grains de quartz tachts de rouge; Judique - subarkose et 
sublitharenite ocre et brun avec des intraclastes de shale noir; Strathlorne - subarkose/sublitharknite ou 
arkose grise moins feldspathique; Ainslie - arknite de composition varike grise avec du rouge, variant de 
quartzarknite 2 arkose et artnite lithique. 

' Contribution to Canada-Nova Scotia Cooperation Agreement on Mineral Development (1992-1995), a subsidiary 
agreement under the Canada-Nova Scotia Economic and Regional Development Agreement. 
Contribution to Magdalen Basin NATMAP Project 
Department of Geology and Geophysics, University of Calgary, Calgary, Alberta T2N IN4 
Department of Earth Sciences. Dalhousie University, Halifax, Nova Scotia, B3H 355 
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ABANDONED WELL WITH OIL SHOW 
* WATER WELL WITH OIL SHOW 

ATLANTIC OCEAN 

Gulf of St Lawrence 

Figure I .  Simplijed geologic map of western Cape Breton Island, showing the distribution of Devonian 
and older basement, Horton, Windsor and post-Windsor groups ( ' o m  Fowler et al., 1993). 
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INTRODUCTION For this reason a detailed petrographic analysis was done on 
selected coarse clastic units belonging to the Fisset Brook 

n i s  report summarizes the results of a petrographic smdy of Formation and the Craignish. ~trathiome, and Ainslie forma- 
coarse ,-lastic sediments, following t~~ field seasons jnvesti- tions of the Horton Group, to aid in the distinction of these 
gating the stratigraphy and sedimentology of coarse clastic units. 
facies within the Upper Devonian-Lower Carboniferous suc- 
cessions of the Lake Ainslie (1 1W3) and Margaree (1 1K16) 
map areas, Cape Breton Island, Nova Scotia. A review of 
stratigraphic nomenclature, previous work, and objectives of 
the project are given in Hein (1 994). 

In central and western Cape Breton Island, the Fisset 
Brook Formation and the Horton Group comprise the initial 
post-Acadian volcanic and nonmarine clastic deposits that 
underlie the marine deposits of the Windsor Group. Previous 
work has established a three-fold subdivision of finer grained 
Horton facies (Murray, 1960; Hamblin, 1989; Hamblin and 
Rust, 1989) that characterize the centre of the Lake Ainslie 
map area (NTS 1 1Kl3) (Fig. 1,2). Subsequent mapping of the 
Lake Ainslie and Margaree map areas shows that this tripartite 
subdivision of the Horton Group must be modified to account 
for complex facies changes in areas proximal to pre- 
Carboniferous highlands (Fig. 3) (Hein, 1994; Giles et al., 
maps in prep.). At Some localities, where there are ShUchlral Figure 2. Stratigraphy of the finer-tgrained elastic 
complications andlor stratigraphic omissions, it is difficult to s u c c ~ ~ ~ i o m  of theHorton Group on CapeBretonIsland (from 
Separate Some of the Coarse elastic units from One another. Hamblin, 1989 and Hamblin and Rust, 1989). 

STRATIGRAPHIC FRAMEWORK (LATE DEVONIAN AND CARBONIFEROUS) Figure 3. 

PRE-FISSET BROOK FM. 

(BASEMENT) 

WW__C 

WW__C 

Revised stratigraph.ic framework for 
Carboniferous rock units of western Cape 
Breton Island. Age designations: 
DC - Devono-Carboniferous 
EC - Early Carboniferous 
C - Carboniferous 
LC- Lower Carboniferous Group and for- 
mation designations 
FB - Fisset Brook Formation 
H - Horton Group 
W - Windsor Group 
M - Macumber Formation 
Wl - lower Windsor Group 
Wm - middle Windsor Group 
Wu - upper Windsor Group 
M - Mabou Group 
Mg - grey Mabou 
Mr - red Mabou 
C - Cumberland Group 
pH1 - lower Port Hood Formation 
PHm - middle Port Hood Formation 
PHu - upper Port Hood Formation 
Inv - Inverness Formation 
Unconformities shown by wavy lines; 
interfingered relationships shown by jag- 
ged lines; major fault splays along the 
Ainsl ie  Detachment shown by  bold,  
smooth arching lines. (from Giles et al., 
map in prep.). 
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METHODS 

Thirty sandstone and conglomerate samples from the Fisset 
Brook Formation and 113 sandstone and conglomerate sam- 
ples from the Horton Group were analyzed. Samples were cut 
in the field and were impregnated with a blue-stained epoxy 
resin prior to thin sectioning. For the sandstones, estimates of 
framework grain mineralogy, per cent matrix and void-space 
were made by point-counting a minimum of 294 grains per 
thin section. For the conglomerates, samples were slabbed 
and examined under the binocular microscope with areal 
percentages used to estimate the grain components. Several 
of the conglomerates were analyzed by both thin- and slab- 
section, and for these samples it was found that thin-section 
analysis tends to underestimate the percentage of feldspar and 
rock-fragments, while overestimating the percentage of 
quartz. This reflects a grain-component variation between the 
matrix and coarse clasts within the conglomerates. Because 
the present study emphasizes the coarse-clast composition, 
most of the conglomerates were analyzed by slab-section. 
Normalized percentages were calculated for each thin slab- 
section to represent the percentage of quartz, feldspar, and 
rock fragment components of the grains. 

The major detrital grain components identified include: 
monocrystalline quartz, polycrystalline quartz, K-feldspar, 
plagioclase, metamorphic and igneous rock fragments, car- 
bonate and shale intraclasts, micas (mainly muscovite, less 
commonly biotite), opaques and other accessories. Detailed 
results of the petrographic work are given in Hein (in prep.) 
and summarized in Figures 4 and 5. Sandstones and conglom- 
erates were classified according to Dott's (1964) scheme 
(Fig. 6) in which composition is described on a ternary graph 
by the three main framework components: quartz (Q), feld- 
spar (F) and lithic or rock fragments (Rk) (Fig. 4,5,6). 

PETROGRAPHIC SUMMARY 

Fisset Brook Formation. Latest Devonian to earliest Carbon- 
iferous. In the field comprises basalt, with minor rhyolite, and 
interbedded sandstone and conglomerate, less commonly, 
siltstone and fine grained sandstone. The top of the formation 
is marked by a tuff. The siltstone and fine grained sandstone 
interbeds are commonly red with green reduction spots, less 
commonly grey. Rock fragments are predominantly volcanic 
and shale clasts. 

Petrographically, the coarse clastics belonging to the Fis- 
set Brook Formation are mainly composed of "white con- 
glomeratelpebbly sandstone."The colour is white to buff, and 
individual clasts seem to have etched edges, giving the clasts 
a "bleached" appearance. Compositionally the sediments are 
classified as quartzofeldspathic subarkose to arkosic arenite, 
less commonly lithic arenite (Fig. 4,6). 

Craignish Formation. Latest Devonian to Early Carbonifer- 
ous. In the field includes three facies assemblages: 1) quartz- 
rich facies (CHC(q)), 2) a green-white, polymict facies 

Q - Quartz 
F - Feldspar 
Rk - Rock Fragments 
Tie-lines at 10% spacing 

F (100%) Rk! 100%) 
CHC(r) - Creignish Formation (red facres) (n=9) 

F (1 00%) Rk (100%) 
CHC(q) - Creignish Formation (quartz-rich) (n=12) 

F (1 00%) Rk (1 00%) 
CHC - Creignlsh Formation (n=50) 

F (1 00%) Rk (100%) 
DCFB - Fisset Brook Formation (n=27) 

Figure 4. Ternary plot of the composition of the coarse 
fraction of sandstones and pebbly sandstoneslconglomerates 
of the Devono-Carboniferous Fisset Brook Formation 
(DCFB); and the Carboniferous Craignish Formation, 
including the green-white polymict facies (CHC),  the 
quartz-rich facies (CHC(q)), and the red polymict facies 
(CHC(r)) ffom the Lake Ainslie and Margaree map areas, 
western Cape Breton Island; n indicates the number of 
analyses. 
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(CHC), or 3) a red polymict facies (CHC(r), that mainly 
occurs in the Margaree map area, and the south-central and 
southeastern part of the Lake Ainslie map sheet. 

Quartz-rich facies (CHC(q)): comprises sandstone, peb- 
bly sandstone and conglomerate, pale grey or white; con- 
glomerates typically contain dark grey to black shale clasts. 
This facies is areally restricted to southeastern part of the Lake 

F (1 00%) ~k (1 00%) Ainslie map area, and is more common to the north on the 
CHA - Ainslle Formation (n=14) Margaree map area. 

F (1 00%) Rk ( 1  00%) 
CHA/S- Undiff. Ainslie/Strathlorne Ainslie Formation (n-14) 

F (1 00%) Rk (1 00%) 
CHS - Strathlorne Formation (n=2) 

Q - Quartz 
F - Feldspar 

F (100%) Rk (100%) 
CHJ - Judique Formation (n=12) 

Figure 5. Ternary plot of the composition of the coarse 
fraction of sandstones and pebbly sandstoneslconglomerates 
of the Carboniferous Judique Formation (CHJ), the 
Strathlorne Formation (CHS), the Ainslie Formation (CHA), 
and the undijferentiated Strathlorne and Ainslie formations 
(CHSIA) from the Lake Ainslie and Margaree map areas, 
western Cape Breton Island; n indicates the number of 
analyses. 

Petrographically, the coarse clastics belonging to the 
quartz-rich facies of the Craignish Formation are mainly 
composed of quartz (80-95%), with less common feldspar 
(5-lo%), volcanic and igneous rock fragments (3-9%) 
(Fig. 5), carbonate rock fragments (5%), rare opaques (1%) 
and mica (04%). Sediments are poorly sorted, and quartz- 
rich, and are classified as quartz arenite and subarkose; less 
commonly as sublitharenite or lithic arenite (Fig. 4,6). 

Green-white polymict facies (CHC): more feldspathic 
than the quartz-rich facies (CHC(q)) and represents the bulk 
of the Craignish Formation. In the field this unit consists of 
conglomerate, pebbly sandstone ranging to conglomeratic, as 
well as sandstone, with minor shale and siltstone interbeds; 
grey and greenish-grey, locally altered red; poor to moderate 
sorting, abundant rock fragments, mainly volcanic and plu- 
tonic; locally cut by mafic dykes. 

Petrographically, the coarse clastics belonging to the 
green-white polymict facies of the Craignish Formation have 
a green-altered matrix; and sediments have variable compo- 
sitions, as follows: quartz (10-95%), feldspar (5-90%), vol- 
canic, plutonic and metamorphic rock fragments (3-89%), 
carbonate rock fragments (5-lo%), rare opaques (1 -2%), and 
mica (1 - 10%). Sediments are better sorted, more micaceous, 
and more feldspathic than the interbedded quartz-rich facies; 
and the coarse-clast composition is much more varied. Sedi- 
ments are classified as subarkose and arkosic arenite; less 
commonly as sublitharenite or lithic arenite (Fig. 4,6). 

Red polymict facies (CHC(r)): less feldspathic and more 
quartz-rich than the green-white polymict facies (CHC); in 
the field consists of a conglomerate, pebbly sandstone ranging 
to conglomeratic, and sandstone, with minor shale and silt- 
stone interbeds; red; poor to moderate sorting, abundant rock 
fragments, mainly volcanic and plutonic. 

Petrographically, the coarse clastics belonging to the red 
polymict facies of the Craignish Formation have a hematitic 
red-altered matrix and red-stained quartz grains. Clasts have 
variable compositions, as follows: quartz (60-95%), feldspar 
(0-38%), volcanic, plutonic and metamorphic rock fragments 
(0-89%), carbonate rock fragments (5-lo%), rare opaques 
(1-2%), and mica (1-10%). Sediments are better sorted, more 
micaceous, and more feldspathic than the interbedded quartz- 
rich facies, and the coarse-clast composition is less varied 
than the green polymict facies. Hematitic red-staining is 
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characteristic of both the matrix and clasts. Sediments are 
classified mainly as subarkose and arkosic arenite, with rare 
quartz arenite or lithic arenite (Fig. 4, 6). Lithic arenites 
represent areas where the red polymict facies is faulted. 

Judique Formation. Early Carboniferous. In the field is 
coarse- to fine-grained sandstone, locally pebbly to conglom- 
eratic, white, tan, red-brown; at the base of channel fill 
successions, commonly has abundant black shale intraclast 
horizons. In some localities the Judique sediments are grada- 
tional with sediments of the underlying Craignish Formation. 
This facies is areally restricted to the north on the Margaree 
map area. 

Petrographically, the coarse clastics belonging to the 
Judique Formation consist mainly of quartz (19-85%), with 
less common feldspar (6-30%), volcanic and igneous rock 
fragments (2-70%), carbonate rock fragments (0-1 0%), rare 
opaques (1-2%), and mica (0-10%). Sediments are moder- 
ately sorted and quartz rich. Compositionally, the sediments 
are classified as mainly subarkose and sublitharenite, with 
less common arkosic arenite and lithic arenite (Fig. 5,6). 

Strathlorne Formation. Early Carboniferous. In the field is 
mainly a siltstone, grey with minor red colouration, with thin 
oolitic and stromatolitic limestones; intercalated sandstones 
are grey, and may locally dominate the succession. 

Petrographically, the sandstones belonging to the 
Strathlome Formation consist mainly of quartz (75-85%), 
with less common feldspar (5-lo%), volcanic and igneous 
rock fragments (2-9%), carbonate rock fragments (0-lo%), 
rare opaques (1-2%), and mica (2-4%). Sediments are mod- 
erately to well sorted and quartz rich. Compositionally, the 
sediments are classified as mainly subarkose/sublitharenite or 
arkose (Fig. 5,6). 

Ainslie Formation: Early Carboniferous. In the field is 
mainly a sandstone, locally conglomeratic near highland ar- 
eas, grey, with less common grey siltstone and shale, and tan 
carbonate-intraclast horizons. 

Petrographically, the coarse sandstones belonging to the 
Ainslie Formation consist mainly of quartz (22-95%), with less 
common feldspar (5-80%), volcanic and igneous rock fragments 
(4-28%); and variable proportions of carbonate rock fragments 

Figure 6. Classification of terrigenous and marine sandstones Cfrom Pettijohn et al., 
1972, mod$edfiom Dott, 1964, Fig. 3). 
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(5-45%) and mica (3-45%), rare opaques (1-2%). Sediments 
are poorly sorted or moderately to well sorted. Sediments are 
classified as quartz arenite, subarkose and arkosic arenite, 
sublitharenite and lithic arenite (Fig. 5, 6). Compositionally, 
this is a much more varied coarse-clastic composition, and 
may reflect more local controls on sedimentation. 

DISTINCTION OF COARSE CLASTICS 
BELONGING TO THE FISSET BROOK 
FORMATION AND HORTON GROUP: 
A DISCUSSION 

In Cape Breton, the Upper Devonian-Lower Carboniferous 
rocks unconformably overlie the crystalline basement. These 
rocks consist of the Fisset Brook Formation, a succession of 
interbedded sedimentary and volcanic rocks, overlain by the 
clastic sedimentary rocks of the Horton Group. The Fisset 
Brook Formation was originally defined by Kelley and 
MacKasey (1964) as a lower, chiefly sedimentary unit, a 
predominantly andesitic unit, and an upper mainly rhyolitic 
unit. Further studies of the Fisset Brook Formation show a 
bimodal volcanic suite of tholeiitic basalt and rhyolitic com- 
position (Blanchard et al., 1984; Amott, 1994) interbedded 
with sedimentary rocks of mainly quartzofeldspathic con- 
glomerates and red micaceous sandstones (Amott, 1994). 

East of Lake Ainslie, basalt is mixed with siltstone in a 
perperitic structure where the basalt flowed over water- 
saturated sediments (Amott, 1994). Generally, in the area east 
of Lake Ainslie and to the north, in the ChCticamp area, the 
Fisset Brook coarse clastic sediments are characterized by a 
white-buff coloured, quartzofeldspathic coarse sandstone to 
pebble conglomerate, interbedded with red and grey siltstones 
to very fine sandstones. In the Trout Brook drainage, on the 

Fisset Brook vs. Crelgnlsh 

east side of Lake Ainslie, these clastics of the Fisset Brook 
Formation are directly overlain by a white, well-rounded, 
quartz-pebble conglomerate, in tum, succeeded by an angular 
polymictic conglomerate with green- and white-altered 
matrix of the lower Craignish Formation (Hein, 1994). The 
lower Craignish "white conglomerate" was also observed by 
Arnott (I  994) in the Gillanders Mountain area, east of Lake 
Ainslie; however, this facies is generally absent west of Lake 
Ainslie (Hamblin, 1989; Giles et a]., map in prep.). The 
contact between the Fisset Brook and Craignish formations 
is poorly exposed in the Lake Ainslie area. 

To the north, near ChCticamp, the Fisset Brook-Craignish 
contact is well-exposed, where sediments of the Craignish 
Formation immediately overlie deposits of the Fisset Brook 
Formation, with no sign of faulting or baking (cf. Amott, 
1994). As with the samples examined in the present study 
(Fig. 5,6), there is a similar petrographic composition of the 
sandstones and pebbly sandstones between the Fisset Brook 
and lower Craignish formations (Fig. 7). Sediments of the 
Fisset Brook Formation appear, on average, to have slightly 
more quartz, and in one sample have significantly more rock 
fragments. In the field and in hand specimen, the Fisset Brook 
(DCFB) conglomerates and coarse sandstones are typically 
very white to buff coloured, with a bleached appearance. In 
contrast, the green-white polymict conglomerates and coarse 
sandstones (CHC) of the lower Craignish Formation lack the 
bleached aspect and the very white colouration; they have a 
more reddish colouration to the matrix, and are more feldspa- 
thic in coarse clast composition. The fine grained interbeds 
of,the Fisset Brook Formation are red siltstonelfine grained 
sandstone with green reduction spots or grey siltstone. By 
contrast, the fine grained interbeds of the lower Craignish 
Formation are red siltstone/fine grained sandstone. 

Figure 7. 

Ternary plot of the composition of the 
coarse fiaction of sandstones and pebbly 
sandstoneslconglomerates of the Devonian- 
Carboniferous Fisset Brook Formation and 
the Lower Carboniferous Craignish 
Formation. 
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FUTURE WORK 

Although there appear to be minor compositional differences 
between the coarse clastics of the Fisset Brook and Craignish 
formations, their distinction in the field is not always straight- 
forward, particularly in areas of complex geology. The main 
difference is that the Craignish sediments are slightly more 
feldspathic, but this is not always identifiable in the field. The 
colour variations and occurrence of reduction spots are diage- 
netic effects and may not be reliable for field distinction of 
these units. 

Preliminary petrographic analysis of the Horton Group 
clastics suggests that there may be an increase in maturity 
with age, from Judique to Strathlorne to Ainslie. The 
Craignish successions appear to have their own trend, again 
distinct from the Fisset Brook units. In a rough way, these 
trends may approximate evolution of the Horton Group suc- 
cession, but this maturation trend must be tested with further 
analyses, showing proximal - distal trends within given stra- 
tigraphic horizons, as well as an evaluation of general back- 
ground levels within the basin. 

Ongoing stratigraphic work and mapping in the 
Chtticamp area to the north of the Margaree map area will 
help delineate the stratigraphic and sedimentological 
relationships between coarse clastic successions of the Fisset 
Brook Formation and lower Craignish Formation of the 
Horton Group; as well as documenting proximal-distal pet- 
rographic variation within different horizons of the horton 
Group successions. 
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Canada and Article 76 of the Law of the Sea: 
defining the limits of Canadian resource 
jurisdiction beyond 200 nautical miles in the Arctic 
and Atlantic oceans 

Ron Macnab 
GSC Atlantic, Dartmouth 

Macnab, R., 1995: Canada and Article 76 of the Law of the Sea: defining the limits of Canadian 
resource jurisdiction beyond 200 nautical miles in the Arctic and Atlantic oceans; Current 
Research 1995-E; Geological Survey of Canada. p. 301 -31 1. 

Abstract: Article 76 of the Law of the Sea permits coastal nations with wide continental margins to 
extend their jurisdiction over certain mineral and biological resources beyond 200 nautical miles, and to 
assume increased environmental and conservation responsibilities. 

Existing data bases would appear to substantiate Canadian jurisdiction over about 750 000 km2 in the 
Atlantic, and 500 000 km2 in the Arctic. A strategic program for acquiring new data could strengthen and 
maximize these claims, in which case the total area of jurisdiction beyond 200 nm under the Law of the Sea 
could potentially equal the three Prairie Provinces combined. 

Current indications are that the zone defined by Article 76 in the Atlantic would hold significant potential 
for gas, oil, and gas hydrates; less is known about the fishery potential of sedentary species identified under 
Article 76. Information about most Arctic resources is inadequate for a reliable assessment of their potential, 
although the outlook for gas and oil appears generally favourable. 

Resume : L'article 76 du droit de la mer permet aux  tats cdtiers prtsentant de larges marges 
continentales d'ttendre leur juridiction 5 certaines ressources mintrales et biologiques situbs au-deli de 
la limite des 200 milles marins et d'accepter des responsabilitts accrues en matitre d'enviromement et de 
conservation. 

Les bases de donntes existantes sembleraient dtmontrer le bien-fond6 des revendications du Canada 
quant i l'extension de sa juridiction A pr&s de 750 000 km2 dans I'Atlantique et 500 000 km2 dans 
1'Arctique. Un programme strattgique d'acquisition de nouvelles donntes pourrait permettre d'ttayer et 
de maximiser ces revendications; la superficie totale visee par I'extension de la juridiction en vertu du droit 
de la mer deviendrait alors tquivalente i celle de I'ensemble des trois provinces des Prairies. 

D'aprts les indications actuellement disponibles, la zone tconomique dans 1' Atlantique definie en vertu 
de I'article 76 renfermerait d'importantes ressources potentielles en gaz, en pttrole et en hydrates de gaz; 
les ressources halieutiques stdentaires potentielles reconnues en vertu de l'article 76 sont moins bien 
connues. L'information disponible concernant les ressources potentielles dans 1'Arctique est insuffisante 
et n'en permet pas une tvaluation fiable, bien que les perspectives en ce qui a trait au gaz et au petrole 
semblent gtntralement favorables. 
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AN INTRODUCTION TO ARTICLE 76 shelf' is firmly embedded in the vocabulary of international 

OF THE LAW OF THE SEA law. Therefore in any context it is important to be explicit 
about the definition that applies. 

General principles 

Upon ratification by 60 nations, the 1982 UN Convention on 
the law of the Sea came into force on 14 November 1994. 
Developed during a decade of multilateral negotiations, the 
new law embodies substantial changes to the regulations 
governing the peaceful uses and exploitation of the world's 
oceans. 

Article 76 of the Law of the Sea will have significant 
potential impact on Canada and other coastal nations with 
wide continental margins, because it provides these nations 
with a means of ensuring international recognition of national 
jurisdiction in new marine areas beyond the limits of present 
economic zones. With certain qualifications, these extended 
jurisdictions apply to non-living resources of the seabed and 
its subsoil, and to living resources that dwell upon the sea 
floor. 

The case for Canada 

Article 76 provides Canada with a means of ensuring inter- 
national recognition of national jurisdiction over significant 
territory beyond the edge of the physiographic continental 
shelf on the Atlantic and Arctic margins, but not on the Pacific 
margin, where the continental margin is narrow. 

The Atlantic margin (Fig. 1) encompasses broad shelves 
such as the Scotian Margin and the Grand Banks of 
Newfoundland, as well as natural components of the conti- 
nental margin such as Flemish Cap and Orphan Knoll. The 
Arctic margin (Fig. 2) includes the Alpha Ridge and part of 
the Lomonosov Ridge, two structures that extend well 
offshore. 

New limits to which a coastal state can claim jurisdiction 
must be established on the basis of information submitted by 
the state concerning the nature of the submerged prolongation 
of its land mass beyond 200 nautical miles. The nature of this 
information involves a series of criteria based on bathymetric 
and geological factors. A claim must be submitted to the UN 
Commission on the Limits of the Continental Shelf; this body 
will make arecommendation on the basis of which the coastal 
state shall establish 'final and binding' limits of its continental 
shelf. 

The dozen or so wide-margin coastal states among the 
first 60 ratifying nations have until 14 November 2004 to 
define the new outer limits of their resource jurisdiction. 
Wide-margin coastal states that ratify the Convention after 
14 November 1994 have ten years from the date of their 
respective ratifications to define their own outer limits. 

The meaning of the juridical continental shelf 

With Article 76, a new definition of continental shelf' entered 
the lexicon: the term now applies to the 'natural prolongation' 
of a coastal state's land territory. In this sense, it does not refer 
explicitly to the physiographic continental shelf; in fact, it 
encompasses all three physiographic components of the con- 
tinental margin - shelf, slope, and rise. 

Where the outer edge of this legal or juridical continental 
shelf is located depends on the width of the continental 
margin. If the margin is narrow (as off western Canada) the 
juridical shelf has a width of 200 nautical miles (about 
365 km). If the margin is wide (as off eastern and northern 
Canada), the width of the juridical shelf depends on the 
topography of the sea floor and sub-bottom, and must be 
determined in accordance with the provisions of Article 76. 

With its potential for creating confusion, this altered 
nomenclature seems to be an unfortunate amendment to the 
language. Nevertheless, the new meaning of 'continental 

GENERAL IMPLEMENTATION 
OF ARTICLE 76 

Justification for extending the 
200 nautical mile limit 

Before proceeding to implement Article 76, a wide-margin 
state must identify seabed features to be enclosed within the 
new continental shelf, and justify them as components of the 

Figure 1. Canada's Atlantic margin. Solid line: Fishing 
Zone limits that circumscribe present jurisdiction over 
marine resources. Light dots and dashes: 500 and 2500 m 
depth contours, respectively. Heavy dashes: location of the 
bounding line, explained in the text. 
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'natural prolongation of its land territory'. Physiographic 
considerations are likely to be important in most cases, but 
Article 76 provides scope for developing geological argu- 
ments in particular ,situations where submarine elevations 
retain continental affinities even when separate from parent 
physiographic continental shelves. 

After the identification of these features, there are three 
steps for defining the outer limit (Figure 3). 

Figure 2. Canada's Arctic margin. Lines and symbols as 
for Figure I .  

OF THE JURIDICAL CONTINENTAL SHELF 

The foot of the slope 

The first step requires the location of the 'foot of the conti- 
nental slope', the line along the base of the slope where the 
gradient of the sea floor undergoes maximum change. This 
key feature provides a baseline for subsequent procedures; its 
delineation has a significant effect on the location of the final 
outer limit. 

Distance and sediment thickness formulas 

The second step involves the.definition of a provisional outer 
limit by a series of straight lines that join fixed points no more 
than 60 nautical miles apart. The locations of these fixed 
points are determined according to their distance from the foot 
of the continental slope, evaluated by the distance formula or 
the sediment thickness formula (Fig. 4). 

The distance formula involves a simple measurement of 
distance: 60 nautical miles to seaward from the foot of the 
slope. The sediment thickness formula is more complicated, 
and requires the measurement of sediment thickness: the fixed 
point is where sediment thickness equals one per cent of the 
distance back to the foot of the slope. The limit defined by a 
succession of such points is known colloquially as the Gardi- 
ner Line, after its principal architect (Gardiner, 1978). 

The concept of the bounding line 

Regardless of the formula chosen, the outer limit cannot 
extend beyond a maximum of 350 nautical miles from the 
state's territorial sea baselines, or 100 nautical miles beyond 

DISTANCE FORMULA: 
................................................... ..--....-.-........... 

.................................................... .......................... .......................... 

0: OulaIMtwlthln 350 nmhom bawlhs,or 100 mfrm26Wrn bmbah 
F:Footolslope 
T: Thldmcws of sedment 

Figure 4. The distance and sediment thickness formulae 

Figure 3. A simplified representation of the procedures spec$ed by Article 76 for delineating the outer limit of the 

specified in Article 76, for defining the outer limits of juridical continental she& It is lefr to the coastal state to 

partial resource jurisdiction beyond the 200 nautical mile decide whether the formulae should be applied singly or 

limit. in combination. 
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the 2500 m isobath, unless the features being claimed are 
'submarine elevations that are natural components of the 
continental margin, such as plateaux, rises, caps, banks, and 
spurs'. For the purposes of this discussion, it will be assumed 
also that the outer limit does not extend beyond boundaries 
with neighbour states. For technical convenience, these three 
limiting features can be amalgamated into a single bounding 
line beyond which the outer limit may not extend. 

The heavy dashed lines in Figures 1 and 2 illustrate 
bounding lines off eastern and northern coasts, according to 
present information. 

The outer limit of the continental shelf 

The third step is to determine whether portions of the provi- 
sional outer limit (as determined by the distance and/or sedi- 
ment thickness formulas) protrude beyond the bounding line, 
and to eliminate those that do. The resulting line is a compos- 
ite of the provisional outer limit and the bounding line, and 
represents the new outer limit of the juridical continental 
shelf. 

Information requirements and the effects of errors 

As outlined above, the locations of five features must be 
known accurately for Article 76 purposes: (1) the 200 nautical 
mile limit measured from the territorial seas baseline; (2) the 
350 nautical mile limit measured from the same baseline; 
(3) the foot of the continental slope; (4) the 2500 m isobath; 
and (5) the Gardiner Line. 

The locations of the first and second features - the 200 
and 350 nautical mile limits - are relatively straightforward 
to determine graphically from charts, or numerically by geo- 
detic computation. 

Delineating the third feature - the foot of the slope - 
requires the knowledge of water depths along a series of 
profiles perpendicular to the edge of the continental shelf, 
with analysis to identify the line of maximum change of 
seabed gradient along the base of the continental slope. This 
procedure doesn't require absolute accuracy in the measure- 
ment of depth, but the geographic coordinates of the depth 
values along each profile must be accurately known. The 
outcome of this analysis depends heavily on the quantity and 
distribution of profiles, and on interpretive criteria. Errors at 
this stage will propagate into applications of the distance and 
sediment thickness formulas. 

The location of the fourth feature - the 2500 m isobath - 
is required as a baseline for constructing a limiting line 100 
nautical miles to seaward, which defines part of the bounding 
line. This requires the measurement of water depths at the 
highest accuracy, which is presently considered to be plus or 
minus 1 % of the water depth. At a depth of 2500 m over sea 
floor with a 2 degree slope, this error leads to a potential 
uncertainty of plus or minus 715 m in the inferred location of 
the 2500 m isobath, and in the corresponding segment of the 
bounding line. This may translate into uncertainty over the 
size of the area encompassed by the new outer limit. 

The location of the fifth feature - the Gardiner Line - 
requires the measurement of sediment thickness by the seis- 
mic technique. The velocity of sound in sediment is not well 
known, with inaccuracies in reflection measurements typi- 
cally approaching 10%. This can have a significant impact on 
the location of the Gardiner Line: if 1 km of sediment thick- 
ness is measured 100 km from the foot of the slope, a 10% 
thickness error translates into a 10 km distance uncertainty. 
There are other ambiguities in the interpretation of the seismic 
profile, such as encountered in distinguishing between sedi- 
ment and underlying crystalline basement, or in determining 
the location of the 1% sediment thickness line over rugged 
acoustic basement. 

RATIONALE FOR AND BASIS OF 
CANADIAN JURISDICTION 

The Atlantic margin 

Canada's Atlantic margin is characterized by a wide, shallow 
continental shelf (Fig. 1). Physiographic and geological con- 
siderations provide strong grounds for asserting that the 
Grand Banks and Flemish Cap are 'submerged prolongations' 
of the country's land mass. The case for Orphan Knoll and its 
associated basin is less clearcut, however both features are 
believed to be underlain by continental crust. In any case, the 
area to be claimed under Article 76 cannot extend beyond the 
bounding line shown in Figure 1. 

Article 76 interests in the Atlantic region are primarily 
resource driven. For the most part, shelf areas on this margin 
are within relatively easy commercial access: the region's 
fishery potential has dwindled in recent years, but there is a 
promise of substantial hydrocarbon resources. In the past, 
Canada has unilaterally claimed ownership of some of these 
resources through the issuance of exploration permits to the 
petroleum industry. Article 76 offers a procedure for formal- 
izing this resource jurisdiction through the mechanism of 
international recognition. 

The Arctic margin 

In contrast, Canada's Arctic margin has a fairly narrow con- 
tinental shelf, but it features two relatively deep ridge struc- 
tures oriented perpendicular to the coast and extending well 
into the Arctic Ocean (Fig. 2). Current geological evidence 
supports the case for considering the Alpha Ridge and part of 
the Lomonosov Ridge as 'submerged prolongations' of the 
Canadian landmass: the former shows geological affinity 
with Canada's northernmost island, whereas the latter appears 
to be continental in nature. The area to be claimed cannot 
extend beyond the bounding line shown in Figure 2. 

Resource access is severely hampered on this margin by 
water depth, by permanent ice cover, and by unfavourable 
climatic and operating conditions. The region features major 
offshore sedimentary basins with good long-term hydrocar- 
bon potential, but their commercial development will likely 
have to wait for advances in exploitation technology, not to 
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mention global economic changes. For short and medium 
terms therefore, Article 76 interests in this region are not 
primarily resource driven. 

Article 76 interests may however be driven by environ- 
mental concerns in the Arctic; with only one deep-water 
channel linking it to the world ocean, the Arctic Ocean is 
essentially an enclosed sea that has become a repository of 
long-lasting toxic wastes. Monitoring and mitigating the 
effects of these materials will probably require a coordinated 
international approach, which may persuade Arctic coastal 
nations to establish aregime for protecting and managing their 
common offshore - a regime based upon clear definitions of 
each country's zone of interest and responsibility. 

KNOWN AND POTENTIAL RESOURCES 
IN THE AREAS AFFECTED 

Hydrocarbons of the Atlantic margin 

Oil and natural gas occur in sedimentary basins, and studies 
confirm the existence of vast basins throughout the entire 
Atlantic margin from Georges Bank to the northern Labrador 
Sea (Procter et al, 1984; Bell and Campbell, 1990). Known 
and potential hydrocarbon resources in these regions offer the 
primary economic justification for seeking international rec- 
ognition of Canadian jurisdiction over an extended continen- 
tal shelf. 

Gas hydrates of the Atlantic and Arctic margins 

Gas hydrates are a particular form of hydrocarbons that occur 
globally beneath the world's oceans (Kvenvolden et al., 
1993), and like oil and natural gas may be of considerable 
economic significance in the outer continental margin. Stud- 
ies on the Atlantic margin of the United States indicate that 
the methane in gas hydrates is a possible major energy 
resource. Comparable studies have not been carried out on the 
Canadian margins, but current knowledge plus an extrapola- 
tion of US studies suggest that the Atlantic seabed in Canada's 
prospective zone of extended jurisdiction could contain 
nearly 200 000 trillion cubic feet of gas. Similarly, the seabed 
in the Arctic could contain up to 150 000 trillion cubic feet. 

Minerals 

Off Canada as off most coastal nations, contemporary marine 
mining operations are generally confined to the continental 
shelf, relatively close to shore and thus not likely to be 
affected by the provisions of Article 76. Beyond the edge of 
the continental shelf, manganese nodules, crusts, and coatings 
represent the mineral resource that has so far drawn the most 
attention (Hale, 1990). Off Canada's coasts, there is unlikely 
to be a significant quantity of this resource within the zone of 
jurisdiction potentially claimable under Article 76. 

Fisheries of the Atlantic margin 

Article 77 of the Law of the Sea defines these exploitable 
resources as 'living organisms belonging to sedentary spe- 
cies, that is to say, organisms which, at the harvestable stage, 
either are immobile on or under the seabed or are unable to 
move except in constant physical contact with the seabed or 
subsoil'. In addition, Articles 118, 145, and 192 describe the 
responsibilities of coastal states with respect to fisheries and 
environmental management in the areas beyond 200 nautical 
miles. 

Limited information is available on the harvestable 
bottom-dwelling species of the slope, rise, and deeper areas 
of the continental margin. A comprehensive research program 
would be needed to assess fully the region's potential. Also 
important to consider are a wide variety of species that lack 
direct commercial potential, but which are significant to the 
environment and seabed habitats, and as food web resources. 

USE OF EXISTING DATA BASES FOR 
JURIDICAL SHELF DELINEATION 

The Atlantic margin 

Bathymetry (Fig. 5) 

Much information exists on the Atlantic margin, acquired 
mostly by agencies of the Canadian Government since the 
early 1960s. The quality and distribution of these observa- 
tions are very uneven: many were collected prior to the 1982 
UN Convention, with no particular attention being paid to sea 
bed features relevant to Article 76. 

The data base is probably adequate for foot of slope 
determination off the Scotian and north Labrador Margins, 
but not off the Grand Banks, Flemish Cap, Orphan Knoll, and 
the south Labrador Margin. Determining the 2500 m isobath 
may be problematic in all areas, because measurements were 
made with old technology featuring poor to non-existent 
velocity control, using wide beam echo sounders that ensoni- 
fied wide swaths on the sea floor and which were therefore 
constrained to derive average depths within their large foot- 
prints. This database probably needs to be upgraded in 
selected areas through the collection of new data with the aid 
of modem technology. 

Sediment thickness (Fig. 6) 

Compared to assembled observations over the shallow parts 
of the margin, seismic measurements are not plentiful in 
deeper waters. The data have been acquired by a variety of 
academic, government, and commercial organizations, from 
Canada and elsewhere. Measurements represent a mix of 
single- and multi-channel reflection seismic observations, 
with refraction profiles in certain areas. 
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Figure 5. Locations where depth of water has been measured during 
surveys and scientific expeditions by vessels of the Canadian Government 
and other agencies, from the early 1960s to the present. OffNova Scotia 
and Labrador, this database is probably adequate for determining the foot 
of the continental slope, less so for locating the 2500 m isobath. In the deep 
water areas adjacent to the Grand Banks and Flemish Cap, the database 
defines them less accurately. 

Many of the single-channel profiles don't show acoustic 
basement, and thus are unsuitable for Article 76 purposes. 
Quality and distribution of the remaining data are very 
uneven: nowhere are there enough profiles to determine the 
location of the Gardiner Line at the required 60 nautical mile 
spacing. This data base needs upgrading in most areas beyond 
200 nautical miles through the systematic acquisition afnew 
reflection and refraction data. 

The Arctic margin 

Bathymetry (Fig. 7) 

Most observations consist of spot soundings taken through 
the ice by helicopter-transported surveyors of the Canadian 
Hydrographic Service. Measurements were made for the most 
part with portable echo sounders that featured low power and 
wide beams; consisting of average depths from their large 

ensonified footprints, these observations are isolated from 
other soundings, and so provide only a limited indication of 
sea bed morphology. 

The quality and distribution of these observations is 
uneven: the data may be adequate for locating the foot of slope 
and the 2500 metre isobath in the Beaufort Sea and off Banks 
Island, but not elsewhere. The database needs upgrading in 
the deeper waters off the Queen Elizabeth Islands and over 
the Alpha and Lomonosov ridges. 

Sediment thickness (Fig. 8) 

Available observations are scarce, consisting for the most part 
of seismic refraction profiles over Alpha and Lomonosov 
Ridges. Currently-available data are insufficient for deter- 
mination of the Gardiner Line. 
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Figure 6. Locations where seismic reflection data have been collected during 
multichannel surveys by vessels operating for the most part on behalfof the gas 
and oil industry; most data were collected during the 1970s and early 1980s. 
Portions of this data base may be suitable for determining the thickness of 
sediment and the location of the Gardiner Line in the deep water areas adjacent 
to the Grand Banks and Flemish Cap. OfSNova Scotia and Labrador, the data 
are less precise in establishing the Gardiner Line. 

PROVISIONAL OUTER LIMITS DEVELOPED Outer limits based on the distance formula 
WITH EXISTING DATABASES 

The outer limits described in the paragraphs that follow have 
been developed from preliminary determinations of: the foot 
of the continental slope and a limiting line 100 nautical miles 
seaward of the 2500 m isobath in the Atlantic and Arctic; and 
the Gardiner Line in the Atlantic. These features have been 
defined on the basis of existing databases that are known to 
be incomplete. A thorough analysis of better quality informa- 
tion is necessary before the outer limits can be drawn in their 
definitive form. 

These are developed in Figures 9 and 10 for the Atlantic and 
Arctic, respectively. In the first stage (part A of both figures) 
a provisional outer limit is constructed by projecting the foot 
of the slope seaward for a distance of 60 nautical miles; in the 
second stage (part B of both figures) a definitive outer limit 
is produced by combining segments of the provisional outer 
limit, the Fishing Zone limit, and the bounding line. 

In the Atlantic margin, this encloses an area beyond 
200 nm of about 590 000 km2, consisting of: a minor exten- 
sion south of Nova Scotia; an extension that is close to the 
maximum permissible around the Grand Banks, Flemish Cap 
and orphan Knoll; and a moderate extension off Labrador. In 
the Arctic margin, the extension consists of an area covering 
the Alpha Ridge and part of the Lomonosov Ridge, encom- 
passing approximately 470 000 km2. 
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Figure 7. Locations where depth of water has been measured during surveys and 
scientiJc expeditions by Canadian Government and other agencies, from the 
1960s to the present. Portions of this database are probably adequate for 
determining the foot of the continental slope and the 2500 m isobath in the 
Beaufort Sea and o f  Bank Island, but elsewhere the definition is less well 
controlled. 

Figure 8. Locations of seismic refraction experiments performed by agencies of 
the Canadian Government, operating from camps established on the permanent 
polar pack ice. Observations include sediment thickness and velocity, but they are 
too sparse for determining the location of the Gardiner Line consistently 
throughout the region on a regional basis. 
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- - - -  
DISTANCE FORMULA ......... Fishing Zone Limits 

Boundlng Line - - - - - -  
Foot of Slope Projected 60 nm Seaward 

. . . . . . . . .  Fishin Zone L~mits 
~ o u n d l n ~  Line - - - - - -  
Juridical Continental Shelf Beyond 200 nm I , a >  . . I 
New Outer Limit 

Figure 9. The outer limit of the juridical continental shelf in the Atlantic, based on the application 
of the distance formula to existing information. In A, the foot of the continental slope is projected 60 
nautical miles seaward to form a provisional outer limit. In B, this is combined with the 200 mile 
limit and the bounding line to form a new outer limit that extends the zone beyond the 200 nm limit 
by some 591 200 km2. 

DISTANCE FORMULA 
. . . . . . . . . .  Fishin Zone Limits 

Bouncfnng Line - - - - - -  
Foot of Slope Projected 60 nm Seaward .I 

Figure 10. The outer limit of the juridical continental shelfin the Arctic, based on the application of 
the distance formula to existing information. In A, the foot of the continental shelf is projected 
seaward by 60 nautical miles to form a provisional outer limit. In B, this is combined with the 200 
mile limit and the bounding line to form a new outer limit that extends the zone beyond the 200 nm 
limit by some 470 000 km2. 
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Outer limit based on the sediment thickness formula 

This is shown in Figure 11 for the Atlantic only (at present, 
the sediment thickness formula cannot be implemented in the 
Arctic for lack of seismic data). In the first stage (part A) a 
provisional outer limit is constructed by projecting the foot 
of the continental slope seaward to the Gardiner Line; in the 
second stage (part B) this is combined with segments of the 
provisional outer limit, the Fishing Zone limit, and the bound- 
ing line to create a definitive outer limit. This adds approxi- 
mately 760 000 km2 to the area defined by the distance 
formula: it consists of moderate extensions off Nova Scotia 
and Labrador, along with most of the zone within the bound- 
ing line around the Grand Banks, Flemish Cap, and Orphan 
Knoll. 

Outer limits based on combined formulas 

A wide margin state is permitted by Article 76 to combine the 
results of the distance and sediment thickness formulas in 
order to define its new outer limits to best advantage. At 
present, combined formulas are not possible in the Arctic, 
given the lack of sediment thickness information. In the 
Atlantic, the distance and sediment thickness formulas are 
almost equivalent everywhere except in the Scotian Basin, 
where the latter encompasses a significantly greater area. Off 

Labrador and the Grand Banks, the difference between for- 
mulas represents a total area of about 50 000 km2. In the 
Scotian Basin, the sediment thickness formula represents an 
additional area, beyond that defined by the distance formula 
of about 1 10 000 km2. 

Outer limits developed with enhanced databases 

Properly designed and executed, a program for acquiring new 
bathymetric and seismic data could provide the information 
required to substantiate jurisdiction over a larger area. This 
would support Canada's jurisdiction over resources beyond 
200 nm over an estimated 1 750 000 km2, an area roughly 
equivalent to Canada's three Prairie Provinces. 

CONCLUSIONS 

Benefits of Article 76 to Canada 

Article 76 of the UN Convention on the Law of the Sea 
provides a legal framework whereby Canada may support its 
claim to jurisdiction over extended portions of its wide con- 
tinental margins in the Atlantic and Arctic oceans. On the 
basis of existing information, about 750 000 km2 in the 
Atlantic, and nearly 500 000 km2 in the Arctic, could be added 

Figure I I .  The outer limit of the juridical continental shelfin the Atlantic, based on the application 
of the sediment thickness formula to existing information. In A, the foot of the continental slope is 
projected out to the Gardiner Line (where the thickness of sediment is equal to I % of the distance 
to the foot of the slope) to form a provisional outer limit. In B, this is combined with the 200 mile 
limit and the bounding line to form a new outer limit that extends the zone beyond the 200 nm limit 
by some 761 000 km2. 
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to Canada's present economic zones. With judiciously 
acquired bathymetric and seismic information, these figures 
could be increased by an estimated 500 000 km2. 

A decision to proceed with the delineation of new limits 
of the juridical continental shelf would result in two primary 
and significant benefits: (1) international recognition of 
resource jurisdiction over substantial portions of the sea floor 
beyond 200 nautical miles; and (2) formal authority for deal- 
ing effectively with environmental issues in the high seas 
adjacent to the nation's zones of economic interest. 

Unknowns 

The locations of potential new limits are only provisionally 
known at this time, as they have been derived from prelimi- 
nary assessments of incomplete data sets. Substantial work 
remains to be done: (1) in assembling and rationalizing all 
remaining information into a coherent database; (2) in ana- 
lyzing the resulting body of information with the aim of 
defining a more objective delineation of the edge of the 
juridical continental shelf; and (3) in developing a program 
to acquire new information where needed to supplement the 
existing databases. 

At present, we possess mixed knowledge of the resource 
potential of the extended shelf areas. Quantitative knowledge 
of the hydrocarbon potential is fairly good in the Atlantic 
margin on account of a long-standing program for assessing 
gas and oil resources in this region: there are clear indications 
that extending the juridical shelf edge to the limit permitted 
by Article 76 will prove to be beneficial in this respect. Except 
for the Beaufort Sea, our equivalent knowledge in the Arctic 
is poor to zero. The potential for gas hydrates is promising in 
both the Atlantic and the Arctic, but it is based on general 
formulas that have been derived from their inferred occur- 
rence in other parts of the world. 

Deep-sea mineral resources remain an unknown quantity 
in the extended shelf areas in the Atlantic and Arctic. The 
exploitable fishery is limited to bottom-dwelling species with 
a number of restrictions; this potential is only partially known 
in the Atlantic, less so in the Arctic. 
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Abstract: Late Namurian to Stephanian strata in southeastern New Brunswick have traditionally been 
assigned to the EnragC, Boss Point, Salisbury, Richibucto, and Tormentine formations, equivalent to parts 
of the recently redefined Cumberland and Pictou groups. Recent mapping, palynology studies, and revisions 
made in the type localities of the Cumberland and Pictou groups have necessitated the reassignment of some 
of these strata. Preliminary results indicate the Salisbury and Richibucto formations are not facies equivalent 
and need to be formally redefined. Spore assemblages in the Richibucto Formation are mid-Westphalian C 
to Stephanian whereas those in the Salisbury Formation are latest Westphalian B to Westphalian C. Based 
on similar lithostratigraphy, the Richibucto Formation is tentatively correlated with the Malagash Formation 
which forms the top of the Cumberland Group in the Cumberland subbasin. The overlying Tormentine 
Formation would therefore be equivalent to the lowermost Pictou Group in Nova Scotia. 

RCsumC : Les couches du Namurien tardif au StCphanien dans la partie sud-est du Nouveau-Brunswick 
ont historiquement CtC intkgrdes aux formations d'EnragC, de Boss Point, de Salisbury, de Richibucto et de 
Tormentine Cquivalentes A des parties des groupes rkcemment redCfinis de Cumberland et de Pictou. Des 
revisions des localitts types des groupes de Cumberland et de Pictou, des 6tudes palynologiques et des 
travaux de cartographie rCcemment effectuCs exigent une reclassification de certaines de ces couches. Les 
rCsultats prkliminaires indiquent que les formations de Salisbury et de Richibucto ne sont pas des faci&s 
equivalents et doivent ttre formellement redkfinies. Les assemblages de spores de la Formation de 
Richibucto datent du Westphalien C moyen au StCphanien alors que ceux de la Formation de Salisbury 
datent du Westphalien B sommital au Westphalien C. D'apr&s une lithostratigraphie similaire, la Formation 
de Richibucto est, de mani&re tentative, corrClCe ?i laFormation de Malagash qui forme le sommet du Groupe 
de Cumberland dans le sous-bassin de Cumberland. La formation $us-jacente de Tormentine serait alors 
tquivalente aux couches basales du Groupe de Pictou en Nouvelle-Ecosse. 

Contribution to the Magdalen Basin NATMAP Project. 
New Brunswick Department of Natural Resources and Energy, Sussex, New Brunswick, EOE IPO. 
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INTRODUCTION AND 
GEOLOGICAL SETTING 

A 1 :50000 scale mapping program, funded by the Magdalen 
Basin NATMAP Project, was initiated in the fall of 1994 to 
investigate the stratigraphy and resource potential of 
Carboniferous rocks in southeastern New Brunswick. The 
improved stratigraphic framework will be integrated with 
recent stratigraphic revisions in the Cumberland subbasin, 
immediately across the border in Nova Scotia. The first phase 
of this project involved stratigraphic, structural and palynologi- 
cal investigations in the Cape Tormentine (11 L/04), Port 
Elgin (21 YOl), and northern part of the Arnherst (21 H116) 
map areas. This work will continue on the Moncton (21 L/02), 
Hillsborough (21 H/15), and southern parts of the Amherst 
(21 HI1 6) map areas during the 1995 field season (Fig. 1). 

Regionally, the study area is situated within the western 
part of the Maritimes Basin (Fig. 2) considered to be a 
successor basin initiated in Late Devonian time following the 
Acadian Orogeny (Roliff, 1962; Williams, 1974; 
McCutcheon and Robinson, 1987). The basin as a whole 
comprises several subbasins isolated by basement blocks or 
uplifts. Although the depositional history of each subbasin 
contains unique elements, the basin fill can be subdivided 
into five lithostratigraphic divisions (e.g. Ryan et al., 1991; 
St. Peter, 1993) ranging in age from Late Devonian to 
Permian. In ascending order they comprise the Horton, 
Windsor, Mabou (Hopewell), Cumberland, and Pictou 
groups. 

This paper focuses on the stratigraphy of Late Namurian 
to Stephanian units covered during the first phase of mapping 
and on correlation of these units with established stratigraphic 
subdivisions elsewhere in the Maritimes Basin. 

NEW BRUNSWICK 

Figure 2. Regional location map of Maritimes Basin (after 
Ryan and Boehner, 1994). 

PREVIOUS WORK AND NOMENCLATURE 

Terminology applied to Upper Carboniferous strata in south- 
em New Brunswick is in a state of confusion. The Pictou and 
Petitcodiac groups have been used interchangeably for all or 
parts of the stratigraphic record spanning Late Namurian to 
Stephanian time. The Lexicon of Canadian Stratigraphy 
(Williams et al., 1985) illustrates this problem, including 
rocks from the same geographic area in New Brunswick 
within both the Pictou and Petitcodiac Group definitions. 
Wright (1922) introduced the term Petitcodiac Series for 
rocks roughly equivalent to the EnragC, Boss Point, and 
Salisbury formations of later workers. Norman (1941) 
elevated the Petitcodiac to group status but excluded the 
Enrag6 Formation which formed the top of his newly defined 
Hopewell Group. 

The first comprehensive study of Carboniferous rocks in 
New Brunswick was conducted by Gussow (1953). He intro- 
duced, in ascending order, the names Salisbury, Scoudouc, 
Richibucto and Tormentine formations for Upper Carboniferous 
rocks and assigned these formations to the Pictou Group. The 
underlying Boss Point Formation was included in the now 
abandoned Riversdale Group. Following Norman (1941), 
Gussow (1953) assigned the Enragt Formation to the Hopewell 
Group and considered it to be equivalent to the Claremont 
Formation, which at that time was assigned to the base of the 
Riversdale Group in Nova Scotia. 

In the Moncton area, Carr (1968) abandoned the Scoudouc 
Formation, including it in his revised Salisbury and 
Richibucto formations. He assigned these rocks and the Boss 
Point Formation to the Petitcodiac Group (Fig. 3). Most 
subsequent workers have followed Gussow (1 953), referring 
to Upper Carboniferous strata overlying the Boss Point 

Figure 1. Location of l:50 000 Scale NTSmap areas in study Formation, as Pictou Group (van de Poll, 1970; McLeod and 
area. Mapping completed in shaded area. Ruitenberg, 1978; Ball et al., 1981; St. Peter, 1993). 
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STRUCTURE AND BASEMENT FEATURES 

Although subsurface information is limited, it is known that 
Upper Carboniferous strata exposed at surface were also 
deposited on the Westmorland Uplift and within the Sackville 
subbasin in the northern and southern parts of the map area 
respectively. These features are bounded by steeply dipping, 
normal faults, most of which are concealed beneath a blanket 
of Upper Carboniferous rocks (Fig. 4). 

The Westmorland Uplift (Gussow, 1953) is a roughly 
east-west trending basement ridge extending from the 
Hillsborough area to Cape Tormentine, a distance of over 
95 km. Granite exposed at sulface in a quarry near Calhoun, 
west of the map area, is part of this ridge. Deep boreholes 
indicate that the sedimentary cover progressively thickens 

towards the north and east. The oldest strata encountered in 
these boreholes were probably EnragC Formation (Late 
Namurian). It is not known if lower Carboniferous rocks were 
removed by erosion during exhumation of the granite or 
whether this area was topographically high at this time. 

Upper Carboniferous rocks overlying this ridge are gently 
warped into a broad, shallowly east-plunging anticline 
referred to as the Westmorland Anticline. This structure, 
which exposes progressively younger beds to the east, is 
curvilinear east-west, generally conforming to the trend of the 
basement ridge. Based on this geometric configuration, 
Gussow (1953) suggested that this anticlinal structure was 
more influenced by basement topography than by tectonic 
processes. 

The Sackville subbasin, defined by Martel (1987) using 
deep seismic reflection profiles and deep borehole data from 
two wells in the Dorchester area, contains a thick succession 
of continental clastic rocks and marine evaporites. The 
Horton, Windsor, and base of the Hopewell groups are not 
exposed at surface in the map area but are present at depth. 
Shell Dorchester No. 1, the deepest hole drilled in the basin, 
terminated in the Albert Formation (Horton Group). Horton 
Group strata are interpreted from seismic reflection data to 
thin toward the Sackville Arch, a local topographic high 
(Martel, 1987). As the Windsor Group is absent in this area, 
the arch apparently remained relatively high during Windsor 
time, and the Horton Group is disconformably overlain by the 
Hopewell Group. The Hopewell Group was succeeded by late 
basin-fill sediments that overstepped the bounding faults onto 
the Westrnorland and Hastings uplifts. At surface, they are 
gently folded into the east-northeast-trending, doubly plung- 
ing Dorchester anticline and syncline. 
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most units have never been formally established although 
informal nomenclature is firmly entrenched in the literature. 
No attempt has been made at this stage to erect formal type 
sections although it is a long-term goal of the project. 
Lithostratigraphy of the map units is based on preliminary 
field investigation and petrography and applies to the map 
area only, unless otherwise indicated. 

Coarse Redbed unit 

The oldest rocks encountered at surface in the map area are 
dominantly coarse, red fluviatile rocks which conformably 
underlie the Boss Point Formation. Limited exposures of 
these rocks, all northwest of Sackville, occur on the head- 
waters of Breau Creek and in the vicinity of the old Dorches- 
ter Copper mine (Fig. 5). Redbeds in a similar stratigraphic 
position were encountered 890 m below surface in Imperial 

Figure 4. Generalized map of subbasins, uplifts and faults Port Elgin #I borehole, 30 km northeast of Sackville, and 
in southeastern New Brunswick and northwestern Nova 520 m below surface in Imperial Dorchester #I borehole, 
Scotia (modijed after St. Peter & Foley, 1989). 6 km south of the surface exposure. 
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The lower contact was penetrated in these boreholes indi- 
cating that the unit, in part, overlies fine grained redbeds of 
the Maringouin Formation but also directly overlaps base- 
ment. The upper contact is exposed in the adit of the old 
Dorchester Mine, where the redbeds form the footwall to the 
copper ore body at the redbed-greybed transition. The unit 
comprises alternating beds of reddish-brown to brick-red, 
polymictic, pebble to cobble conglomerate, arkose, pebbly 
arkose, siltstone, and mudrocks. The fine grained rocks very 
commonly contain green reduction spheroids. 

Thickness estimates vary for this unit. The surface expo- 
sures form a southeast-younging sequence on the north limb 
of the Dorchester syncline. Based on surface distribution and 
dip in this area, the thickness is in the order of 200-300 m, but 
the section is truncated by the Dorchester Fault. An 800 m 
thickness was intersected in Imperial Dorchester #1 to the 
south. The unit thins considerably over the Westmorland 
Uplift, where only 30 m of strata were encountered in Imperial 
Port Elgin #1, directly overlying granitic basement. 

The Coarse Redbed unit was designated undivided 
Hopewell Group by Norman (1941) and Gussow (1953), 
although the latter author alluded to the EnragC affinity of 
these beds by stating that the Maringouin and Shepody for- 
mations were missing in this area. The Hopewell Group, as 
defined in the type area, traditionally comprised a conform- 
able sequence consisting of, in ascending order, the Marin- - 
gouin, Shepody, and EnragC formations (Norman, 1941; 
Haherty and Norman, 1941). Gussow (1953) redefmed the 

base of the Enrage Formation as a regional unconformity. 
Subsequently, these coarse grained red strata and similar 
redbeds, which unconformably overlie older Carboniferous 
strata or basement in the southeastern Moncton subbasin, 
were assigned to the EnragC Formation (McLeod and 
Ruitenberg, 1978; St. Peter, 1992, 1993). 

Recent work by van de Po11 (1994) has demonstrated that 
the majority of what was originally defined as Enrage Formation 
is lithologically more akin to the overlying Boss Point 
Formation than to the underlying Hopewell Group. A new 
spore locality in the Shepody Formation underlying the 
EnragC Formation in the Chignecto Bay area indicates it is 
most likely Late Namurian age (G. Dolby, written communi- 
cation, 1995). This adds strength to van de Poll's (1994) 
argument that the Shepody and EnragC formations are part of 
the Cumberland Group rather than the Hopewell Group which 
gradationally overlies VisCan rocks. 

Conglomerates from the Coarse Redbed unit in the map 
area are unlike those found in the EnragC Formation in the 
type section, which are relatively mature, well-sorted, distal- 
type lithofacies (van de Poll, 1994). Although both the Enragt 
and Coarse Redbed unit conformably underlie the Boss Point 
Formation, and may be time equivalent, the latter are poorly 
sorted, immature and polymictic suggesting they have a 
proximal source. For these reasons it is suggested the use of 
the term EnragC be restricted to the unit described by van de 
Poll (1994). Similar immature, redbed conglomerate units in 
the same stratigraphic position occur 1) in the southeastern 

1 Torrnenline Formation 

1 Boss Point Formofion 

@ Westrnorland Anticline 

@ Dorchester Syncl ine 

Figure 5. General geology of Upper Carboniferous rocks in southeastern New Brunswick. 
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Moncton subbasin (mapped as EnragC), 2) on the Central 
Platform margin (Shin Redbeds), and 3) Cumberland sub- 
basin in Nova Scotia (Claremont Formation). 

Boss Point Formation 

Strata assigned to the Boss Point Formation conformably 
overlie the Coarse Redbed unit in the Dorchester area and are 
concordantly overlain by a unit of red siltstone and sandstone, 
quartz-rich sandstone, pebbly sandstone, conglomerate. The 
lower contact was described in the previous section. The 
upper contact is described below. The type section is at Boss 
Point, Cumberland County, Nova Scotia (Browne, 1991). 
The formation is present in the Sackville area, and occurs as 
a separate belt on the Cumberland Ridge adjacent to the Nova 
Scotia border. To the north, it is exposed on Musquash Brook 
and the Memramcook River in the Cookville area (Fig. 5). 

The dominant lithofacies is fine-to medium-grained, 
trough crossbedded sandstone ranging in composition from 
quartz arenite to subarkose and sublitharenite. The sandstone 
is characterized by its yellow weathering and ubiquitous 
carbonized plant debris that is commonly associated with 
pyrite nodules and thin discontinuous coal seams. Pebbly 
sandstones containing quartz pebbles or grey mud clasts are 
common at the base of the sandstone beds. Thin units of dusky 
grey mudstone and siltstone are also associated with the 
sandstone units. 

Thick (up to 30 m), massive and trough crossbedded 
conglomerate units predominate in the Breau Creek and 
Cumberland Ridge sections. The conglomerate is typically 
polymictic, but quartz dominated, and contains subordinate 
felsic volcanic and intrusive clasts and intraformational grey 
mud clasts. It is dominantly clast supported in the Breau Creek 
area and contains subrounded pebbles and cobbles up to 
20 cm in diameter. Sandstone bodies within the conglom- 
eratic sections are typically less than a metre thick and wedge 
shaped. Grey siltstone and mudstone form discontinuous 
lenses. On Cumberland Ridge, the conglomerate bodies are 
both matrix and clast supported and are interbedded with 
thick, trough crossbedded sandstone units which locally cut 
into the underlying conglomerate. Large spherical manganese 
concretions up to a metre in diameter occur in the sandstone 
bodies. 

A distinctive, highly indurated, grey to pink quartz arenite, 
exposed as undulating polished outcrops in the bed of the 
Memramcook River, is commonly mottled grey and buff and 
contains fairly abundant disseminated pyrite. This unit may 
be similar to one described by Cam (1968) and Hamilton and 
Sutherland (1968), near the top of the Boss Point in the 
Moncton map area to the west. Although the Boss Point 
lithofacies are overwhelmingly grey, brownish-red, fine 
grained, thin bedded sandstone and pebbly sandstone are 
interbedded with grey Boss Point sandstones above the quartz 
arenite unit. The upper contact is not exposed and therefore, 
the exact position below the top of the formation is not known. 

quartz-rich rocks and siltstone. This unit is also present in 
several boreholes in the map area and may be correlative with 
the above described unit on the Memramcook River. Newly 
exposed outcrop near the Walker Road overpass on the Trans 
Canada Highway passes through this contact. As it is not yet 
clear if these rocks are part of the Boss Point Formation they 
will be described in detail in the section titled Fine Redbed 
unit. 

Thickness estimates for the Boss Point Formation range 
considerably throughout the map area. Over the Westmorland 
uplift the formation is thin (80 in) to absent but in the Sackville 
subbasin it thickens dramatically. A conservative estimate 
using sections constructed across the Cumberland Ridge 
indicates that 800 m of strata are present, but neither the base 
or top is exposed. A section from the lower contact at the 
Dorchester Mine indicates a thickness in the order of 850 m. 

Palynomorphs recovered from the formation range from 
Late Namurian to Early Westphalian A (G. Dolby, written 
communication, 1995), ages similar to those determined for 
the type section (Browne, 1991). 

Fine Redbed unit 

These rocks lie concordantly above the Boss Point Formation 
with the lower contact placed at the highest thick section of 
grey trough crossbedded sandstone. The upper contact is not 
exposed. These strata lie in the same stratigraphic position as 
the Salisbury Formation and were mapped as such by Gussow 
(1953). The trace of this unit follows the Boss Point 
Formation contact along the nose and northern limb of the 
Dorchester syncline west of Sackville. It continues to the 
north where it outcrops on Musquash Brook and possibly on 
the Memramcook River (Fig. 5). In the subsurface, similar 
rocks were encountered in Shell Westmorland #1 and D'arcy 
Exploration Cape Bald #2. 

The dominant lithofacies is brownish-red to brick-red, 
very fine grained, parallel-laminated sandstone, siltstone and 
mudrocks with subordinate medium grained, trough cross- 
bedded sandstone. A bed of pinkish-maroon, medium- to 
coarse-grained quartz arenite and pebbly sandstone near the 
base is distinctive. Maroonish-red and buff mottled coloration 
is common as are manganese oxides, which occur as coatings 
on sand grains and spheroidal concretions. Grey, plant-rich 
sandstone similar to those of the Boss Point Formation occur 
at several stratigraphic positions throughout the unit. 

The base of this unit is exposed adjacent to the Trans 
Canada highway near the Walker Road overpass. At this 
locality, the Boss Point section is overlain by red and minor 
grey mudrocks and siltstone, and parallel-laminated very fine 
grained sandstone. Above this is a horizon of mottled red 
sandstone with buff chalky alteration and incipient silicifica- 
tion. The overlying reddish, quartz-rich, small-pebble con- 
glomerate contains intraformational clasts of the underlying 
mottled rocks. The conglomerate is overlain by reddish- 
brown, coarse grained quartz-rich sandstone containing 

At several localities in the Sackville area superpositional lenses of quartz-pebble conglomerate and pebbly sandstone. 
relationships indicate that grey Boss Point sandstone is over- 
lain by and interfingers with fine-to coarse-grained red, 
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The exposed thickness at the Walker Road locality is 45 m 
but the top is not exposed. A section constructed from the base 
to the axis of the Dorchester syncline indicates the unit is in 
the order of 500 m thick. 

The basal contact of this unit in the Sackville area has been 
placed at several stratigraphic positions (compare Gussow 
1953; van de Poll, 1973; McLeod and Ruitenberg, 1978). 
This is probably due, in part, to poor exposure and the 
presence within the map unit of lithologies typical of both the 
Boss Point and Salisbury formations. McLeod and 
Ruitenberg (1978) recognized and mapped parts of this unit 
east of Dorchester (unit 6d) assigning them to the Boss Point 
Formation. Their lithostratigraphic subdivisions were not 
supported by Browne (1991). The current study has shown 
that the unit is mappable in this area and may be present to 
the west of the map area, south of Moncton. Gussow (1953) 
described a sequence in this area, which he placed near the 
base of the Salisbury Formation, of pinkish-grey sandstone, 
some almost pure quartz sandstone and grey to buff sandstone 
quite similar to those of the Boss Point which "interrupt the 
continuity of the thick red Salisbury section". The apparent 
interfingering nature of the contact would seem to indicate 
continuous deposition from the Boss Point to the overlying 
redbeds. This presents a problem as this contact has tradition- 
ally been thought to represent a major disconformity. Spore 
assemblages indicate a substantial time gap between Late 
Namurian-Early Westphalian A deposition of Boss Point strata 
and the overlying Salisbury Formation which has yielded 
spores no older than latest Westphalian B (St. Peter, 1993). 

If the Westphalian B hiatus is not a function of inadequate 
sampling, the quartz-rich base of the Fine Redbed unit may 
reflect erosion of the quartz-rich Boss Point rocks. As critical 
exposures of these rocks occur outside of the area mapped to 
date, the Fine Redbed unit will not be assigned to the Salisbury 
Formation until further work is completed. 

Richibucto Formation 

The Richibucto Formation is composed mainly of grey, 
multistoried sandstone interstratified with red-mudrock 
dominated sequences. It is overlain by the Tormentine 
Formation and underlain by the Fine Redbed unit. The base 
and top are not exposed but there is no apparent discordance 
in bedding above or below the formation boundaries. The type 
section is located near the town of Richibucto, 65 km north 
of the map area. The Richibucto Formation is widely distrib- 
uted in the area forming the majority of surface exposures on 
the Port Elgin and Cape Tormentine map sheets. It is well 
exposed in cliffs along Northumberland Strait from Cape 
BrulC to Peacock Point and in the Baie Verte-Port Elgin area. 
To the southwest the formation is exposed at Halls Hill and 
the Brooklyn Road, southeast of Sackville (Fig. 5). 

The formation consists of grey and minor greyish-red and 
brownish-red, feldspathic litharenite, litharenite, lithic arkose 
and subarkose, calcareous mud-chip conglomerate, pebbly 
sandstone and minor grey, limestone pebble to cobble con- 
glomerate. Fine grained facies include brick red to brownish- 
grey, mudrocks, siltstone and very fine grained sandstone. 
Large scale trough crossbedded, medium grained sandstone 

bodies form stacked units with total thicknesses of up to 75 m. 
Intraformational conglomerate containing red and minor grey 
mud chips commonly occur at the base of the channel sands. 
Coalified plant fragments and fossil logs are locally abundant 
in the sandstone units. 

Very fine grained sandstone within the red mudrock- 
dominated units are characterized by ripple laminations 
shown as well developed rib and furrow structures. Minor 
discontinuous coal seams (4 cm thick) are also associated 
with the fine grained facies. The fine to coarse ratio in the 
Richibucto Formation in the map area is approximately 0.5. 

Thickness estimates for the Richibucto Formation based 
on surface exposure are extremely unreliable due to the low 
angle of dip and undulating nature of the beds. A minimum 
thickness for this unit is 170 m, intersected in a diamond-drill 
hole near Melrose, but neither the base or top were 
encountered. 

The rocks assigned to the Richibucto Formation in the 
map area were divided into the Scoudouc and overlying 
Richibucto formations by Gussow (1953). Carr (1968) 
abandoned the Scoudouc Formation assigning the over- 
whelming majority of these rocks to the underlying Salisbury 
Formation. Based on their laterally equivalent position and 
overlapping spore assemblages he considered the Richibucto 
and Salisbury to be facies equivalent. 

Based on field mapping and relogging of approximately 
1000 m of drill core, it is evident the Scoudouc Formation as 
defined by Gussow (1953) is a dominantly red, fine grained 
facies of the Richibucto Formation. However, it is unlikely it 
is part of the Salisbury Formation. Re-examination of the 
spore localities, which Carr (1968) mapped as Salisbury 
Formation, indicates vastly different ages (G. Dolby, written 
communication, 1995). The Scoudouc River locality, 

Figure 6. Lithostratigraphic correlation of units in the map 
area and Cumberland subbasin, Nova Scotia. 
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Gussow's type section for that formation, indicates an age no 
older than Westphalian D, similar to several sites in the 
Richibucto Formation which range from no older than mid 
Westphalian C to Stephanian. The other locality, mapped as 
Salisbury Formation by both Carr (1 968) and Gussow (1 953), 
has been reassigned an age no younger than Early Westphalian 
C, most likely latest Westphalian B, the same age as a coal 
seam near the Salisbury type section (St. Peter, 1993). 

As previously stated, the contact relationship between the 
Richibucto and Salisbury formations is presently unknown but 
may be slightly diachronous as the Salisbury has yielded spores 
as young as mid to Early Westphalian C (G. Dolby, written 
communication, 1995). The Salisbury and Richibucto fonna- 
tions occupy the same stratigraphic position as the upper parts 
of the Ragged Reef Formation and overlying Malagash 
Formation in the Cumberland subbasin in Nova Scotia (Fig. 6). 

Tormentine Formation 

Brick red to brownish-red, sandstone, conglomerate, siltstone 
and mudrocks are the dominant lithotypes in the Tormentine 
Formation. The unit overlies the Richibucto Formation and 
contains the youngest strata exposed in the map area. The 
formation occurs as a narrow, 2.5 km wide belt exposed in 
cliffs and the intertidal zone along Northumberland Strait 
from Jourimain Island to the Cape Tormentine feny terminal 
where it swines southwest along the shore of Baie Verte to 
Ephraims 1sla;d in the vicinity i f  upper Cape (Fig. 5). 

Strata of the Tormentine Formation are characterized by their 
bright brick-red colour but various shades of brownish-red to 
greyish-red are locally predominant. A typical section comprises 
repetitive fining upward sequences of red, very fme grained 
sandstone, siltstone, and mudrocks alternating with mainly fine- 
to medium-grained, trough crossbedded and planar crossbedded 
sandstone. Composition of the sandstones range from feldspa- 
thic litharenite to lithic arkose and subarkose. The mudrock 
dominated units, which attain thicknesses of 2 m, commonly 
contain green reduction spheroids and are locally ripple marked. 
Calcareous mud-chip conglomerates contain red, flattened and 
crescent-shaped mud clasts, and commonly have a calcareous 
matrix. They occur as lensoid bodies at the base of channels in 
the sandstone units and, therefore, are interpreted as channel lag 
deposits. The thickest conglomerate noted was 2 m. 

Ball and pillow horizons up to 15 cm thick occur in the 
section on Ephraims Island and calcareous concretionary sand 
bodies are common throughout the formation. Spherical, 
tiered spheres and composite (dumb-bell shaped) forms are 
most common. Elongate, pool-shaped calcareous concretion- 
ary bodies associated with carbonate-replaced plant stems and 
fragments are common in some sand beds. These features 
were commonly found to have their long axis parallel to the 
local paleocurrent direction, suggesting a channel origin. 

The maximum exposed thickness of the formation is 
approximately 160 m along the shore from Cape Tormentine 
to Indian Point. A section from the coast at Ephraims Island, 
inland through a Carboniferous Drilling Project borehole 
indicates that at least 250 m of Tormentine strata are present. 
The upper contact is not exposed. 

The stratigraphic position of the Tormentine Formation 
indicates a Stephanian or younger age. Based on stratigraphic 
position, lithology, and geographic distribution, the Tormentine 
Formation may be equivalent to the Balfron Formation in 
adjacent Nova Scotia. The Balfron Formation forms the base 
of the Pictou Group in that area (Fig. 6). 

Sediment dispersal trends 

Only a preliminary assessment of sediment dispersal trends 
was possible during this phase of the study. A total of 69 
paleocurrent measurements were made using large scale 
trough crossbedding, a Rank 5 current indicator of Miall 
(1974). All measurements were taken at coastal exposures 
where the most reliable data could be obtained. For this 
reason, no data for the Boss Point Formation were collected. 
Browne (1991) and Browne and Plint (1994) reported 
regional variations in the paleocurrent direction for Boss 
Point strata across the Harvey-Hopewell Fault. North of the 
fault paleoflow trends are directed north and northeast 
whereas south of the fault they are east and southeast. 
Paleocurrent data for the Richibucto and Tormentine forma- 
tions are shown as a rose diagram (Fig. 7) using 30" class 
intervals. These data, albeit limited, suggest a flow direction 
from the southwest. A vector mean of 45' with a vector 
strength of 75% was calculated using the methods of Potter 
and Petitjohn (1 977). 

Van de Poll (1970) conducted an extensive study of the 
sediment dispersal trends in this area, which yielded vector 
means ranging from 22 to 72". 

CONCLUSIONS 

The preliminary results of this study suggest that Upper 
Namurian to Stephanian strata in southeastern New 
Brunswick are in need of revision. The following lithostrati- 
graphic changes have been informally proposed: 

S 

.................. Troughs 
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n=69 

Figure 7. Rose diagram for paleocurrent measurements in 
the study area. 
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1. A unit of coarse redbeds conformably underlying the Boss 
Point Formation may not be equivalent to the Enragt 
Formation in its type section in the Chignecto Bay area. 

2. The Salisbury Formation is not a facies equivalent of the 
Richibucto Formation but underlies it, probably 
conformably. 

3. The abandoned Scoudouc Formation is the facies 
equivalent of the Richibucto Formation. 

4. The Salisbury and Richibucto formations may be 
correlative with the upper part of the Ragged ~ e e f  and 
overlying Malagash formations which form the top of the 
revised Cumberland Group in the Cumberland subbasin 
in Nova Scotia. 

5.  The Tormentine Formation is most probably equivalent to 
the Balfron Formation at the base of the revised Pictou 
Group in Nova Scotia. 
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The pseudo-geological log: using geophysical logs 
as an aid to geological logging in volcanogenic 
massive sulphides 
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Abstract: Geophysical borehole logs, which measure the physical properties of the rocks surrounding 
the hole, can be used as an aid to geological core logging, because they are continuous with no missing 
sections, and because they show changes that are not detectable with the naked eye. Three examples of the 
application of borehole geophysical logs to the problem of core logging in areas of volcanogenic massive 
sulphide deposits, are discussed. The Mudhole prospect in Newfoundland is a simple case of the obvious 
relation between geophysical logs and geological logs. In the Buttle Lake area of British Columbia, the 
experience gained from the Mudhole prospect was used to derive a pseudo-geological log based on the 
gamma-ray log. The pseudo-geological log was improved further in the Karn-kotia mine area in Ontario by 
using three geophysical parameters. In all three cases, the geological interpretation from the geophysical 
logs was subjective. An objective, computer-based method of deriving the pseudo-geological log, as a tool 
for the geologist, is being investigated. 

R6sum6 : Les diagraphies de sondage gtophysiques qui mesurent les proprittts physiques des roches 
autour du trou peuvent servir B compltter les donntes fournies par les carottes (diagraphie gCologique) ttant 
donnt qu'elles sont continues sans section manquante et qu'elles montrent des changements non dCcelables 
A I'oeil nu. L'application des diagraphies gtophysiques pour rCsoudre les probltmes de carottage dans les 
zones renfermant des gisements de sulfures massifs volcanog6nes est traitCe B l'aide de trois exemples. Le 
prospect Mudhole B Terre-Neuve est un cas simple de la relation tvidente qui existe entre les diagraphies 
gtophysiques et les carottages. Dans la rtgion de lac Buttle en Colombie-Britannique, I'expCrience acquise 
au prospect Mudhole a servi B dtriver une diagraphie pseudo-gtologique baste sur la diagraphie par rayons 
gamma. La diagraphie pseudo-gtologique a pu ttre amCliorCe dans la rtgion de la mine Kam-kotia en 
Ontario en utilisant trois paramttres gkophysiques. Dans les trois cas, l'interprktation gCologique ttablie A 
partir de diagraphies gkophysiques s'est rtvtlte subjective. La mise au point d'une mtthode informatiste 
objective pour ttablir une diagraphie pseudo-gtologique comme outil gtologique est B I'ttude. 
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INTRODUCTION 

For more than ten years, the Borehole Geophysics section of 
the Geological Survey of Canada (GSC) has conducted 
multiparameter geophysical logging in boreholes associated 
with volcanogenic massive sulphide deposits, at locations 
from Newfoundland to British Columbia (Killeen and 
Mwenifumbo, 1988; Killeen, 1991). Excellent correlation of 
geophysical logs with geological logs has been observed, as 
well as cases indicating incorrect depth assignments of some 
geological units or features, due to core loss or other errors. 

Geological logging of the drill core in greenstone belts can 
be difficult because different volcanic and volcaniclastic 
rocks are often visually similar. Geophysical logging tools 
measure physical and chemical properties that are not visible 
and therefore complement observations made in geological 
logs. The geophysical data provide a more complete and 
reassuring geological interpretation of the lithology inter- 
sected by the drillholes. 

Three examples will be discussed here: the Mudhole base 
metal prospect near Buchans, Newfoundland; the Buttle Lake 
(Myra Falls) area on Vancouver Island, British Columbia; and 
the Kam-kotia mine area near Timmins, Ontario. The examples 
demonstrate the benefits of using geophysical logs as an aid to 
core logging, and point out the possibilities for development 
of a semi-automated interactive 'pre-picking' of the geology 
by computer, based on the geophysical logs. Before discussing 
the examples, some background on the relation between geol- 
ogy and geophysical parameters measured will be reviewed. 

RELATIONSHIP BETWEEN GEOPHYSICAL 
LOGS AND GEOLOGY 

In general, different rock types have different physical and 
chemical properties. An understanding of the physical rock 
properties to which each of the geophysical parameters 
respond is critical to interpreting correctly the relation 
between the logging data and the geology. Some of the 
geophysical logs respond to specific physical properties while 
others respond to a variety of physical properties (Killeen 
et al., 1994; Mwenifumbo et al., 1993a, b; Pflug eta]., 1994). 
The following is a brief discussion of the response charac- 
terist.ks of each of the geophysical logs recorded in the areas 
mentioned in this paper. 

1. Magnetic susceptibility 

The magnetic susceptibility (MS) of a volume of rock is a 
function of the amount of ferromagnetic minerals - magnetite 
and pyrrhotite - contained within the rock. Magnetic suscep- 
tibility measurements can provide a rapid estimate of the 
magnetic minerals in the rock. These measurements are inter- 
preted to reflect lithological changes, degree of homogeneity 
and the presence of alteration zones. Basic flows and diabase 
dykes containing higher concentrations of magnetic minerals 
are easily detected with magnetic susceptibility measurements. 
During hydrothermal alteration, magnetic minerals such as 
magnetite in the host rock tend to be altered to weakly magnetic 

minerals (e.g. hematite) or to non-magnetic minerals. 
Therefore, within a given lithological unit, anomalously low 
magnetic susceptibilities will generally indicate altered zones. 

2. Induced polarization 

In time domain induced polarization (IP) measurements a 
current is passed through the earth in a series of off-on pulses 
and the rate of decay of the voltage is measured during the 
current off-time. The measured voltage is related to the elec- 
trical polarizability of the rock and is called chargeability. A 
high chargeability response is an indication of the presence 
of metallic sulphides and oxides or cation-rich clays such as 
illite and montmorillonite (Mwenifumbo, 1989). One of the 
major alteration processes within a number of base metal and 
gold mining camps is pyritization and this is a target for most 
IP logging. 

3. Resistivity 

The electrical resistivity of rocks depends on several factors. 
Conductive minerals such as base metal sulphides, oxides, 
and graphite in the rock have a strong influence on the 
resistivity. Most rocks are usually poor conductors and their 
resistivities are governed primarily by their porosity and 
salinity of the pore fluids and to a lesser extent by the intrinsic 
minerals that constitute the rock. Some alteration processes 
such as silicification and carbonatization tend to reduce the 
rock porosity and hence increase the formation resistivities. 
Thus in rocks where no significant amounts of conductive 
minerals occur, the most important factors affecting the resis- 
tivities are fracturing, porosity, the degree of saturation of pore 
spaces, and the nature of the electrolytes in the pore fluids. 
Since resistivities depend on a number of factors, geological 
interpretation from resistivity measurements is fairly difficult 
without complementary information from other geophysical 
measurements or geological logs. Massive sulphide deposits 
however, often consist of conductive ore zones and therefore 
delineation of the ore horizons by electrical resistivity logging 
is usually straightforward. 

4. Self potential 

Large self potentials observed within and around sulphides 
are mainly caused by electrochemical reactions (oxidation- 
reduction reactions). Electrofiltration processes may also be 
responsible for generating some relatively small amplitude 
anomalies where there is groundwater flow in the presence of 
ionic concentration gradients. Low resistivity anomalies cor- 
relating with SP anomalies are, therefore, good indications of 
the presence of conductive base metal sulphides. At Buttle 
Lake, SP anomalies generally indicate the presence of base 
metal sulphides including pyrite. 

5. Temperature 

Although a number of variables affect the temperature-depth 
profile in a borehole, temperature measurements have been 
successfully used to map lithology where significant thermal 
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conductivity contrasts exist. They can also be used to detect 
and map fracture zones, and to delineate massive sulphide 
mineralization. 

Large concentrations of metallic sulphides and oxides 
perturb the local isothermal regime since metallic minerals 
have high thermal conductivities. The perturbation of the local 
geothermal gradient, however, would be observed only in a 
thermally quiet environment. In areas where there are numer- 
ous fracture zones with ground water movements, thermal 
anomalies due to ground water flow are much larger than 
those that would be caused by changes in the thermal conduc- 
tivity (e.g. the presence of metallic minerals). 

6. Natural gamma-ray spectrometry 

The gamma ray probe measures the natural gamma radiation 
emitted by potassium-40 (K), and uranium (U) and thorium 
(Th) series nuclides in the rocks. Four logs are produced: the 
Total Count (TC), K, U and Th logs. The main minerals 
contributing to an increase in potassium-40 are the K-feldspars 
and micas. Uranium and thorium are usually contained in 
minerals such as allanite, apatite, monazite, sphene, and 
zircon. Differences in the percentages of these minerals in 
various rocks make it possible to identify and characterize 
different units by their levels of radioactivity. 

At the Buttle Lake area, for example, the different volcanic 
units have different amounts of potassium minerals (potas- 
sium-40 being the principal source of the natural gamma 
radiation). Feldspar porphyry sills with higher concentrations 
of K-feldspar minerals should be easily identified as anomal- 
ously high radioactivity zones on the gamma ray logs. Often 
during hydrothermal alteration processes associated with 
mineralization, the radioactive elements potassium, uranium, 
and thorium may be preferentially concentrated in certain 
lithological units. Alteration in the Buttle Lake area is mainly 
characterized by the development of sericite (a potassium 
mineral), epidote, and chlorite. Sericite enriched zones are 
excellent targets for gamma ray logging. 

7. Spectral gamma-gamma (density and heavy 
element indicator) 

The spectral gamma-gamma probe measures the density of 
the rock around the borehole and provides information on the 
effective atomic number (Zeq) of the rock. The spectral 
gamma-gamma ratio (SGGR) is the measured quantity that is 
related to the presence of heavy elements. 

In most mining environments, minerals forming the coun- 
try rock consist mainly of low-atomic number (Z) elements 
(e.g. silicates and carbonates with the major elemental con- 
stituents being Al, Fe, Mg, Ca, K,  Na, C and 0 )  while the base 
metal sulphide ores consist of high Z elements (e.g. Pb, Cu, 
Zn, Fe sulphides andlor oxides). The high Z elements within 
the ore raise the Zeq of the rocks as well as their density. Thus 
on SGGR and density logs, base metal ore zones are evident 
as zones of anomalously high values. Since the SGGR corre- 
lates so well with the ore grade, a simple regression can be used 
to establish a predictor of ore grade based on the SGGR log. 

The density response is not only affected by variations in 
the whole rock chemistry of the formation but also by sec- 
ondary physical properties that include porosity and water 
content. Porosity can be estimated from the density log by 
simple empirical linear transformations. Decreases in densi- 
ties generally indicate increases in porosities. 

THE MUDHOLE BASE METAL PROSPECT, 
NEWFOUNDLAND 

This example is a 'text-book' case of the correlation between 
geology and geophysical logs in volcanic rocks. 

Natural gamma ray logging was carried out in two holes 
at the Mudhole prospect near Buchans, Newfoundland. The 
gamma ray logs recorded with the GSC R&D logging system 
in hole MH2572 were published by Mwenifumbo and Killeen 
(1987). The 280 m hole was logged at 3 mlmin using a 25 x 
76 mm BGO detector and a 4 second sample time. The holes 
intersected volcanic, volcaniclastic, and sedimentary rocks 
which included andesite, rhyolite, dacite, diabase intrusions, 
tuff, agglomerate, arkose, siltstone, and greywacke. These 
rock units were easily characterized by their natural gamma 
ray activity. The Total Count gamma ray logs showed rhyolite 
and trachyte as producing the highest gamma ray count rate 
while the diabase intrusions were characterized by their 
extremely low gamma ray activity. A frequency distribution 
plot (histogram) of the Total Count gamma log was clearly 
multi-modal, with five peaks which could be related to 
diabase, andesite, amygdaloidal andesite, rhyolite, and 
trachyte, in increasing order of gamma ray count. 

That study indicated that the total count gamma ray logs 
could be applied in the Buchans area with a high degree of 
confidence for the identification of the different volcanic rock 
types. Because contacts between major volcanic units were 
well defined on the gamma ray logs, the thicknesses of 
individual units could also be easily determined. Mwenifumbo 
and Killeen (1987) concluded: "Gamma ray logs, in conjunc- 
tion with the geological logs can be used to provide a more 
complete and reassuring geological interpretation of the 
lithology intersected in diamond-drill holes". 

The use of gamma ray spectral logs in the area might 
provide additional information on the relative concentrations 
of the naturally occurring radioelements, U, Th, and K, per- 
mitting further subdivision of the geological units not possible 
on the basis of the total count logs alone. 

In most cases it is not as simple to relate the geology 
directly to a single geophysical parameter. Usually two or 
more physical rock property measurements are necessary to 
yield a unique signature for any given rock unit. 

TYE BUTTLE LAKE AREA, 
BRITISH COLUMBIA 

Borehole geophysical measurements were made in several 
boreholes in the ButtleLake area on Vancouver Island, British 
Columbia. The geophysical logging objectives were to 
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determine the geophysical signature of the deposit and host 
rocks, and to establish an in situ physical rock property 
database that would facilitate the development of geophysical 
methods for discovering new ore bodies (Killeen et al., 1989). 
The holes were drilled in 1979 at the Myra Falls mining 
operations by Wesmin Resources in one of several polymetallic 
(Cu-Zn-Pb) volcanogenic massive sulphide orebodies com- 
prising pyrite, chalcopyrite, and sphalerite with minor galena. 
The mineralization is hosted by felsic volcanic rocks that are 
intruded by quartz-feldspar porphyritic bodies. The volcanic 
stratigraphy and structure of the deposit are fairly complex. 

Geophysical logs were acquired with the GSC R&D log- 
ging system in 1987, as part of a multi-year, multi-deposit 
project, using five different probes. Variables measured 
included: three electrical logs (IP, Self Potential and Resistivity), 
Magnetic Susceptibility, Natural Gamma ray Spectrometry 
(Total Count, K, U, Th), Spectral Gamma Gamma (density 
and SGGR), Temperature and Temperature Gradient. The 
results of the multiparameter logging are presented in a GSC 
Open File Report covering work at several deposits in British 
Columbia (B.E. Elliott et a]., in prep.). 

In general, the geophysical logs provided information 
regarding the lithology, alteration, sulphide distribution, and 
fracturing. Of the logs recorded, several gave distinct signa- 
tures in different volcanic rocks whereas other logs were able 
to accurately delineate sulphide mineralization. Only the 
gamma ray logs digitally recorded in one 700 m hole (PR061) 
with a 25 x 76 mm sodium iodide detector, at 3 rnlmin, will 
be discussed here because they best reflected the geology. 

Development of the 'pseudo-geological' log 

The most significant indicators of geological variations were 
the nuclear logs; the natural gamma and the SGGJdensity logs. 
These respond to the geochemical changes in the rock; the 
natural gamma ray responding to lithology due to variations 
in the concentrations of potassium, uranium, andthorium. The 
density log is often a good indicator of changes in lithology, 
however, the density response to alteration and the degree of 
fracturing sometimes obscures the lithological variations. 

Using the experience with the observations at the Mudhole 
prospect as a guide, an attempt was made to produce a 'pseudo- 
geological' log from the Buttle Lake geophysical logs. As a first 
step it was decided to use the gamma ray log as a means of 
defining different 'geophysical units' which had different count 
rates or degree of variability (homogeneity). The result is shown 
in Figure 1, where for comparison purposes, the gamma ray log 
from hole PRO61 is plotted twice, with cross-hatched fill under 
the log trace representing the 'real' and the 'pseudo' geological 
logs. On the left is the log composed of 9 different 'geophysical 
units', and on the right is the traditional geological core log 
composed of 12 different geological units. The similarities are 
obvious but there are a number of significant differences. It is 
apparent that the geophysical log has more boundaries or con- 
tacts (44 zones in total) than the core log (27 zones), even though 
the gamma log indicated there were only nine different units and 
the core log had twelve differentunits. This shows that geological 
features such as sericite alteration for example, can change a 
physical property (such as the natural gamma radiation), but not 

represent a change in rock type. Therefore a pseudo-geological log 
based on a single geophysical log will be inadequate for deter- 
mining the geological log, although it will be of some help to the 
geologist doing core logging, in directing his attention to changes 
in the core, some of which may be subtle and difticult to discern 
with the naked eye. For example, at depth 190 to 290 m, the 
pseudo-log is divided into variable thin zones of geophysical 
units 6,7, 4, 5,7, and 3, from top to bottom, whereas the core 
log describes the entire depth range as 'cherty banded tuff'. 
However, the detailed core log contains an entire page of notes 
regarding changes in the core observed in this section, such as 
'minor carbonate stringers; variations in the percentage of chert; 
laminations; siliceous zones; minor mafic clasts; weakly sheared 
zones: colour changes. and other variations'. Some of these 
changes are likelyUdistinguishable on the geophysical logs 
because they represent changes in physical properties which are 
measureable. However, 'these changes do not a different rock 
type make'. 

Similarily, the 'cherty dacite' from 400 to 460 m was 
divided into five different geophysical units. It is fair to say 
that more bed boundaries are in agreement than in disagree- 
ment between the core and pseudo logs. However the geo- 
physicist is perhaps overly optimistic in selecting geological 
contacts solely on the basis of gamma ray logs. The next 
example from the Kam-kotia mine area in dntario is an 
attempt to improve the pseudo-geological log by using the 
'best' three logs selected from a multiparameter suite of logs 
recorded with the GSC R&D logging system. 

THE KAM-KOTIA MINE AREA. ONTARIO 

In November 1993 a suite of more than ten logs was recorded 
in a 600 m deep hole, immediately after it was drilled, in the 
Kam-kotia mine area, west of Timmins. Strictly on the basis 
of variations in physical properties, a pseudo-geological log 
was produced, before the geologist had logged the core from 
the hole. Based on the use of multiple logs, the results were 
much more accurate than for the previous examples, with about 
90% of the geological units being 'picked' correctly by the 
pseudo-log. It was determined that the geophysical parameters 
that most closely reflected the changes in the geology were the 
gamma ray, density and magnetic susceptibility logs. 

Figure 2 shows the three logs plotted with the area under 
the log-trace filled with the different geophysical unit sym- 
bols. The three logs illustrate how one parameter may change 
within a single unit, while the others are relatively constant. 
For example in unit 1 between 130 and 220 m the gamma ray 
log and density log are fairly homogeneous, but the MS log 
shows large variations indicating this unit has 'magnetic' 
sections (increased magnetite content). Based on what was 
learned in the two previous examples, new geophysical units 
were not defined on the basis of variations in the MS alone. 
It was also tempting to subdivide the log between 400 and 
500 m into more and thinner geophysical units based on the 
observed changes in the logs. The derivation of the pseudo- 
geological log was subjective, but the experience gained 
would be invaluable in formulating an algorithm for objective 
production of the pseudo-log by a computer. 
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Figure 3 shows the geological log which was produced Between 400 and 500 m, the geologist did assign an additional 
from observation of the core. The rocks consist of massive unit (chloritic intermediate tuff), not defined as a geophysical 
flows, felsic volcanics, tuffs and diabase sills, with varying unit. A good method of comparing the core and pseudo-logs 
degrees of alteration. The zone between 130 and 220 m is to display them in the same form as was done for the Buttle 
mentioned above is identified as 'massive flowlintrusive', and Lake logs in Figure 1. 
the MS log variations were not the result of an identity change. 
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Figure 2. Gamma-ray, density and magnetic susceptibility (MS) logs for Kam-kotia hole R5603 showing the 
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The gamma-ray logs from the Kam-kotia hole R5603 are unit 1 = massive flow/intrusive; 
plotted twice in Figure 4, with the geophysical unit log unit 2 = intermediatemafictufiteandchloritic intermediate tuff; 
(pseudo-geological log) on the left, and the geological log unit 3 = diabase; 
(core-log) on the right. Most of the geophysical contacts agree unit 4 = felsic volcanic, felsic intrusive volcanic, and felsic 
with the geological contacts. Some geological units relate to quartz eye tuff; 
specific geophysical units such as: unit 5 = chloritic/sericitic felsic tuff. 
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It is clear that both geological contacts and geological 
units bear a distinct relationship to the geophysical logs in the 
Kam-kotia example shown in Figures 2 ,3  and 4. 

CONCLUSIONS 

The experience in determining the relation between geology 
and geophysics via in situ logging of physical rock property 
measurements leads to the conclusion that considerable time 
could be saved and accuracy in depth positioning of geological 

contacts could be improved through the aid of geophysical 
logs. In a given area, such as local exploration in the vicinity 
of a mine, it may be possible to rely on pseudo-geological logs 
for rapid information during a drilling program. This would 
permit the explorationist to use the knowledge to direct the 
drill during the program. It is entirely feasible to develop 
computer software to produce the pseudo-geological log 
objectively, in real-time in the field. Its accuracy would be 
dependant on the number of parameters it had to work with, 
as well as previous 'training' from other holes in the area. 
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The GSC has commenced work towards development of 
such an 'artificial intelligence' system. 
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APPENDIX 1 

GEOPHYSICAL LOGGING PROCEDURES 

The following brief notes provide information on some of 
the relevant logging procedures related to depth determina- 
tion accuracy, sampling density, and other correlation 
considerations. 

The depths are measured with an accuracy of 1 mm by the 
optical depth encoder located on the wellhead pulley assem- 
bly. All logs were obtained continuously at a speed of 3 to 
6 mtminute while sampling at a depth interval of 5 to 20 cm 
(based on a 1 or 2 second sample time interval). Data were 
acquired while logging both downwards (downrun) and 
upwards (uprun) providing redundancy of data for most of the 
parameters recorded. 

Correlation problems: matching the logs 
to the geology 

depths between the two data sets. Errors exist in core data 
depths due to possible missing or lost core during drilling. 
Depth errors can also exist in geophysical logs that are mainly 
due to slippage and/or cable stretching. These errors must be 
corrected for all the logging data. The zero depth reference 
for the logging data is at the top of the casing which may not 
be the zero reference level for the geological log. (All depths 
on the geophysical logs are lengths along the drillholes and 
not true vertical depths, which is also true for the core log.) 
Another problem arises from the fact that geological contacts 
are not always well defined. They are quite often gradational 
and hence are somewhat subjective. The interpreted geologi- 
cal contacts may not coincide with the changes in the bulk 
physical or chemical properties of the formation. 

There are sometimes problems in making correlations 
between the geophysical responses and the geological infor- 
mation. The greatest difficulty arises with discrepancies in 
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