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1. LATE QUATERNARY LITHOSTRATIGRAPHY AND SEDIMENTATION,
KAIPOKOK BAY, LABRADOR

E.M.R. Research Agreement 147/4/79

Nikolos Kontopoulos® and David J.W. Piper
Atlantic Geoscience Centre, Dartmouth

Kontopoulos, Nikolos and Piper, David J.W., Late Quaternary stratigraphy and sedimentation,
Kaipokok Bay, Labrador; in Current Research, Part B, Geological Survey of Canada, Paper 82-1B,

p. 1-6, 1982.

Abstract

Forty kilometres of Huntec high resolution seismic profiles and four piston cores have been

studied from Kaipokok Bay, Labrador.

Sedimentary and acoustic facies have been correlated.

Proglacial gravels, sands and muds fill basin floors, generally resting on bedrock but locally on till.
These are overlain by more widespread proglacial muds that drape over topographic highs. Small
scale cyclic sedimentation of proglacial sands and muds may be a result of shifting of stream
discharge points, either beneath the edge of a floating ice shelf, or on a subaerial outwash delta.
Floccutation leads to mineralogic segegation of illite in proximal environments and non-clay rock

flour in distal environments.

Late Holocene muds rest with an erosional unconformity on the

proglacial sediments. They have accumulated as marine energy has been increasingly damped at the

sill as sea level has fallen.

Introduction

Kaipokok Bay is a 50 km long fiord on the Labrador
coast at 55°N (Fig. 1.1). Its greatest depth is about 135 m,
and it is divided by shallow sills into several basins. The sill
at the mouth has a maximum depth of about 30 m. It is cut
into Precambrian rocks of the Archaean Hopedale Gneiss and
lower Proterozoic Aillik Group (mostly metasediments)
(Gandhi et al., 1969).  Kaipokok Bay lies just north of
Makkovik Bay. The marine geology of the latter area was
recently investigated in detail (Piper and Iuliucci, 1978;
Barrie, 1979, 1980; Barrie and Piper, 1982); the rocks in both
areas have similar stratigraphic characteristics.

This work is based on 40 km of Huntec deep tow seismic
(DTS) system high resolution reflection profile and a
simultaneous air gun profile, and four piston cores collected
by R.H. Fillon on CSS Hudson cruise 79-019.

Methods

Cores were split in their liners, X-radiographed, and
the split core face described. Textural analysis was by
standard sieve and pipette techniques. Clay mineralogy was
determined by X-ray diffraction of the less than two micron
fraction (separated by settling techniques). Mineral
abundance was quantified by the method of Barrie (1980),
similar to that used by Piper and Slatt (1977).

Seismic Reflection Profiles

In the Huntec DTS records, four main acoustic facies
can be distinguished on the basis of distribution and reflector
character:

Basal Unit, with a highly irregular surface (acoustic
facies 1). In most places, this is probably bedrock, but locally
it may consist of till up to 50 ms thick, since exceptionally
isolated coherent reflectors are visible at greater depth on
the air gun profile.

Highly stratified basin fill (acoustic facies 2). This is
restricted to deep basins and increases in maximum thickness
from 20 ms (about 20 m) upbay (Fig.1.2c) to 40 ms

! Geological Laboratory, University of Patras, Patras, Greece

downbay (Fig. 1.2a). Pockets of strata between reflectors in
some places gently pinch and swell, but often thin only
slightly at the edge of the basin (Fig. 1.2a). Laterally some
reflectors die out or grade into thicker strata lacking
coherent internal reflectors near the basin margin (Fig. 1.2a).
In shallower basins, stratification is less pronounced and more
widely spaced (Fig. 1.2¢).

An acoustic facies with faint internal reflectors that in
most places blankets irregular basement topography (acoustic
facies 3). It is generally 5-10 ms thick in the upper bay and a
little thinner downbay. Locally it appears laterally
equivalent to acoustic facies 2 (e.g. Fig. 1.2b) but in many
places clearly overlies facies 2 (Fig. 1.2c). This appears to be
equivalent to Barrie's (1979) "conformable cover unit."

Acoustically transparent sediment (acoustic facies &)
that rests with a pronounced unconformity on facies 1 to 3
(Fig. 1.2a,c). This is generally thickest in basins (although in
Fig. 1.2c it is thickest in a gentle basin flank), ranging from
5 ms downbay to more than 10 ms upbay. This is probably
equivalent to Barrie's (1979) "upper basin fill unit."

Sediment Facies in Cores

Eight sedimentary facies are distinguished by visual
examination of split core surfaces (Fig. 1.3). These facies
have been further characterized by X-radiography, textural
and petrologic analyses.

Olive mud (facies A)

This facies occurs only in core 39 at the northeast,
seaward end of the bay. It is generally olive grey 5Y3/2 in
colour, contains rare fine gravel clasts and scattered sandy
patches. Mollusc shell fragments are scattered through the
sediment, and dark (?pyrite) mottles are seen. Bioturbation
is visible in X-radiographs, and the reaction with hydrogen
peroxide suggest a high organic carbon content. Texturally
the sediment is silty clay with 5-25 per cent sand (Fig. 1.4,
1.5). Pennate diatoms are more abundant than centric forms.
At the base of this facies, at 135 cm in core 39, is a 15 cm
thick bed of slightly gravelly sandy mud (Fig. 1.5, analysis 2).
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Figure 1.1.  General bathymetric map of Kaipokok and

Makkovik bays, showing location of cores (36-39) and seismic
reflection profile. a-d are profile segments illustrated in
Figure 1.2.

Dark yellowish-brown mud (facies B)

Facies B is found at the top of cores 36 to 38. It is
generally 10YR4/2 in colour, and contains rare shell
fragments and rare pyritic mottles. It is more clayey than
facies A (Fig. 1.4), and scattered granules and pebbles are
common (Fig. 1.5, analysis 3). Bioturbation is visible in
X-radiographs and no primary lamination is seen. Centric
diatoms are more common than in facies A. This facies
appears to be a facies equivalent of A in the shallower upbay
cores and the exchange with open shelf water may control
differences in diatom content. The colour is probably related
to greater oxygenation.

Grey mud (facies C)

This facies is a medium grey (N5) silty mud (Fig. 1.5,
analysis 4) with thin bedding faintly visible in X-radiographs.
There are some beds with abundant granules, and also many
scattered granules. Some beds of slightly browner muds are
present. Distinct silt laminae occur near the base of the
facies.

Alternating moderate brown and grey muds (facies D)

This facies consists of alternations of moderate brown
(5YR4/1) clayey silts (Fig. 1.5, analysis 5) and medium grey
(N5) silty clays (Fig. 1.5, analysis 6) in beds typically 1-3 cm
thick (Fig. 1.6). At the base of, or within, many grey layers
are thin silt or sand laminae. The brown layers often include
silt laminae, many of which appear less well sorted. The grey
layers usually appear to be sharp-based and sometimes are
sharp-topped. Both brown and grey layers contain rare
scattered granules. In the lower part of this facies, brown
beds become more common and siltier, and the transition to
facies E is gradational.

Alternating moderate brown mud and thin sands (facies E)

This consists principally of brown muds in beds up to
5 cm thick, but also contains interbedded silty sands 0.2-2 cm

thick and some grey mud beds typically 1 cm thick
(Fig. 1.7-1.10). There are scattered granules in all facies,
and some bioturbation. Sand beds gradually increase in
thickness downwards through this facies, which has

gradational upper and lower limits. The sands have a high silt
matrix (Fig. 1.5, analysis 7), and almost all appear
structureless in X-radiographs (Fig. 1.10) with abrupt but
indistinct contacts with under and overlying beds (Fig. 1.8).
The characteristics suggest deposition directly from
suspension fall out, without nearbed current activity.

Sands (facies F)

Sands range from pebbly coarse sands to medium sands
(Fig. 1.5, analysis 8) and contain rare grey silty-mud clasts.
Occasionally there are interbedded thin sand beds with a
silty-mud matrix containing gravel sized clasts (probably
analogous to facies H described below). A few thick (=lm)
graded beds are visible. The coarse sand has a very high
proportion of granitic clasts. There has probably been some
coring disturbance of the sands. No other internal structures
are seen.

Well sorted gravel (facies G)

This is an openwork gravel (Fig. 1.5, analysis 9)
occurring as a 0.5 m thick unit in core 37. The lower part of
this unit is massive, the upper part shows pronounced grading
from 2 cm pebbles to coarse sand.




Poorly sorted gravel (facies H)

This facies forms a 0.5 m bed at the base of core 37.
The matrix includes 25 per cent silt and 7 per cent clay
(Fig. 1.5, analysis 10). Clasts of this lithology occur in the
overlying well sorted gravel facies. The sediment appears
clast-supported. It is most simply interpreted as an original
well sorted ("open work") gravel with the pore space filled by
downward percolation of fine sediment, but might be a
water-lain till.

Correlation of Cores with Seismic Record

Cores are only located approximately with respect to
the Huntec DTS record (Fig. 1.2a,d). Sedimentary facies A
and B correspond to the acoustic facies 4 - the uppermost
basin {filling acoustically transparent unit. Sedimentary
facies C and D correspond to acoustic facies 3 (where it
overlies facies 2 in basins). The sand at 135 cm in core 39
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Figure 1.2.

TWO WAY TRAVEL TIME (metres)

marks the unconformity between facies 3 and 4. Sedimentary
facies E, F, G and H correspond to the upper part of acoustic
facies 2 - the highly stratified basin fill. Acoustic facies |
has not been cored.

Petrology of Muds

There are distinctive variations in mud petrology within
the cores. These are exemplified by the contrast between
the brown and grey muds in facies D. Brown muds contain a
relatively high illite content at the expense of less than
2 micron non-clay minerals (feldspar, amphibole and quartz);
in the grey muds, the converse occurs (Fig. 1.11). The brown
muds contain little biogenic material (principally diatoms);
the grey muds are rich in biogenics and have a much higher
proportion of foraminifera to diatoms.
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of cores 36,.37 and 39. Profiles located in Figure 1.1.
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facies D. Darker tones in the X-radiograph indicate sandier
or siltier sediment.
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v
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Figure 1.4.  Shepard sand-silt-clay ternary plot showing CORE 39
variation in size distribution of muddy sediments with facies. FACIES E

Figure 1.7.  X-radiograph illustrating cyclic sedimentation,,
facies E. See explanation in Figure 1.6.



The muds in facies A, B and C have mineralogical
compositions between those two extremes. They contain
abundant diatoms and foraminifera. Illlite abundance may
increase seawards in surface samples. Montmorillonite is
found throughout the cores in very small amounts, and is
most abundant in samples with high feldspar, suggesting a
derivation from altered basement rocks.
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Figure 1.8.  X-radiograph illustrating cyclic sedimentation,
facies E. See explanation in Figure 1.6.
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Figure 1.9.  X-radiograph illustrating character of thick
sands in facies E. See explanation in Figure 1.6.

Cyclic Sedimentation in Facies D and E

There is insufficient core available to establish cyclic
sedimentation patterns objectively, but visual examination
allows a subjective recognition of cyclicity.

The simplest cyclic pattern is an alternation of grey
and brown mud (Fig. 1.6), the grey muds sometimes
containing thin silt or sand laminae (e.g. 515 cm in Fig. 1.6).
A modification of this pattern is illustrated in Figure 1.7
where the grey layer is marked by a basal sand or silt lamina
(at 628 and 632 cm in Fig. 1.7), and the brown beds are
thicker and coarsest in their middle parts.

Figure 1.8 shows a further development. Thick sands
occur at both top and base of the grey muds; the brown muds
are fine near the base of beds and they coarsen upwards with
scattered granules.

4 470¢cm

allaie

FACIES E

Figure 1.10.  X-radiograph illustrating character of thick
sands in facies E. See explanation in Figure 1.6.
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Figure 1.11.  Mineralogy of less than two micron fraction of

selected sediments, showing contrast between brown and grey
muds in facies D and E, and intermediate compositions of
facies A, B and C. Open circles: grey sediments. Solid
circles: brown sediments. A-E refer to facies.



Figures 1.9 and 1.10 show cycles in which sands
predominate. The sand beds are often coarsest at the top and
base (e.g. 361, 367 cm in Fig. 1.9). Frequently the tops of
sand beds pass upwards into alternating laminae of sand and
brown mud (352-355 cm in Fig. 1.9; 4#59-463 and 468-471 cm
in Fig. 1.10).

Interpretation of Depositional Environment

The sediments of faciesE to H resemble those
described by previous workers (e.g. Wightman, 1980) from
proglacial deltas. In such environments both graded and
ungraded openwork gravels and sands are deposited as foreset
beds, and silts falling out of suspension may enter the
interstices. Muds with interbedded poorly sorted and
stratified sands and silt, depositioned directly from
suspension, accumulate as highly proximal bottomsets, within
a few kilometres of the river mouth.

However, the Huntec DTS profiles show no clear
evidence of foreset beds at basin margins; rather, some
reflectors appear to grade into acoustically homogenous
strata (e.g. right hand sides of basins in Fig. l.2a,b).
Therefore it is more probable that the sediments
accumulated from discharge of subglacial streams beneath
floating ice in a marine environment. Sedimentologically,
the discharge point of such a stream is in many ways
analogous to the mouth of a subaerial outwash stream.

The alternating brown and grey muds of facies D and E
probably represent two contrasting depositional
environments. The higher biogenic content of the grey muds
compared with the brown suggests a slower rate of
deposition. The brown muds are rich in illite, which might
preferentially flocculate compared to less than 2 micron non-
clay minerals on entering saltwater, and the interbedded
sands appear to have been deposited directly from suspension.
These suggest that the brown muds represent more proximal
environments than the grey.

The 5-10 cm thick sand beds that grade up into brown
mud in facies E (Fig. 1.9, 1.10) have some characteristics of
proximal mass-flow or turbidite deposits, particularly the
sharp base overlying grey (biogenic) mud, and the gradational
laminated tops of the beds. However, it is difficult to
explain all the brown muds as turbidites, particularly those in
acoustic facies 3 on basin flanks. The thin coarsening-up mud
beds with scattered granules, and thin poorly sorted sand beds
(Fig. 1.8) are much more consistent with a model involving
direct sedimentation from suspension and ice-rafting, as
suggested by Barrie (1980) for Makkovik Bay. If this is so,
the cyclicity seen in the sediments might reflect either
shifting of discharge points, or an effect of seasonal
discharge changes. The interbedded grey mud beds, however,
are too thick and rich in biogenics to have been deposited
during a single season.

Using the subaerial delta model the sands at the base of
the brown mud beds could be explained as the deposits of the
spring freshet, with the 3-5cm brown mud deposited in a
single summer season and coarsening up to sand as a delta
lobe progrades. This would imply a very proximal
environment and annual shifting of distributaries, as a result
of winter freezing and the spring freshet. This model,
however, does not adequately explain the sands at the base of
the grey mud beds where the brown muds do not coarsen up
(Fig. 1.7).

Using the floating ice model, brown muds accumulate
near discharge points, and grey muds more distally where the
effect of ice-margin biota is greater. At times of high
discharge, a mud blanket is deposited, but normally sub-ice
tidal currents inhibit the deposition of mud, allowing the
accumulation of muddy sand layers.

The grey more biogenic muds became commoner
upwards through facies D, until they predominate in facies C,
but the rare brown mud beds suggest proglacial sedimentation
continued during the deposition of facies C. There is some
evidence of current-sorted silt laminae. From facies G and H
to C, proglacial sediments become increasingly distal. For a
subaerial delta model, this would imply a progressive rise in
relative sea level. For discharge beneath floating ice, it
implies thinning of the ice and retreat of discharge points of
subglacial streams. Barrie (1980) has dated sediments of his
"conformable cover unit" (our seismic facies 3) at about
10 000 B.P.

We have no independent evidence for the origin of the
major unconformity between acoustic facies 3 and 4. Barrie
(1980) has discussed a similar unconformity in Makkovik Bay
and suggests it is due to wave and storm-induced current
erosion during the mid-Holocene 'climatic optimum' when
there would have been a shorter period of ice cover
protecting the bay from storms. Relative sea level is
believed to have been falling at that time, a trend that
continues to the present day. Thus facies A and B may only
have accumulated once the sill at the entrance to the bay
was sufficiently shallow to damp out Labrador Sea waves.

Facies A and B accumulate principally in basins, and
have similar textural and mineralogical compositions. The
sediment is probably derived from reworking of old pro-delta
marine deposits which are subjected to erosion as sea level
falls (Piper and Iuliucci, 1978). The colour differences
probably reflect oxygen availability related to water depth in
the stratified estuary.
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Abstract

The chronology of the evolution of the Labrador Sea and environs is examined in relation to
dated igneous rocks from land outcrops, continental shelf well samples and dredge hauls from the
margins. Results indicate that significant periods of volcanism were associated with initial rifting of
the Labrador Sea margins in Late Jurassic and Early Cretaceous. The presence of younger basalts on
both the shelf and land fits well with the Paleocene reorientation of the spreading axis in the
Labrador Sea. Rock dredges and the shelf magnetic anomalies both suggest the presence of a number
of Precambrian and perhaps younger intrusives on the southwest Greenland shelf.

Introduction

The history of development of the Labrador Sea, Davis
Strait, and Baffin Bay has long been debated yet serious
disagreement still exists between two schools of thought.
One group regards these regions as formed by seafloor
spreading because of the presence of oceanic crust under
them. The other holds that these regions were formed by the
subsidence of continental material between Greenland and
North America. There are two reasons for this disagreement.
Firstly, the large amount of strike slip movement
needed along Nares Strait in majority of the seafloor
spreading models (Laughton, 1971; Le Pichon et al., 1971;
Vogt and Avery, 1974; Kristoffersen and Talwani, 1977;
Srivastava, 1978; McWhae, 1981; and Srivastava et al., 1981)
is disputed by geologists because of the possible continuation
of several geological boundaries and facies across the strait
(Christie et al., 1981). Secondly, the well defined magnetic
lineations and mid-oceanic ridge are absent in Davis Strait
and Baffin Bay regions unlike in the Labrador Sea where they
are present (Srivastava etal., 1981). Grant (1980) and
Kerr (1981) suggested that the latter can best be explained by
the subsidence of the continental crust in these regions.

In spite of the above differences several independent
studies support the view that Labrador Sea and Baffin Bay
were formed by seafloor spreading: the correspondence
between the rate of subsidence of Labrador margin and the
cooling of the lithosphere (Keen, 1979; Keen and
Hyndman, 1979; Royden and Keen, 1980); the progression of
marine conditions from south to north with the opening of the
Labrador Sea (Gradstein and Srivastava, 1980); and the
presence of a very thin crust under Baffin Bay (Keen and
Pierce, in press). Furthermore, studies carried out across
passive continental margins have shown that volcanism
usually precedes seafloor spreading along the initial plate
boundaries (Sleep, 1971; Royden and Keen, 1980;
McKenzie, 1978; Keen and Hyndman, 1979). Thus a study of
the volcanic rocks present on the shelves bordering the
Labrador Sea and Davis Strait should help in deciphering the
evolutionary pattern not only of the shelves but also of the
adjoining deep basins.

The occurrence of Tertiary basalt on land surrounding
the Davis Strait region (Fig. 2.1) has been known for many
years (Clarke and Upton, 1971; Clarke and Pedersen, 1976)
and occurrences in offshore regions have now been mapped
from seismic reflection and magnetic measurements
(MacLean et al., 1978, in press; Brett and Zarudzki, 1979).
Because of the petrological and geochronological similarities
of these basalts on both sides of the strait it has been
postulated that they had formed a continuous belt

prior to the separation of Greenland from Baffin Island
(Hyndman, 1973; Wallace, 1973; Keen and Clarke, 1974;
Keen et al., 1974; Hyndman, 1975; Beh, 1975). Basalt has
also been encountered in several wells (Fig. 2.1) drilled on the
shelves of Labrador, Baffin Island and west Greenland
(McWhae and Michel, 1975; Umpleby, 1979; Henderson et al.,
1981; Klose et al., 1981). Thus basalt appears to be wide-
spread in the environs of the Labrador Sea. In this paper we
examine the ages of these volcanics and their relationship to
the evolution of the deep oceanic regions adjacent to them.

Three geographic areas were studied (Fig. 2.1). Area
one is the Labrador Shelf which contains reliable well data.
Area two includes the Davis Strait region from which reliable
well, shallow drill and outcrop data are available whereas
area three consists mainly of dredge data, which are !=3s
reliable, that were obtained during a geophysical survey of
the southwest Greenland margin on board USNS Lynch in
1971. One of the primary aims of the cruise was to dredge
the outer shelf and slope of Greenland, where it is incised by
canyons, in the hope of obtaining in situ samples. Numerous
sedimentary and igneous rock samples were collected from a
number of dredge hauls whose sedimentologic details were
given by Johnson et al. (1974). Included here are the results
of petrological and chronological analyses carried out on a
few of the volcanic samples collected from the walls of the
Julianehaab Canyon and other locations from the southwest
Greenland continental margin (Fig. 2.1).

Area One — Labrador Shelf Basalts

A number of wells have been drilled on the Labrador
Shelf and some of those, whose information is included here,
are shown in Figure 2.1. A summary of the lithostratigraphy
obtained from the analyses of well cuttings and examinations
of well logs is given in Figure 2.2 (Umpleby, 1979).
Precambrian rocks were encountered in Karlsefni, Snorri,
Herjolf, Gudrid, and Cartier wells. In the southern part of
the Labrador Shelf, four wells penetrated Paleozoic rocks:
Ordovician at Freydis, and Carboniferous at Gudrid, Indian
Harbour, and Verrazano.

The oldest Mesozoic rocks penetrated by these wells
are included in the Alexis Formation (Umpleby, 1979). These
comprise variably weathered subaerial basaltic lava flows,
aquagene tuffs, and minor sediment giving ages between
Beriasian and Hauterivian. Lava flows were encountered in
Bjarni, Herjolf, Leif, and Indian Harbour wells. Samples of
basalts from these wells show variations in age
(Umpleby, 1979; McWhae and Michel, 1975). For example,
K-Ar age determinations on the samples collected at 2260 m

! Office of Naval Research, Arlington, Va., presently at Dept. of Geology, Univ. of Oslo
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e - exploratory wells
e ® - dredges
® - wells with basalt
V. - Verrazano
2:°" s o ¢ _ F — Fredis
.. FISKENASSET L - Leif
e e [.LH. — Indian Harbour
S e e e C - Cartwright
/AGREENLAND - G - Gudrid
B U B - Bjarni
T H - Herjolf
) GARDAR S - Snorri
.\, INSTRUSIVES K - Karlsefni
N A N1 - Nukik 1
N2 - Nukik 2
KN - Kangamiut
[K - Ikermiut

HL - Hellefisk

Figure 2.1.  Simplified bathymetry and magnetic lineation map of the Labrador Sea and Davis Strait.
Stippled pattern with V near Cape Dyer and Disko Island shows the offshore extent of the basalt.
Location of seismic lines A and B discussed in the text are shown. Stippled pattern with small crosses in
the northern Labrador Sea shows the extent of a flat reflector as seen in the seismic reflection profiles
(after Hinz et al., 1979) and interpreted to be Paleocene basalt flows.

Dotted line marks the ocean-continent boundary as identified by Srivastava et al. (1981).

1, 2, 3 enclosed within thick lines designate regions as discussed in the text.
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and 2510 m depths in Bjarni gave ages of
122 + 6 and 139 + 7 Ma respectively.

In

Herjolf, the radiometric age determi-

nation for the sample collected at the
top of the lava pile gave an approximate

age of

121 £ 5 Ma overlying granitic

basement rocks dated at 1427 + 51 Ma.

depth of 3228 m

a

was encountered in the Indian Harbour
at

The youngest basalt flow (90 + 4 Ma)
well

(Umpleby, 1979).

[solated outcrops of basalt in the
form of lamprophyre dykes occur on the

Labrador Coast at Ford's Bight (Fig. 2.1).

Radiometric age determinations of these

yielded ages from 145 + 6 to

129 + 6 Ma

dykes
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Harris, 1979).

carbonate lamprophyre;
extrusion and

intrusive rocks are also present.

northeast

Volcanic rocks are present onshore
in a short, narrow belt near Cape Dyer

Area Two — Davis Strait Region
(Baffin Island) and underlie large areas

Baffin Island Shelf

of the shelf southeast of Cape Dyer
(Fig. 2.1) where they have been sampled
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geochemical similarities exist between
these rocks and the Tertiary volcanics of
West Greenland (Clarke, 1970; O'Nions
and Clarke, 1972). Generally as noted by

"incom-
Ti, K, P, Zr, Rb, Sr,

which is correlated high NiO and Cr,O3
Ba, and Y. Additionally K,;O/Na,O and
K,O fall in the 0.06 to 0.16 per cent
range. Clarke (1970) also noted that the

Clarke (1970) the most notable feature
of the basalts from these two areas is
the generally high level of MgO with

and low concentrations of the

patible elements':

Baffin Bay basalts belong to a single
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The Cape Dyer basalts have been dated

levels
as Paleocene by Clarke and Upton (1971)

petrological province characterized by
and Parrott and Reynolds (1975).

low

The volcanic rocks on southeast

Cumberland

Island Shelf near

Baffin
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samples

recovered from one of these ridges but
age

because they were highly altered no

reliable
of high amplitude and high frequency

(MacLean et al., in press).

(MacLean et al.,
drilled core
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Table 2.1

Dredge haul samples and their descriptions

Dredge Sample Position Depth (fms) Predicted* Sample Description

29 0OSG 31  59°57.8N, 46°35.4W 260-320 Gardar subrounded dolerite 600 g
30 OSG 58 60°03.7N, 46°49.5W 800-950 Tertiary subangular basalt 125 g
30 OSG 59 - do - - do - Tertiary angular basalt 200 g
31 OSG 83 60°04.6N, 46°50.6W 660-700 Gardar angular basalt 200 g
32 OSG 69  60°04.8N, 46°44.0W 580-600 Tertiary subangular dolerite 12 kg
35 OSG 110 60°07.IN, 47°01.7W 405-490 Jurassic subangular basalt 65 g
56  OSG 549  61°35.5N, 50°37.1W 400-520 Tertiary angular amygdaloidal basalt 13 kg
57 OSG 558  61°40N, 50°50W 300-400 Gardar subrounded gabbro 2.3 kg
57 0OSG 561 - do - - do - Gardar subrounded dolerite 2.3 kg
61 OSG 567  62°22.3N, 51°13.0W 250-300 Tertiary grey fine grained basalt 480 g
65 OSG 583  63°07.5N, 52°17.8W 300-440 Tertiary black medium grained basalt 940 g
67 OSG 594 63°40N, 52°00W 110 Precambrian fractured subrounded dolerite 3.1 kg
48  OSG 506  63°34.7N, 52°26.5W 60 Tertiary subrounded dolerite 70 k
68 OSG 598 64°20N, 52°51W 180-240 Precambrian fractured subrounded dolerite 1.2 kg
73 OSG 599  65°30N, 55°00W 150-180 Precambrian subrounded dolerite 890 g
74 OSG 600  65°30N, 54°59W 100-150 Tertiary pillow basalt fragment with one

glassy margin 500 g
74 OSG 602 - do - - do - Tertiary subangular basalt 27 g

HD 75 51 63°17N, 55°22W 888 Fault Scarp  basalt

* Predicted ages based on distinctive petrochemical features of dredged materials compared to

known outcrops on land (see also Table 2.3 and Fig. 2.10).

magnetic anomalies over these structures and to the south
towards Hudson Strait suggests that basalt may underlie a
major portion of the Baffin Island Shelf to the south
(Srivastava et al., in press).

Major thicknesses of Paleocene basalts have also been
encountered (Klose et al., 1981) in the two offshore wells
drilled off Baffin Island (Hekja and Gjoa wells, Fig. 2.3). In
Hekja well the bottom 1000 m of drilled section consists of
alkalic volcanics interbedded with chalky clays and ranges in
age from Danian to Early Cretaceous (Klose et al., 1981).
Two thick sheets of volcanics separated by shale were
encountered at the Gjoa well. The upper volcanics lie at a
depth of 270l m and are dated as Late Paleocene
(Klose et al., 1981).

West Greenland Shelf

Large areas of basalt occur on land and in offshore
regions off central West Greenland (Fig. 2.1) and their
petrological and chronological similarities and differences
have been discussed in detail by Clarke and Pedersen (1976)
and Clarke (1977). In general the West Greenland province is
characterized by olivine-rich plateau basalts covering
hundreds of metres of subaqueous picritic pillow breccias. A
greater degree of diversity is present on the Greenland side
of Davis Strait, permitting evolution from picritic material
at the base to predominantly feldspar-phyric basalts, alkaline
basalts including lamprophyres and occasional trachytes in
the uppermost layers (Clarke and Pedersen, 1976; Hald, 1976;
Larsen, 1977a). Lamprophyre dykes from Ubekendt Ejland
just north of Disko Island have been dated as early Oligocene,
30-40 Ma (Parrott and Reynolds, 1975).

Clarke (1975) described 3 dredge hauls from the marine
extension of the Disko Island basalt province (Fig. 2.1). The
general compositional uniformity of the basalt and its
angularity suggest the material was in situ and represented
subaerial basalts which had subsided into a marine
environment. Both the mineralogy and chemistry were
similar to the upper lavas from the West Greenland Tertiary
volcanic province.

Five deep exploratory wells (Nukik | and 2, Kangamiut,
Hellefisk, and [kermiut) have been drilled to date on the West
Greenland Shelf (Fig. 2.1). The preliminary lithostratigraphy
of various rock units encountered in these wells is shown in
Figure 2.3 (Greenland Geological Survey, 1979). Of the five
wells, volcanics were encountered at only two, Nukik 2 and
Hellefisk (Fig. 2.1). Their ages, like those from the Labrador
Shelf wells, also differ significantly. Late Cretaceous
volcanics were present at Nukik 2 (93.4 * 4.7 Ma, Fergusson,
personal communication, 1980; Greenland Geological
Survey, 1979) and late Paleocene volcanics at Hellefisk
(53 to 54 Ma, Henderson et al., 1981). It should be noted that
because of the altered nature of the sample at Nukik 2 its
age is questionable and may also be Paleocene (Larsen,
personal communication, 1981).

Area Three — Southwest Greenland Margin

A considerable quantity of basalt was collected from
extensive dredging carried out along the slope of the west
coast of Greenland (Fig. 2.4). Positions of the dredges and
sample depths and their description are given in Table 2.1.
Results of the geochronological and petrological analyses
carried out on some of the samples from these dredges are
given in Tables 2.2 and 2.3.

As is well known, dredging in high latitudes such as the
Greenland Shelf is complicated by the unknown addition of
certain glacial debris from both near and far. Watkins and
Self (1972) have demonstrated transport over 30° of latitude
in the southern oceans and Rasmussen et al. (1976) have
shown an ice-rafted component on the southeastern
Greenland margin of over 1000 km. It js difficult to
distinguish between ice-rafted and material of possible local
origin. In the case of the Greenland continental margin the
subareal basalt provinces are relatively well known strati-
graphically and petrochemically. Thus by comparison of
distinctive petrochemical features one should be able to
identify rocks belonging to the various Greenland volcanic
provinces and hence isolate volcanic rocks of local origin.
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Table 2.3
Potassium - Argon Age

Dredge Sample Age K%!* Radiogenic Argon% Remarks
29 31 984 % 36 Ma 1.53 96.7 Calculated age using
potassium of 1.53%
would be 1007 £ 38 Ma
(1.79% K20 = 1.486% K)
30 58 57.1 % 11.2 Ma 0.09 17.1
30 59 55.1 % 13.4 Ma 0.18 40.2 Calculated age using
0.16% K,0 = .133% K
would be 74.2 + 18 Ma
57 558 1123 % 27 Ma 1.58 97.4 Calculated age using
(2.04% K,0 = 1.69% K)
would be 1067 Ma
57 561 1117 % 28 Ma 1.45 97.7 Age calculated using
potassium of 1.21%
(1.46% K20 = 1.21% K)
would be 1275 Ma
67 594 2311 % 80 Ma 0.71 98.3 Age calculated using
potassium of 0.87%
(1.05% K,0 = 0.87% K)
would be 2054 Ma
HD 75 51 56.9 % 3.2 Ma 0.64 71.9
! K determination based on isotope dilution technique.

About 70-90 per cent of the dredged material consisted
of obviously ice-worked boulders and pebbles, generally
gneisses and granites, associated with unconsolidated mud.
The remainder consisted of a variety of consolidated
sediments plus basalts and dolerites. Glacial debris on the
shelves of the Labrador Sea appear to be derived mainly from
ground moraines of local origin (McMillan, 1973) rather than
from melting icebergs. Such debris can be used to broadly
infer bedrock geology (Schlee and Pratt, 1970).

Julianehaab Canyon Region

Five dredge hauls (29-32, 35) were collected from the
walls of the Julianehaab Canyon (60°15'N, 46°50'W, Fig. 2.4)
which extends from middle shelf to the foot of the
continental slope — about 60 km long and 8-16 km wide. The
canyon in parts is 500-600 m deeper than the adjacent shelf
and has fairly smooth walls with 14-15° slopes (Fig. 2.5). The
canyon runs roughly north-south and, unlike other West
Greenland canyons, is not a submarine continuation of the
fiords of the neighboring land area.

The aeromagnetic data in the region of the canyon
(Fig. 2.4) show extremely large amplitude high frequency
anomalies suggesting that the source of these anomalies lies
fairly close to the surface. Comparison of the aeromagnetic
data collected over Precambrian rocks with those collected
over volcanic rocks (Hood and Bower, 1973) suggests that the
anomalies near the dredge site (Fig. 2.4) may arise mainly
from volcanic rocks. A CSS Hudson geophysical traverse
(Fig. 2.6) slightly east of the dredged site (shown as line B in
Fig. 2.1) indicated a steep sided basement high about 15 km
broad with a maximum residual magnetic value of 1400 nT; it
appeared on the seismic reflection record as an arching mass
only partly mantled by sediments and may represent a faulted
block of intrusive(s) or thick dyke(s).
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Statistically the dominant characteristic basaltic rock
by weight in the Julianehaab Canyon dredge haul were large
angular blocks up to 13 kg with major, minor and trace
element characteristics of the East Greenland Tertiary basalt
province (Brooks et al., 1976). These large blocks of Tertiary
tholeiitic basalt were found in the deeper dredges on the
continental slope along with a sedimentary component.
Furthermore such large blocks were not found north of
61°35'N. Sample OSG 59 (D 30), which was dated at 55 Ma
(Table 2.3), is a typical example of this type; other repre-
sentative samples of this type are: OSG 69 (D 32) and
OSG 549 (D 56). The possibility cannot be ruled out that the
samples might be of a local origin, however they chemically
resemble tholeiitic plateau basalts from the East Greenland
province (Fig. 2.7).

The. next most common basalt type in the Julianehaab
Canyon region are samples similar to OSG 31 (Table 2.1, 2.2).
These have the characteristic chemical features of basic
Gardar type extrusives, specifically high TiO,, FeO (total
iron), Na;O, K,O and P,0s (Watt, 1966, 1969; Bridgwater
and Harry, 1968). Among the trace elements, these rocks
appear to be characterized by high contents of Ba and Sr,
ranging from 600 to 2500 ppm and 500 to 1200 ppm,

respectively. A sample of this type has also been reported by

Rasmussen et al. (1976) seaward of Kap Walloe. These
samples were found scattered throughout all the dredges
from this area, although they made up the largest basalt
component of the shallower dredges.

The consolidated sediments found together with basalts
were subjected to paleontological and petrographic analyses
(Johnson et al., 1974). The preliminary results on two sandy
limestones from dredges 32 and 37 suggested a Cretaceous
age with some reworked Jurassic material, but a more
detailed re-examination indicated that the Cretaceous
material is set in a matrix which yielded an Oligocene-Early
Miocene age. Further these samples contain Triassic as well
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as Jurassic pollen. Such floras do not appear to be known
from the subareal West Greenland sediments (K. Raunsgaard
Pedersen, personal communication, 1981). Both samples
contain fresh volcanic materials, and one even contains a
faceted basalt pebble. Mixed ages, similar to those just
quoted, were reported from Quaternary morainic debris
dredged from the Banan Bank on the outer shelf off Godthaab
(Dibner et al., 1963). In addition, the angularity of the
volcanic minerals as well as the faceted character of the
basalt pebble is suggestive of a high energy regime. We are
uncertain if the Julianehaab unconsolidated material is also
glacial debris containing Oligocene and Mesozoic fragments,
or if it is representative of deeper and more consolidated in
situ material from the canyon walls. If the proposed
Oligocene age for the sediments is also applied to its
contained volcanic grains the volcanic events might relate to
episodic mid-Tertiary volcanism confirmed from East
Greenland (Brooks, 1980), or West Greenland (Clarke and
Pedersen, 1976; Parrott and Reynolds, 1975).

Sample OSG 110 (D 35) has major, minor and trace
element concentrations very similar to coast-parallel
Jurassic dykes onshore (S. Watt, personal communica-
tion, 1981). Particularly distinctive are the relatively high Zr
values (291 versus 75-206, Table 2.2). Sample OSG 83 (D 31)
had major, minor and trace element contents indistinguish-
able from those reported from onshore Gardar Basalt
Province (Larsen, 1977b). For this latter sample the high
degree of oxidation is particularly distinctive, as reflected in
its high Fe,O3 content. No other samples of these two types
were found in the Julianehaab Canyon region.

Dredge 30 (sample 58) was a small fragment of basalt.
This sample possesses low TiOz, KO, P20s, Sr (Table 2.2)
similar to Prince of Wales Bjaerge lavas in East Greenland

(Anwar, 1950), and the basalts from the Hellefisk and Nukik
wells (Larsen, personal communication, 1981). It may
represent the possibility of long distance transport, or
conversely be related to the basalt encountered in the West
Greenland drillholes. Note that this sample and samples 506
and 600 lie in a discrete field shown in Figure 2.7.

Central Shelf

Dredges 48 and 56 were recovered from the central
region southwest of Greenland (Fig. 2.1). A seismic
reflection profile near dredges 56 and 57 (Fig. 2.8, and line A
in Fig. 2.1) shows basement to consist of large blocks
downfaulted toward the sea. In form it is similar to a
multichannel seismic  line  seaward of Godthaab
(Manderscheid, 1980). As noted by Manderscheid (1980)
sediment cover in this region seems rather thin with only
about 500 m draped over the basement in the shelf region.
The rough basement is apparently abutting the most seaward
downfaulted block. This block has a 2000 gamma anomaly
which may well indicate the presence of an intrusive body.
The magnetic anomalies on the shelf tend to strike north-
south with occasional circular highs (Fig. 2.4). Dredge 67 lies
on the edge of an elongate (N-S) magnetic high and .dredges
48-50 and 61 on magnetic highs. Dredge 65 lies in a
magnetically quiet area. Assuming dredge 67 is of local
origin, its K-Ar age of 2311 + 80 Ma reported here would
seem to support this interpretation.

Farther to the north dredge 56 (OSG 549; Fig. 2.4)
recovered almost exclusively large, angular rocks of basalt
along with some sedimentary rocks (Johnson et al., 1974).
These angular rocks have affinities to the East Greenland
Tertiary basalt province (see Fig. 2.1, 2.7, Tables 2.1-2.3).
On the other hand dredge 57 (OSG 558, OSG 561) from a
shallower depth recovered subrounded rocks of Gardar age
(Table 2.3). Both dredges were taken near a large structural
and magnetic high (Fig. 2.4, 2.8). It is suggested that these
(D 57) samples might be of local origin from the shelf, though
now part of the ground moraine. If of local origin they would
represent outcrops of Gardar age on the shelf and constitute
the northernmost extent of the known Gardar province
(Fig. 2.1).

Dredges 61 (OSG 567) and 65 (OSG 583) are from the
upper continental slope, whereas dredge 74 (OSG 602) is from
the continental shelf. Considering the northerly localities
from which these three samples were recovered, their sparse
distribution among the dredges and their similarity in major,
minor and trace elements, these samples may correlate with
the West Greenland Tertiary basalts (Fig. 2.7, Table 2.3).

Dredge 67 (OSG 594) was recovered from the north wall
of a transverse canyon at shallow depth and consisted nearly
exclusively of dolerite having relatively distintive chemical
features with FeO of 14-18%, K,O of 0.5-1.0% and TiQO, of
1.5-2.6%. Of the 1l samples analyzed all had similar
weathering characteristics with an H,O value of 0.1% with
distinctive variable Cu of 200-450 ppm. This rock was dated
as pre-Gardar (2311 Ma, Tables 2.1, 2.3). Dibner et al.
(1963) reported a metadiabase having a K,O value of 0.7%
and a K-Ar age of 1840 Ma from Banan Bank seaward of
Godthaab. Considering the homogeneity of dredge 67, its
location of recovery, and its association with a magnetic high
(Fig. 2.4), it would seem likely that this dredge recovered
material from local Precambrian intrusives on the shelf.
Dredges D 68 (OSG 598) contained basalts which chemically
appeared to be related to the Precambrian dolerites like
D é67.
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Dredges 48 (OSG 506) and 74 (OSG 600) recovered
basalts with major, minor and trace element concentrations
similar to Baffin Island picritic and relatively olivine poor
basalts respectively (Clarke, 1970). Sample OSG 600 was an
unusually fresh pillow-basalt with a glassy margin. As can be
seen in Table 2.2 this sample is similar to Baffin Island
basalts. Of course this does not rule out a Jocal basalt with
these affinities, as chemically it does resemble basalt from
Hellefisk and Nukik 2 holes (Larsen, personal communica-
tion, 1981) which were encountered 2500 m below the
sediments (Fig. 2.3). Dredge 74 is located very close to
Nukik 2 hole. Rocks from this dredge were recovered from a
depth of about 200 m and probably represent the upper 350 m
of "conglomerate" or Pleistocene-recent debris.

Discussion

The presence of basalt on the shore, shelf and slopes
surrounding the Labrador Sea and Davis Strait region
indicates it is not confined to the deep basin only. Basalt
found on the southwest Greenland shelf and slope is based on
dredged samples and unfortunately we cannot with certainty
say that we collected any in situ basalts, however, it does not
seem unreasonable to assume, based on the foregoing
discussion, that some of the basaltic material was of local
origin. This is especially true for the Gardar components of
the Julianehaab Canyon dredges and dredges 57 and 67 of
relatively shallow depth farther north. Furthermore there is
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and 57. For location see Figure 2.1.

no reason to expect that the Jurassic dykes on shore do not
extent offshore. Sample OSG 110 (D 35) may well represent
these dykes.

As noted earlier, both magnetic and seismic data
suggest a presence of basic intrusive bodies on the southwest
Greenland shelf.  Such intense magnetic anomalies are
indicative of a relatively high Fe and Ti concentration in the
source material. Both Tertiary and Gardar rocks might
generate such anomalies. The two most prominent localities
for intrusives would be 60°15'N (D 30-35) and 61°45'N (D 57).

It cannot be ruled out that some of the Tertiary
components are of local origin. It is worth noting that no
evidence for submarine low-temperature weathering
processes have been observed, and none of the recovered
basaltic material had ferro-manganese accumulations.
Furthermore their Fe;O3, H,O ™ and H,0" contents as well
as thin section characteristics are indistinguishable from
known subareal occurrences in both East and West Greenland.
These observations would suggest a limited time of
submergence in seawater.

Basalt samples OSG 58 (D 30) and OSG 600 (D 74)
appear similar to those reported from Hellefisk and Nukik 2
wells (Larsen, personal communication, 1981). One can of
course assume all the Tertiary basalts are ice-rafted from
East and West Greenland and this possibility cannot be

A portion of the multichannel seismic reflection profile in the vicinity of dredges 56

excluded, however, it seems unlikely in view of the extensive
Paleocene volcanism in the Labrador Sea Basin and Davis
Strait region (Table 2.4). It is suggested that some of the
Tertiary basalts may well represent local events with
chemical similarities to other regions.

Results from Table 2.4 show that significant periods of
volcanism were associated with initial rifting of the Labrador
Sea-Baffin Bay region in Late Jurassic-Early Cretaceous.
Occurrence of younger basalts on both the shelf and land fits
well with the Paleocene reorientation of the spreading axis in
Labrador Sea (Table 2.4). This is in harmony with geometric
reconstructions that older basalts should occur on the
Labrador Shelf and younger farther to the north and seaward
toward the extinct spreading axis. It seems likely the Late
Jurassic-Early Cretaceous volcanic event recorded on both
the Labrador Coast and West Greenland may also be present
on the Greenland Shelf (Dredge D 35). This suggests the
early rifting phase of the Labrador Sea may be related to this
time, an observation also made by Clarke (1977).

A later period (Paleocene) of volcanism is recognized
from the occurrences of volcanics on land and offshore in the
Davis Strait region. This includes occurrences of Tertiary
basalt at Cape Dyer on Baffin Island, at Disko Island on
Greenland and in the deep exploratory wells drilled on the
Greenland shelf (Hellefisk) and Baffin Island shelf and slope
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Table 2.4

Sequence of events in
Labrador Sea-Baffin Bay region

Eocene — early Oligocene Lamprophyre dykes injected on
Ubekendt Ejland (just north of Disko Island) possibly
some volcanism in Julianehaab Canyon region.

Late Paleocene — change in direction of spreading axis.
Eruption of basalts at Cape Dyer and Disko and Davis
Strait (Hellefisk well) regions (Gjoa well, HD-75
sample). Labrador Sea Basin basalts are emplaced.
Possible Tertiary dykes scattered along southwest
Greenland coast.

Early Paleocene — seafloor spreading commences in the
northern Labrador Sea, Baffin Bay (Gjoa well).

Late Cretaceous (Maestrichtian) — seafloor spreading
commences in the southern Labrador Sea and Makarov
Basin.

Mid-Cretaceous (Cenomanian-Turonian) — volcanism on

Greenland Shelf (Nukik 2 well), South Baffin Island
Shelf (Hekja well), and outer Labrador Shelf (Indian
Harbour well).

Early Cretaceous (Beriasian-Hauterivian) — volcanism on
Labrador Shelf (Bjarni, Herjolf and Leif wells).

Late Jurassic-Early Cretaceous (Late Kimmeridgian to
Valanginian) — volcanism in western Greenland and
possibly shelf: dyke swarm (Fig. 2.1). Lamprophyre
dykes along the coast of Labrador (Ford's Bight) north-
east Newfoundland, and southwest Greenland.

(Hekja and Gjoa) and a Tertiary (71.9 Ma) basalt sample
dredged in the northern Labrador Sea (Table 2.3). The
occurrence of basalt in the Davis Strait region has been
regarded for a long time as part of the Brito-Arctic Volcanic
Province because of the similarity in the ages of the volcanic
rocks found in the British Isles and on the east coast of
Greenland with those across Davis Strait. However,
Clarke (1977) regarded them as two separate units because of
geochemical and other differences between them.

A similar later period of volcanism has also been seen
in the seismic reflection data collected in the Labrador Sea
(Hinz et al., 1979). The flat basement reflector with
subbasement reflectors, according to Hinz etal. (1979),
represents basalt flows correlated in time with the Late
Paleocene volcanism associated with the reorientation of the
Labrador Sea spreading centre at anomaly 24. This reflector
has a refraction seismic velocity of 5.9 km/s. The extent of
the flat basement reflector, as given by Hinz et al. (1979), is
shown in Figure 2.1 by a stippled pattern.

The Greenland shelf has been proven by drilling to have
at least in the north a significant and shallow Precambrian
core. Mayhew's (1970) data suggested this may extend all the
way to the Julianehaab region. Both dredge samples and the
magnetic anomalies suggest that a number of Gardar and
perhaps younger intrusives are present in the southwest
Greenland shelf.
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Abstract

Rocks of the Star Lake area are mainly mid-Paleozoic intrusions with numerous ophiolitic
bodies of variable size in the south. Ophiolitic fragments range in composition from harzburgite to
gabbro cut by diabase dykes. The largest fragment is fault bounded; the others are intruded and
engulfed by tonalite to diorite that may represent partial melts of oceanic crust at an arc-continent
collision zone. The tonalite has a strong northeast-trending foliation as do island arc tuffs of
Llanvirnian to Llandeilian age preserved in the southeast corner of the area.

Various granites of post-Ordovician age intrude the tonalite, ophiolitic fragments and each
other. The largest of these is a subvolcanic alaskitic granite of the Topsails batholith. Rhyolite
dykes cut the granite and rhyolite flows are preserved locally.

Diabase dyke intrusion was the last magmatic event in the area.

Introduction

In July and August, 1981, Star Lake (west half;
NTS 12A/11 west) was mapped to fill in the gap between
Puddle Pond, Rainy Lake, Star Lake (east half) and Victoria
Lake map areas (NTS 12A/5, 12A/14, 12A/1] east and 12A/6
respectively), and to furtber delineate the Annieopsquotch
ophiolite belt.

A foliated tonalite to diorite terrane is of major
regional importance; it intrudes and engulfs fragments of
ophiolitic affinity and is cut by granites of the Topsails
batholith.

Previous Work

The Star Lake area (NTS 12A/11) was mapped as part of
Red Indian Lake map area (west half) by Riley (1957). Star
Lake (east half) was mapped at 1:50 000 scale by Kean (1978),
whose map can be broken down into four main subdivisions:

1. volcanics and related intrusions and sediments of the
Middle Ordovician Victoria Lake Group in the southern
part of the area;

2. granitoid intrusions mostly of unknown ages, including
part of the Topsails batholith in the northwest;

3. gabbro, diorite and diabase of presumed Devonian age in
the northwest;

4., Carboniferous subhorizontal clastic sediments north of
Red Indian Lake.

In 1980, examination of much of the outcrop area of
gabbro, diorite and diabase in Star Lake (east half) revealed
that it consists of fragments of ophiolite directly comparable
to the Annieopsquotch complex to the southwest
(Dunning, 1981). It is therefore presumably of lower
Ordovician age as is the dated Annieopsquotch complex
(T.E. Krogh, personal communication, 1981).

Access

Star Lake (west half) was mapped from flycamps
supported by helicopter or floatplane. Lloyds River valley
was not mapped in detail as the road which provides access to
that area was washed out for much of the summer. Some
additional lithologic units may be present in the river valley,
by analogy with Star Lake (east half; Kean, 1978).

Physiography

The area can be divided into 3 physiographic regions.
The northern region is underlain by part of the Topsails
batholith and is composed of barren rock ridges and extensive
deposits of boulders and gravel. The majority of the area is
part of the Long Range plateau and is chiefly underlain by
strongly foliated plutonic rocks which impart a northeast-
trending pattern of ridges and valleys; bogs and glacial gravel
deposits are extensive. The corner of the area southeast of
Lloyds River is part of the Annieopsquotch Mountains and is
uplifted along the Lloyds River fault to form 200 metre high
northwest-facing cliffs.

Individual map units have distinctive physiographic
expressions. Apart from those mentioned above, there is a
granite northeast of Lake of the Hills which forms a large
flat-topped hill. Syenite forms one hill immediately east of
the lake. Hills of resistant ophiolitic gabbro occur east of
the fault at Otter Brook, east of Lloyds River fault and
northeast of Star Lake just outside the map area.

General Geology

The map area (Fig. 3.1) lies within the Dunnage Zone
(Williams, 1979) which represents vestiges of the Iapetus
ocean and island arc sequences. The oldest rocks are
ultramafic to mafic in composition and occur through the
southern part of the area. Harzburgite, clinopyroxenite and
gabbro occur as small pods within foliated plutonic rocks and
also form large hills and ridges. The suite is interpreted to
be ophiolitic by comparison with lithologies of the Bay of
Islands and Annieopsquotch complexes (Malpas, 1976; Dunning
and Herd, 1980).

Intermediate tuffs of the Ordovician Victoria Lake
Group outcrop in the southeast corner of the map area.
A much larger area of similar rocks that occurs in the
adjacent Victoria Lake map sheet structurally overlies the
Annieopsquotch complex (Dunning, 1981).

A foliated tonalitic to dioritic intrusive complex
intrudes and engulfs ophiolitic fragments and extends through
the central part of the map area. This complex is combined
with the mafic-ultramafic suite as a single unit in some areas
and separated from it in other areas on the regional map
(Riley, 1957).

! Department of Geology, Memorial University of Newfoundland, St. John's, Newfoundland, AIB 3X5
2Departmen‘c of Geological Sciences, Queens University, Kingston, Ontario, K7L 3N6é
3Department of Geology, University of Ottawa, Ottawa, Ontario, KIN 6N5 21
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Figure 3.2.
easternmost island in lake.
plagioclase ratio. Hammer is 40 cm long. GSC 203546-H

Granitoid rocks ranging from hornblende granodiorite to
alaskitic granite and syenite, all undated, cut the foliated
tonalite complex and each other. Alaskitic granite of
Topsails batholith underlies much of the northern high barren
area and apparently feeds volcanics which occur as erosional
remnants at two localities.

Diabase dykes represent the last magmatic activity in
the area.

Ophiolite Fragments

The largest of the four areas of ophiolitic rock
delineated occurs south of Star Lake. The number of discrete
fragments in the Star Lake area is unclear; most of the
northern part of the lake may be underlain by mafic rock.

Layered gabbro of Star Lake ophiolitic fragment exposed on
Layering due to changes in clinopyroxene:

Many other coarse grained gabbro and
amphibolite pods occur in the foliated tonalite
terrane. Too small to show on the map, they
form dark green to black patches in the lighter
coloured tonalite.

A U-Pb age (zircon) of 483 + 3 Ma has
been determined for trondhjemite of the
Annieopsquotch complex (T.E. Krogh, personal
communication, 1981), the largest and most
complete ophiolite in the Annieopsquotch
ophiolite belt (Dunning, 1981). It is thought that
the ophiolitic fragments in the Star Lake map
area are the same age.

Harzburgite forms one small body exposed
on the southwest shore of Lake of the Hills. It is
grey green on the weathered surface, dark green
on the fresh surface, and distinctive in having
very coarse grained poikilitic pyroxenes which
weather in relief. [t is texturally similar to
harzburgite, which is also interpreted to be an
ophiolitic fragment, west of Silver Pond
(Dunning and Herd, 1980).

Clinopyroxenite, coarse grained and green
weathering, occurs interlayered (?) with gabbro
in a | x2km body north of 'Pierre Pond'.
Clinopyroxene grains 2 - 5mm long make up
more than 90 per cent of the rock. Associated
gabbro contains about 50 per cent pyroxene and
is coarser grained. Most gabbro is coarse
grained with a subophitic texture composed of
near equal amounts of strongly saussuritized
plagioclase and clinopyroxene replaced by
actinolite and chlorite, with minor amounts of
Fe-Ti oxides. It is typical of the 'high-level'
gabbro of ophiolite complexes. Trondhjemite
pods occur in gabbro in the southwest corner of
the area and well layered gabbro is present on
the islands in the east arm of Star Lake
(Fig. 3.2). Some of the layered gabbro has
mineral grading and alignment and cumulate
textures, and is fresher and finer grained than
the 'high-level' variety.

The Lloyds River gabbro, southeast of the
Lloyds River fault (Dunning, 1981), is strongly
sheared and bleached along the fault zone.
Blocks that have escaped these affects are
medium- to coarse-grained, equigranular and cut
by diabase dykes. No chemical analyses are
available, but this body is interpreted to be
ophiolitic as it occurs with other obvious
ophiolitic fragments west of the fault and is
along strike from the Annieopsquotch complex.

Victoria Lake Group

Tuffs of the Victoria Lake Group occur in the southeast
corner of the area. They are andesitic to dacitic in
composition,  strongly sheared and are composed
predominantly of chlorite, epidote, sericite and carbonate. A
late Llanvirnian to early Llandeilian age has been determined
for Victoria Lake Group tuffs by conodonts in interbeds of
limestone along strike near the mouth of the Victoria River
at Red Indian Lake (Kean and Jayasinghe, 1980).

Foliated Tonalite Complex

A strongly foliated tonalite to diorite intrusive complex
underlies much of the central part of the area. It intrudes
and is host to small fragments of ophiolitic harzburgite,
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clinopyroxenite, gabbro and amphibolite of probable
ophiolitic derivation (Fig. 3.3). Only the largest fragments
are distinguished as units on the map.

The diorite contains 10 to 30 per cent hornblende and
biotite, 5 to 30 per cent quartz (in most places blue), minor
epidote and sulfide, with plagioclase making up the
remainder of the rock. The foliation is defined by elongate
quartz grains and aligned hornblende and feldspar. A
complete range in composition exists from hornblende-rich
diorite to tonalite composed almost entirely of quartz and
plagioclase, plus secondary albite and epidote.

Medium grained biotite-rich lenses in the diorite are
interpreted to be metasedimentary inclusions; most inclusions
are mafic, however, and many have a core of coarse grained
gabbro rimmed by amphibolite.

It is thought that the complex was originally composed
of discrete intrusions varying in composition from hornblende
diorite to tonalite and even granodiorite. However, because
of the limited outcrop and strong deformation a subdivision
of the complex was not attempted. The age of the tonalite
complex and its foliation are unknown. They are both
thought to be mid-Ordovician based on relationships in the
Puddle Pond area (Herd and Dunning, 1979) and because
granite of Topsails batholith, of Silurian age, is undeformed.

Granitoid Rocks

Six units of coarse grained granitoid rock are present in
the area. No dates are available for these bodies so their
relative ages are uncertain. In addition, it is possible that a
study of whole-rock chemistry for these bodies would show
that some are mineralogically different parts of a single

Figure 3.3.
Marker for scale. GSC 203546-J
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Fragments of gabbro and amphibolite in tonalite, on shore of

pluton. It is suspected that units 4 and 5 (Fig. 3.1) are
related and that the syenite (unit 6) may be related to the
Topsails batholith.

Hornblende and biotite-bearing granite (unit 4), that
occurs on the south side of Star Lake, is coarse grained,
white to pink on fresh surfaces and contains pegmatitic
quartz and potassium feldspar pods. It is massive to weakly
foliated at the margins and is far less deformed than the
adjacent tonalite- diorite terrane. For this reason it is
interpreted as younger than the tonalite. The body is
bounded by the shores of Star Lake and Lake of the Hills and
by bogs. It does intrude ophiolite gabbro on the islands in the
east arm of Star Lake where a medium grained marginal
phase of the granite is well exposed. An aplite intrudes the
foliated diorite on the northeast shore of the Lake of the
Hills. The aplite may be related to this hornblende-biotite
granite or to the muscovite granite (unit 5) to the southwest.

Coarse grained muscovite granite (unit 5) outcrops
southwest of Lake of the Hills. It is buff, massive and locally
contains biotite or fine grained garnet. [t characteristically
contains | to 2 cm rusty weathering patches cored by pyrite;
some of these appear to be miarolitic cavities with euhedral
cubes projecting into the centre of the cavity. Associated
with these are zones where the potassium feldspar is
bleached white. Contact relationships are obscure but, as
with unit 4, unit 5 is interpreted to cut the foliated tonalite
complex. This granite is bounded to the southeast by an
extensive bog.

A red syenite (unit 6) that appears to occupy a single
hill occurs immediately east of Lake of the Hills. It is coarse
grained, fresh and undeformed and contains 90 per cent
potassium feldspar, 5 to 10 per cent hornblende and about
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| per cent quartz. Its contacts were not observed. Another
syenite body approximately 1.5km in diameter cuts the
Topsails alaskitic granite just to the east of the map area. It
is coarse grained, red on fresh surfaces and forms several
steep rounded outcrops in the smoother granite terrane.
Possibly these two syenite bodies are related.

The remaining granitoid rocks occur in the north half of
the map area and are massive. Several bodies may be
essentially the same age. Geochemical and geochronological
studies are required to properly subdivide them.

Hornblende and biotite bearing granite to granodiorite
(unit 7) underlies the area north of the foliated tonalite
complex and one small body of the granite appears to intrude
the tonalite. However, there is minimal outcrop in this area
so the extent and number of discrete granite bodies is not
clear. The body is coarse grained and locally contains quite
spectacular well zoned idiomorphic plagioclase. Both the
monzonite (unit 8), north of Caribou Lakes, and this granite
are cut by granite, rhyolite and diabase dykes (units 9 to 11)
but neither was seen to cut the other.

Medium grained biotite and hornblende bearing
monzonite (unit 8) that occurs northeast of Caribou Lakes is
locally foliated on its northwest side, possibly along a fault.
Its boundaries to the southeast are hidden beneath bog and
gravel. The monzonite is intruded by granite, rhyolite and
diabase dykes (units 9 to 11).

Alaskitic granite (unit 9) is the predominant plutonic
rock in the Topsails batholith which underlies the northern
part of the area. It is red brown, biotite and amphibole
bearing and commonly contains miarolitic cavities with
subhedral quartz crystals. This granite, cut by some rhyolite
dykes, is believed to be the source of the granite and rhyolite
dykes which intrude units 7 and &, and to be the source of the
rhyolite flows that occur in two isolated hills south of the
batholith. The granite is also cut by diabase dykes of unit 1.

Rhyolite

Two isolated hills in the north of the area are underlain
by rhyolite flows (unit 10). They are orange, red or green,
contain quartz or potassium feldspar phenocrysts, typically
2mm long, and locally show spectacular spherulitic
structures up to | cm or greater in diameter. Rhyolite
breccia contains angular fragments of rhyolite in a fine
grained matrix that is locally fluorite bearing. These flows
and breccia are believed to be comagmatic with the Topsails
batholith and rhyolite dykes which cut it. Some of the dykes
show prominent flow banding with alternating dark and light
bands. The hills of rhyolite appear to preserve a higher
stratigraphical level than the Topsails batholith.

Diabase Dykes

Diabase dykes cut several of the earlier granitic rocks
and seem most abundant in the alaskitic granite. They strike
predominantly northwest or northeast following joints in the
granite. The dykes are 0.3 to 8 m wide, fine grained with
chilled margins, very fresh and contain plagioclase or olivine
phenocrysts. They are of unknown age; because they cut the
youngest granite, they are interpreted to represent the last
magmatic event in the map area.

Structure

The map area can be divided into southern deformed
and northern undeformed sections. The southern part is
underlain by Lower to mid-Ordovician rocks which are
affected by a generally northeast-trending foliation and
faults. The northern part is undeformed except for local
shearing along late faults. Granites in the north are massive
and well jointed.

Faults

The largest ophiolitic fragment, south of Star Lake,
occurs in part as a block bounded by the Lloyds River and
Otter Brook faults. The Lloyds River fault is the most
important in the area. Although poorly exposed and of
unknown width, it extends southwest past the Annieopsquotch
complex to King George IV Lake. Its history is unknown
although its most recent movement is certainly post redbed
deposition (Devonian?) in the Puddle Pond area. It likely has
later movement as poorly exposed conglomerate of possible
Carboniferous age is tilted in the Lloyds River valley in the
Puddle Pond area.

The fault in Otter Brook is interpreted as a splay off of
the Lloyds River fault. The block of ophiolitic gabbro, cut by
diabase dykes, which occurs between these two faults, is
strongly foliated and feldspars are strongly bleached along
subsidiary shear zones within the block.

The fault within the tonalite complex is interpreted
southwest of Lake of the Hills, based on a topographic
lineament, and northeast of the lake is based on outcrops of
sheared tonalite in the bays.

A probable fault, trending northwest from Caribou
Lakes, separates a high plateau and valley underlain by the
same (?) granite. The dotted geological contact trending
southwest from Caribou Lakes may also be a fault (Fig. 3.1).

Foliation

Ophiolitic fragments engulfed in the foliated tonalite
complex are weakly foliated parallel to the tonalite or are
massive. Most fragments appear to have behaved as rigid
blocks in the more strongly deformed tonalite. The actual
shape of the large fragments is unknown; they are depicted as
oval in Figure 3.1.

Foliation in the tonalite strikes east-northeast in the
southwest part of the area to northeast in the central part.
It is steep in the 'Pierre Pond' area and moderately northwest
dipping in the nearby Lake of the Hills area. The shape of
lakes in this area is strongly controlled by the structure in
the tonalite.

The only structures noted in the granites underlying the
north part of the area are joints, locally well developed,
which provided a locus for the intrusion of rhyolite and
diabase dykes, as noted above.

Discussion

Relationships in Star Lake (west half) provide an
opportunity to decipher events in the Dunnage Zone,
especially the destruction of the Iapetus 'ocean' and
subsequent intrusion of granites.

The ophiolitic fragments are of unknown affinity and
range from mantle to lower crust lithologies. The largest of
these fragments is juxtaposed with intermediate tuffs of the
Victoria Lake Group that are dated as late Llanvirnian to
early Llandeilian in the upper part.

The mafic crust, of whatever affinity, was cut in the
mid-Ordovician (?geochronometry in progress) by a suite of
diorite to tonalite (and granodiorite?) intrusions. These range
from strongly foliated to weakly foliated, in the Puddle Pond
area.

The next event recorded is intrusion of weakly foliated
to massive biotite and hornblende granite and muscovite
granite of unknown ages.

In the north part of the area granites are undeformed
and form part of the Topsails batholith. No dates are
available and field relationships are, in part, equivocal.
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Published Rb-Sr ages of 421 + 7 Ma for peralkaline granite
and 387 * 16 Ma for alkali feldspar granite from the eastern
lobe of the batholith (Bell and Blenkinsop, 1981) may bracket
the ages of granites in the batholith in Star Lake area. A
new zircon age of 419 to 443 Ma (?°7Pb/2°5Pb) from an
alkali syenite intrusion of the eastern Topsails batholith
(R.P. Taylor, personal communication, 1981) tends to confirm
a Silurian age for many plutons of the batholith.

Interpretation

The ophiolitic fragments are thought to represent
disrupted lower Ordovician oceanic crust. Whether this was a
large lapetus 'ocean' (Williams, 1980) or a marginal or back-
arc basin is unknown. Geochemical analysis is underway to
try to place some constraints on interpretations of these
fragments.

The Victoria Lake Group volcanics are interpreted to be
an island arc sequence (Kean et al., 1981) and, in the Victoria
Lake map area, are interpreted to structurally overlie the
Annieopsquotch complex (Dunning, 1981).  One ophiolitic
fragment in the Star Lake area is in fault contact with the
arc sequence. The ophiolitic fragments may have been
basement to the island arc or may represent adjacent
marginal basin crust.

Evidence from the tonalite terrane indicates that
deformation accompanied intrusion and breakup of the ocean
crust as much of the tonalite is strongly foliated. However,
intrusion outlasted deformation as some tonalite in the
Puddle Pond area is only weakly foliated to massive and well
jointed. This tonalite suite may result from partial melting
of oceanic crust, disrupted and imbricated on thrusts during
subduction. This may be coincident with the approach of an
island arc to a continental margin during the mid-Ordovician
Taconic Orogeny. Petrological, geochemical and geochrono-
logical studies are underway to test and place some
constraints on this model.

It is suggested that metasedimentary inclusions in the
foliated tonalite terrane may indicate that sedimentary
material was involved in the partial melting. These
sediments may be Fleur de Lys Supergroup equivalents
(cf. Herd, 1978).

Foliated biotite and muscovite granites which cut
tonalite terrane presumably were derived from continental or
composite crust.

The Topsails granites intrude posttectonically and are
presumably derived from continental crust. The diabase
dykes, which reflect a local tensional environment, are
probably genetically related to the Topsails batholith
(Whalen and Currie, 1982).
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THE EAST KEMPTVILLE TIN DEPOSIT, NOVA SCOTIA:
AN EXAMPLE OF A LARGE TONNAGE, LOW GRADE,
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Scotia: an example of a large tonnage, low grade, greisen-hosted deposit in the endocontact zone of
a granite batholith; in Current Research, Part B, Geological Survey of Canada, Paper 82-1B,
p. 27-32, 1982.

Abstract

The East Kemptville tin deposit, southwestern Nova Scotia (Y armouth County) is an example of
a large tonnage (38 million tonnes), low grade (0.2% Sn) greisen-hosted deposit. The tin (-tungsten-
sulphide) mineralized zone is beneath an irregular inflection in the northwest contact of the
southwestern extremity of the South Mountain Batholith (the 'Davis Lake pluton'). The tin
mineralization occurs in pods of massive greisen and zoned greisen selvedges flanking -thin
(0.5-2.5 cm) hydrothermal veins. Tin occurs predominantly as cassiterite and is associated with
secondary quartz, muscovite; topaz, pyrite, pyrrhotite, sphalerite, chalcopyrite, arsenopyrite, other
sulphides and minor wolframite. Although the style of mineralization is similar to greisen-hosted
deposits associated with Hercynian granites in the Krusné hory-Erzgebirge region of Czechoslovakia
and East Germany, the batholithic endocontact setting differs, since the latter are related to small
(1-3 km) lithium mica-albite cupolas. The complete paragenetic sequence is complex and includes
unusual phosphate minerals such as triplite [(Mn, Fe, Mg, Ca)2(POy) F] and childrenite~eosphorite

[(Fe, Mn) Al (PO4)(OH); * H,0].

Introduction

The East Kemptville tin deposit is in granitic rocks of
the 'Davis Lake pluton' (South Mountain Batholith)
immediately below the contact with metasedimentary rocks
of the Meguma group, near East Kemptville, Yarmouth
County, Nova Scotia (44°16'N, 65°41'W). In 1978, Shell
Canada Resources Limited began a geochemical tin
exploration program extending throughout southwestern Nova
Scotia which led to the discovery of mineralized boulders in
the glacial till near East Kemptville. The deposit was
evaluated between 1979 and 1982. To date, reserves of
38 million tonnes grading 0.29% Sn at a 0.1% Sn cutoff grade
have been defined (Shell Canada Resources Limited, 1980
Annual Report). At present, no other metals are considered
economically recoverable. Since the deposit is covered by
3-5m of glacial overburden, the available information has
been obtained from 14 600 m of diamond drill core, two
trenches totalling 225 m in length and approximately 1.2 km
of underground development.

The purpose of the study overall is to provide a
complete  geological, petrological, mineralogical and
geochemical description of the host rocks, tin mineralization,
hydrothermal alteration and later veins. Integration of this
information will produce a paragenetic sequence and an
understanding of the important factors which controlled tin
mineralization. Since the research is still in progress, the
material presented here is preliminary.

General Geology

The tin mineralization is in an extension of the extreme
southwestern end of the South Mountain Batholith that has
been referred to by Shell Canada Resources Limited as the
Davis Lake pluton (Fig. 4.1). The South Mountain Batholith is
a composite, peraluminous intrusion that is 300 by 60 km. It
consists generally of biotite granodiorite into which have
been intruded smaller, discrete bodies of two-mica
adamellite, porphyritic adamellite, leucoadamellite, aplite
and pegmatite (MacKenzie and Clarke, 1975; Charest, 1976;
Clarke and Muecke, 1980; Clarke and Halliday, 1980). Five

such bodies have been defined and are located near West
Dalhousie, Springfield, Lake George, New Ross, and Halifax.
Due to poor accessibility and extremely limited exposure, the
southwestern extremity of the South Mountain Batholith had
not been comprehensively mapped. Detailed boulder
mapping by Shell Canada Resources Limited in northern
Yarmouth County defined areas of two-mica granite and
greisenized granite. Intrusive contacts were observed in
large angular boulders west of Second Bear Lake. Based on
this evidence, and in keeping with the terminology of Clarke
and his co-workers, the name Davis Lake pluton was given to
the granitoid rocks near Davis Lake. The location of the
northeastern contact of this pluton with the main body of the
South Mountain Batholith is uncertain.

In southwestern Nova Scotia, the South Mountain
Batholith (Davis Lake pluton) intrudes turbiditic greywacke,
quartzite, and argillite of the Cambro-Ordovician Meguma
Group (Fig. 4.1) (Taylor, 1967). Whole-rock Rb-Sr isochron
ages for the batholith by Clarke and Halliday (1980) are
374 + 11 Ma (granodiorite) to 361 * 1.5 Ma (adamellite)
(Late Devonian to Early Carboniferous) with moderately high
initial ®7Sr/®®Sr ratios of 0.70794 (granodiorite) to 0.71021
(adamellite). Whole rock &!%0 values for the South Mountain
Batholith range from +10.1 to +12.0 %owhich suggests that it
formed by anatexis of !®O-rich clastic metasedimentary
rocks (Longstaffe et al., 1980).

Geology of the East Kemptville Tin Deposit
Geological Relationships

The zone of -potentially economic tin mineralization
shown in Figure 4.1 lies within an irregular protrusion of the
Davis Lake pluton into quartzite of the Goldenville
Formation (Meguma Group). Figure 4.2 is a more detailed
map of the deposit which shows the extent of the mineralized
zone, the northeast-trending contact, and the location of two
metasedimentary roof pendants within the granitic rocks.
The 1500 by 500 m zone of sericitized and greisenized rocks
shown here is referred to as the Main Zone. The spatial
geological relationships are shown in Figure 4.3, a
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Figure 4.1.
Nova Scotia. (Map courtesy of Shell Canada Resources Limited).

Table 4.1

Paragenetic sequence, East Kemptville tin deposit, Yarmouth County, Nova Scotia

Location and geological setting of the East Kemptville tin deposit, Yarmouth County,

MASSIVE WHITE QUARTZ % RIBBED | WHITE QUARTZ * CARBONATES | BARREN | CLAY- CRUSTS &

MINERALS  ||GREISEN GREISEN-BORDERED VEINS SULPHIDE + PHosprATE | VEINS * FLUORITE QUARTZ | FLUORITE| CRYSTALS

aspy- cs-py topaz blue | sph-py| sulphide| sulphide| Phos Carb Carb + F1 F

wf sulphide| quartz | -cs + Phos
!CASS]TER[T[ e 3 e e e e e ke A g ok e e e A e e sk ok e ok ok ek e A ke ke ko ek e
| PYRITE R e L e S e e e e e Kok h ok kAR Ak r ok kKR kkkk
;SPHALERITE e e e e ke e oA e e e e e e e e e ok e e e e e e ke e e e e e e ke e ek ke
| PYRPHOTITE ek e e e ek e e ek e ke ek e e e Rk ke
fMOL&'BDENITE gLt
STANN[TE o e e v e e e e ke e e o e g e Wk L2 222 24
ARSENOPYRITE *tﬁtwitj-ﬁk.tti LRSS hxk AR
wOLFRAM[TE ek koM Rk kR k)
TOPAZ t'ttinarr‘ LA %k LA S 22 24 Li a2
GALENA HHE KR HHAERKRIR|
BISMUTHINITE j**** ¥ xxakkkswn Kk ek R x| kK xR
CHALCOPYRITE e v e e e ok e e ke e e ke *hx e e e e e e e e e e e e ek > Yok d
QUARTZ LAt d x K [ e e o e e e e e e e ok o A e e o e ok A o ek e o e e e e b e e e * e ek % & e 'S 3
SILVER M[CA e e e e e e e e e e e e e e e e e e R A Rk e e e e ek LE 3
GREEN MICA Ak ph kM kA x * % R
SIDERITE e R Aok Rk Kukrkr k&
DOLOMITE Ribbid bbb ¥
APATITE *x e ok ek
TRIPLITE B S 2
FLUORITE KxHAK K *x Ak R EE T 2 B B e 2
VIVIANITE *ox
STILBITE >
CHILDRENITE *x
MARCASITE ox
DICKITE L P

28




6800 N

LEGEND

E= DEPOSIT

HOST
GRANITOIDS

-
[°°] QUARTZITE
_c
EE———— )
e ————
T ———
2]
—°
_°
(o]
5800N 0
o]
o9 °
o
o o
o o
(o} P (o] 5 ° o 5
o o
0% ° °, 0o
lo) (o]
5 ©0° o° 4 ?
o © o0 o o ©
o5 o w| © 0 250
0 0 olo ol
Y AR —] = =
0% ,mo ° U ° & METRES
09 o0 002 o
Figure 4.2.  Plan view of the geological relationships of the

Main Zone, East Kemptville tin deposit.
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cross-section along L5800N (Fig. 4.2). The zone of
mineralized granitic material (>0.05% Sn) lies immediately
below what has been interpreted as a slight flattening or
corrugation of the normally steeply northwest-dipping
contact. To the west, the mineralization does not extend
into the metasedimentary rocks. Skarn is not found in the
immediate vicinity of the Main Zone. The sericitized and
greisenized granitic host rocks grade downward into much
less altered and ungreisenized granitoid rock containing less
than 500 ppm Sn, not as cassiterite. To the east, this
boundary, as defined by a 0.05% Sn cutoff grade, rises
gradually to the surface and marks the eastern limit of the
deposit as shown in Figure 4.3. The northern and southern
boundaries of the deposit, also defined by a 0.05% tin cutoff
grade, occur where the broad shallow metasedimentary roof
pendants coalesce with the main northwest-dipping contact.

It appears that the main control on the localization of
the deposit was the geometry of the contact. The slight
flattening and corrugation in the contact between the
competent, chemically unreactive quartzite and the granitoid
rocks restricted the area of hydrothermal alteration and
potentially economic tin mineralization. Although some of
this material has been removed by Pleistocene glaciation, a
zone 100 m thick, 1500 m long, and 500 m wide still remains.

Paragenesis

The paragenetic sequence illustrated in Table 4.1 was
established by trench mapping and verified by core logging
and underground mapping. Each major stage was established
on the basis of mineralogy, associated alteration, and
crosscutting relationships. The characteristics of the major
stages overlap slightly.

Greisen-bordered Veins and Massive Greisen Zones.
Among the first workers to discuss the term '"greisen" were
Ferguson and Bateman (1912). They recognized greisen as an
"alteration product of granitic rock consisting essentially of
quartz and mica, with variable amounts of fluorine- and
boron-bearing minerals" (p. 234). Such alteration can occur
as envelopes locally bordering veins or microfractures.
Alternatively, if the veins are extremely numerous, large
masses of rock can be altered. Workers in recent years
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shown in Figure 4.2. The information presented here is derived from drill core, surface mapping and
underground development. (Map courtesy of Shell Canada Resources Limited).
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(e.g., Shcherba, 1970; Tischendorf et al., 1971; Groves and
Taylor, 1973; Charest, 1976; Farley, 1978) have introduced
some variability into the meaning of the term but all
definitions are within the scope of Johannsen's (1932)
description which listed the essential minerals as quartz and
secondary mica and the typical accessory minerals as
cassiterite, tourmaline, fluorite, topaz, arsenopyrite and
pyrite.

In East Kemptville, the greisen zones consist of bluish
grey quartz, topaz, and silver- and green-coloured muscovite
with cassiterite, pyrite, sphalerite, chalcopyrite, pyrrhotite,
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Figure 4.4.  Polished slab on one-half of a zoned greisen-=
bordered vein showing the mineralogical zoning and tin
analyses for each zone. (Tin analyses courtesy of Shell
Canada Resources Limited).
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Figure 4.5.  Contoured lower hemisphere projection of the
poles to 178 greisen-bordered veins located in two surface
trenches.
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minor wolframite and other sulphide minerals. Recoverable
tin occurs exclusively as cassiterite and is restricted to
greisen-bordered veins and massive greisen zones. Very
minor amounts of stannite occur as exsolution products in
sphalerite. The veins and greisen borders range in total width
from 0.5-40 cm. They consist of a central vein of variable
composition 0.2-2.5cm wide, symmetrically flanked by a
zoned alteration envelope of topaz, quartz and silver and
green muscovite. The average width of the alteration

envelope on one side of a vein is 4 cm (e.g., Figure 4.4). The
central vein may be of blue quartz-cassiterite, fine grained
sphalerite * pyrite + cassiterite, arsenopyrite-wolframite,
topaz-sulphide, or blebs and crystals of cassiterite and pyrite
along hairline fractures. Crosscutting relationships among
these veins do not indicate a consistent relative chronology.

The intensity and extent of greisenization appear to be
related to microfracturing and distance from the main
sedimentary contact. Other less tangible factors, such as the
length of time the fracture was open and the amount and
composition of mineralizing fluids which passed through the
fractures, were probably important but cannot be evaluated.
The greisen alteration envelopes are thought to be the result
of fluids passing through a single microfracture and
permeating outward to form a well defined mineral zonation.
The massive greisen pods are zones up to 20 m wide which
show intense greisenization and associated mineralization —
disseminated sulphides, topaz and cassiterite or veins of
cassiterite, pyrite, topaz and arsenopyrite.

Mapping within the trenches indicates that the greisen-
bordered veins are nearly vertical and oriented subparallel
(030°) or approximately perpendicular (120°) to the main
contact (045°/75°NW) (Fig. 4.5). Some well-defined greisen-
bordered veins are more than 20 m in length. Those veins
that have been seen to terminate do so gradually, with width
and intensity of alteration diminishing. These features are
illustrated in Figure 4.6. The orientation and extent of the
massive greisen zones are as yet unknown due to the limited
exposure.
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Figure 4.6. A map of a 20 m length of the decline (South
Ramp) showing the extent -and orientation of the greisen-
bordered veins.



Glassy Quartz * Sulphide * Phosphate Veins. Veins of
this group can be subdivided into three mineralogical
subtypes with gradational characteristics. Common
properties include the presence of clear glassy quartz and the
lack of alteration selvedges. The oldest of the subtypes
contains quartz and sulphides (sphalerite, pyrite, pyrrhotite,
chalcopyrite and very minor galena). Pink fluorite occurs
occasionally where these veins crosscut greisen zones. The
second vein type, quartz+ sulphide+ phosphate, is
characterized by the occurrence of coarse grained
(0.3-1 cm), anhedral, cream-pink triplite, a rare fluo-
phosphate. Subhedral apatite occasionally occurs as small
(1-3 mm) green grains. Finally, the quartz-phosphate vein
type is distinguished by a lack of sulphides, rare triplite
grains (1-3 mm in size), and larger (5 mm) crystals of apatite.

All veins in this group are typically 0.5-1.5 cm in width.
Quartz-sulphide and quartz-sulphide-phosphate veins are
common throughout the deposit but the extent and
orientation of these vein types has not been determined yet.
The quartz-phosphate veins are rarer and no structural
information is available.

Ribbed Veins.  This vein group consists of short
(1-50 cm) en-echelon glassy quartz veins that contain apatite
and white dolomite. The clear, glassy quartz and dolomite
occur in thin (2 mm), alternating bands giving the veins a
'ribbed' or ladder-like appearance. Apatite occurs as small
1-2 mm, subhedral green crystals. These veins are common
throughout the deposit and strike perpendicular to the main
metasedimentary contact.

Glassy Quartz * Carbonate * Fluorite Veins. These
veins are characterized by coarse (2-3 cm), anhedral pink or
white dolomite, buff siderite and/or blue fluorite. Their
attitudes have not been determined due to poor exposure.

Barren Quartz Veins. This category includes several
sets of veins that cannot be chronologically separated. Very
thin (2 mm), glassy quartz veins are perpendicular (120°/90°)
to the main granite-metasedimentary rock contact. Wider
(4-5 cm), milky quartz veins with minor accessory muscovite
are roughly parallel to this set (126°/68°S). Glassy quartz
veins with similar orientations are approximately | cm wide,
have central cavities and show crystal terminations. None of
the minerals mentioned below as crusts or crystals have
grown on these quartz crystals.

Clay-Fluorite Veins. These uncommon veins consist of
a semiconsolidated yellowish white clay, identified as dickite,
mixed with fluorite.

Crusts and Crystals. A complex sequence of carbonate,
phosphate and zeolite minerals has been precipitated as open
space fillings, on regional joint surfaces, and within shear
zones. Blue fluorite forms an anhedral crust on which
euhedral stilbite crystals have grown. This stilbite layer is
composed of crystals 4-5 mm high which are in some cases
overgrown by zoned fluorite crystals dusted with very fine
grained pyrite. Commonly, however, the fluorite is absent
and the pyrite occurs on the ends of the 'bow-tie' structures
of stilbite. Rhombohedral, barrel-shaped, 'worm-like', or
botryoidal masses of siderite are intergrown with pyrite or lie
directly on stilbite. Other euhedral crystals include tabular
vivianite, curved pink blades of dolomite and childrenite-
eosphorite.

Hydrothermal Alteration

In addition to the greisenization described above, a
pervasive green-yellow-white sericitization of varying
intensity occurs throughout the deposit. Rocks showing white
sericitization are only slightly altered —~ orthoclase and
plagioclase feldspars show only minor alteration in thin
section. A yellow waxy sericitization is produced by the
more extensive breakdown of feldspars. A green fine grained
sericitic aggregate is the result of complete alteration of
feldspars. All rocks showing these stages of hydrothermal
alteration contain 100-200 ppm Sn. Since the tin does not
occur as cassiterite, it is thought to be contained in the mica
lattice.

The relative timing of sericitization has not yet been
established. Field evidence suggests that it occurred prior to
formation of the quartz-sulphide-phosphate veins, but its
relationship to the greisen stage is unclear.

Exotic Mineralogy

Triplite, an unusual iron manganese fluo-phosphate with
the  composition  (Mny,43Feq.43Mgo.12Ca0.03)2.01(Po.97
O3.86)F1.14  (J.A. Mandarino, Royal Ontario Museum,
personal communication, 1981) is commonly found in veins
consisting of glassy quartz, sulphides and phosphates. It is
light cream-pink in colour, relatively soft (4-5) and occurs in
subhedral masses. Triplite typically occurs in minor amounts
in phosphate-rich granites, pegmatites and associated mineral
deposits, including the Ehrenfreidersdorf tin deposit in
Czechoslovakia (Baumann et al., 1974; Stemprok, personal
communication, 1981). It is not known to occur in any other
Canadian locality.

Childrenite-eosphorite is a solid solution series
[(Fe, Mn) AI(PO,)XOH), » H,O]. A mineral belonging to this
series is found in the East Kemptville deposit as perfect
crystals that have grown on open joint surfaces. It is soft,
translucent and yellowish brown in colour. Other known
localities include St. Austell, Cornwall, England, the
Llallagua tin deposit, Bolivia, and the Ehrenfreidersdorf tin
deposit, East Germany.

Comparison with Other Tin Deposits

The East Kemptville deposit is an unusual example of a
large tonnage, low grade, greisen-hosted tin deposit in which
the dominant ore-controlling factor is the geometry of the
granite-metasedimentary rock contact. The style of
mineralization is very similar to that of the greisen-hosted
tin-tungsten deposits of the Krusné hory Mts.-Erzgebirge
area of Czechoslovakia — East Germany. There, the
mineralization occurs as massive greisen and greisen-
bordered veins in the uppermost zones of small (1-3 km)
lithium mica-albite cupolas that coalesce at depth to form a
large batholith (Stemprok, 1970; Baumann et al., 1974;
Taylor, 1979). This similarity between the deposits has been
confirmed by Dr.M. Stemprok, Geological Survey of
Czechoslovakia, who examined the East Kemptville deposit in
May 1981.

A significant difference, however, between East
Kemptville and the Czechoslovakian deposits is that the
latter occur in the apical zones of small cupolas whereas
mineralization at East Kemptville is located beneath an
inflection in the granite-metasedimentary rock contact of a
discrete pluton that is part of an extension of an intrusion of
batholithic dimensions. Illustrations in Taylor (1979) from
Rundquist (1971) suggest that a deposit in Mongolia known as
Barun Tsogto is geometrically similar to East Kemptville.
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Abstract

The Point Lake greenstone belt is bounded on the west by an area of gneiss and Kenoran
granite. Following 1:30 000 scale mapping in the area, the gneisses have been divided into five units

on the basis of crosscutting relationships.

Evidence for these gneiss units being basement to
Yellowknife Supergroup rocks in the area includes:

i) the presence of several dyke swarms in the gneisses that may be feeders to Yellowknife

Supergroup volcanic rocks;

ii) the recognition of several possible unconformities between the gneisses and Yellowknife

Supergroup rocks;

iii) the presence of gneiss cobbles in conglomerates of the Yellowknife Supergroup Keskarrah

Formation; and

iv) the metamorphic contrast between the gneisses and adjacent supracrustal rocks.

The gneisses underlie an area of about 300 km?, and extend an unknown distance south into the

Winter Lake map area (86 A).

Introduction

The nature of the crust underlying Archean greenstone
belts has been a subject of continuing interest to geologists.
The Slave Structural Province contains several areas of
documented and probable granitoid basement to 2.6 to 2.7 Ga
greenstone belts (Baragar and McGlynn, 1976; Frith et al.,
1974, 1977a,b; Nikic et al., 1980). The best documented case
is at Point Lake where altered and deformed granodiorite
overlain unconformably by conglomerate is basement to the
Point Lake greenstone belt (Stockwell, 1933;
Henderson, 1975, 1981; Henderson and Easton, 1977).
Henderson and Easton (1977) also suspected that a hetero-
geneous assemblage of gneiss and schist to the west of the
greenstone belt was also older than the Yellowknife
Supergroup. Recently completed 1:30 000 scale mapping of
the gneisses and other granitoid rocks in National
Topographic System map areas 86H/3, H/4, H/5, and H/6
(Easton et al., 1981) revealed both the extent of these
gneisses and their age relative to the Yellowknife
Supergroup.  This paper briefly describes the gneisses,
presents evidence suggesting that the gneisses are basement
to the Yellowknife Supergroup, and briefly discusses the
regional significance of the gneisses.

General Geology

The southern half of the Point Lake map area (86H) can
be divided into three geological terranes (Fig. 5.1) — a
western granitoid terrane, a north-trending volcanic belt, and
a metasedimentary terrane to the east. The meta-
sedimentary and metavolcanic rocks belong to the
Yellowknife Supergroup. The contact between the granitoid
terrane and the volcanic belt is commonly faulted, and
cataclasis has affected rocks on both sides of the contact.
Within the area of interest, Bostock (1980) mapped the
supracrustal rocks east of the gneiss-greenstone boundary at
1:250 000 scale, Henderson and Easton (1977) mapped the
Keskarrah Bay area at 1:50 000 scale, and the meta-
sedimentary terrane was mapped at 1:31 680 scale by
King et al. (1980). The granitoid terrane to the west of the
volcanic rocks has been mapped at 1:30 000 scale by
Easton et al. (1981) and is the subject of this report.

The geology of the granitoid terrane is shown in
Figure 5.2. Brief descriptions of the major lithologies are
given below. Nomenclature of granitoid rocks follows the
recommendations of Streckeisen (1976). Stratigraphic
nomenclature of the supracrustal rocks in the area was
defined by Bostock (1980).

Pre-Yellowknife Supergroup Rocks and Gneisses

The oldest rocks in the map area are a heterogeneous
assemblage of gneisses (Unit | to 6) and the previously
described basement granodiorite (Unit 7) (Henderson, 1975).
Except for Unit 4 and 7, the gneisses are commonly mixed on
any one outcrop, with complex contact relationships. To
further complicate matters, younger granitoids commonly cut
the older gneisses. Age relations are almost impossible to
work out on inland, lichen covered outcrop, but they can be
determined on the limited clean shoreline exposure at Point
Lake.
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Figure 5.1. General geology of the southern half of the

Point Lake map area (86H), showing the division of the area
into a western granitoid terrane, a central volcanic belt, and
an eastern metasedimentary terrane. Sources: 112° to
112°45'W — King et al. (1980); 112°45' to 113°15'W -
Henderson and Easton (1977), Bostock (1980); 113°10' to
114°W — Easton et al. (1981).
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Unit 1 consists of | to 3 mm thick alternating layers of
amphibolite, layers of fine grained biotite tonalite to
granodiorite composition, and layers of reddish, fine grained
biotite-hornblende granodiorite to monzogranite composition
(Fig. 5.3).  This prominent layering is folded into north-
trending isoclines, but at least two older phases of folding
can be observed on clean outcrops. Unit | is found only as
enclaves in the strongly foliated orthogneisses of units 2
and 3.

Unit 2 is a strongly foliated, layered, grey tonalite
orthogneiss with alternating 10 to 200 cm thick layers of fine
grained tonalite, medium grained hornblende granodicrite,
and dark grey hornblende diorite. The unit is commonly
mylonitic (Fig. 5.4).

Unit 3 is a strongly foliated, banded orthogneiss
composed mainly of layers of pinkish hornblende granodiorite
and amphibolite; layering is 20 to 300 cm thick. In places,
amphibolite amounts to over 40 per cent of outcrop area
(Easton et al., 1981). A layer within unit 3 that may be a
remnant quartz-pebble and granodiorite pebble conglomerate
is exposed in a shoreline outcrop | km west of the gneiss-
greenstone boundary on the south side of the peninsula
between the north and south arms of Point Lake. Rafts of
unit 2 gneiss are present within unit 3 gneiss. These rafts
have been partly assimilated. On several outcrops, layering
in unit 3 truncates layering in unit 2 at a very slight angle.
Although the contact relations are obscure, it is suspected
that unit 2 is older than unit 3. Both units 2 and 3 outcrop
near the gneiss-greenstone boundary and have been strongly
mylonitized by late movement along this contact. The
intensity of late cataclasis decreases westward. The parent
to unit 3 could not be determined, but the possible
conglomerate and abundant amphibolite is suggestive of a
volcano-sedimentary sequence intruded by granitoids.

Unit 4 is the areally most extensive gneiss unit. In the
east, it is migmatitic with layers of {foliated biotite
hornblende  granodiorite to tonalite and cordierite-
sillimanite-microcline psammitic and pelitic schist. The
layers have been folded and refolded (Fig. 5.5). From the
contact with the orthogneisses (units 1 to 3), over a distance
of a kilometre to the west, the schist layers of the gneiss
decrease in abundance to a few schlieren and biotite-rich
bands. Locally, minor amphibolite xenoliths are present.
Farther west, the gneiss consists predominantly of the
foliated granodiorite with minor schileren. The granodiorite
phase is interpreted to be a pluton that intruded and
metamorphosed a sedimentary sequence. Only a small part
of the sedimentary sequence is now exposed. Contact
relations betwen units 3 and 4 are poorly exposed, hence, the
relative age of units 3 and 4 is unresolved. The greater areal
extent of unit 4 may indicate that unit 4 is intrusive into
unit 3.

Both units 3 and 4 are cut by weakly foliated
plagioclase porphyritic granodiorite and quartz plagioclase
pegmatite veins. These veins increase in abundance to the
west towards a granodiorite intrusion (unit 13) that is clearly
intrusive into the migmatitic gneiss (unit 4). The veins are
lithologically and texturally similar to the younger
granodiorite (unit 13) and are probably related to it. The
samples of the gneiss terrane dated by Krogh and
Gibbins (1978) were taken from these younger granodiorite
veins  (field observations and  Gibbins,  personal
communication, 1981, see Discussion section).

Unit 5 is nebulitic monzogranite orthogneiss with
abundant amphibolite xenoliths, and layers and zones of
partly assimilated amphibolite. Veins of granitoid material
that can be traced to unit5 cut both unit 3 and unit &
gneisses. Unit 5 is always in sharp contact with Yellowknife
Supergroup rocks, and no granitoid material of unit 5 could be
observed cutting the Yellowknife Supergroup rocks. Unit 5 is
cut by younger granites of units 12 and 5.

Unit 6 consists of gneisses that cannot be assigned to
units 1 to 5 because of their separation from the main body
of gneisses by younger granites. Most of these gneisses
resemble the orthogneisses of units 2 and 3. The Yellowknife
Supergroup outlier topographically overlies unit 6 gneiss. The
nature of this contact is discussed later.

Unit 7 is sheared, granodiorite to monzogranite dated
by the U-Pb zircon method at 3155 Ma (Krogh and
Gibbins, 1978). This is the classic basement unit of
Stockwell (1933) and Henderson (1975, 1981).  The age
relationships between unijts | to 6 and unit 7 have not been
determined, as the units were not seen in contact.

Yellowknife Supergroup

The Yellowknife Supergroup succession in the area has
been described by Henderson and Easton (1977) and
Bostock (1980). The Point Lake Formation (Bostock, 1980)
consists of a lower, 100 to 500 m thick member of thinly
bedded mafic metatuff (unit 8 commonly overlain by an
upper member of pillowed and massive mafic metavolcanic
flows. Gabbro sills and irregular intrusions (unit 11) intrude
the Point Lake Formation near the tuff-flow member
contact. The gabbros were metamorphosed and deformed
with the volcanic rocks. Psammitic and pelitic schists of the
Contwoyto Formation (unit 10) overlie the Point Lake
Formation. The Keskarrah Formation outcrops east of the
area shown in Figure 5.2, and consists of a conglomerate
member and a sandstone member, both of which interfinger
with mafic flows of the Point Lake Formation.

Post-Yellowknife Supergroup Rocks

Unit 12 includes mylonitic and brecciated leucogranite
and abundant syenogranite pegmatites, located along the
gneiss-greenstone boundary, that cut both the gneisses and
Yellowknife Supergroup rocks. These rocks may be related to
unit 15, but are distinguished in the field by their strong
cataclastic fabric. Unit 13 is a weakly foliated biotite
hornblende granodiorite of limited areal extent. Unit 14 is
also of local extent, and is a pluton of variable composition
ranging from granodiorite to syenogranite. Unit 15 consists
dominantly of biotite hornblende syenogranite that contains
abundant large angular inclusions of amphibolite, banded
amphibolite and metasedimentary rocks. These inclusions are
lithologically similar to Yellowknife Supergroup rocks.
Locally unit 15 is K-feldspar porphyritic. Unit 15 includes
several distinct plutons and is of batholithic extent. Many
outcrops between 113°10'" to 113°25'W are injection
migmatites comprising varied proportions of unit |5 and older
gneisses.

Proterozoic clastic rocks of the Odjick Formation are
present in the northwest corner of the map area, but the
Proterozoic-Archean unconformity is not exposed. Weakly
metamorphosed north- and east-trending Proterozoic dykes
cut all Archean units. The north-trending dykes intrude the
Odjick Formation, and are lithologically distinct from the
unaltered north- to northwest-trending Mackenzie diabase
dykes common in the area.

Structure

West of 113°18'W, foliation and folds in the gneisses
and the supracrustal rocks are east trending. Between
113°18' and 113°10'W, structures become increasingly north
trending, and overprinting of easterly structures by north
trending structures can be observed in the gneisses.
Structures in the volcanic belt are north trending. A 10 to
20 m north-trending mylonite zone is associated with the
gneiss-greenstone boundary of most of its length. Cataclasis
associated with this mylonite zone has enhanced the

35



*9°¢ aunblyd
ul v qutod 1o uexpl ydouabojoyd (g 11un) fin3 o1fow sppoub a1110qiydwp
Y10 7003U00 dubys D wodf w g ‘(p 31un) ssroub o1130Whi pawJofag

(b 42mm01) *§°¢ aumbly

‘dnoubuadng 8 fiuymoqia A ayi jo soquisw fjm
o1/pw yum 10D3U00 1INDJ fo 1Sem W (oI ‘sStouboylso g 1un paziiiuolkw

(1ybra doy) “p*g aumbly

*Buo] wo g S1 21puUDY JOW WD °SS18Ub T 11UN Ul SULD] PapP10y
(340qD) “g°¢ aunbly

36



northerly trends in the gneisses within 500 m of the zone, and
has sheared supracrustal and younger granitic rocks within
200 m of the mylonite zone. North-trending mylonite zones 1
to 5m wide also occur west of the gneiss-greenstone
boundary on the peninsula. The east-trending Proterozoic
dykes are unaffected by the mylonite zone, hence movement
along the mylonite zone was complete by the early
Proterozoic.  Many of the north-trending faults in the
supracrustal rocks adjacent to the mylonite zone
(Easton et al., 1981) may be related to it. An older fault set
with easterly trends occurs in the northeast corner of the
area (Henderson and Easton, 1977). Several large north-
easterly trending faults related to deformation in Wopmay
Orogen (Hoffman, 1980) cut all units in the area except the
Mackenzie diabase dykes.

Metamorphism

Metamorphic grade of supracrustal rocks in the eastern
part of the area ranges from upper greenschist to amphibolite
facies. Metamorphic grade in the volcanic rocks increases to
the south-southwest, coincident with thinning of the volcanic
section.. Metamorphic grade in the Yellowknife Supergroup
outlier is high-amphibolite grade in the volcanic rocks, and
with cordierite-andalusite and cordierite-sillimanite
assemblages present in the pelitic rocks. Metamorphic grade
in the gneiss is difficult to estimate because of the granitic
nature of most of the gneisses, but migmatitic gneisses of
unit 4 have suffered anatexis and have cordierite-sillimanite-
microcline assemblages indicating upper amphibolite grade.
Granites that cut metamorphosed Yellowknife Supergroup
rocks along the gneiss-greenstone boundary are cataclastic,
indicating some movement along the mylonite zone occurred
after metamorphism of the Yellowknife Supergroup.

Gneisses as Basement — The Evidence

Cataclasis along the gneiss-greenstone boundary has
obscured the original contact relationships between the
gneisses and the supracrustal rocks. The relations described
below all have a bearing on the nature of the original contact
relationship between the gneisses and the Yellowknife
Super group rocks.

Possible Feeder Dykes

On the south shore of the peninsula between the north
and south arms of Point Lake, for a distance of up to 3 km
west of the gneiss-greenstone boundary, several amphibolite
dykes truncate gneissosity in unit 2 and 3 gneisses at a slight
angle (1 to 5 degrees). On vertical faces however, the same
dykes cut gneissosity at a high angle (30 to 40 degrees). The
amphibolite dykes are metamorphosed to the same degree as
adjacent Yellowknife Supergroup volcanic rocks.

In the extreme northeast corner of the map area
(Fig. 5.2), a swarm of mafic dykes, now amphibolite, cut
unit 2 and 3 gneisses. Several distinct amphibolites are
present. Some amphibolite dykes show mutual crosscutting
relationships. The dyke swarm is on strike with, and adjacent
to a similar swarm of amphibolite dykes cutting basement
granodiorite (unit 7), suggesting a genetic relationship.
Rocks lithologically similar to some of the amphibolite dykes
are present in nearby Yellowknife Supergroup volcanic rocks.
The Yellowknife Supergroup volcanic pile is especially thick
adjacent to this major dyke swarm (Bostock, 1980).

Near 65°12'N, 113°14'W, medium to coarse grained
amphibolite dykes cut unit 5 gneiss and have been folded with
the gneiss. The dykes are not cut by the leucosome phase of
the gneiss. The dykes are texturally and lithologically similar
to gabbros present in nearby Yellowknife Supergroup volcanic

gneiss -greenstone

boundary \.\

POINT,

{65°I5'N

metres 1000

YELLOWKNIFE SUPERGROUP

E gabbro (Unit {1)

mafic tuff (Unit 8)

GNEISSES
‘| granite gneiss(Unit 5)

migmatitic gneiss (Unit4)

Unit 4 and 3 gneiss cut by
cataclastic granite {(Unit [2)
,/[ foliation
/‘ bedding,tops unknown
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trace of outcrop
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A, B — migmatitic gneiss (unit 4) in sharp contact with
amphibolite grade mafic tuffs (unit 8).

C — at this point, conglomerate is present between
mafic tuff and weathered gneiss (unit 4).

D — weathered gneiss at this location.

Figure 5.6. Geological sketch map of area near the gneiss-

Yellowknife Supergroup unconformity at 65°15'30"N,
113°16'W. Inset shows location of map relative to Point Lake
and the gneiss-greenstone boundary.
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rocks, but the dykes cannot be traced to these gabbros. The
dykes, gneiss and volcanic rocks are all cut by younger
granitoids of unit 12.

The dykes described above are significant because they
clearly cut the gneisses — the only units apart from the
younger granites (units 12 to 15) and the Proterozoic diabase
dykes with such clear relationships. In addition, the dykes
are metamorphosed to the same degree, and are lithologically
similar to Yellowknife Supergroup volcanic rocks. The dykes
are most abundant near the gneiss-greenstone boundary. The
dykes had to be intruded prior to metamorphism of the
Yellowknife Supergroup, but after formation of the youngest
gneiss (unit 5). Thus, although the dykes cannot be shown
unequivocally to be contemporaneous with the Yellowknife
Supergroup volcanic rocks, it is the most plausible relation-
ship. The amphibolite dykes have geological relationships
similar to dykes near a gneiss-greenstone boundary in the
Ross Lake area of the southern Slave Province
(Baragar, 1966; Davidson, 1972; Baragar and McGlynn, 1976;
Lambert, 1982) which have been interpreted to be feeders to
Yellowknife supergroup volcanic rocks.

Unconformities

Along the gneiss-greenstone boundary, volcanic rocks of
the Point Lake Formation, most commonly the mafic tuff
member, are always in fault contact with the gneisses. West
of the gneiss-greenstone boundary are three areas where
unconformities may be preserved between the gneisses and
Yellowknife Supergroup rocks.

A possible unconformity between mafic tuff and gneiss
is present at 65°15'30'N, 113°16'W, about 500 m inland
(Fig. 5.6). At this locality, the tuff is recumbently folded
with the gneiss, the eastern limb being overturned to the
west. On this limb, amphibolite grade mafic tuff is in sharp
contact with migmatitic gneiss of unit 4 (Fig. 5.6, points A
and B). The leucosome of the gneiss does not cut the tuff-
gneiss contact. On the western limb, 50 to 100 cm of quartz
pebble conglomerate is present between the mafic tuff and
strongly weathered, friable migmatitic gneiss (Fig. 5.6,
Points C and D). The foliation in the gneiss and tuffs is
discordant at a slight angle (2 to 5 degrees). The presence of
conglomerate overlying weathered gneiss suggests an
unconformity.
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Figure 5.7

Gneiss cobble in the Keskarrah
Formation conglomerate member.

Another possible unconformity between gneiss and tuff
is located on the north shore of the peninsula between the
north and south arms of Point Lake. Here, several small
outliers of amphibolite grade mafic tuff are present | to
3 km west of the gneiss-greenstone boundary. The tuff in
these outliers is infolded with the gneiss. The contact
between the tuff and the gneisses, where exposed, is sharp,
and the leucosome phase of the gneiss does not cut the tuff.
There is slight discordance between the foliation in the gneiss
and that in the tuff.

A third possible unconformity may be present in the
large Yellowknife Supergroup outlier. The tuffs and
metasedimentary rocks lie topographically above the gneiss,
dip away and, at one locality, face away from the gneiss,
however, | to2m of cover separates the tuff from the
gneiss. At one locality, there is slight discordance between
gneissosity and foliation in the tuffs. In several places, 50 to
100 cm of quartz wacke is present between the tuffs and the
gneisses.  Because of the cover along the contact, the
possibility of a fault contact cannot be ruled out.

In the areas described above, there is no evidence for
faulting along the contacts, but faulting cannot be ruled out.
However, in the {first two areas, any fault would have to be
paper thin. It is the lack of evidence for faulting that makes
these contacts unique within the map area. The geological
relationships between the mafic tuffs and the gneisses
described above are compatible with interpretation of the
contacts as unconformities.

Keskarrah Formation

In addition to the abundant granodiorite cobbles
(Stockwell, 1933; Henderson, 1975), cobbles lithologically
similar to all the gneiss units are found in the conglomerate
member of the Keskarrah’ Formation east of the map area
(Fig. 5.7). The gneiss cobbles are commonly found in beds
where over 50 per cent of the granitic cobbles are gneissic.
The gneiss-cobble-rich beds are not common, and the bulk of
the granitic cobbles in the Keskarrah Formation were derived
from the basement granodiorite (unit 7). The foliation in the
gneiss cobbles is commonly less intense than in outcrop (but
still prominent), probably because the present intensity of the
foliation in the gneissic terrane is due, in part, to cataclasis
along the gneiss-greenstone boundary that took place after
conglomerate deposition.
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Metamorphic Contrast

A striking contrast in metamorphic grade is present
between lower amphibolite facies metatuffs and greenschist
grade metasedimentary rocks of the Yellowknife Supergroup
a few hundred metres to the east and the para- and
orthogneisses they are in contact with. Cordierite-
sillimanite-microcline assemblages indicating upper
amphibolite facies metamorphic grade are present in the
migmatitic gneisses of unit 4. No rocks gradational in
metamorphic grade between the supracrustal rocks and the
gneisses have been observed. This contrast is observed
throughout the map area.

Discussion

An interpretation of a basement-cover relationship
between the Yellowknife Supergroup and the gneisses is
consistent with the geological relationships described above.
The metamorphosed dykes, which cut the gneisses and are
located parallel to, and near the gneiss-greenstone boundary,
are best interpreted as being contemporaneous with the
volcanic rocks. The gneiss cobbles in Keskarrah Formation
conglomerates indicate that a gneissic terrane was exposed
and supplying detritus during conglomerate deposition. The
metamorphic contrast between the gneisses and the
supracrustal rocks, particularly where a faulted contact
cannot be demonstrated can be explained if the gneisses were
formed before deposition of the supracrustal rocks. The
heterogeneous nature of the gneisses suggests a complex
history, again, implying that some, if not all of the gneisses
formed before supracrustal deposition. Finally, there are
localities where unconformable relationships may exist
between the gneisses and the supracrustal rocks.

At present, the only unit west of the gneiss-greenstone
boundary that has been dated contains weakly foliated
granodiorite veins that cut migmatitic gneiss of unit 4.
Krogh and Gibbins (1978) separated two sets of zircons from
the granodiorite. White, second generation zircons, gave an
age of 2600 Ma, probably the age of intrusion. Brown, first
generation zircons, have a minimum age of 2730 Ma. The
significance of the 2730 Ma age is problematic as the source
of the first generation zircons is unknown. These dates
establish a minimum age of 2600 Ma for the migmatitic
gneiss (unit 4). They do not exclude the possibility that the
migmatitic gneiss is older than the circa 2650 to 2680 Ma age
of Yellowknife Supergroup rocks in the Slave Province
(Henderson, 1981).

The interpreted basement gneisses (units | to 6) and the
basement granodiorite (unit 7) each underlie an area of about
300 km? in the Point Lake area, and may be present in
adjacent areas (Fig. 5.8). Although this is only 8 per cent of
the Point Lake map area (86H), it is a large area relative to
other occurrences of basement rocks in the Slave Province.

The interpreted basement gneisses and the mylonite
zone have been traced 3 km south of the Point Lake area
(86H, south half) into the Winter Lake map area (86A). The
contact between unit 4 and unit 5 of Fraser (1969) in the
northwest corner of the Winter Lake map area corresponds to
the contact between the gneisses and the late granite
batholith (unit 16, this study) near the common boundary of
the two map areas (86A, H). If the unit 4/5 contact separates
similar rocks to the south, then part of the north-central
Winter Lake map area may be underlain by basement
gneisses. In addition, Fraser (1969) reported two occurrences
of mylonite along a migmatitic zone extending from the
common boundary of the two map areas south to Little
Marten Lake (Fig. 5.8). These mylonites lie on the
extrapolated southward extension of the gneiss-greenstone
boundary and may be the southward continuation of this
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major structure. The large area of probable basement shown
in Figure 5.8 also includes rocks on strike with the basement
granodiorite (unit 7).

Frith et al. (1977b) dated gneissic basement at
Grenville Lake at 2939+#51 Ma (recalculated using the
1.42 x 1071 a™! rubidium decay constant) by Rb-Sr whole-
rock dating. Grenville Lake is only 30 km south-southwest of
interpreted basement gneiss in the Yellowknife Supergroup
outlier (Fig. 5.8). A large area of poorly known gneisses that
McGlynn (1977) suggested may be older than the Yellowknife
Supergroup underlies much of the intervening region
(Fig. 5.8).  Detailed mapping in this area is needed to
determine if basement gneisses do occur between Grenville
and Point lakes.

Acknowledgments

Sue Irving, Greg Eiche and Diane McKinnon provided
able assistance in the field. Win Bowler did an excellent job
of providing logistical support from Yellowknife.  This
project is part of the mapping program of the Geology
Office, Department of Indian and Northern Affairs,
Yellowknife in the west-central Slave Province. The
co-operation of the Geological Survey of Canada in
publishing this report is most appreciated. J.B. Henderson,
W.A. Padgham, P. Wonderley and V. Jackson reviewed an
earlier version of this report.

References

Barager, W.R.A.
1966: Geochemistry of the Yellowknife volcanic rocks;
Canadian Journal of Earth Sciences, v. 3, p. 9-30.

Baragar, W.R.A. and McGlynn, J.C.
1976: Early Archean basement in the Canadian Shield:
A review of the evidence; Geological Survey of
Canada, Paper 76-14, 20 p.

Bostock, H.H.
1980: Geology of the Itchen Lake area; Geological
Survey of Canada, Memoir 391, 102 p.

Davidson, A.
1972:  Granite Studies in the Slave Province; in Report
of Activities, Part A, Geological Survey of
Canada, Paper 72-1A, p. 109-115.

Easton, R.M., Boodle, R.L., Zalusky, L., Eiche, G., and
McKinnon, D.
1981: Geology of 86H/3, 86H/4, 86H/5 and 86H/6,
District of Mackenzie, Department of Indian
Affairs and Northern Development, Preliminary
Geological Map EGS-1981-5a,b,c,d, 1:30 000 scale
with descriptive notes.

Fraser, J.A.
1969: Geology, Winter Lake, District of Mackenzie;
Geological Survey of Canada, Map 1219A,
scale 1:253, 440.

Frith, R.A., Frith, R., Helmstaedt, H., Hill, J., and
Leatherbarrow, R.
1974:  Geology of the Indian Lake area (86B), District of
Mackenzie; in Report of Activities, Part A,
Geological Survey of Canada, Paper 74-1A,
p. 165-171.

Frith, R.A., Fyson, W.K., and Hill, J.D.
1977a: The geology of the Hackett-Back River
Greenstone Belt — second preliminary report; in
Report of Activities, Part A, Geological Survey of
Canada, Paper 77-1A, p. 415-423.



Frith, R., Frith, R.A., and Doig, R.
1977b: The geochronology of the granitic rocks along the
Bear-Slave structural province boundary,
northwest Canadian Shield; Canadian Journal of
Earth Science, v. 14, p. 1356-1373.

Henderson, J.B.
1975: Sedimentological studies of the Yellowknife
Supergroup in the Slave Structural Province; in
Report of Activities, Part A, Geological Survey of
Canada, Paper 75-1A, p. 325-330.

Henderson, J.B.
1981: Archean Basin Evolution in the Slave Province,
Canada; in Plate Tectonics in the Precambrian,
ed. A. Kroner, Elsevier, Amsterdam, p. 213-236.

Henderson, J.B. and Easton, R.M.
1977:  Archean supracrustal-basement rock relationships
in the Keskarrah Bay map area, Slave Structural
Province, District of Mackenzie; in Report of
Activities, Part A, Geological Survey of Canada,
Paper 77-1A, p. 217-22].

Hoffman, P.F.

1980: Conjugate transcurrent faults in north-central
Wopmay Orogen (early Proterozoic) and the dip-
slip reactivation during post-orogenic extension,
Hepburn Lake map area, District of Mackenzie; in
Current Research, Part A, Geological Survey of
Canada, Paper 80-1A, p. 183-185.

King, J.L., Boodle, R.L., and St-Onge, M.R.

1980: Preliminary Geological Map of 86H/1, 86H/8,
86H/2E% and 86H/7E%, District of Mackenzie;
Department of Indian Affairs and Northern
Development, Preliminary Map. EGS 1980 — 10a,b,
scale 1:3] 680.

Krogh, T.E. and Gibbins, W.
1978: U-Pb isotopic ages of basement and supracrustal
rocks in the Point Lake area of the Slave
Structural Province, Canada; Geological
Association of Canada, Abstracts, v. 3, p. 438.

Lambert, M.B.
1982: Synvolcanic Intrusions in the Cameron River
Volcanic Belt, District of Mackenzie; in Current

Research, Part A, Geological Survey of Canada,
Paper 82-1A, p. 165-167.

McGlynn, J.C.
1977: Geology of the Bear-Slave Provinces, Northwest
Territories; Geological Survey of Canada, Open
File 445, scale 1:1 000 000.

Nikic, Z., Baadsgaard, H., Folinsbee, R.E., Krupicka, J.,
Leech, A.P., and Sasaki, A.
1980: Boulders from basement, the trace of ancient
crust; in Selected Studies of Archean Gneisses and
Lower Proterozoic Rocks, Southern Canadian

Shield, ed., Morey, G.B. and Hanson, G.N.,
Geological Society of America, Special Paper 182,
p. 169-175.

Steiger, R.H. and Jager, E.

1977:  Subcommission on Geochronology: Convention on
the Use of Decay Constants in Geo- and
Cosmochronology; Earth and Planetary Science
Letters, v. 36, p. 359-362.

Stockwell, C.H.
1933:  Great Slave Lake-Coppermine River area, N.W.T.;
Geological  Survey of Canada, Summary
Report 1932, Part C, p. 37-63.

Streckeisen, A.
1976: To each plutonic rock its proper name; Earth
Science Reviews, v. 12, p. 1-33.

41






6. STRATIGRAPHIC PROBLEMS IN THE
HAMILTON SOUND AREA OF NORTHEASTERN NEWFOUNDLAND

Project 730044

Karl E. Karlstrom'
Precambrian Geology Division

Karlstrom, Karl E., Stratigraphic problems in the Hamilton Sound area of northeastern Newfoundland;
in Current Research, Part B, Geological Survey of Canada, Paper 82-1B, p. 43-49, 1982.

Abstract

A new structural interpretation of the Hamilton Sound area involving a subhorizontal enveloping

surface for F, folds suggests several modifications of existing stratigraphy.

(1) The Dunnage

Mélange and Davidsville Group are part of a contiguous mélange terrane. (2) Rocks traditionally
referred to the Indian Islands Group are repeated by F, folding and are correlated with units on the
Change Islands, the west side of the Port Albert Peninsula, and the east side of Dog Bay Point; all of

these rocks are herein included in the Indian Islands Group.

(3) The Botwood Group includes

intercalated subaerial volcanic flows, tuffs, and sandstones, and is locally in thrust contact with

underlying units.

Introduction

A new structural interpretation of the northeastern
Dunnage Zone places important constraints on stratigraphic
interpretations. This paper, a progress report of on-going
mapping, examines some implications of new structural data
to long-standing stratigraphic problems in the Hamilton
Sound area. While the final solution to many of these
problems is not yet possible, Figure 6.1 presents a simplified
stratigraphic interpretation based upon the observation that
the enveloping surface of F, folds in the area is
subhorizontal. This figure indicates that stratigraphic units
are repeated by folding, an interpretation that contrasts
markedly with prevailing interpretations of fault-bounded,
steeply-dipping, northwest-younging homoclinal successions
(c.f. Williams, 1964; Kay, 1976; McKerrow and Cocks, 1978;
Keen et al., 1981). Figure 6.2 reviews  stratigraphic
nomenclature used by previous workers. More details on the
lithological and sedimentary characteristics of various units
are in Williams (1967a,b), Eastler (1969, 1971), Dean (1978),
and Currie et al. (1979).

The structure of the eastern Notre Dame area is that of
a series of thrust sheets and associated F; recumbent folds,
folded by upright F, asymmetrical folds, and later disrupted
by Fj-related high-angle faults. The geometric significance
of each of the three generations of folding to the distribution
of stratigraphic units has not been fully appreciated by most
workers.

The  implication of F, thrusting is  that
lithostratigraphic corretations can only be strictly valid
within individual thrust sheets (or after palinspastic
restoration of the thrust sheets). Thus, an understanding of
regional stratigraphy relies in part on the understanding of
the geometry of F, folds and thrusts. Thrust contacts are
difficult to identify, especially when they are strongly
deformed by F, and F3;. Nevertheless, recognition of the
presence of regional-scale thrusting in the Notre Dame Bay
area provides a powerful conceptual model to help explain
many of the stratigraphic problems of the area.

The geometry of F,.asymmetrical folds is better
understood. F; folds (and northeast-striking S, axial plane
cleavage) are the predominant structures in the area and
"unfolding" of F2 provides the basis for the simplified
stratigraphic interpretation presented in Figure 6.1. F, folds
have subhorizontal enveloping surfaces so stratigraphic units
outcrop repeatedly from northwest to southeast across the
structural trend of the Dunnage Zone. One example, on the

scale of the orogen itself, is the repetition of Caradocian
shales (Dean, 1978); another example is the repetition of
Ordovician mélanges in the eastern Notre Dame Bay area
(the Dunnage and Carmanville mélanges); a third is
repetition of turbidites of the Indian Islands Group across the
Port Albert Peninsula (Fig. 6.1). All of these examples are
discussed below.

F3 structures include chevron folds, kink bands, and
locally developed Sj; crenulation cleavage. Macroscopically,
F3 folding results in gentle warping of F, (Fig. 6.1).
Fj-related high-angle faults have a major influence on the
distribution of stratigraphic units. Even faults of only
moderate vertical displacement can juxtapose different
thrust sheets creating major discontinuities in surface
geology. Major rectilinear faults like the Chanceport, Lukes
Arm, Dildo, Reach, and Indian Islands Faults are interpreted
to be late high-angle faults which crosscut F,. Hence, the
importance of these faults to stratigraphic interpretations
needs to be reassessed.

Ordovician Stratigraphic Problems

Williams et al. (1972, 1974) subdivided the Dunnage
Zone into three tectonostratigraphic zones, separated by
faults, which they believed to represent terranes with
distinct Ordovician or earlier stratigraphic and structural
histories. The Reach Fault was interpreted as the boundary
between zones E and F (the Exploits and Botwood zones).
Subsequent mapping, however, shows that fractured and
hornfelsed sandstone of the Botwood Group outcrops on both
sides of the trace of the fault at Boyds Cove and that the
fault truncates an F; synclinorium on the Port Albert
Peninsula (Fig. 6.1). The fault is therefore a post- F, (post-
Middle ~Silurian) high-angle fault with only moderate
displacement. Furthermore, rocks east and west of the fault
appear to have undergone the same structural history so
there is no reason to postulate that the Reach Fault
separates different tectonic zones.

McKerrow and Cocks (1977, 1978) also considered the
Reach Fault to be of fundamental importance in the geologic
history of the Notre Dame Bay area, as the suture
representing the final closure of the Iapetus Ocean in
Devonian time. Their evidence was that faunas east of the
fault belonged to a European province whereas faunas west of
the fault belonged to a North American province. Their
argument, however, was based on a single fossil from the
Davidsville Group whose identification is uncertain
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(McKerrow and Cocks, 1977, p. 494). Other workers have
suggested that faunas from the Davidsville Group are similar
to those found west of the Reach Fault (Stouge, 1980a,b;
Nowlan, 1981, p. 10).

In the absence of compelling structural or
paleontological evidence for different geologic terranes, it is
reasonable to attempt to correlate stratigraphic units across
Reach Fault. Indeed, as previously stated, the shallow
enveloping surface for F, predicts a repetition of
stratigraphic units. Pajari et al. (1979, p. 1450) have
suggested correlation of the Dunnage Mélange and the
Carmanville Mélange of the Davidsville Group on the basis of
similar ages and lithologies. [ agree with this correlation on
the basis of the geometry of macroscopic F, folds in the area
(Fig. 6.1).

Given such a correlation, the stratigraphy within the
Ordovician mélange sequences and correlation of mélanges
with more coherent Ordovician stratigraphic units farther
west still remain problematical. Dean (1978) has proposed a
generalized Ordovician stratigraphy in the eastern
Notre Dame Bay area consisting of: 1) pre-Caradocian
volcanics, 2) Caradocian shales, and 3) post-Caradocian
flysch. The Dunnage Mélange was placed by Dean (1978) into
the pre-Caradocian unit because it is interpreted to be a
chaotic equivalent of the pre-Caradocian Exploits Group to
the southwest and because it appears to conformably underlie
Caradocian shales of the Dark Hole Formation (Hibbard and
Williams, 1979).

Each lithology in Dean's subdivisions appears to be
represented in the Davidsville Group volcanics and
volcaniclastic sediments of probable pre-Caradocian age near
Carmanville (Pickerill et al., 1981), Caradocian shales near

Davidsville (Williams, 1964; Bergstrom et al., 1974) and
probable post-Caradocian greywackes near Davidsville
(Fig. 6.1).  However, stratigraphic succession within the

group remains poorly understood. Kennedy and McGonigal
(1972) first proposed the name Davidsville Group but did not
subdivide it into formations. Subsequently, Currie et al.
(1980a,b) Wu (1979), and Blackwood (1981) have all presented
lithologic (not stratigraphic) subdivisions of the group
(Fig. 6.2). Currie et al. (1980a,b) recognized the presence of
coherent sedimentary successions (units 4-8), mélanged
equivalents which they interpreted to be olistostromes
(units 9, 10), and large allochthons of ultramafics and mafic
volcanics (units 1-3) which they interpreted to be both thrust
slices (along the Gander River Ultrabasic Belt, i.e.the
GRUB line) and olistoliths (west of the GRUB line).
Wu (1979) also recognized correlative coherent and chaotic
units but he interpreted the volcanic units of the Davidsville
Group to be autochthonous volcanic flows and volcaniclastic
sediments rather than olistoliths. Blackwood (1981), working
farther south, divided the group into three lithological units:
conglomerate, shale, and greywacke, overlying the Gander
River Ultrabasic Belt. While these lithologic subdivisions are
useful, a true stratigraphic understanding of the Davidsville
Group has not been possible because of poor understanding of
the complex deformation.
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Figure 6.2. Comparison of stratigraphic nomenclatures used by previous workers in the Hamilton

Sound area.
scale is from Gale et al. (1980).

Earlier stratigraphic work is reviewed by Williams (1967a) and Dean (1978).

The time
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All of these workers have assumed a simple northwest-
younging homoclinal succession, and have not fully
appreciated the effects of F, on stratigraphy. Admittedly,
where younging evidence is preserved, most beds young
towards the northwest. Detailed structural mapping,
however, suggests a pattern throughout the Davidsville Group
of tight F2 folds with severely attenuated southeast-younging
limbs.

This changes the stratigraphic picture. For example,
with the homoclinal interpretation of Currie et al. (1980), the
ultramafics west of the Gander River Ultrabasic Belt and the
volcanics near Carmanville were believed to be "up-section"
from the GRUB line and were interpreted to be large
olistoliths derived from an emergent ultramafic thrust slice.
In contrast, considering the subhorizontal enveloping surface
for F2, these rocks appear to be part of the GRUB line thrust
sheet (or a related thrust sheet), surfacing again due to
folding (Fig. 6.1). The syncline just west of the GRUB line is
indicated by change of younging directions as well as
repetition of ultramafics and volcanics near the Rocky Bay
Pluton (see also Currie et al.,, 1980). The volcanics near
Carmanville appear to be related to the GRUB line both
chemically and petrologically (Pickerill et al., 1981), and are
shown in Figure 6.1 to outcrop in the culmination of a series
of doubly plunging F, folds. The presence of these folds is
well documented in turbidites along the east and west shores
of Gander Bay (see also Wu, 1979) and on islands northeast of
the volcanics. The folds also affect the volcanics as is shown
by the folded trace of the contact between volcanics and
adjacent shale and mélange units and by minor folds near this
contact.

The present structural interpretation suggests that all
the rocks from the Gander Group to Dog Bay Point may be F,
fold repetitions of the Davidsville Group. The mélange unit
extending from Dog Bay to the Indian Islands Tickle (black
slate with blocks of siltstone, volcanics, and gabbro) may also
be part of the Davidsville Group although no fossils have been
found in this unit and its age is therefore not known. In spite
of the recognition of F, macroscopic folds, no coherent
stratigraphy within the Davidsville Group has yet emerged.
Apparently the presence of macroscopic F; structures, as
suggested by the presence of F, mesoscopic structures and by
downward facing F, folds in the Gander Bay area, drastically
complicates the stratigraphic picture.

Ordovician — Silurian Transition

Dean's (1978) statement that the Ordovician-Silurian
boundary is not well defined in central Newfoundland also
applies to the Hamilton Sound area; and attempts by many
workers to give this time boundary geologic significance has
led to difficulties. The interpretation presented here is that
turbidite deposition began in the late Ordovician and
continued into Silurian times in the Hamilton Sound area.
There is no obvious stratigraphic or structural break which
can be ascribed to the Ordovician-Silurian boundary.
Williams (1967a) defined the Botwood Group as a Silurian
succession consisting of the Goldson Conglomerate,
Lawrenceton Volcanics, and Wigwam Formation (Fig. 6.2).
He interpreted this succession to represent shallow water
deposition which took place in progressively shallowing seas
after the closure of the Ilapetus Ocean (Williams, 1979),
placing great importance upon a pre-Silurian unconformity.
However, such an unconformity at the base of the Goldson
Conglomerate cannot be demonstrated in the eastern
Notre Dame Bay area, as conglomerates are either
conformable with or lateral facies equivalents of underlying
greywackes (Williams, 1967a, p. 99; Eastler, 1971;
Dean, 1978). This led Dean (1978) to remove the Goldson
Conglomerate from the Botwood Group and combine it with
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his post-Caradocian flysch sequence which contains time-
transgressive upper Ordovician and lower Silurian sequences.
This interpretation is presented in Figure 6.1.

A pre-Silurian unconformity has also been proposed on
the basis that Ordovician sequences are more strongly
deformed (e.g. contain an extra cleavage) than overlying
Silurian  successions. This argument was wused by
Williams (1967a) and Currie et al. (1980b) as evidence that
Taconic deformation took place in the eastern Notre Dame
Bay area prior to post-orogenic Silurian deposition, the so
called "Taconic unconformity". However, this interpretation
is questionable in light of structural evidence that Ordovician
and Silurian rocks in the Hamilton Sound area record the
same three fold generations. Futhermore, my mapping
revealed no obvious stratigraphic or structural break between
Davidsville Group and Indian Islands Group in the Gander Bay
area.

Indian Islands Group

Stratigraphic problems surrounding the Indian Islands
Group (Patrick, 1956) have arisen mainly because of a lack of
understanding of F» deformation. As shown in Figure 6.2,
most earlier workers have separated the Indian Islands Group
from adjacent units by faults. Williams (1964) distinguished
it from the Botwood Group because Indian Islands Group
rocks appear more highly sheared. He later suggested that
some of the units of the two groups may be correlatives
(Williams, 1967a, p. 98). This somewhat ambiguous view was
adopted by Eastler (1969, 1971) and Dean (1978). Eastler
(1971) believed that the Indian Islands Group was separated
from the Botwood Group by the "Indian Islands Thrust" and
that the Indian Islands Group represented a separate
"structural terrane". However, he suggested that the two
"sequences'" were stratigraphically identical. Dean (1978)
suggested that the Indian Islands Group was probably
correlative with parts of the Sansom Greywacke and Goldson
Conglomerate.

The confusion can be resolved by recognition of a
macroscopic  Fz  synclinorium across the Port Albert
Peninsula which repeats polymictic conglomerates and
turbidites of the Indian Islands Group as well as overlying
subaerial volcanics and sandstones of the Botwood Group
(Fig. 6.1). Conglomerates on both limbs contain very similar
clast assemblages  (chert and jasper, rhyolite, dacite and
basalt, granitoid, and greywacke, siltstone and limestone) but
conglomerates on the east limb are much more highly
deformed and the least competent clasts (cherts and
sedimentary clasts) are extremely flattened and difficult to
distinguish from the matrix. Turbidites on both limbs are
thin bedded grey-green siltstones with greywacke, shale, and
limestone interbeds. The limestones are locally fossiliferous,
frequently containing Favosites corals and crinoid fragments.
Graded bedding in the turbidites substantiate the synclinal
structure across the Port Albert Peninsula. This syncline was
also recognized by McCann(1973) and McCann and
Kennedy (1974) who proposed new stratigraphic names for all
the units on the Port Albert Peninsula. Dean (1978) retained
some of McCann's stratigraphic names but applied the names
only to the east limb of the syncline. This approach was later
followed by Keen et al. (1981).

In Figure 6.1, the following rocks are referred to the
Indian Islands Group:

1. turbidites and polymictic conglomerates on the western
Port Albert Peninsula previously included in the Farewell
Group (Baird, 1958; Patrick, 1956), Goldson Conglomerate
(Williams, 1964), Change Islands Formation
(Eastler, 1971). Beaver Cove Formation (McCann, 1973)
and Sansom Greywacke and Goldson Conglomerate
(Keen et al., 1981);



2. strongly deformed turbidites and polymictic
conglomerates in eastern Dog Bay, southern Dog Bay
Islands, and Indian Islands previously referred to the
Indian Islands Group by Patrick (1956), Williams (1964),
Eastler (1971) and Keen et al. (1981). Some of these
workers also included the overlying volcanics in the Indian
Islands Group but I include these in the Botwood Group;

3. siltstones and calcareous siltstones on the east and west
sides of Dog Bay Point and on the Dog Islands referred to
the Indian Islands Group by Williams (1964) and
Currie et al. (1980a, their units 11 and 12) and to both
the Davidsville and Indian Islands groups by Wu (1979).

Mappable units in the Indian Islands Group include:
grey-green siltstones containing fossiliferous limestones;

2. quartz-rich medium to thick bedded (10-50 cm) turbidites
exhibiting well developed Bouma sequences;

3. polymictic conglomerates containing a preponderance of
chert pebbles and cobbles; and

4. thin bedded argillites containing an abundance of volcanic
detritus. Ultimately, these units can be given formational
status but more mapping is required first.

Silurian Subaerial Units

An important stratigraphic break in the Hamilton Sound
area is between the marine rocks of the Indian Islands Group
(mainly turbidites) and dominantly subaerial rocks of the
Botwood Group. In Figure 6.1, the Botwood Group includes
subaerial volcanics of the North End Formation (Baird, 1958;
Eastler, 1969, 1971), tuffaceous sandstones of the Hare Island
Formation (Eastler, 1971), and subaerial sandstones of the
South End Formation (Baird, 1958; Eastler, 1969; 1971). For
now, I prefer these names to the equivalent names used by
other workers, Lawrenceton Volcanics and Wigwam Sandstone
(Williams, 1976b; Dean, 1978; Keen et al., 1978), because
they provide a better framework to describe local
stratigraphic relationships. Most workers agree that these
volcanics and sandstones within the Botwood Group are
conformably related, and locally intercalated.

The significance of the Botwood Group for regional
paleogeographic reconstructions depends upon an
interpretation of the lower contact of the group. Dean (1978)
suggested disconformity and local faulting on the basis of the
contact near Glenwood where Caradocian shales are abruptly
overlain by Ludlovian shales in the Wigwam Formation,
without the intervening flysch units. Eastler (1971) suggested
the contact was partly conformable and partly thrust faulted.
The contact near Port Albert can be interpreted to be an
F)-related thrust because of the presence of a zone of F,
folds along the contact. However, I have also observed areas
where the contact appears to be transitional between green
siltstones of Indian Islands Group and green volcanogenic
rocks of the North End Formation (e.g. western Dog Bay,
western Indian Island, and Cann Island).

Perhaps the best interpretation, in view of these
various observations, is that subaerial rocks of the Botwood
Group were deposited with local conformity and local
disconformity upon underlying marine sediments and then
were placed in thrust contact with the same units during F;.
(Most contacts were later disrupted by Fj-related high-angle
faults.) The similarity in ages between parts of the Indian
Islands and Botwood groups, local transitional contacts
between the two, and similar faunules found at the base of
the North End Formation and in the Indian Islands Group
(Eastler, 1971) suggest that depositional conditions underwent
a progressive change from deeper to shallower water and
terrestrial deposition during the Silurian as suggested by
Williams (1979).

Synthesis

The simplest explanation of existing data is that
proposed by Dean (1978), that the Ordovician and Silurian
stratigraphy of the eastern Notre Dame Bay area is
characterized by several broad lithostratigraphic groups. The
Davidsville Group appears to represent an attenuated version
of the Ordovician sections farther west: pre-Caradocian
volcanics and sediments, Caradocian shales, and post-
Caradocian greywackes. The stratigraphy within the
Davidsville Group appears to have been modified by
deformational  processes  associated  with  thrusting,
olistostromes, or both. The Ordovician-Silurian transition is
represented by diachronous deposition of turbidite sequences
which generally record shallower depositional conditions with
time (Dean, 1978). This shallowing trend continued into
Middle Silurian times, as shown by deposition of subaerial
volcanics and sandstones of the Botwood Group. The
Botwood Group appears to be a para-autochthonous sequence:
locally conformable, disconformable, or in thrust fault
contact with the turbidites.

This stratigraphic interpretation, combined with an
understanding of the subhorizontal enveloping surface of F,,
provides several solutions to stratigraphic problems.

1. It suggests that all of the mélange zones in the
northeastern Dunnage Zone (i.e. those in the Cobbs Arm
Fault Zone, Dunnage Mélange, Dog Bay, Dog Bay Point,
and Carmanville Melange) could be F; fold repetitions of
a single extensive Ordovician mélange terrane.

2. Tt suggests that rocks of the GRUB line (i.e. the thrust
slices that make up the GRUB line) outcrop in F, fold
culminations west of the GRUB line.

3. It suggests repetition of the Indian Islands Group across a
syncline in the Port Albert Peninsula and an anticline at
Dog Bay Point.

4. It suggests that parts of the Sansom Greywacke and
Goldson Conglomerate on New World Island may correlate
with the Indian Islands Group.

However, the "unfolding" of F. structures does not
solve some of the critical stratigraphic problems in the area.
One problem is that rocks of the greywacke sequences have
varying ages and varying sedimentary characteristics in
different areas and it remains unclear how (or if) to correlate
them. For example, greywackes on western New World Island
are Caradocian and Ashgillian (Dean, 1978; McKerrow and
Cocks, 1981); greywackes on eastern New World Island (the
Millener's Arm Formation of McKerrow and Cocks, 1978) are
late Ordovician and early Silurian and are interpreted to be
deep water turbidites; and the Indian Islands Group is Early
to Middle Silurian and appears to represent shallower water
deposition.  These rocks may all represent lateral (and
diachronous) facies of a single shelf-slope or fore-arc basin
depositional environment. However, if correlation proves
untenable on sedimentological or paleontological grounds,
these sequences might also represent sediments which were
deposited at some distance from each other and juxtaposed
during F, thrusting.

Another problem is that F, deformation provides no
explanation for the attenuation and chaotic aspects of the
Ordovician sequences. These features have previously been
explained in terms of olistostromes (Pajariet al., 1979;
Hibbard and Williams, 1979). However, this is just one
conceptual model which might be used for the Dunnage
Mélange and Davidsville Group.  Hsu (1974) noted the
difficulty in distinguishing olistostromes from tectonic
mélanges where there has been subsequent intense
deformation and certainly "F, folding and cleavage
development are intensely developed in the mélange terranes.
Furthermore, all of the structural features cited as evidence
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for soft rock deformation in these units (e.g. chaotic bedding,
disharmonic folds, mélange and boudinage) are also typically
found in hard rock terranes which have undergone thrusting.

An alternate working hypothesis is that the observed
pre-F, stratigraphic and structural complexities are due to
thrusting (Brlickner, 1978). Thrusting has several advantages
as the general explanation for the mélange terranes as well
as for the observed distribution of rock units:

I. it explains the widespread
distribution of F; structures;

temporal and spatial

2. it provides a consistent kinematic explanation for the
geometry of both F, and F3 structures; and

3. it provides an explanation for the presence and disrupted
character of exotic lithologies, like ultramafic rocks of
the GRUB line. Obviously, the two interpretations,
thrusting and olistostromes, are not mutually exclusive
and both would be expected, for example, in subduction
complexes (Dickinson and Seely, 1979). However, I share
Hamilton's (1979, p. 31) bias that thrusting is by far the
more important process in controlling the development
and geometry of mélange terranes.

It is important to note that F; structures occur
throughout the area of Figure 6.1 and in all sedimentary
units, from Early Ordovician to Middle Silurian.  This
suggests that regional thrusting took place in post- Middle
Silurian times. If thrusting began earlier, i.e. if it took place
over a considerable time interval as might be expected in an
orogenic area, F, thrusting may have been coincident with
the trend towards shallower water depositional conditions.
Indeed, it is possible that thrusting, and accompanying
thickening and uplift of the sedimentary pile, was the cause
of the general shallowing trend.

A plate tectonic model capable of explaining the
stratigraphic, sedimentological, and structural features of
the area is that of an accretionary terrane associated with
subduction. In such a model the mélange sequences represent
thrusting within the accretionary wedge; the turbidites
represent fore-arc basin deposits; and the subaerial units
represent deposition on emergent highlands. As noted by
Hamilton (1979, p. 14) sediments commonly are deposited
conformably and unconformably on active mélange wedges to
subsequently become imbricated into them. This is the
situation I envision for the Hamilton Sound area, a
subduction-related accretionary terrane active and being
deformed in Late Ordovician and Silurian times. The
paleogeographic context of this accretionary terrane, i.e. the
position of island arcs, continental slopes, subduction zones,
etc.,, will only be understood after we have a better
understanding of the extent and geometry of F) thrust sheets
in the eastern Notre Dame Bay area.
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TERRITOIRES DU NORD-OUEST
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Etude 82-1B, p. 51-55, 1982.

Résumé

L'étude des dépots meubles du secteur aval de la riviere Coppermine a permis de reconnaitre
une serie de deltas emboités et de plages soulevées qui marquent la régression marine postglaciaire

depuis un maximum de 170 m a.n.m.
abandonné des terrasses.

En s'encaissant dans ces dépoéts, la riviere Coppermine a
Des coquilles marines, des horizons de tourbe et des débris de bois

permettront de dater la séquence d'événements depuis la disparition des glaces des basses-terres du

golfe du Couronnement.

Introduction

La région étudiée (fig. 7.1, juillet '81) est limitée au sud
par les monts Coppermine et September et au nord par le
golfe du Couronnement. Les limites est et ouest sont de 5
a 10 km de part et d'autre de la riviere Coppermine. Le but
du travail est d'élucider la séquence d'événements qui, depuis
la déglaciation, a faconné cette partie des basses-terres du
golfe du Couronnement dans la partie nord-centrale du
district du Mackenzie, Territoires du Nord-Ouest.

Des travaux antérieurs ont établi l'existence d'un lac
glaciaire dans la vallée de la riviere Coppermine au sud des
monts September. Le "Lac glaciaire Coppermine" était
retenu par la masse de glace qui occupait les basses-terres
entre le golfe du Couronnement et les monts September
(St-Onge, 1980;  St-Onge et al. 1981). Les travaux de
Craig (1960) ont en outre établi que le retrait de la glace vers
I'est a di se faire avant 8 300 ans B.P. puisqu'une date
obtenue sur des coquilles marines a une altitude d'environ
131 m prés de l'embouchure de la riviere Asiak (fig.7.2) a
donné un 4ge de & 275 + 220 ans (1 (GSC) -22).

Les levés sur le terrain, effectués au cours du mois de
juillet 1981 et une analyse détaillée des photographies
aériennes ont permis de dresser une carte des dépdts
meubles.  Sur celle-ci on distingue tres clairement une
succession de deltas inscrits dans des sédiments glaciaires et
fluvio-glaciaires dans Ja partie sud de la région et dans des
dépbts marins dans le secteur nord. L'apex du plus haut de
ces deltas se trouve a 170 m a.n.m. La figure 7.2 schématise
les résultats consignés.

Les unités lithologiques

En aval des monts September et Coppermine, la vallée
de la riviere Coppermine est entaillée dans des gabbros, des
basaltes et des grés du Précambrien (Baragar et Donaldson,
1973). Le pendage vers le nord et la différenciation
lithologique ont permis aux agents d'érosion de dégager de
spectaculaires cuestas. Dans la partie sud de la région
étudiée le relief atteint 300 m.

La roche en place est recouverte d'un till a matrice
silteuse qui tapisse complétement les dépressions. Sur les
sommets cette unité est discontinue et souvent représentée
uniquement par des blocs erratiques épars.  Aux rares
endroits ou elles peuvent &tre mesurées, les stries indiquent
un écoulement vers le nord-ouest. Dans le segment de la
vallée occupé par les rapides Muskox (fig. 7.3) un esker
composé de crétes au tracé anastomosé occupe la partie est

du fond de la vallée. Apres avoir été tronqué par la riviere
Coppermine en aval du ruisseau Willow, ce complexe fluvio-
glaciaire se poursuit vers le nord-nord-ouest.

Suite au retrait du front glaciaire, l'invasion marine
atteint la cote actuelle de 170 m a.n.m. Ce niveau maximum
est marqué par un delta dont l'apex (point A, fig.7.2) se
distingue bien sur la photo aérienne (fig. 7.3). La partie
amont se trouve en contact avec l'esker et il est
vraisemblable que la riviere Coppermine ancestrale a
remanié une partie des sédiments fluvio-glaciaires lors de la
mise en place de ce haut delta. La surface plane du delta est
constituée de blocs, graviers et sables et est parcourue par de
nombreux chenaux abandonnés, en partie occupés par des lacs
ou des étangs. Deux autres deltas soulevés marquent des
phases du retrait de la mer postglaciaire, suite au relévement
isostatique.

A 2 km en amont de Bloody Fall 40 m de silts, d'argiles
et de sables fins interstratifiés témoignent de l'importance de
la sédimentation de fines dans les parties profondes (30-60 m)
du bras de mer postglaciaire. Dans quelques horizons, de 5
a 8 m d'épaisseur, la stratification de ces rythmites marines a
été profondément déformée par des courants de turbidité.

Dans les parties peu profondes de la mer, de grandes
quantités de sables ont été mis en place. Ces sédiments
tapissent de grandes étendues de faible relief entre les
collines de roche en place, depuis le niveau actuel de la mer
jusqu'a 160 m a.n.m. On trouve également des plages
soulevées constituées de sables grossiers et de petits
graviers. Ces dépdts, mis en place par l'action des vagues et
de courants marins a partir de sédiments fluviatiles, ont été
soulevés jusqu'a 70 m a.n.m. lors du relévement isostatique
postglaciaire. En général, ces sables reposent sur des silts
marins, et au contact de ces deux unités il est fréquent de
trouver d'abondants coquillages marins.

Le lit de la riviere actuelle est souvent encaissé dans la
roche en place, mais des sédiments grossiers forment des 1les
et des Jambeaux de plaine alluviale. Les principaux rapides
tels ceux de Muskox, Sandstone, Escape et Bloody Fall
correspondent a des seuils de roches plus résistantes.

Sur les revers de cuesta, les mouvements de masses ont
remanié les sédiments. Le processus le plus important est
certes la solifluxion qui forme des lobes qui garnissent la
partie inférieure des crétes et collines.

La tourbe atteint des épaisseurs de 3 m dans les fonds
d'anciens lacs. Des débris de buissons sont une partie
importante de ces depdts organiques.

! Département de géographie, Université d'Ottawa, Ottawa, Ontario, K1N 6N5 51
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Interprétation

Le résultat (W. Blake, comm. pers.) d'une datation au
1%C de coquillages marins a 110 m a.n.m. (9820 + 90 ans,
GSC-3327) indiquent que les basses-terres du golfe du
Couronnement €taient libres de glace il y a plus de
10 000 ans. Ce retrait du front glaciaire a permis a la riviere
Coppermine de reprendre son tracé vers le nord et au lac
glaciaire, qui occupait une partie de sa vallée en amont des
monts September et Coppermine, de se vidanger.

Un diamicton qui remplit un réseau de vallées entaillées
dans la roche en place entre les monts September-
Coppermine et les chutes de Bloody Fall représente, vrai-
semblablement, une sédimentation résultant d'une ou
plusieurs coulées de laves torrentielles. Cette unité litho-
logique fera l'objet d'une étude ultérieure.

Les sédiments grossiers transportés par la riviere
Coppermine sont mis en place sous forme de trés grands
deltas qui progressent vers le nord au fur et a mesure du
relevement isostatique. Les sables sont redistribués par les
courants et les vagues le long des rivages successifs étagés
entre 160 m a.n.m. et la cOte actuelle. Les argiles et les
silts, déposés en eau plus profonde, sont maintenant exposés
dans de's coupes de plus de 40 m de hauteur.

Le soulévement isostatique, qui fait migrer le rivage
vers le nord, provoque l'encaissement de la riviere dans ses
propres sédiments puis dans les assises rocheuses sous-
jacentes. C'est a ce mécanisme que l'on doit les nombreuses
terrasses étagées en escalier et les gorges étroites a parois
verticales taillées dans les gres rouges des groupes de Rae et
de Coppermine River (Baragar et Donaldson, 1973).

Faute de datations au radiocarbone, il n'est
présentement pas possible d'établir une courbe d'émersion.
Les travaux de cartographie ont cependant permis de fixer
I'altitude maximale de la transgression marine postglaciaire
et d'établir les principaux jalons de I'évolution géomorpho-
logique de la partie aval de la vallée de la riviere
Coppermine. Les travaux des étés a venir permettront de
détailler cette premieére ébauche.
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Abstract

The abundances of gold and tungsten were determined in up to 11 grain size fractions separated
from the matrix (<4.0 mm) of till collected near a former gold mine. Gold levels in the samples drop
markedly from >10 000 ppb to <500 ppb in the first 300 m down-ice from the source, and the most
auriferous size range shifts from all fractions <0.5 mm to the 0.063-0.002 mm fractions over the
same distance. The <0.063 mm fraction is recommended as the optimum size fraction for gold
analysis of till derived from the Meguma Group. Tungsten is most abundant in the 2.0 to 0.25 mm and
<0.002 mm fractions, and the 0.5 to 0.25 mm fraction is recommended for analysis. Grains of gold
and scheelite were identified in the samples by SEM techniques.

Introduction

One of the common problems faced in the geochemical
analysis of till in mineral exploration is the choice of a
representative grain size range for analysis. This report
presents data on the abundance of gold and tungsten with
respect to grain size in till collected down-ice from a saddle
reef gold deposit in Nova Scotia. Additional work of this
type on a larger set of trace elements in till is in progress
(W.W. Shilts, personal communication, 1981).

Dreimanis and Vagners (1971) have shown that minerals
are glacially comminuted (crushed and abraded) so that each
mineral species in till has peaks of abundance in specific size
ranges, although the position of the size ranges on the grain
size scale may be dependent on the texture of source rocks
for the till (Haldorsen, 1977). For each specific set of source
rocks, therefore, the choice of the optimum size ranges for
geochemical analysis of till should take into account the size
ranges to which ore minerals are glacially comminuted, a
consideration that is often omitted in routine orientation
surveys.

Although detailed work has been performed on the
abundance of common rock-forming minerals in different
grain size fractions of till (Dreimanis and Vagners, 1971;
Lindén, 1975; Haldorsen, 1977), most studies concerned with
ore minerals and elements have been limited to selected size
fractions (Kauranne, 1967; Shilts, 1973; Ayras, 1977). Only a
few studies have dealt with ore minerals and elements in the
full range of grain sizes in till matrix (<2 mm)
(Eriksson, 1973; Smith and Gallagher, 1975; Klassen and
Shilts, 1977; DiLabio, 1979, 1981).

Procedures

Samples known to contain significant amounts of gold
and tungsten were selected from an archived collection to
represent increasing distances down-ice from the exhausted
gold deposit at Waverley, about 20 km north of Halifax.
Coarse grained gold occurred there with scheelite and
arsenopyrite in a narrow quartz-carbonate vein in greywackes
of the Meguma Group. This deposit is considered to be
representative of several others in Nova Scotia
(Malcolm, 1929).

A portion of each sample was dry sieved to recover
composite samples of fines (<0.037 or <0.063 mm), then the
oversize was wet sieved to wash out adhering fines, dried,
and dry sieved at l¢ intervals. Fractions coarser than
0.063 - mm were ground to powder. A fraction <0.002 mm was
recovered by centrifugation and decantation of a separate
portion of each sample.

Gold analysis was performed by the fire assay-atomic
absorption technique after digestion in HCI-HNOj3;. Ten
grams of sample was analyzed, except for the <0.002 mm
fraction, of which only 1.0 to 2.5 g was available for analysis.
Tungsten analysis was performed by colorimetry after
sintering. Analyses were performed by Bondar-Clegg and Co.
Ltd., Ottawa.

Heavy minerals were recovered from the
0.25 to 0.063 mm fraction of selected samples using
methylene iodide (s.g. =3.3) as the heavy liquid. These
separates were examined with a scanning electron
microscope (SEM) using CRT displays of both secondary and
backscatter electron images. Qualitative analyses of grains
seen in the displays were obtained using energy dispersive
X-ray techniques.

Gold in Till

As expected, the gold content of the till samples
decreased with increasing distance down-ice from the source
(Table 8.1, Fig. 8.1). The decrease is most pronounced in the
first 250 m; beyond that distance, gold contents of most of
the fractions are relatively low. This rapid decrease in gold
abundance with distance down-ice is consistent with the
logarithmic-like abundance curve postulated by Shilts (1976)
for glacially dispersed rocks and minerals. An attempt was
made to map the gold content of the till, but this failed
because till was absent in much of the area, most of the
available samples are gold-poor (<10 ppb), and because the
village of Waverley is built on most of the land that should
have been sampled. In addition, high within-site variation at
sites near the source would have made mapping difficult.
The variability is illustrated by the data for eight samples
collected from a soil profile 250 m down-ice from the source
(Table 8.1).  Although almost all the data for the eight
samples are considered highly anomalous, orders of
magnitude shifts in gold content of the same size fraction are
evident in samples collected only 25 cm apart. This within-
site variation could have been caused by the so-called 'nugget
effect’, by the original mineralogical variability in the till, or
by hydromorphic redistribution of gold during postglacial
weathering. The nugget effect occurs when a small but
variable number of gold-rich grains controls the gold content
of a large volume of sample. It is believed to have caused
the high gold contents in the 4-2 mm fraction of samples
78 NS 165 and 78 NS 162 because high gold contents were not
detected in adjacent size ranges in these samples. The
nugget effect is also suspected in the 1-0.5 mm fraction of
sample 79 NS 48 and in the 0.5-0.25 mm fraction of sample
78 NS 170.
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Figure 8.1.  Abundance of gold vs. grain size of analyzed

fraction of till at varying distances down-ice from the gold
deposit at Waverley, Nova Scotia. Curve for 250 m is the
average of data for eight samples (Table 8.1); other curves
represent one sample each. Curves for samples at 250 and
270 m down-ice are dashed for clarity.

Circumstantial evidence exists for hydromorphic
redistribution of gold in a comparison of gold data (Table 8.1)
with tungsten data (Table &.2) for samples 78NS159 to
78NS166. If it is assumed that the tungsten in the till is
purely a clastic component (the resistate scheelite, identified
in these samples by SEM), and that scheelite and gold had
exactly the same bedrock source, the data for the two metals
should follow similar shifts from high to low values up the
section. Because the data are dissimilar, it could be said that
gold has been redistributed hydromorphically in the upper
metre of the soil profile. This interpretation is, however,
tentative.

In the choice of the optimum grain size range for
geochemical analysis for gold, one must consider which size
range is most auriferous, whether different size ranges are
useful at different distances from the source, and whether an
adequate quantity of the chosen size range is recoverable by
simple techniques. Ignoring the high data that are believed
to have been caused by the nugget effect in the coarse size
ranges, gold is most abundant in the fine sand, silt, and clay
sizes of most of the samples (Table 8.1, Fig. 8.1). Near the
source, gold is abundant in all size ranges, but it is most
abundant in size ranges finer than 0.5 mm (sample 79 NS 53).
Farther down-ice, represented by samples 250 m from the
source, a mode appears in the abundance curve in the size
range 0.25-0.063 mm; significantly less gold is found in finer
and coarser size ranges. At distances more applicable to the
size of 'typical' geochemical sampling programs, ie., greater
than 250 m from the source, the mode in the abundance curve
seems to have shifted into the size range 0.063 to 0.002 mm.

58

The overall decrease in gold content and the shifts in the
mode in the abundance curve with increasing distance down-
ice may have been the combined result of a number of
factors: glacial smearing of gold on other grains, a process
that would reduce the grain size of the gold; the deposition of
auriferous till; and the erosion of gold-poor rock down-ice
from the source, which would lower the gold content of the
debris in transport. The glacial comminution of gold cannot
be compared directly to the comminution of the more
common minerals studied by Dreimanis and Vagners (1971)
because of the high malleability and ductility of gold. In
addition, the samples from Waverley are all from the
oxidized part of the soil profile, and hence some
hydromorphic redistribution of gold may have taken place, as
suggested above for samples 78 NS 159 to 78 NS 166.

Based on the data from Waverley, differing optimum
grain size ranges for geochemical analysis might be proposed
for use at different distances from a presumed gold source,
but it is more efficient to choose one size range that is useful
at all distances. Because of the mode in the abundance
curves of samples collected more than 250 m from the
source, the chosen size range should include the
0.063 to 0.002 mm range. The use of only one sieve would
simplify recovery of the fraction to be analyzed, and thus a
choice of the <0.063 or <0.037 mm fraction seems warranted.
Because of the more sturdy construction and lower cost of
0.063 mm sieve cloth in comparison to 0.037 mm sieve cloth,
and because of the relative ease with which an adequate
weight of sample (>10g) can be recovered from even very
sandy till with a 0.063 mm sieve, the <0.063 mm (<230 mesh)
fraction is recommended for gold analysis. It must be noted
that this recommendation is made only for till derived from
the Meguma Group and use of the <0.063 mm fraction is not
recommended in other terranes unless similar grain size
experiments show that the <0.063 mm fraction is more
widely applicable.

When the <0.063 mm fraction is compared to the
traditional <0.177 mm (<80 mesh) fraction that is commonly
used in soil geochemistry, it can be seen that the <0.177 mm
fraction will be diluted by gold-poor fine and very fine sand
(Table 8.1). The three samples collected more than 250 m
from the source have very low gold levels in their 0.25 to
0.063 mm fractions, a feature which suggests that analysis of
the <0.177 mm fraction would produce gold levels that are
partially dependent on the fine sand content of the samples.
Therefore, the <0.177 mm fraction is not recommended for
gold analysis of the Meguma-derived till.

Tungsten in Till

Only the eight samples collected from a soil profile
250 m down-ice from the ore zone contained significant
quantities of tungsten (Table 8.2), so down-ice variations in
tungsten content could not be determined.

As noted above in the discussion of the gold data, there
is high within-site variation in the tungsten data. Again, if it
is assumed that the tungsten in the till is a chemically stable
clastic component (scheelite), then the original mineralogical
variability of the till and the nugget effect could have caused
the high variation in tungsten content down the soil profile.
In spite of this variation, tungsten is clearly most abundant in
the same grain size ranges of all eight samples. The peaks of
abundance are in the size ranges 2to0.25mm and
<0.002 mm. This distinct bimodal distribution of tungsten
may have resulted from glacial abrasion of coarse grains of
relatively soft, cleavable scheelite which produced the
second mode in the <0.002 mm fraction.

Although the <0.002 mm fraction is highly enriched in
tungsten, this fraction is not recommended for analysis unless
the sample preparation laboratory is equipped to recover fine
fractions by centrifugation and decantation. As an



alternative, a coarse fraction provides essentially the same
information and requires only simple sieving techniques.
Because of the smaller number of grains present in equal
volumes of coarser fractions than finer fractions, coarser
fractions are more prone to the nugget effect. Therefore,
the 0.5 to 0.25 mm fraction is recommended for tungsten
analysis. The same caveat stated in reference to gold
analysis concerning the restriction of this recommendation to
Meguma-derived till must be applied to the selection of the
optimum size fraction for tungsten analysis.

Comparison of the 0.5to 0.25mm fraction to the
traditional <0.177 mm fraction (<80 mesh) shows that the
<0.177 mm fraction would be diluted by tungsten-poor fine
sand and silt; therefore, the <0.177 mm fraction is not
recommended for tungsten analysis of Meguma-derived till,
at least for samples within 250 m of a presumed source. A
larger set of samples should be tested to show the
applicability of the 0.5 to 0.25 mm fraction or a finer one at
greater distances.

Mineralogy of the Till

In an attempt to identify particulate gold in the till, the
nonmagnetic heavy minerals (s.g. >3.3) in the most auriferous
samples were examined with a binocular microscope and the
SEM. Identification of the minerals was based on grain
morphology, colour, and qualitative analysis by energy-
dispersive X-ray techniques during examination with the
SEM. In the backscatter electron image produced by the SEM,
the brightness of a grain is proportional to its average atomic
number, so gold grains can be found easily by this technique.

The heavy mineral suites are dominated by ilmenite,
garnet, and unidentified silicate minerals. Zircon, scheelite,
and monazite are present in small amounts (Fig. 8.2). The
scheelite grains are clean, slightly pitted, unevenly fractured,
and most show one set of cleavage planes (Fig. 8.2¢).

Gold was not seen in heavy mineral separates from
fractions containing 1000 to 3000 ppb gold. Light mineral
fractions were also searched unsuccesfully for gold which
may have been present as composite grains with vein quartz
or smeared on light minerals. The apparent lack of gold
grains in samples containing 1000 to 3000 ppb gold in their
fine sand fractions could occur because | to 3 grains per
million gold could easily be absent from the small samples
used in the SEM. Moreover, gold may be present in coatings
on other grains as very small detrital or reprecipitated grains
that are below the resolving power of the SEM.

Sand-sized gold was found in sample 79 NS 53, which
contained 4500 to 1l 000 ppb in its fine sand fractions
(Table 8.1). In the backscatter mode of the SEM, the gold
grains appear as bright, globular flakes surrounded by grey
grains of other minerals (Fig. 8.3). The gold has a rough
surface, and pits in its surface are packed with
aluminosilicate-rich mud (dark patches on backscatter
images, Fig. 8.3c) that probably consists of clay minerals and
iron oxides. The gold itself contains trace amounts of silver.
The shape of the gold grains suggests that they have not been
transported far or that they are secondary grains, unlike the
thin striated flakes described by McDonald (1966) which
probably were deformed during glacial transport.

Table 8.1

Gold content (ppb) of various grain size ranges of till at increasing distances down-ice from the vein

Distance from  Sample  Depth Grain size (mm)
vein (m) number (cm)  4-2 2-1  1-0.5 0.5-0.25 0.25-0.125 0.125-0.063 0.063-0.037 <0.063 <0.037 <0.002
150 79 NS 53 50 270 370 240 1110 4500 10900 7000 7800* 10100 -
250 78 NS 166 50 35 65 110 120 1955 3445 - *
250 78 NS 165 110 925 30 30 45 50 145 - 32133 - %88
250 78 NS 164 135 20 35 55 50 35 45 - 190+ - 170
250 78 NS 163 160 25 70 35 520 1210 1155 - 145% - 150
250 78 NS 162 185 945 70 95 295 250 1330 - 600* - 250
250 78 NS 161 210 65 70 40 40 65 260 - 240* - 280
250 78 NS 160 245 30 55 60 30 15 25 - 220% - 150
250 78 NS 159 280 15 35 75 230 635 290 - 150% - 100
270 78 NS 170 150 3 3 2 130 3 9 310 80 110 4]
300 78 NS 169 150 <2 U 2 2 6 6 90 25 180 23
350 79 NS 48 50 3 19 390 4 18 14 280 75% 39 5
*Average of two determinations
Table 8.2
Tungsten content (ppm) of various grain size ranges of till
Sample Depth Grain size (mm)
number (cm) 4-2  2-1 1-0.5 0.5-0.25 0.25-0.125 0.125-0.063 <0.063 <0.002

78 NS 166 50 3 90 < 2 4 < 2 2 7% 12

78 NS 165 110 7] 3 4 12 3 2 8 20

78 NS 164 135 16 18 14 14 3 2 9% 10

78 NS 163 160 40 550 950 390 300 240 L55*% 390

78 NS 162 185 36 100 110 70 70 65 85% 200

78 NS 161 210 34 500 220 180 110 110 85% 560

78 NS 160 245 16 20 110 80 40 36 25% 200

78 NS 159 280 19 16 36 32 20 20 25% 52

*Average of 2 determinations
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Figure 8.2. SEM photos of sand-sized heavy minerals in
sample 78 NS 163.

(a) Backscatter image.

I = ilmenite, S = scheelite,
G = garnet, M= monazite;
Z = zircon,

unlabelled grains are unidentified
silicate minerals. Scale bar is 0.1 mm
long.

(b) Secondary image of the same field
shown in Figure 8.2a. Scale bar is
0.1 mm long.

(c) Secondary image of scheelite grain
shown in Figure 8.2a, b. Scale bar is
0.01 mm long.

(o))
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Figure 8.3.

sample 79 NS 53.

(a)

(b)

(c)

Backscatter image showing bright gold
grain. Scale bar is 0.5 mm long.

Secondary image of gold grain shown
in Figure 8.3a. Scale bar is 0.1 mm
long.

Backscatter image of gold grain shown
in Figure 8.3a. Scale bar is 0.1 mm
long.

SEM photos of sand-sized heavy minerals in
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Conclusions

In the till at Waverley, the most auriferous grain size
range shifts rapidly from < 0.5 mm to 0.063 - 0.002 mm and
the gold content of the samples decreases with increasing
distance down-ice from the gold source. The <0.063 mm
fraction is recommended as the optimum size fraction for
gold analysis of till derived from the Meguma Group.
Particulate gold was found only in the most auriferous
sample. The form in which the gold is present in the other
samples is unknown, but the small size of the samples
searched with the SEM does not eliminate particulate gold as
one of the forms.

Tungsten is most abundant in the size ranges 2 to
0.25 mm and < 0.002 mm in the small number of samples that
were examined. The 0.5 to 0.25 mm fraction is recommended
as the optimum size fraction for tungsten analysis of till
derived from the Meguma Group. Scheelite grains are
common in the heavy minerals of the tungsten-rich samples.
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Abstract

Three holes were drilled in the Big Bald Mountain area of New Brunswick during October 1980
to sample at depth and to provide geological control for seismic refraction surveys cimed at
determining the thickness of saprolite. Cores showed that granite and metasediments occur in this
part of the granitic batholith and are chemically altered to depths of several metres and at one
location to at least 26 m. No evidence of glacial transport was found at the drilling sites. A model,
which consists of an upper layer of loose surficial sediments, an intermediate saprolite layer
containing lenses of relatively fresh rock, and a lowermost layer of unaltered rock, is derived from
the drilling information. It is presented to assist in the interpretation of the seismic refraction data

for the area and possibly for other locations where saprolite is found in Eastern Canada. Ultrasonic
wave velocity and bulk density measured on 20 core samples showed that a positive correlation exists
between the two properties. Strongly.altered granite samples have velocities 30 to 50% those of

fresh rock.

An organic, water soluble drilling fluid additive (Revert) allowed drilling and sampling of
saprolite using a light-weight rotary drill without the need for casing. Highly viscous Revert mixed
with Borax powder diluted in water was effective in sealing fractured rock where excess loss of

circulation fluid was experienced.

Introduction

Gauthier (1980) described grus several metres thick and
chemically altered granite in the Big Bald Mountain area of
north-central New Brunswick. The unusual thickness of the
grus led to further investigation; seismic refraction surveys
were run during the summers of 1979 and 1980 (Gagne, 1982)
to determine depth to competent bedrock and as such provide
an estimate for the thickness of the grus. The 1980 seismic
survey was done along closely spaced grid lines to map
bedrock topography and to identify subsurface materials on
the basis of seismic velocities.

Four holes were drilled for this study during the period
October 16-31, 1980 in the same area covered by the 1980
seismic survey (Fig. 9.1) in order to provide geological
control for the interpretation of the seismic refraction data
and to obtain samples of grus and saprolite (rock rotted
in situ, i.e. chemically altered but coherent and not
texturally disintegrated; Becher, 1895) at depth. Ultrasonic
wave velocity and bulk density were measured on selected
core sections in the laboratory.

The  combination  of  stratigraphic, structural,
lithological, and geophysical information derived from this
drilling project results in a subsurface model that not only
complements the seismic refraction surveys done in the Big
Bald Mountain area but may be of assistance in other areas
with similar covers of thick saprolite.

Drilling equipment and field procedure are described in
Appendix 1.
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Geology

Big Bald Mountain is underlain by the northeastern
extension of a Devonian granitic batholith (Fig. 9.1).
The batholith is surrounded by greywackes, metabasalts,
schists, and phyllites of the Ordovician Tetagouche Group.

66°24' o 500m @ bore hole = = :dirt road
[m—

Figure 9.1. Location of boreholes and extent of the
Devonian granitic batholith {(after Gauthier, 1980) in the Big
Bald Mountain area of north-central New Brunswick.
Elevation in metres.
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Drillhole logs are shown in Figure 9.2 for three holes,
designated AO, A2E, and A2N, where bedrock has been
mapped as intrusive Devonian granite (Gauthier, 1980).
Another hole (A4E, Fig. 9.1), not described here, was the
first hole drilled in the area and, from the point of view of
field procedure, was largely experimental. It reached a depth
of 2.60 m and had chips of a black metamorphic rock at the
base interpreted as Ordovician rocks of the Tetagouche
Group correctly mapped as such at this location.

Holes AO, A2N, and A2E confirm the presence of deep
in situ chemical alteration in both massive intrusive granite
and metamorphic rock. The unconsolidated surface materials
at all three sites appear to have been derived solely from the
underlying bedrock. Hand lens and microscopic examination
of the sand fraction of samples in this upper zone failed to
reveal mineral constituents other than those present in the
underlying bedrock. Near AQ, especially south of it, large
black boulders and blocks of metamorphic rock occur, but
these are similar to the metamorphic rock drilled through at
AO. This suggests that these boulders and blocks are
'weathered out' inclusions rather than glacial erratics. At
AZE from 12 to 12.5 m depth metamorphic rock of possible
intrusive origin occurs in the granite, whereas at A2N,
granite is the only rock present in the subsurface. At AZE
and A2N no boulders or blocks of black metamorphic rock
were observed at the surface in the immediate vicinity of the
holes.

Some disagreement exists as to the location of the
contact between granite and metasediments in the southern
Big Bald Mountain area. Anderson (1969) placed the contact
between the granite and the metasediments farther north
than did Fyffe (1972a,b) and Irrinki (1972). Gauthier (1980)
accepted Anderson's contact on the inference that the
contact location of Fyffe and Irrinki may have been
influenced by the presence of metasedimentary 'erratics'
within the batholith margins. Numerous blocks and boulders
(‘weathered out' inclusions) south and southwest of AO and
the thickness of metasediments drilled at AO show that
metasediments do outcrop in the area. Although these
observations are valid only for the immediate vicinity of AQ,
the possibility of mistaking "weathered out" inclusions for
glacial erratics in other parts of the Big Bald Mountain area
must be considered.

Gauthier (1980) recognized till overlying grus on parts
of the batholith. The till was identified primarily on the
basis of a high percentage of erratic granules and pebbles of

parasedimentary rock, volcanic rock, and schist. The
possibility that the 'erratic' materials are also 'weathered out'
inclusions should be retained. The '"weathering out"

hypothesis finds support in past and possibly present intense
chemical weathering and related erosional features, the
latter being numerous in the Big Bald Mountain area.

Figure 9.3

Subsurface model for saprolite on ' the
batholith in the Big Bald Mountain area,
north-central New Brunswick. The inter-
face between chemically unaltered and
less altered granite is referred to as the
weathering front.
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Drilling, in addition to pointing out the problems
associated with the use of lithological indicators to explain
ice movement, showed that saprolite, present at all drill
sites, extends to a depth of 26 m at AO. This is still a
minimum depth, for chemical alteration may be present
below this level at other locations. Samples E-1 and E-15
(1.8 m and 13 m) at A2E and N-8 and N-19 (8.5m and 17 m)
at A2N (Fig. 9.2) have been chemically altered (C. Wang,
personal communication, 1981), with the intensity of
alteration decreasing with depth. Gibbsite and kaolinite are
found in the upper part of the bedrock whereas only kaolinite
occurs at greater depth.

Subsurface Model

A subsurface model (Fig.9.3) based on drilling
information is presented to assist in the interpretation of
seismic data. The model applies specifically to areas where
granitic loose surficial sediments or granite outcrops and is
based primarily on holes A2E and A2N. The assumption is
made that the lithology and subsurface conditions shown in
the model are representative for most of the areas underlain
by granite and that the number of occurrences of nongranitic
rocks at shallow depth decreases inward from the batholith
margins. Big Bald Mountain is in the eastern extension of the
batholith, where the granitic rock forms a narrow band
bounded by nongranitic rocks (Fig. 9.1). This proximity to the
margin may explain the presence of metasediments in two of
the three drillholes. For this reason, metamorphic rock is
included in the model. It could be omitted for areas well
behind the batholith margins where only granite is likely to
occur.

The model shows a loose sandy, silty, gravelly sediment
in the uppermost layer, an intermediate saprolite layer
(granite cores were commonly found to be sufficiently
coherent to be preserved in the core barrel but could be
easily crushed between the fingers), and a lowermost layer of
hard, massive granite.

Structural discontinuities were encountered in all three
boreholes. These were revealed by 'rotten’ or lost sections of
core, by major losses of drilling fluid, and by drill behaviour
such as sudden short rapid advances of the bit and local high
rates of penetration. Rock fractures enlarged by weathering
are probably responsible for the major losses of circulation
fluid experienced at AO and especially in the granite at A2N
at 5and 17 m (Fig. 9.2). Infiltration of meteoric water along
these fracture planes may have created major zones of
discontinuity in the bedrock extending well below the
weathering front (Fig. 9.3).

As both the metamorphic and granitic rocks of Big Bald
Mountain are chemically altered it is important to try to
evaluate the effects that variations in chemical alteration of




the same lithology have on seismic velocities. Although
chemical weathering generally decreases with increasing
depth, abrupt variations exist in degree of chemical altera-
tion especially in the intermediate saprolite layer where
relatively 'fresh' rock is found within 'rotten’ rock (Fig. 9.2).
The less altered rock, from the point of view of seismic
refraction, is a high velocity refractor, so an appreciation for
these subsurface conditions is of special concern for the
interpretation of seismic refraction data.

Implications of Subsurface Conditions on the
Interpretation of Seismic Results

R.M. Gagne (personal communication, 1981) converted
the geological model into a basic three-layer velocity model
for the interpretation of seismic data. From preliminary
interpretation of seismic data, Gagne, prior to drilling had
suspected the presence of high velocity refractors within the
subsurface (which drilling revealed to be dense metamorphic
rocks). Because high velocity refractors may also result from
sound, fresh, or less weathered granite lenses occurring
within a 'rotten' granitic mass, core samples representative
of different chemical alteration conditions for the granite
were selected for laboratory measurements of bulk density
and ultrasonic wave velocity (Table 9.1) to be correlated with
velocities obtained in the field. The apparatus and procedure
used to measure the acoustic wave velocities of core samples
are described by Kurfurst (1977).

Because of suspected porosity in certain cores due to
chemical alteration and because of their irregular shapes,
bulk density had to be determined by immersion in water.
The method selected (McKeegue, 1970, p. 32) and commonly
used by pedologists for determining bulk density for soil
samples involves coating the cores with Dow Saran Resin to
prevent water penetration. The cores were then prepared for
ultrasonic wave velocity measurements by removing the resin

coating with the circular steel brush of a bench-grinder
before being soaked in hot epoxy liquid. This last step was
necessary to prevent disintegration of the saprolite when
trimmed with a diamond saw. More friable cores or those
with marked planes of weakness, despite this precaution,
could not withstand the pressures applied during the
ultrasonic tests and some failed. Cores for ultrasonic wave
velocity measurements must be cylinders with both
extremities at right angles to the core axis. Although the
epoxy liquid in the cores theoretically could have affected
the ultrasonic velocities, this was probably negligible because
the epoxy acted as a jacket on the surface of the cylinders
and did not penetrate deeply into the core.

The velocities obtained on granite cores at A2N show
that high velocity refractors (harder, less chemically altered
granite lenses) are erratically distributed within the
saprolite. A general increase in velocity with increasing
depth is necessary for a successful application of the seismic
refraction method. If these lenses are large, they could
probably prevent an accurate determination of depth to
competent bedrock using the seismic refraction method; if,
on the other hand, the hard granite lenses are of limited
extent, the intermediate layer (saprolite) of the model
(Fig. 9.3) can be treated as one more or less homogeneous
layer from a seismic refraction point of view. Although
drilling at A2N was not deep enough to establish a distinct
passage from saprolite to unaltered granite at each of the
three sites, penetration rate (Fig. 9.2), bulk density, and
seismic velocity of cores (Table 9.1) towards the base of the
hole suggest that a zone of transition, more abrupt than
gradual, was reached.

The presence of important structural 'discontinuities'

within the subsurface, interpreted as fractures enlarged by
weathering, will, especially if they extend well below the
weathering front, result in an overestimate of 'overburden'
thickness.

Table 9.1

Density, ultrasonic wave velocities, and visual characteristics of 20 selected
core samples from the Big Bald Mountain area. Core diameter is 41.3 mm.

Bulk Core Compressional Test
Sample Depth (m) Density Length (mm) Velocity (m/s) Pressure (kPa) Remarks
AQ-4 4.8 3.03 Sample unsuitable for velocity test - dark rock, dense, heavy
A0-12 10.3 2.46 83.4 2490 1378 - strongly altered granite
A0-25 24.6 2.55 84.1 4924 1378 - hard granite, more K-spar
A0-27 25.7 2.90 82.7 4285 1102 - dark rock, dense
A0-28 26.6 2.67 83.8 5601 1102 - dark rock, dense
A2N-5 6.8 2.49 83.9 2837 1378 - strongly altered granite
A2N-6 7.5 2.49 &5.1 2924 1378 - moderately altered granite
A2N-7 8.2 2.40 84.7 2148 827 - strongly altered granite
A2N-8 8.6 2.40 84.1 2620 1378 - strongly altered granite
A2N-11 12.4 2.53 Sample unsuitable for velocity test - fresh granite
A2N-13 13.2 2.50 82.1 2605 1654 - moderately altered granite
A2ZN-14 13.8 2.52 88.5 2717 1378 - moderately altered granite
A2N-15 4.4 2.50 83.7 2818 1378 - moderately altered granite
A2N-16 15.2 2.43 Sample failed during test - strongly altered granite
A2N-17 15.9 2.49 84.1 3057 1654 - hard, more K-spar granite
A2ZN-18 16.5 2.54 84.3 2677 1378 - fresh, hard granite
A2N-20 18.2 2.57 83.1 3209 1378 - fresh, hard granite
A2E-15 13.0 3.05 84.8 7380 1102 - dark rock, dense, heavy
AZ2E-17 14.3 2.48 83.3 2398 1378 - moderately altered granite
A2E-18 14.6 2.48 81.7 2577 1378 - moderately altered granite
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Conclusions

Drilling in this part of the Big Bald Mountain area
revealed primarily that (1) granite and metasediments occur
in the subsurface (<30 m), (2) no evidence exists of glacial
transport at the drill sites, (3) chemical alteration of bedrock
occurred at depth in both granite and metasediments, and
(4) evidence of chemical alteration exists to a depth of 26 m.

A subsurface model derived from drillhole information
serves as an aid in the interpretation of refraction seismic
surveys aimed at mapping the thickness of the saprolite.
Although the model is specifically for use in the Big Bald
Mountain area, it may be of assistance to those interested in
subsurface investigation of saprolite at other locations in
Eastern Canada.

The measurement of ultrasonic wave velocity and bulk
density in the laboratory on selected core samples showed
that a positive correlation exists between the two properties.
The more chemically altered the sample, the lower the bulk
density and velocity measurements. Velocities of strongly
altered granite samples are 30 to 50 per cent those of fresh
granite or metamorphic rock.
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APPENDIX 1
Drilling Equipment and Field Procedure

Drilling in the Big Bald Mountain area presented some difficulty. The main constraints were
(1) the unusual material to sample, i.e. grus and saprolite, (2) the need to recirculate a drilling mud in
the holes due to the inability of water alone to adequately remove the cuttings, (3) a scarcity of
water near the drill sites, and (4) difficult access conditions for wheeled vehicles. These fields
conditions called for a light-weight mobile drill and provided an opportunity to assess Terrain
Sciences' ATV-drill (Veillette and Nixon, 1979). Drilling through zones of highly fractured rock
resulted in excessive loss of circulation fluid; this was solved, with little lost drilling time, by using
small amounts of a water-soluble drilling fluid additive which produces a gel that seals the fracture.
This is the most important result of the technical part of the project.

The bulk of the drilling equipment taken to the field consisted of:

— the drill (Fig. 9.4)

— open flight augers and bits (7.6 cm hole) for augering in dry, unconsolidated deposits

— light-weight magnezium-zirconium drill rods (BW size)

— tri-cone roller bit (7.6 cm hole)

— BWM (60.3 mm hole diameter, 41.3 mm core diameter) double tube swivel-type core barrel
— a few tens of metres of casing (7.6 cm [.D.)

— a 64 kg drop hammer

- a hydraulic capstan adapted to the ATV-drill to drive casing if necessary

— Iwan and spiral type samplers (5 and 7.6 cm diameter) for sampling loose material.

Considering that none of the four sites is within a practical pumping distance of a water source,
special attention was given to the drilling fluid recirculation system. A four-wheel drive vehicle with
a 1135 L bladder (normally used for gasoline) installed in the back was used to haul water as far as
2.5 km. A light-weight piston pump designed for water and viscous fluids was used so that drilling
mud could be recirculated. Sedimentation tanks consisted of pre-cut plywood containers which were
assembled in the field and soaked in water to seal the joints.

In planning the project, emphasis was on those problems normally encountered in sampling
unconsolidated loose sediments because preliminary interpretation of seismic and surficial geology
data indicated the presence of thicker grus than was actually encountered in the field. To avoid
time-consuming positioning of casing in such deposits it is necessary to circulate a drilling fluid of a
sufficient viscosity to 'cake' the interior of the hole; this also prevents losses of circulating fluid and
keeps the hole open. Conventional native clay mud such as bentonite was rejected because
(1) transportation of the mud was not logistically feasible and (2) contamination by clay minerals in
the mud could invalidate results of some of the analyses planned for the samples (C. Gauthier,
personal communication, 1980). After consultation with Johnson Division, Universal Oil Products
Company, Minnesota, the drilling fluid additive, Revert, was selected.

Revert is made from guar gum, is entirely organic, and as such does not contaminate samples of
mineralogic origin; methyl blue is the only additive (G. Carpenter, personal communication, 1980).
Revert also has viscosity-building properties about 10 times those of bentonite in the viscosity range
used in normal water-well drilling. The name Revert is derived from its property of reverting back to
a liquid as thin as water after a period varying from a few hour to a few days.

. 3 4 » .
Figure 9.4. Coring with ATV-drill using an organic drilling fluid (Revert)
recirculated by a light-weight mud pump. 203506-H.
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Figure 9.5. Gel used to seal cavities in bedrock. The semi-solid, stringy mass
pouring out of the casing results from adding Borax sotution to high viscosity
Revert drilling fluid. 203506-G.

Early field trials indicated that Revert of relatively low viscosity, 30 to 40 seconds Marsh
Furnel Viscosity (MFV, water has a MFV of 26 seconds), could hold the upper uncased portion of a
hole in near-surface loose unconsolidated deposits, and allowed the hole to be flushed free of cuttings
in the saprolite below. Coarse sand and even fine granules could be lifted at viscosity of about
40 seconds MFV. Trials using water without any Revert added proved disastrous because cuttings
adhered to-the interior of the hole and settled at the bottom, plugging the bit ports and stopping the
circulation of the drilling fluid.

Very viscous Revert (80-150 sec MFV), when mixed with Mule Team Borax powder diluted in
water, produces a thick, stringy mass (Fig. 9.5). This mixture was used to seal zones where excess
lost circulation of drilling fluid was encountered. This was the greatest advantage of using Revert.
It made drilling possible at hole A2N, where several hundred litres of fluid were lost in openings in
granite at 5 m and 17 m depth. Revert alone, even at 80 seconds MFV, could not seal the upper zone,
but the gel produced by the addition of Borax did. By making drilling possible below zones of lost
circulation, this product allowed logging of structural discontinuities (joints, fractures, faults?) which
otherwise would have been missed had water alone or even a bentonite drilling mud been used as
drilling fluid.

Most of the drilling was expected to be in unconsolidated sediments (grus and till) and, as such,
the equipment available was better suited for techniques other than continuous diamond drilling.
Subsurface conditions were, however, different from those expected, and 71 per cent of the drilling
had to be done with a diamond core barrel, which slowed drilling considerably. Also the only core
barrels available took 60 and 68 cm cores instead of the standard 152 or 309 cm lengths. Where hard
rock was encountered, the tri-cone roller bit had to be replaced by the diamond core barrel, due to
the slower penetration of the roller bit.

A total of 63 m was drilled: 15% in loose near-surface sediments; 22% in largely unconsolidated
granite or grus; 44% in granite in various stages of chemical alteration; and 19% in a black
metamorphic rock in various stages of chemical alteration. Seventy-three (3 were lost) samples, both
chips and core samples, were collected for description in the laboratory.
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Abstract

Over one hundred well preserved specimens of cnidarian medusoids have been discovered on the
upper surface of a bedding plane of quartz arenite exposed in a road cut in the city of Saint John.
The rocks probably belong to the Agnostus Cove Formation of the St. John Group, which is of early

Late Cambrian age.

Introduction

Since the pioneering work of G.F. Matthew in the late
nineteenth century (e.g. Matthew 1890, 1891, 1892), many
geologists have been attracted to the Cambro-Ordovician
succession (the St. John Group) of Saint John and adjacent
areas, southern New Brunswick. Matthew (1890, 1891, 1892)
described the macrofaunas in detail and more recently
Landing et al. (1978) and Landing (1980) described a selection
of the microfaunas. A newly constructed highway through
the city of Saint John, the McKay Highway (Fig. 10.1), has
exposed several new and important sections of Cambro-
Ordovician strata. One of these sections has exposed the
upper surface of a bedding plane of quartz arenite of
probable early Late Cambrian age. This surface has
preserved over 100 specimens of previously undescribed
cnidarian medusoids, which are, of course, extremely rare
fossils in rocks of any age. Because medusoids of Cambrian
age in Canada have only been previously described from the
Burgess Shale of PBritish Columbia (Walcott, 1911;
Conway Morris, 1978) the locality represents a unique and
fortunate discovery. The following report is, therefore,
intended to document the discovery and comprises initial
results of but a single aspect of a current multidisciplinary
project in the Saint John area (Currie et al.,, 1981;
Nance, 1982). The detailed taxonomy of the medusoids is
currently in progress in association with Mary Wade,
Queensland Museum, Australia. In view of the long term
nature of this taxonomic work (where each medusoid will be
individually analyzed) it is perhaps timely to report on the
occurrence of these previously undescribed medusoids and
make preliminary comment on their taxonomic affinity.

Locality and Stratigraphical Setting

Within the city of Saint John, the Cambro-Ordovician
St. John Group of Matthew (1863) is generally poorly and
discontinuously exposed in strongly faulted and folded
terrain. Hayes and Howell (1937) and Alcock (1938)
subdivided the group into ten formations (Fig. 10.2), but
unfortunately these were improperly defined on a biostrati-
graphical rather than lithological basis (North, 1971). In the
absence of faunal control it is, therefore, extremely difficult
to accurately locate specific exposures because apart from
the Ratcliffe Brook and Glen Falls Formations, which are
lithologically distinctive and easily recognizable, the
remainder of the succession is generally lithologically
indistinguishable, consisting essentially of interbedded shales
and micaceous quartz arenites.

The medusoid fossils are located on the upper surface
of a steeply dipping micaceous quartz arenite on the north-
western side of the McKay Highway, 0.75 km northwest of
Courtenay Bay, immediately below Wright Street, which runs
parallel to the new highway (Fig 10.1). The only associated

fossils, found as disarticulated and broken fragments in strata
above and below the medusoid horizon, are poorly preserved
lingulid (Lingulella sp.) shells. Associated shales are
extremely bioturbated and Skolithos, Planolites, Fraena and
Laevicyclus-like structures are recognizable trace fossils
observed particularly at sand/shale interfaces.

Although, as outlined above, it is impossible to state
with absolute certainty the precise stratigraphical location of
the medusoids, the following observations can be made:

i) The locality is in stratigraphical continuity and overlies
Paradoxides-bearing strata of Middle Cambrian age. The
strata correspond to the ''coarse beds of Division 2"
(Johannian) of Matthew (1890, p. 126), thus implying a
Late Cambrian age and therefore, either the Agnostus
Cove or Black Shale Brook Formations of Hayes and
Howell (1937) and Alcock (1938). This is also in
agreement with Yoon (1970) who regarded the
immediately underlying Wright Street section as Late
Cambrian in age.

ii) The exposed strata consist of interbedded shales and
quartz arenites. The latter are most conspicuous and
make-up at least 75 per cent of the total succession. Of
the two aforementioned Upper Cambrian formations, the
sequence can, therefore, best be lithologically correlated
with the Agnostus Cove Formation, as the Black Shale
Brook Formation, as its name suggests, is dominantly
shale (see Hayes and Howell, 1937; Alcock, 1938).

Thus, it is suggested that the medusoid fossils are
probably located in the Agnostus Cove Formation and
consequently are, therefore, of early Late Cambrian age.

The Medusoids
Preservation

Over 100 specimens of the medusoids have so far been
observed on the upper surface of the exposed bedding plane
of the 10 cm thick, paralle] laminated, micaceous quartz
arenite which possesses a ripple marked and weakly scoured
upper surface (Fig. 10.3). The bedding plane itself is
approximately 20 m high and 5-6 m long, but the medusoids
are (fortunately) restricted to the lower 2-2.5m of the
exposure: above this they are absent. This specific and linear
distribution (on outcrop scale) suggests that the medusoids
were gregarious and as a result of some unknown event and
concomitant mass mortality, upon settlement they were
quicky buried. Many species of Recent medusae are known to
be gregarious and, for example, similar 'clumped' occurrences
of Ediacara flindersi and Medusinites asteroides in the
Precambrian sandstones of south Australia were suggested by
Glaessner and Wade (1966) to have resulted from a gregarious
mode of life. Alternatively, however, the medusoids could
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Figure 10.1.  Location and geological map of Saint John and vicinity. Modified after Currie et al. (1981).
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Stratigraphical succession of the St. John Group. Modified after Hayes and Howell

(1937). Medusoid fossils occur at the level marked by the diamond.

possibly have been washed onto a shoreline or offshore bar
and stranded as swash accumulations at or above immediate
high tide level during a period of storm or unusual tidal
activity. Recent medusae are commonly stranded during
such periods (Hyman, 1940). The research by Lincke (1956)
has also indicated that mass strandings consisting almost
exclusively of one species can occur during periods of fair
weather. During fair weather conditions medusoids rise to
the surface and are easily driven onshore by weak winds.

Unfortunately, there is no specific evidence preserved
to indicate which of these alternatives (or perhaps combina-
tion of alternatives) was responsible for the medusoid
distribution. Associated - strata do contain evidence of
shallow water deposition (e.g. linsen bedding, double crested
ripples) but no valid evidence of periodic emergence.
Underlying and overlying formations are strictly marine, as
indicated by their contained faunas, but water depth is of
course indeterminate. One possible solution, as yet not fully
resolved, will be detailed examination of preservation of the
medusoids. Medusae are characteristically stranded
exumbrella side up in shoreface or extremely shallow water
conditions (Walcott, 1898; Schafer, 1941; Wade, 1968), but in
water of more than critical depth (>2/3 of their total
diameter) characteristically settle exumbrella side down

(Wade, 1968). Although the medusoids are variably preserved
and even the distinction of exumbrellar, subumbrellar and
composite moulds is sometimes very difficult, future analysis
may potentially prove meaningful.

Irrespective of their distribution, the medusoids must
have = been covered by sediment relatively quickly.
Hertiveck (1966), for example, observed that a recently dead
medusa "collapsed to a film" in only 10days and
Schafer (1972) pointed out that typically, medusoid moulds
form within the first few hours after settlement. Thus, the
overlying shales with thin and lenticular rippled and cross-
laminated siltstones were probably rapidly deposited, and it
was this that in part contributed to the chance preservation
of the medusoids. The preservation of medusoids on upper
surfaces of coarse grained sediment is not usually the 'norm’
(see Wade, 1968, Schafer, 1972). The example here, however,
can possibly be attributed to localized erosion of the quartz
arenite between individual medusoids following their
settlement. The subsequent deposition of mud within the
hollowed 'scours' and on the medusoid 'mounds', followed by
postdepositional differential compaction would result in their
preservation as positive features on the upper surface of the
quartz arenite. This suggestion is perhaps substantiated by
the observation of scour-like structures between the
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<

plane exposure and the distribution of medusoids on the plane.

medusoids and the rarely observed examples of medusoids
which are moderately convex with their margins apparently
draping down the sides of the mound on which they were
preserved. Whether or not the gastro-vascular system and
radial canals branching from it were filled with sediment
prior to mud deposition is unknown, though this is apparently
a frequently observed process with Recent stranded
medusoids (see Schafer, 1972, p. 189 for details).

Description

As the purpose of this report is essentially to record the
occurrence of the medusoids and detailed analysis is still
being continued, the following description has been kept as
short and concise as possible and only general morphological
details are included.

The medusoids are circular, subcircular or elliptical
discs preserved as positive structures on the upper surface of
the quartz arenite. Cross-sections may be moderately
convex, gently convex or alternatively may be crater-like,
with marginal ridges and furrows (see below) separating a
broadly concave depression. The cross-sectional shape is
somewhat dependent on the position of preservation (ripple

troughs, crests) but also probably reflects variation in
parameters such as scouring, decay, compaction, etc.
(see Schafer, 1972). Size is wvariable, ranging from

20-120 mm in diameter, the majority falling within the range
of 60-80 mm. Preservation is variable, some showing fine
detail, others showing no internal detail but merely being
recognized by the raised external circular or elliptical
outline.

The majority of specimens, where recognizable, are
apparently composite moulds, shaped by the flattened
exumbrellars. Well preserved specimens exhibit a central
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circular stomach and radial canals in multiples of 12 or more,
commonly 16. Occasionally a poorly preserved more
centralized structure resembling an unspecialized mouth can
be observed (Fig. 10.4). Radial canals are unbranched and are
preserved as delicate ridges which extend from the stomach
to the margins of the discs. The centralized stomach region
usually preserves no fine detail and typically constitutes
about 30-35 per cent of the total diameter of individual
specimens. The margins are composed of concentric ridges
(typically two) and furrows, most probably produced as a
result of thinning of the gelatinous discs towards their edges
(M. Wade, personal communication, 1981). These external
ridges and furrows are typically slightly more elevated than
features within the discs apart from when the medusoids have
a distinctly convex cross-sectional profile.

Affinities

Historically, medusoids have been distinguished as
hydrozoan or scyphozoan with little caution, but as Glaessner
(in Robison and Teichert, 1979) has pointed out, because of
nonpreservation of diagnostic characters, conclusions must be
made with extreme caution. The differentiation of hydrozoa
and scyphozoa is largely dependent on characters which are
typically not preserved in many fossilized medusoids, such as
the position and presence or absence of coelenteron gonads,
gastric filaments and pouches, the presence or absence of
subumbrellar furrows etc. None of these, or other, diagnostic
differentiating criteria have been observed with the
medusoids described herein. Nevertheless, although for the
time being they should be regarded as still of uncertain
affinity, it is tentatively concluded that they were most
probably scyphozoans.



Figure 10.4. A selection of medusoids from the St. John Group. Note the well preserved radial
canals, the stomach outline and the possible central and unspecialized mouth in a (arrowed), b and ¢
illustrate the more typical preservation. Note the well defined external margins defined by
concentric ridges and furrows in b. Specimen c also preserves a possible centralized mouth. Bar
scale is 10 mm.




Hydromedusae are not as solidly built as scyphomedusae
and are less likely to leave impressions in clastic rocks
(M. Glaessner, personal communication, 1981). The majority
of Recent hydromedusae are craspedote (i.e. possess a velum)
but this has not been observed in any of the Saint John
medusoids. Furthermore, hydromedusae commonly possess
four, six or eight radial canals whereas scyphomedusae, when
present, possess four or multiples or four (Hyman, 1940).
Finally, although not an absolutely convincing distinguishing
criterion, the large size of the specimens is more suggestive
of a scyphomedusoid affinity (M. Foster, personal
communication, 1981).

It is likely that the medusoids represent a new and
distinctive species. They vaguely resemble Velumbrella
czarnockii Stasinska, 1960 from the Cambrian of Poland but
they differ from this in that there are no tentacles, they do
not possess a velum nor do they possess 28 radial canals
(see Stasinska, 1960). They are also reminiscent of Peytoia
nathorsti Walcott, 1911 from the Burgess Shale but again,
possess fewer radial canals and do not possess the four major
lobes and marginal lappets characteristic of this species.
Otherwise, the medusoids bear no resemblance to any
previously described hydromedusoid or scyphomedusoid.
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RECONNAISSANCE PALEOMAGNETISM OF THE EOCENE METCHOSIN
VOLCANICS, VANCOUVER ISLAND, BRITISH COLUMBIA

Project 730036
E.J. Schwarz! and J.E. Muller?
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Abstract

Alternating field and thermal demagnetization of 51 cores (9 sites, 5 or 6 cores each) from
Eocene Metchosin Volcanics from southern Vancouver Island yielded stable directions of remanent
magnetizations with very high dispersion. The grouping of easterly-up direction distinguished in some
of the cores is significantly improved after rotating the flow planes to horizontal around strike.
Thermal cleaning indicates the presence of a westerly-down direction which may be the reverse of
the easterly-up direction. The easterly-up direction (D =74, [ =-66, k =78, aes = 14°) yields a North
pole at 11°E, 25°S, dm = 23°, dp = 19°, which suggest substantial post-Eocene movement (rotation) of
this area with respect to cratonic North America. The pole is also greatly different from other early
Tertiary paleomagnetic pole positions from the Western Cordillera suggesting limited coherency in
movements of different blocks.

Introduction

A number of paleomagnetic studies of the Upper
Triassic Karmutsen basalts of Vancouver Island have yielded
results that are incompatible with the Triassic paleomagnetic
pole positions of the North American craton (Symons, 1971;
Irving and Yole, 1972; Schwarz et al., 1980; Yole and
Irving, 1980). Muller (1977a) suggested that Vancouver
Island, as well as other parts of the Insular Belt, were rifted
off the continental margin far to the south and that outflow
of Late Triassic Karmutsen basalts was a direct result of this
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rifting process. The allochthonous Insular Belt, characterized
by a heterogeneous assemblage of Paleozoic to Cretaceous
volcanic, crystalline and sedimentary rocks, was sutured onto
the interior cordillera in the Middle Jurassic to Late
Cretaceous time interval.

Vancouver Island also contains on its southernmost tip a
small region, not belonging to the Insular Belt but to the
pacific Belt (Muller, 1977a), extending into Olympic
Peninsula and Washington and Oregon Coast Ranges. It is
separated from the Insular Belt by the fundamental San Juan
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and Leech River faults. The suture between the two belts is
marked by a zone of melange and highly deformed and
schistose volcanic and sedimentary rocks of late Mesozoic
age. The Pacific Belt is composed of Tertiary clastic
sediments overlying Eocene tholeiitic basalt and locally
associated basic dykes and gabbro. The basalt formations are
the Metchosin Volcanics of Vancouver Island and the
correlative Crescent Formation and Black Hills lavas of
Washington and the Siletz River, and several other Eocene
basaltic volcanics of Oregon. This crustal block, apparently
composed of early Tertiary tholeiitic ocean floor, volcanic
islands and overlying sediments, was sutured to the
Cordilleran margin in Tertiary time, long after the
emplacement of the Insular Belt.

The present study is a first attempt to obtain data on
post-Eocene movement of this northern geological extension
of the Oregon and Washington Coast Ranges, the Pacific belt,
in respect to other parts of that domain, as well as in respect
to adjacent parts of the Insular Belt on Vancouver Island.

Geology and Sampling

Metchosin Volcanics are a series of tholeiitic basalts,
composed of a lower portion of submarine pillow lavas and
breccias and an upper part of flows, believed to be subaerial.
Volcaniclastic beds, about at the level of transition between
pillows and flows, contain a layer with well preserved
Turritella indicating early Eocene age (Muller, 1977b).
Chemistry of the basalts suggests a ridge-island type of
tectonic setting, similar to that of Iceland (Muller, 1980).

Sooke Gabbro and Catface Intrusions are respectively
gabbroic and quartz dioritic plutonic masses, formerly
considered together as Sooke Intrusives (Clapp and
Cooke, 1917). The gabbro occurs as coarse grained plutonic
masses and as finer grained dyke complexes. The largest
mass of gabbro of East Sooke is in fault contact with
Metchosin Volcanics. It may be coeval and comagmatic with
the volcanics, or could be somewhat older.
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Catface Intrusions are small plutons, dykes and sills of
generally quartz dioritic composition. They intrude
Metchosin Volcanics and also Sooke Gabbro as partly
agmatitic dykes. The granitoid intrusions, postdating Sooke
Gabbro, have locally metasomatized the gabbroic rocks
resulting in the formation of amphibolite and coarse grained
hornblendite and the concentration of copper ore. Available
K-Ar ages date the emplacement of Catface Intrusions into
Metchosin Volcanics and Sooke Gabbro as follows:
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Figure 11.4.  Intensity decay (A) after thermal demagnetization (150, 250, 300, 350, 400, 450, 500,
525, 540, 550, 560, 570°C) and directional changes (B).

Biotite from trondhjemite, Jordan River (GSC 65-13,
Wanless et al., 1967): 39 £ 10 Ma.

Hornblende from Jordan River Mine ore (GSC 70-36,
Wanless et al., 1972): 44 + 6 Ma.

Hornblende from mineralized hornblendite (GSC 72-25,
Wanless et al., 1973): 31 + 15 Ma.

The age relationships of Metchosin Volcanics with
Sooke Gabbro and Catface Intrusions have a significant
bearing on the interpretation of paleomagnetic data for the
Sooke Gabbro (Symons, 1973).  Clapp and Cooke (1917)
recognized that the "granite" of what is now named Catface
Intrusions intrudes Sooke Gabbro. Also, paleontological data
now indicate early Eocene age for Metchosin Volcanics and
Miocene to Pliocene age for the Sooke Formation. It is
suggested here that in the oceanic island setting of Metchosin
basalts and related plutonic rocks it is more likely that the
gabbro represents either a magma chamber directly related
to the volcanics or an "oceanic" gabbroic basement, while the
quartz dioritic intrusions represent Jate subvolcanic phases or
a younger, unrelated volcanic event. The gabbro and the
volcanics are considered to be 50 Ma old, while Catface
Intrusions are, according to the quoted K-Ar dates, about
40 Ma old.

Five or six oriented drill cores (diameter is 2.5 cm)
were collected at each of nine sites (Fig. 11.1) from
amygdaloidal flows (sites 4 and 6) and from pillow lavas . . . o
(all other sites). The sites were collected on the basis of Figure 11.5. All accepted directions after 550°C
minimal alteration. Orientation of the cores in the field was treatment.
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by sun compass or by magnetic compass sighting of prominent
topographic features used as a check. The cores were cut up
in 2.3 cm long cylinders. The remanent magnetization of
these specimens was determined after AF and thermal
testing.

Experimental Results

The NRM directions grouped by site are listed in
Table 11.1. In general, the within-site directions are poorly
grouped with all but sites 8 and 9 showing positive
inclinations. Coherency between the sites is also low and
decreases by tilting the flow planes to horizontal around
strike. The NRM intensity is fairly constant and of the order
of 107* emu/cc (107" SI).

Two specimens per site were demagnetized in
alternating fields (AF) up to 600 oe (60 mT) in & steps. The
results were highly variable (Fig. [1.2A), the directions of
some specimens hardly being affected while others showed
considerable change. A number of specimens in the latter
group do not reach endpoints (e.g. 6-01 in Fig 11.2A) and
these are excluded from futher consideration. Figure 11.2B
shows that the decay of the NRM intensity with increasing
AF is also highly variable. Rapid decay to about 2 per cent
of the original intensity is observed for some northerly-down
directions (e.g. 2-01 on Fig. 11.2A). Northeast-up directions
(e.g. 9-01) generally show much slower decay. On the basis
of these results, one specimen of each core was subjected to
fields of 30, 40, and 45 mT yielding the data shown on
Figure 11.3. The directions are strongly scattered with a
tendency to group towards north-down. This agrees with
Symons' (1973) suggestion also based on AF data, that the
original Metchosin direction is in this general direction.
However, the strong scatter (Table 11.1) is increased by
tilting the beds to horizontal around strike showing that the
north-down magnetization is secondary.

Another group of samples, from sites 3, 8, and 9
displays consistently negative inclinations with northeasterly
declinations.  Vectors removed during the AF testing are
consistent for this group of sites suggesting an essentially
single component magnetization. Rotation of the flow planes
to horizontal results in a considerable improvement in
grouping (Table 11.1).

Thermal demagnetization was carried out on two
specimens per site. Decay of NRM is shown on Figure 11.4A
for representative examples and shows great variation.
Specimens from sites 8 and 9 show the removal of a
downward directed low blocking temperature (Tb) component
and the presence of a relatively large component with
Tb = 550°C suggesting magnetite as the carrier (Fig. 11.4B).
These sites show stable north easterly-up magnetizations
with relatively high coercivity as discussed earlier.
Specimens from sites | and 2 with northerly-down, low
median coercivity magnetization show a large, low-Tb
component. Westerly-down specimens from sites 4 and 5 (and
some from site |) show an intermediate mode of decay
(e.g. specimen from site 1).

The end points of the individual specimens after
thermal demagnetization form a pattern which differs in
several respects from that obtained after
AF demagnetization. The easterly-up direction is much
better represented (Fig. 11.3, 11.5) with several specimens
from other sites (6, 3, 4) showing this direction in addition to
those from site 8. The north (west)-down direction which is
well represented in Figure I1.3 by specimens from, in
particular, sites 4%, 6, 2 is not apparent after the thermal
treatment. There is, however, a group of westerly-down
directions in particular represented by site 5 specimens after
thermal treatment which is not present in the AF plot.
About 40 per cent of the thermal end points do not belong to
either easterly-up or westerly-down direction. Table 11.]
also shows that for both the AF and thermal data the core
directions are based on only one specimen endpoint. The data
set as a whole is clearly of low quality.

The thermal treatment was more effective than the
AF treatment in particular for site 8 and 9 specimens and
revealed a westerly-down direction of which the grouping is
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Figure 11.6. Apparent polar wander path for cratonic

North America (APWP, E indicates Eocene portion,
Irving, 1979) and Eocene poles from the western Cordillera
(ES, East Sooke Gabbro, Vancouver Island; YB, Yachats
basalt, Oregon; TS, Twin Sisters dunite, Washington;
TF, Tyee — Flournoy Formation, Oregon; SR, Silets River
series, Oregon; and Metchosin, ME sites 3, 8, 9 and 1, 45).
ME* is the reversed position of ME3, 8, 9. The 42°
paleoisocline is indicated, in which vicinity the Metchosin
volcanics may have been formed. Arrows on the isocline
indicate the direction of the horizontal component after
magnetization in the magnetic field represented by ME*.
Arrows on the square representing south Vancouver Island (VI)
show direction of horizontal component of easterly-up
remanent magnetization and its reverse.

Table 11.2

Pole positions derived from data presented in Table 11.1 given in longitude (LO),
latitude (LA), and semi-axes (dm, dp) of the area of 95% confidence around the position listed

-
AF AF* T T*
SITES LO LA dm dp LO LA dm dp LO LA dm dp LO LA dm dp
Lo 258, 5,8 159W 84N 54 46 147W 78N 67 60
3,89 I0E 16N 80 43 22E 3N 51 34 12W 125 40 25 IIE 255 23 19
I, 4,5 163E 16N 36 22 165E 12N 24 14
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somewhat better after correction for bedding tilt
(Table 11.1). Better grouping is also observed after tilt
correction for the easterly-up specimen directions
(Table 11.1) which is significant at the 95 per cent confidence
level according to McElhinney's (1964) table of k ratios for
both the AF and thermal results. This is, however, not the
case for the westerly-down direction. Furthermore,
Table 11.1 shows that the westerly-down direction is almost
the exact opposite of the northeast-up direction before
rotating the beds to horizontal but that these directions
differ by only 156° afterwards. This inconsistency may be
ascribed to inaccuracy of the westerly-down average
direction due to contamination by other remanence
components.

The following conclusions may be drawn from the
experimental evidence:

I. There is an easterly-up group of directions in a strongly
dispersed assemblage of generally downward directions.
The grouping of the easterly—up directions s
significantly improved after rotating the flow planes to
horizontal indicating that the magnetization predates
deformation.

2. The downward directions are predominantly to the west
and may contain a group of normal magnetization
directions reversed relative to the northeast-up
magnetization. This suggests that the easterly-up
direction is either primary or the result of oxydation soon
after extrusion of the basalt.

3. The north-down direction shows a significant decrease in
grouping after rotation of the flow planes to horizontal
indicating that this component postdates deformation.

Pole Position

The pole positions for the different groups of sites
(Table 11.2) were calculated from the mean site directions
both before and after rotating the flow planes to horizontal.
The two positions in the last column, obtained after thermal
demagnetization and rotation to horizontal, are plotted on
Figure 11.6 which also shows the apparent polar wander path
(APWP) for the North American paleocontinent as compiled
by Irving (1979) and other Eocene pole positions for western
North America (also listed by Irving, 1979). The possible
megatectonic significance of these pole positions with
respect to APWP will be examined in a further study.
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VAMPIRE FORMATION, A NEW UPPER PRECAMBRIAN(?)/LOWER CAMBRIAN FORMATION,

These strata belong to the
They represent slope deposits that are

12.
MACKENZIE MOUNTAINS, YUKON AND NORTHWEST TERRITORIES
Project 650024
W.H. Fritz
Institute of Sedimentary and Petroleum Geology, Ottawa
Fritz, W.H., Vampire Formation, a new Upper Precambrian(?)/Lower Cambrian formation, Mackenzie
Mountains, Yukon and Northwest Territories; in Current Research, Part B, Geological Survey of
Canada, Paper 82-1B, p. 83-92, 1982.
Abstract
The Vampire Formation of dark coloured siltstone and interbedded fine grained quartzite is
exposed along the southwestern margin of the Mackenzie Mountains.
latest Precambrian(?) and early Lower Cambrian.
intermediate between shallow water quartzites of the upper member of the Backbone Ranges
Formation, and basinal strata that at least in part belong to the upper member (maroon siltstone) of
the "grit unit". Map unit 13 of Blusson is a tongue of the Vampire Formation that overlies a tongue of
the upper member of the Backbone Ranges Formation.
Introduction

A new formation is proposed for strata that are the
lateral equivalent of the upper member of the Backbone
Ranges Formation. These strata, herein named the Vampire
Formation, comprise siltstone and interbedded, very fine- to
fine-grained quartzite, both of which weather a dark rust.
Vampire strata differ significantly from those of the upper
member of the Backbone Ranges Formation, which consist
mainly of fine- to coarse-grained quartzite. The latter
quartzites weather to various shades of orange, grey, maroon
or purple, and are interbedded with far less siltstone than are
the quartzites of the Vampire Formation.

Previous Work and Geographic Distribution

Strata of the Vampire Formation were first mapped in
the Nahanni map area as map unit3 (Green and
Roddick, 1961; Green et al., 1967). Immediately north of the

scale in kilomatres
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Figure 12.1. Index map locating the type section (4) of the

Vampire Formation and sections (5, 6) containing laterally
equivalent strata in the upper member of the Backbone
Ranges Formation. These three sections are shown in
Figure 12.3.  Sections at I (Fritz, 1979a) and at 2and 3
(Fritz, 1981) have been published in studies mainly focused
upon younger Cambrian strata; nevertheless, each contains a
description of strata belonging to the upper part of the
Vampire Formation.

Nahanni area, in the Sekwi Mountain map area, Blusson (1971)
mapped a tongue of Vampire strata as map unit 13. To the
north and west of the Sekwi Mountain area, Blusson (1974)
included map unit 13 as part of the Backbone Ranges
Formation on a series of Geological Survey of Canada open
file maps. The writer (Fritz, 1976, 1978, 1979b) has
described 26 stratigraphic sections that extend down into
map unit 13 in the areas mapped by Blusson, although these
studies were directed primarily toward understanding of the
overlying Sekwi Formation.

Gabrielse and others (1973) assigned Vampire strata in
the South Nahanni Anticline (east of the Nahanni map area)
to the Backbone Ranges Formation. This assignment of beds
was also made by Gordey (1979, Fig. 2.1, section C) in the

LZL kilometres

hw o \M\ \

Figure 12.2. Geological map reproduced from
Gabrielse et al. (1973) to show location of type section of
Vampire Formation. Symbols include: €br?, middle member
of Backbone Ranges Formation; €br?®, Vampire Formation;
and€s, Sekwi Formation.
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Nahanni map area. Gordey's terminology was questioned by
the writer (Fritz, 1979a, p. 123), who suggested that the
Nahanni strata more closely resemble those of map unit 13 to
the north, and therefore recommended a delay in reassigning
map unit 3 of Green and Roddick (1961) until new data could
be obtained.

H. Gabrielse and S.P. Gordey suggested that the writer
carry out a detailed study of outcrops at the south end of
Nahanni Anticline. In 1980 the writer spent one week
measuring a section in this area and one week studying the
type section of the Backbone Ranges Formation
(Gabrielse et al., 1973, section 12) 36 km to the east. From
the study the writer concluded (Fritz, 1981, p. 152) that the
beds of the South Nahanni Anticline are lithologically distinct
from the upper member of the Backbone Ranges Formation,
that a new name was needed for the lateral equivalent of the
upper member, and that the type section of the new
formation should be located at the south end of the South
Nahanni Anticline. In 1981 the writer measured a second
stratigraphic section (type section of this report) in the South
Nahanni Anticline and studied equivalent Backbone Ranges
strata exposed in the Broken Skull Anticline located 39 km to
the southeast (Fig. 12.1-12.3; sections 4 and 5, respectively).

Location of Type Section and
Name of Formation

The type section for the Vampire Formation is in the
southwestern part of Mackenzie Mountains where the South
Nahanni Anticline is crossed by the South Nahanni River
(Fig. 12.1). The section is on a high slope overlooking the
river from the southeast and 7 km southwest of the point
where the course of the South Nahanni River turns abruptly
from east-northeast to southeast (Fig. 12.2). Photographs
showing the base, top and various stratigraphic horizons of
the section are shown in Plates 12.] and 12.2. The centre of
the section lies at latitude 62°21'30"N and
longitude 127°56'30"W.

The formation name is taken from Vampire Peaks,
which are numerous rock spires that stand along the South
Nahanni Anticline. The spires start at the South Nahanni
River and extend 15 km to the southeast. The name Vampire
Peaks has been approved by the Canadian Board on
Geographical Names (now Canadian Permanent Committee
on Geographical Names) and is reserved for future maps, but,
to the writer's knowledge, the name has not yet appeared on
a map.

General Lithology

Typical outcrops of the Vampire Formation weather
dark brownish grey and form recessive slopes that contrast
with those of the overlying carbonate of the Sekwi Formation
and the underlying dolomite of the middle member of the
Backbone Ranges Formation. Slopes underlain by the
Vampire Formation are commonly covered with plates of
siltstone and very fine- to fine-grained quartzite, which are
the formation's two main lithologies.  The siltstone is
generally interbedded with the quartzite, but at several
levels within the formation the quartzite forms successive
medium and thick beds that outcrop as ribs in an otherwise
uniform slope (Plate 12.1, number 4).

Figure 12.3 (opposite). Stratigraphic sections illustrating
the type section of the Vampire Formation (4) and laterally
equivalent strata in the upper member of the Backbone
Ranges Formation (5, 6). Section 6 is the type section for the
Backbone Ranges Formation. The section locations are
shown in Figure 12.1.  Fossil locality numbers refer to
collections of trace fossils or pseudo-trace fossils.

Viewed at close range, the quartzites are a dark rust
with minor areas of orange, medium brownish grey, and light
brown. The bedding is thin to thick, blocky, and planar
laminae are visible on some beds, especially the thinner ones.
Crossbedding is rare. Load casts, ball and pillow structures,
and penecontemporaneous folds are present at some Jevels.
Fresh quartzite surfaces are medium grey, greenish grey or
light brownish grey, and the quartzite is very fine- to fine-
grained.

The siltstone weathers medium brownish grey, greenish
grey or rust. Fresh surfaces are medium grey or greenish
grey. Very fine grained sandstone is commonly intermixed
with the siltstone.

Base and Top of Formation

The base of the Vampire Formation is at the top of the
highest, orange weathering dolomitic sandstone bed in the
predominantly dolomitic middle member of the Backbone
Ranges Formation. Dolomite in orange weathering, thick to
massive beds is present 30.5 m below the Vampire-Backbone
Ranges formational contact (Plate 12.2, number 3). In the
interval 21.5 to 30.5 m below the contact are interbeds of
dark grey siltstone and orange weathering, thin and medium
bedded quartzite. The interval 0 to 21.5 m contains orange
weathering dolomitic quartzite in thick beds and some
dolomite free of quartz clasts. The quartz grains are fine to
coarse. Immediately above the base of the Vampire
Formation are interbedded, rusty weathering siltstone and
fine grained quartzite (further described under "stratigraphic
unit 1", below). No interbedded dolomite was seen in the
lower part of the Vampire Formation, although some inter-
beds of dolomitic sandstone are present near the 200 m level.

Consideration was given to locating the base of the
Vampire Formation at the horizon 30.5 m below the present
level, as this is a level where a major lithological change
takes place. However, from a distance the predominantly
quartzite beds in the 0 to 20.5 m interval appear similar to
the thick dolomite beds below, and therefore are easier to
map as part of the same formation.

At the top of the Vampire Formation js 28.5 m of light
greenish-grey siltstone (stratigraphic unit 7) that is abruptly
overlain by 3m of maroon and orange weathering limy
siltstone that forms the basal beds of the Sekwi Formation.
The limy siltstone contains orange weathering limestone
nodules that are susceptible to weathering so that cavities
give the siltstone a "Swiss cheese" appearance. Above the
siltstone is medium light grey weathering, platy limestone
typical of the lower Sekwi of this region.

Diabase Dykes

The type section is cut by three diabase dykes that
cross .the measured traverse in the intervals 272 to 278 m,
698.5 to 703 m, and 92! to 922 m above the base of the
Vampire Formation. There is only minor displacement at the
horizon where the dykes pass from the Vampire into the
Sekwi Formation and little displacement was seen within the
Vampire Formation. The dykes are included in the measured
section as an aid in locating position in any later study of this
monotonous succession of rocks.

Stratigraphic Units

Unit 1, 199 m

The basal unit in the Vampire Formation comprises rust
weathering, thin to thick bedded quartzite (three-fourths)
that is fine- to coarse-grained in the lower 54 m and fine
grained above. Unweathered quartzite surfaces are medium
light grey. Interbedded with the quartzite is rust weathering
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siltstone (one-fourth) that is dark grey on unweathered
surfaces. Interval 154 to 158 m above the base contains
orange weathering quartzite (two-thirds) that is light maroon
on fresh surface and is interbedded with maroon siltstone
(one-third). Interval 158 to 170 m contains quartzite (three-
fourths) that is medium greenish brown on weathered and
fresh surfaces and is interbedded with siltstone (one-fourth)
of a similar colour. Penecontemporaneous slump folds are
present at 154, 167.5, 170 and 184 m above the base.
Near the latter horizon are symmetrical transverse ripple
marks on a single bedding surface indicating a current from
either the northeast or southwest. The description of unit 1
from the base to the 154 m level is from section 4a located
west of the small gully shown in Plate 12.2, numbers 1 to 3.
The remainder of the section (4b) was measured along a
continuous route east of the gully.

Unit 2, 165.5 m

At the base of this unit is 6 m of orange weathering,
dolomitic sandstone in thick beds. The sand grains are fine
and the dolomitic sandstone is light brown on unweathered
surfaces. The interval from 6 m to the base of a diorite dyke
occupying the interval 73 to 79 m is mainly covered, but float
indicates that the lithology is similar to the main lithologies
mentioned in unit |. The interval 79 to 123.5 m contains rust
to medium greenish brown weathering quartzite (three-
fourths) in thin to thick beds that are medium grey on fresh
surfaces, and bright rust weathering siltstone (one-fourth)
that is medium light greenish grey on fresh surfaces. At the
top of the unit is 36 m of bright rust weathering quartzite in
thin to thick beds. Fresh surfaces are light greenish grey and
are fine grained. Orange to pink weathering dolomite in
thick beds is present 88 to 91 m above the base and pene-
contemporaneous slump folds are present in the interval
102 to 103 m and 108 to 108.75 m above the base. The latter
folds are shown in Plate 12.2, number 6.

Unit 3, 120 m

Unit 3 is mainly rust to yellowish orange weathering
siltstone and very fine grained sandstone that weathers to
plates with flat to broadly cuspate parting surfaces.
Unweathered surfaces are medium light grey to greenish
grey. Interbedded with the siltstone and sandy siltstone is a
subordinate amount of thick bedded, fine grained quartzite
that weathers rust to medium dark brownish grey with a

Plate 12.1

1. View west to outcrop of Backbone Ranges Formation,
section 6. Channel at base of unit 2 in upper member is
at "a", and top and base of middle member are at "b" and
"c". GSC 200875-W

2. Large clast of light green siltstone (near hammer handle)
in fine breccia; 26 m above base of unit 2, upper member
of Backbone Ranges Formation, section 5. GSC 203775E

3. Large clast of maroon siltstone in channel breccia; 4.5 m
above base of unit 2, upper member of Backbone Ranges
Formation, section 6. GSC 200875-U

4. View south and upsection of a typical exposure of
Vampire Formation. Location is 2 km west of type
section. Camera is 451 m above base of formation.
GSC 203775

5. Layer of grit-sized quartzite in small channels with base
at "a". Faintly outlined high angle crossbeds in coarse
grained quartzite are at "b". Location is 119 m above
base of unit 6, upper member of Backbone Ranges
Formation, section 5. GSC 203775-B

slight purple cast. Unweathered quartzite surfaces are
medium greenish grey. At the base of the unit is 8 m of
cliff-forming (Plate 12.2, number 4), medium brownish grey
weathering quartzite in very thick beds. The quartzite is fine
grained and was deposited on a surface that has been scoured
at least 0.5 m into the underlying unit. In the uppermost
27.5 m of the unit the quartzite is in thin to thick interbeds,
some of which are purple weathering or have a purple cast.

Unit 4,73 m

Half of this unit consists of thick bedded, very fine
grained quartzite. It is white on weathered and unweathered
surfaces near the base and darkens upsection until, near the
top, it is rust weathering and medium grey on fresh surfaces.
Near the base, the quartzite is marked by small (0.2 mm)
limonite spots. Interbedded with quartzite is fine grained
sandstone and siltstone that weather rust and are medium to
dark grey on fresh surfaces.

Unit 5, 240.5 m

Unit 5 is rust weathering siltstone (three-fourths) that
is dark grey on unweathered surfaces, and thin to thick
bedded, very fine grained quartzite (one-fourth) that is
medium brownish to greenish grey on fresh surfaces. The
lower third of this unit forms a bench on the ridge followed
while measuring the type section (Plate 12.2, numbers I, 2).
A diabase dyke cuts the unit in the interval 74.5to 79 m
above the base.

Medium greenish grey, rust and vyellow-orange
weathering siltstone (three-fourths) predominates in this unit.
Unweathered surfaces are medium light greenish grey. Rust
weathering, very fine grained quartzite (one-fourth) in thick
beds is interbedded with the siitstone and is the same colour
on fresh surfaces. Penecontemporaneous slump folds with
northeast-trending axes are present in the intervals 0 to
0.5m and Il to 11.3 m above the base and prominent load
casts (Plate 12.2, number 5) are developed 9% m above the
base.

A thick bedded to massive unit of siltstone that is light
greenish grey on weathered and fresh surfaces forms the
uppermost unit in the Vampire Formation. Orange
weathering pods (averaging 3 cm in diameter) of fine grained
quartzite are also present.

Age of Formation

Thirty-four horizons containing trace fossils or pseudo-
trace fossils were collected at the type section of the
Vampire Formation. The fossil material is under study by
G.M. Narbonne at the University of Montreal, and only
preliminary identifications are available. Narbonne reports
(personal communication, 1981) that the only trace fossils of
definite Cambrian age are at GSC locality 98470 located
301 m above the base of the formation. Forms present are
described as cf. Rusophycus sp. and arthropod scratch marks.
At GSC locality 98498 the writer noted the presence of a
small, cone-shaped, shelly fossil, Circotheca? sp. This
locality is 107 m below the top of the formation. Similar
fossils identified as Circotheca? sp. have been found
(Fritz, 1981, p. 15) in section 2 (see Fig. 12.1) at 90.5 to
85.5 m below the top of the formation.
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Parafallotaspis grata Fritz has been reported
(Fritz, 1981, p. 152) in local float | m above the top of the
Vampire Formation in section 3, so it is clear that the
formation can be no younger than early Lower Cambrian.
This observation and the noted trace fossils at GSC
locality 98470, indicate that at least the upper two-thirds of
the formation belongs to the early Lower Cambrian.
Lithological correlations (see below and Fig. 12.4) with map
units Il and 12 of Blusson (1971) in the Sekwi Mountain map
area suggest that part of the lower third of the formation
belongs to the Precambrian.

Correlations

The Vampire Formation at the type section is clearly
the lateral equivalent of the upper member of the Backbone
Ranges Formation at its type section and in the Broken Skull
Anticline: at all three localities the map units are underlain
by the middle member of the Backbone Ranges Formation
and overlain by younger Cambrian strata (Fig. 12.3). At its
type section the Vampire Formation is overlain with a normal
depositional contact by the Lower Cambrian Sekwi
Formation, whereas at section 5 and 6 the upper member of
the Backbone Ranges Formation is separated by an
unconformity from the Middle Cambrian Avalanche
Formation. It appears at the latter two localities that
erosion has not cut deeply into the Backbone Ranges
Formation.

No f{fossils were found in the upper member of the
Backbone Ranges Formation at sections 5 and 6. The lack of
fossils at the latter two sections is believed to be the result
of an inhospitable environment and not to the age of the
strata. Questionable trace fossils are present in the lower
member of the type section of the Backbone Ranges
Formation at GSC locality 97658 and Planolites sp. is present
in the same member at GSC locality 97659.

Plate 12.2

1. View from helicopter looking east at type section of
Vampire Formation. Base of formation, at outcrop short
distance east of measured segment 4a, is at "a'", diabase
dyke cutting section 272 m above base of formation is at
"b", base of unit 3 is at "c", and base of unit 5 is at "d".
Measured but undescribed Vampire section 2 km east of
type section is on ridge "e". GSC 203775-G

2. View from helicopter looking east at Vampire Formation.
Diabase dyke cutting type section 698.5 m above base of
formation is at "a", and top of formation is at "b'.
GSC 203775-L

3.  View northwest and down gully shown at "a" in
Figure 12.1. Top of thick bedded to massive dolomite
30.5 m below base of Vampire Formation in segment 4a
of measured section is at "a'". South Nahanni River is at
"b". GSC 203775-N

4. Base of unit 3 in type section of Vampire Formation is at
top of l.5m measuring staff. Note that basal, thick
bedded to massive quartzite in unit 3 rests on irregular
surface with relief of at least 0.5m eroded into
underlying strata. GSC 203775-D

5. Strongly developed load casts in fine grained quartzite
(dark beds) and interbedded siltstone. Type section for
Vampire Formation, unit 6, 93.5 m above base of unit.
GSC 203775-C

6. Quartzite (at base of hammer handle) in penecon-
temporaneous detached fold. Type Vampire section,
unit 2, 103 m above base of unit. GSC 203775-0

The lithological change between the upper member of
the Backbone Ranges Formation in sections 5 and 6 and the
Vampire Formation at section 4 (type section) is appreciable,
and no major tongues or marker beds extend from sections 5
and 6 into section &4. There are, however, three thick
lithological submembers within the upper member of the
Backbone Ranges Formation at sections 5 and 6, and a thin
fourth submember at section 5 that reflect a general fining
upward within the upper member. The four submembers have
been designated as submembers A, B, C, and D on
Figure 12.3. The submembers are discussed below and are
compared with strata of the Vampire Formation in section &,
which also fines upward, although more subtly because of a
narrower range of grain sizes.

Submember A forms the lower quarter of the upper
member of the Backbone Ranges Formation at sections 5
and 6.  This consists of thick-bedded to massive, poorly
sorted quartzite beds with few visible internal structures, but
locally with channels 4 to 150 cm deep (Plate 12.1,
numbers 1, 5). Grit- and pebble-sized quartz and feldspar
clasts are common but rarely exceed 25 mm in diameter.
Clasts of maroon, purple, and greenish grey siltstone are
common at various levels, and some exceed 1.5 m in length
(Plate 12.1, numbers 2, 3). These clasts of siltstone are
"floating" in the finer matrix of quartz and feldspar grains
and are tilted at various angles to the bedding. The siltstone
of the clasts closely matches siltstone in local interbeds. The
coarse size, poor sorting, and presence of channels combine
to suggest a high energy, shallow environment at the two
Backbone Ranges sections. Abundant large feldspar clasts
and the high angularity of the clasts indicate rapid transport
and burial. The presence of scattered sulphide fragments up
to 7 mm in diameter in unit 4 of section 5 supports the rapid
transport and burial concept.

Submember B of the upper member of the Backbone
Ranges Formation at sections 5 and 6 is composed of
fine- and medium-grained quartzite in thick beds that exhibit
crossbedding and small channels. Although some layers of
grit are present, pebbles and siltstone fragments are rare,
and it seems likely that these strata were laid down in a
shallow water, offshore environment. Twenty-six crossbeds
in submember B at the Broken Skull Anticline section
(section 5) indicate flow to the northwest.

The lithological differences that permit submembers A
and B to be recognized as separate entities at sections 5
and 6 are not evident in equivalent strata at the type
Vampire section, where the colour, grain size, and geometry
of the beds are uniformly monotonous. There is, however, a
greater concentration of quartzite in the lower four units of
the Vampire Formation.

Submember C of the Backbone Ranges Formation in
sections 5 and 6 consists of white weathering quartzite in
thin to thick beds and interbedded dark grey siltstone. The
uniform composition and fine grain size of the quartzite
indicate a greater maturity than is typical of subunits A
and B in the upper member. A similar white quartzite was
noted in the lower part of unit 4 in the Vampire Peaks type
section. Above unit 4 in the Vampire section there is a
general change in grain size with quartzite giving way to a
dominance of siltstone. This change in grain size may be a
basinward reflection of the abrupt change in grain size
between submembers B and C in the upper member of the
Backbone Ranges Formation.

The highest submember, D, of the Backbone Ranges
Formation in section5 comprises only 19m of rust
weathering, fine grained quartzite and interbedded siltstone.
The strata of this submember are almost identical to those of
the Vampire Formation, and the submember might in fact
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Figure 12.4. Correlation chart for the Vampire Formation and certain other map units. Vampire

Formation in brackets (V. Fm.) has been added to those map units that are here proposed for

recognition as being part of the Vampire Formation.

"B. R. Fm." in some parts of the chart.

represent a thin edge of an eastward extending tongue of the
formation. The minor thickness of submember D precludes
its being mapped in this area as part of another formation.

Middle and Northern Mackenzie Mountains

Strata equivalent to those in the Vampire Formation
type section and to the upper member of the Backbone
Ranges Formation in its type section have been assigned to
map units 12 and 13 (Blusson, 1971) in the Sekwi Mountain
map area. These two map units are overlain by the Sekwi
Formation and are underlain by map unit 11. Map unit 11 is
the basinward extension of the middle member of the
Backbone Ranges Formation. Map unit 12 is mainly fine and
medium grained, light coloured quartzite and should be
assigned to the upper member of the Backbone Ranges
Formation, whereas overlying map unit 13 is composed of
dark siltstone and interbedded very fine grained quartzite
that can be assigned to the Vampire Formation. Eight

published sections (Fritz, 1978, 1979b) from the Sekwi
Mountain area include descriptions of map unit 13.
Additional data on map unit 13 are available in an

unpublished thesis by F.F. Krause (1979).

The Precambrian-Cambrian Boundary Working Group
(LU.G.S., I.G.C.P.) has tentatively placed the Precambrian-
Cambrian boundary within the interval 350 to 370 m above
the top of map unit 11 (Fritz, 1980, p. 44). Assuming that the
top of the middle member of the Backbone Ranges Formation
(top of map unit 11) is approximately synchronous in the
Sekwi Mountain map area and in the South Nahanni Anticline,
then the Precambrian-Cambrian boundary should lie within
the lower part of the Vampire Formation at the type section.

In the Mount Eduni and the eastern part of the Bonnet
Plume Lake map areas, the Vampire Formation is absent and
the Sekwi Formation rests directly on the upper member of
the Backbone Ranges Formation (Fritz, 1978, sections 16, 17;
1979b, section 31/4). The eastern edge of the Vampire
Formation lies just east of the centre of the Bonnet Plume
Lake area (Fritz, 1978, section 18, unit 3) where it directly
underlies the Sekwi Formation. A tongue of the Vampire
Formation lies below the Sekwi Formation and above the
upper member of the Backbone Ranges Formation in the
western part of the Bonnet Plume Lake area (Fritz, 1978,
section 13; 1979b, section 27) and in part of the adjoining
Nadaleen River map area to the west (Fritz, 1978,
section 11). In the latter area the middle member of the
Backbone Ranges Formation is thin, but it abruptly thickens

Backbone Ranges Formation is abbreviated to

immediately north of the Snake River near the mouth of Duo
Creek and the mouth of Goz Creek where it hosts the Goz

Creek lead-zinc deposits. A short distance north
(lat. 64°28'30"N, long. 132°36'30"W) and to the east
(lat. 64°25'45"N, long. 132°22'30"W) of the deposit, the

Vampire Formation occupies the entire interval between the
middle member of the Backbone Ranges Formation and the
Sekwi Formation, and is therefore fully developed.

Selwyn Basin

Hofmann and Cecile (1981) have correlated a sub-Sekwi
shale northeast of the Selwyn Valley (Niddery Lake map area)
with the lower part of an unnamed Lower Cambrian green
argillite and black shale map unit southwest of the valley (see
Fig. 12.4). Underlying the shale to the northeast is the
undivided Backbone Ranges Formation that is shown to
correlate, at least in its upper part, with the upper part of
the "grit unit" (unit I of Green and Roddick, 1961) to the
southwest. In the latter area, the Lower Cambrian trace
fossil Oldhamia is reported to be present high in the upper
member of the '"grit unit". The sub-Sekwi position of the
shale and upper Backbone Ranges Formation to the northeast
and the correlation of these two map units to the shale and
Oldhamia-bearing '"upper grit" member to the southwest
suggests that in the latter area at least the lower part of the
greenish grey phyllite and the upper part of the upper
member of the "grit unit" correlate with the Vampire
Formation.

In the Nahanni map area west of the South Nahanni
Anticline, Gordey (1980) has recognized a maroon shale as
being the upper member of the "grit unit". Directly above
the maroon shale is a "buff weathering shale with
archaeocyathids in breccia at the base (Gordey, 1980). The
presence of the archaeocyathids suggests that the buff shale
is the lateral equivalent of the Sekwi Formation, and their
position indicates that at least part of the underlying maroon
shale is the Jateral equivalent of the Vampire Formation.

Southeast of the Nahanni map area, in the Flat River
and Coal River map areas, Abbott (1981, Fig. 2, 3) has
studied the transition between the Backbone Ranges
Formation to the east and the '"grit unit" to the west. The
usual three-fold subdivision of the Backbone Ranges
Formation is shown and the formation is reported to be
overlain by the Sekwi Formation and underlain by a "phyllite
unit'. The middle member of the Backbone Ranges
Formation extends for a considerable distance to the west
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but the upper and lower members to the west are replaced by
the phyllite unit. In this transition zone, the strata between
the Sekwi Formation and the middle member of the Backbone
Ranges Formation occupy the same interval as the Vampire
Formation at the type section, and therefore the lithology of
this zone should be reviewed to see whether or not the
reported phyllite unit is similar in lithology to the siltstone
and interbedded quartzite of the type Vampire Formation. If
similar, the Vampire Formation can be extended for a
distance of at Jeast 75 km south-southeast of the type
section.

Farther basinward in Abbott's (1981) cross-section the
lower member of the '"grit unit" is shown to be overlain by
the phyllite unit and then in turn by the Sekwi Formation.
Still farther basinward, the upper part of the upper member
of the "grit unit" is shown to be the lateral equivalent of the
Backbone Ranges Formation. There the "grit unit" is overlain
by the questionably identified phyllite unit that is there
mainly equivalent to the lower part of the Sekwi Formation.
Dolomite that is probably the basinward extension of the
upper part of the Sekwi Formation overlies the questionable
phyllite unit. As outcrops representing the latter two parts
of the cross-section are poor, the relationships shown are
tentative until further field work is done (G. Abbott, personal
communication, 1981). However, Abbott's present interpre-
tation closely matches that provided by Hofmann and
Cecile (1981) in the Niddery Lake map area to the northwest.
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Abstract

Devono-Mississippian to Triassic strata in Nahanni, southeast Niddery Lake, and western Sekwi
Mountain map areas comprise shale, chert, chert pebble conglomerate, chert quartz sandstone, and
siltstone (Earn Group) overlain by sandstone, shale, limestone, chert and siltstone. Regional
correlation of these strata on the basis of age control provided by 24 new conodont localities
suggests: (1) the base of the Earn Group is diachronous, in places of least as old as Early Devonian,
(2) the Earn Group can be regionally subdivided into two units separated by an unconformity,
(3) correlation of coarse conglomeratic members of the Earn Group is only locally feasible because
they are found at different stratigraphic levels throughout the group, (4) the Earn Group is overlain
unconformably by an extensive shallow marine quartz sandstone of mid-Mississippian (Visean) age,
and (5) Upper Mississippian and Lower Pennsylvanian shale and thick limestone is found above the
quartz sandstone in some areas, but elsewhere overlying possibly equivalent strata consist of post-
Mississippian to pre-Permian shale and sandstone.

Introduction

In early to mid-Paleozoic time, shallow water
carbonate of Mackenzie Platform and offshelf, deeper water
shale, limestone and chert of outer Selwyn Basin fringed the
northwest margin of North America. Sedimentation changed
dramatically in Late Devonian time when transgressive shale
and/or chert blanketed the platform far to the east and thick
sequences of basin-derived chert conglomerate and related
clastic sediments accumulated in a number of submarine fan
complexes to the west. In mid-Mississippian time, shallow
marine, clean quartz sandstone blanketed most of the area,
and indicates a return to normal marine shelf clastic
sedimentation. Units as young as Triassic show that the
extensive shallow water carbonate platform was never
re-established.

Coarse clastics of Devono-Mississippian age in the
northern Cordillera are often included in the 'black clastic
group', a field term which has never been formally defined.
We prefer the term Earn Group, a synonomous, but formally
introduced name used by Campbell (1967) that includes
Devono-Mississippian shale, chert, limestone, and chert-
pebble conglomerate in Glenlyon map area (105 L).

In the Macmillan Pass-Nahanni area of eastern Yukon
(Fig. 13.1) the Earn Group hosts economically significant
stratabound barite and lead-zinc-silver-barite deposits and
has been the subject of considerable debate. Work by many
government and industry geologists in separate areas, without
benefit of accurate paleontological control, has resulted in
confusing informal terminology and incorrect regional
stratigraphic correlations.

This report is a first attempt to clarify the complicated
stratigraphy of the Earn Group and of the Carboniferous
through Triassic units succeeding it. It is based on recent
regional mapping in Nahanni map area (105 ) (Gordey, 1981),
southeast Niddery Lake (105 0), and southwest Sekwi
Mountain (105 P) map areas, as well as a brief examination of
stratigraphic sections in west-central Sekwi Mountain map
area by Abbott and Gordey, and paleontological control
provided mainly by conodonts identified by M.J. Orchard.
The authors are grateful for the co-operation and assistance
provided by Hudson Bay Mining and Smelting Co. Ltd., Pan
Ocean Oil Ltd.,, Cominco Ltd.,, and AMAX Minerals
Exploration Ltd.

Earn Group

Two regionally mappable, sharply delineated units
(Fig. 13.2) containing shale, chert, quartz sandstone, grit and
chert pebble conglomerate have been identified within the
Earn Group. The lower unit, or lower Earn Group, locally
spans most of the Devonian and is distinguished regionally by
its predominantly gun-blue weathering siliceous shale and
chert. The upper Earn Group is post- mid-Famennian to
mid-Mississippian and is characterized by mainly brown
weathering shale (not highly siliceous); bedded chert is

NIDDERY LAKE (1050 SEKWI MTN. (05P)

NAHANNI (1051)

6I°N

1320 1300 1280w

Figure 13.1. Exposure of Devono-Mississippian and younger
strata (shaded) in Nahanni, Sheldon Lake, Niddery Lake, and
Sekwi Mountain map areas. Letters refer to sections shown
in Figure 13.2. Numbers refer to fossil localities (Fig. 13.2)
projected onto line of section.

' Department of Indian Affairs and Northern Development, Whitehorse, Yukon. 93



ROAD RIVER 'GROUP'

FOSSIL LOCALITIES PROJECTED ONTO DIAGRAM

NO. LOCATION

7 63°38.8'N;130%00.8'W
11 63°36.6'N;129°39.3'W
15 62°25.8'K;129°18.0'%
16 62928.5'N;129%12.5'%
17 63°10.7'K;130%21.0°%
20 63°15.3'N;130%28.5'%
21 63°14.3'N;130°31.0°'W
23 63°17.0'N;130°34.5'W
28 63°17.4'N;130°34.0°'W
25 63°16.2'N;130°35.0°W
26 63°09.9'N;130°03.0'%

NTS
1050-9
105P-12
1051-6
1051-6
1050-1
1050-8
1050-2
1050-7
1050-7
1050-7
1050-1

Locality no. 26 was originally described in
Carne (1979, p. 9). Its stratigraphic gosﬂ:ion

is re-intrepeted by Abbott (this paper

to be

within the range shown, and not beneath the
conglomerate as indicated in Carne {1979)
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Figure 13.2. Stratigraphic correlation of Earn Group
and younger strata. Section locations shown iIn
Figure 13.2. Lower Earn Group shaded for clarity.
Mineral deposit names are indicated. Ba = barite; all
other abbreviations are standard.
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SECTION LOCATIONS

BASE ToP AREA (HTS)
Al 6305.5'N;13¢" 50.8'W 63°05.0'N;130°51.3' 1050-2
| A2 605.0'8;1351.3'W 63°04.2'N; 13 51.1'W 1050-2
JASON south zone 6310.0'N; 13 46.2'W 6309.7'N;130°46.5'w 1050-2
2ZnPbAgBa 63°08.0'N; 13 17.5'% 63°07.5';13° 1800 1050-1
TOM east zone 6308.0'N;13F 01.5'% 63°08.5'N:13¢°01.0'% 1050-1
E 63°10.6'N; 136 00.8'w 63°10.8'N; 13 01. 1'% 1051-1
Fl 614.6'N; 130 40.2'W 63°14.3'N;130°20. 2" 1050-2
F2 6314.0'N;13039.4'W 63°13.8'N;13¢°39.4'W 1050-2
G 6°16.3'N;13P52.0'W  coemcommmeeoeeeeos 1050-7
6P17.1'N:130 55.3'W 6°17.8'N;130°54.9' 1050-7
1 6°16.7'N:13P33.5'8  —meemmmee 1050-7
a1 63°38.4'N;13° 02.8'w 63°38.8'N;13¢°00.8% 1050-9
92 6939.2'N:13¢ 00.5'% 63°39.2'N:13°00.0'W 1050-9
K 63°30.2'N;12827.1'W 62°31.1'N;12827.1'% 105P-11
L 601.5'N;12951.0'% 63°02.0'N; 12850 0'% 105P-4
M 6F00.0'N; 128 55.5"0  mmemmceocccee 105P-4
N 62°48.2'N; 128 42.0'0 62°49.0'N;12841.0'0 1051-13
0 62°33.2'N;12947.4'W 62°33.0'N;125°48.0'W 1051-12
P 6226.8'N;12818.2'W 62°27.3'N;128°18.5'W 1051-6

SECTIONS G AND M - COORDINATES OF TOP APPROXIMATELY SAME AS BASE
SECTION I - COMPOSITE SECTION ESTIMATED IN VICINITY OF COORDINATES GIVEN




Figure 13.2 (cont.)
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uncommon. The base of the Earn Group is regionally
mappable, and delineated by the lower limit of siliceous
shale, chert, and generally fine clastic rocks above
bioturbated siltstone, silty limestone, and locally volcanic
rocks of the 'Road River group''. Facies changes result in
the base of the Earn Group being diachronous. The upper
contact of the Earn Group is at the base of a widespread
shallow marine quartz sandstone. Correlation within the
Earn Group without fossil control is difficult because
lithologies and weathering colour typical of one unit are
found in the other, thickness and facies changes are
dramatic, and unconformities locally cut out significant
thickness of strata.

Compositionally and sedimentologically the coarse
clastics that occur within both units are similar. Grey
weathering chert-pebble conglomerate is characterized by
rounded pebbles to cobbles of grey, black, white, or green
chert, minor quartz sandstone, and outsize shale clasts in a
fairly clean matrix of chert and quartz sand. Conglomerate
and medium- to coarse-grained, quartz-chert sandstone form
massive channel deposits up to several hundred metres thick.
Local conglomeratic mudstone containing large shale,
chert- and quartz-sandstone cobbles forms thin to thick
(up to 70 m) isolated lenses and occurs within the channel
deposits. Where interbedded with shale, the chert-quartz
sandstone is even bedded, locally graded and has flute and
groove casts on the base of some beds.

Lower Earn Group

In western Nahanni map area the lower Earn Group is
composed almost entirely of gun-blue weathering, thin
bedded, black chert and siliceous shale up to 300 m thick.
Muddy chert-quartz sandstone and conglomeratic mudstone
occur locally in this area (Section O), in contrast to the
normally clean sandstone and conglomerate typical of the
Earn Group.

Partly equivalent strata in the Macmillan Pass area can
be subdivided into several members. At sections D and E the
lower Earn Group consists of about 370 m of brown
weathering shale, silty shale and minor chert grit, which is
overlain abruptly by 200m of massive chert-pebble
conglomerate. A thin feldspar-porphyry dyke intrudes the
contact. The conglomerate is succeeded by 230 m of blue-
black weathering, platy graphitic mudstone.

West of Macmillan Pass the lower Earn Group is
undated. At section C, [50 m of blue-black weathering,
siliceous shale and silty shale could be equivalent to part or
all of the Jlower Earn Group seen in section D immediately to
the east. At section A2 the lower Earn Group is 370 m thick
and includes 90 m of chert conglomerate enclosed by black
siliceous shale. The conglomerate wedges out to the east and
is not continuous with that in sections D and E.

In west-central Sekwi Mountain map area at section J1,
the lower Earn Group consists of 150m of gun-blue
weathering black siliceous shale and chert overlying recessive
brown weathering shale of unknown thickness. Siliceous shale
also occurs beneath the brown member east of section J1. To
the southeast at section K the lower Earn Group comprises
30 m of chert-pebble conglomerate over and underlain by a
few metres of black siliceous shale and minor chert.

The base of the lower Earn Group and its contact with
the older Road River group strata is diachronous. In western
Nahanni map area the lower Earn Group is at least as old as
Early Devonian (Table 13.1, no. 16) and rests conformably?
(previously considered unconformable, Gordey, 1981) on
bioturbated silty shale of Silurian age. In Sekwi Mountain
map area at section K, the lower Earn Group rests
conformably? on silty limestone of early Givetian age
(no. 9, 10). In the Macmillan Pass area and to the west,

!Road River Formation is here informally given group status.

underlying Road River group limestone is also Middle
Devonian (no. 17, 21). At section I minor bioclastic limestone
in the lower 50 to 70 m of the lower Earn Group yielded
conodonts of mid-Emsian (no. 24) to probably Eifelian age
(no. 25), and those from the underlying Road River silty
limestone are late Pragian or early Emsian (no. 23). The
youngest known ages of the lower Earn Group range from
mid-Frasnian to mid-Famennian (no. 12, 14, 20, and 6).

Unconformable relations beneath the lower Earn Group
are suggested in the Macmillan Pass area and to the west by
the sharp upper contact and rapid thinning of the underlying
Road River group silty limestone, although the latter may be
accounted for by a rapid facies change.

The age of the oldest coarse clastics within the Earn
Group is not well bracketed. Conglomerate at sections D
and E is of post-early Middle Devonian (no. 17, 21) and pre-
early Famennian (no. l4), possibly Frasnian in age (no. 26).
Conglomerate at section K is post-early Givetian (no. 9, 10).
The conglomeratic mudstone in Nahanni map area at
section O is undated but its relatively high stratigraphic
position indicates it may be Late Devonian.

Early workers (e.g., Blusson, in Dawson, 1977)
correlated lower Earn Group strata with the Canol Formation
of Mackenzie Mountains. The present work shows that in
both lithology and age it is quite different from the Canol
Formation as described at its type section (see
Bassett, 1960). The lower Earn Group correlates with the
siliceous shale unit of Gordey (1981) in Nahanni map area,
with units D2 and D3 of Cecile (1981) in northeast Niddery
Lake map area, and with units 1, 2, and 3 of Carne (1979) in
the Macmillan Pass area. In Sekwi Mountain map area lower
Earn Group equivalents are included in wunit26 of
Blusson (1971).  The brown weathering shale member at
section ]l correlates with his unit 26B.

Upper Earn Group

In Nahanni map area upper Earn Group strata comprise
at least 600 m of brown weathering shale, sandstone, grit and
chert conglomerate (section P). The conglomerate is
compositionally and sedimentologically similar to lower Earn
Group conglomerate at Macmillan Pass (section D, E).

In Sekwi Mountain map area at section K, the basal
upper Earn Group consists of massive chert-quartz sandstone
and chert-pebble conglomerate at least 200 m thick, overlain
by brown weathering shale with minor interbeds of turbiditic
chert grit and sandstone. The conglomerate unit and
sandstone beds above it contain abundant distinctive
turquoise chert clasts.

In the Macmillan Pass area at sections C, D, and E, and
to the southeast at section M the basal unit of the upper Earn
Group is thin bedded, ripple crosslaminated siltstone and
evenly interbedded brown shale. Its thickness varies from at
least 400 m at section C to less than 150 m at section E,
partly because of facies change to brown weathering shale
and silty shale by loss of the crosslaminated siltstone
component.

At sections B, E, and L there are members of gun-blue
weathering, locally siliceous shale near the top of the upper
Earn Group that are tentatively correlated. Black
weathering shale with thin beds of limestone at section Jl
may also be correlative. At section L a thin interval of
brown weathering siltstone and silty shale occurs above the
gun-blue weathering shale member whereas beneath it strata
are mostly brown weathering shale.

The upper Earn Group rests unconformably on lower
Earn Group strata over most of the area; the brown
weathering clastics above contrast sharply with the
typical gun-blue weathering rocks below (Fig. 13.2).



Fossil  collections  from  immediately beneath  the
unconformity range from mid-Frasnian (no. 12) to mid-
Famennian (no. 1%, 15, 20). Carne (1979) suggested the
existence of this unconformity at Macmillan Pass on
sedimentological grounds (at the base of his unit 4). At
section J1 a thick section of lower Earn Group rocks lies
above an early Famennian conodont locality (no. 6), which
does not confirm the existence of the unconformity in that
area, consequently the relationship there is tentatively shown
as conformable. Only one fossil collection was made from
within the upper Earn Group, and it is Osagean (no. 13).
Collections from above (no. 4) and below the upper Earn
Group (no. 14, 6 and 20) bracket it between post-mid
Famennian and pre-Late Mississippian.

Early work led to correlation of upper Earn Group
strata by Blusson (in Dawson, 1977) with the Imperial
Formation of Mackenzie Mountains. This study shows that
they are regionally different in lithology and age (see the
descriptions of the Imperial Formation at its type section by
Bassett, 1960; Chi and Hills, 1974). The upper Earn Group is
included in unit 26 of Blusson (1971) in Sekwi Mountain map
area. Blusson tentatively included conglomerate at section K
with clean quartz sandstone (quartz arenite unit of this
paper) in his unit 27. The two however, are sedimento-
logically distinct and widely separated stratigraphically. The
upper Earn Group is equivalent to the combination of
units DMsh, DMss, DMu, and CPshl of Cecile (1981) in
northeast Niddery Lake map area, unit 4 of Carne (1979) in
the Macmillan Pass area, and to the 'black clastic' unit of
Gordey (1981) in Nahanni map area.

Carboniferous to Triassic
Quartz Arenite Unit

Succeeding the Earn Group is a clean quartz sandstone,
typically fine- to medium-grained and up to 200 m thick
(section J1). At some localities (section Jl, N) it contains
little shale but at others a major amount (section H, B). In
shale-free intervals the sandstone is typically resistant and
massive, and bedding is defined by thick parting. Where
interbedded with shale most of the sandstone is clean, except
for rare mud chips, and forms thick, massive beds with sharp
planar contacts. At most localities where the base of the
unit is in sharp contact with underlying shale, the basal
sandstone is not different from that stratigraphically higher.
At section H, however, the basal sandstone is calcareous and
laminated, and is interbedded with considerable bioturbated
shale. At section B a thick, mostly brown weathering shale
member, siliceous and blue-black weathering at its base,
occurs within the quartz arenite unit. Sandstone beneath this
member is clean, massive and similar to that found else-
where; sandstone above the member has a muddy matrix and
forms beds several centimetres to 2 m thick, interbedded
with shale.

The quartz arenite is probably unconformable with the
underlying Earn Group. A conodont fauna of late Visean age
was collected 33 m above the base of the quartz arenite from
calcareous ripple crosslaminated siltstone at section A
(no. 4), whereas only 40 m below the quartz sandstone, at
section L, Osage conodonts (no. 13) were collected from the
Earn Group. Elsewhere (e.g. section A2 to E) the thickness of
upper Earn Group strata changes dramatically and locally its
upper gun-blue weathering member is absent. The age of the
quartz arenite is bracketed within the Visean (no. 13, 4, 7).

The massiveness, compositional maturity, and marine
fauna (no. %) of the quartz arenite suggest a shallow marine
depositional environment. It is correlated with the coal-
bearing Mattson Formation of the southwestern District of
Mackenzie, which contains much quartz sand and whose base
is approximately early late Visean (Bamber and
Mamet, 1978).

Post-Quartz Arenite Stratigraphy

In Nahanni map area (section N), stratigraphy above the
quartz arenite has been described previously by Gordey et al.
(1981). It consists of dark quartz siltstone and pale green
weathering shale, overlain by Lower Permian chert which is
correlated with the Fantasque Formation of southwestern
District of Mackenzie. A thick section of Triassic ripple
crosslaminated siltstone and sandstone, with thin interbeds of
shale overlies the chert.

In the Niddery Lake map area (section H, J) thick, grey,
to light orange weathering bioclastic limestone and minor
clean quartz sandstone of Late Mississippian and Early
Pennsylvanian age (no. 1, 2, 3, and 8) forms the uppermost
unit. The carbonate forms medium to thick massive beds
containing abundant crinoid, coralline, and shelly debris. The
apparent lateral discontinuity of the carbonate, its thickness
and limited age range, suggest it formed rapidly as local?
reef buildups. The carbonate contrasts markedly with
noncalcareous strata at sections Al, B, and N between the
quartz arenite unit and Lower Permian chert.

West of Macmillan Pass (sections Al, B) the quartz
arenite is overlain by brown weathering shale and silty shale,
within which is a thick member of sandstone. At section Al
the sandstone is a thick bedded, grey, clean quartz arenite,
interbedded with calcareous siltstone and shale. At
sections B and H correlative? sandstone is massive clean
quartz arenite.

Orange weathering, resistant green shale and chert
form the uppermost unit at sections Al and B, and are in
sharp contact with the underlying shale. Part or all of this
upper unit correlates with the Fantasque Formation at
section N.

Barite-Lead-Zinc-Silver Occurrences

Bedded barite occurs within the siliceous shale facies of
the lower and possibly upper Earn Group at Macmillan Pass
and sedimentary exhalative zinc-lead-silver-barite deposits
occur within clastic facies of the lower Earn Group. The
origin of both types of deposits is poorly understood. The
bedded barite occurs discontinuously over large areas and at
more than one stratigraphic horizon, forming thick deposits
only locally. Regional phenomena such as seawater
chemistry and more local factors such as block faulting may
have been important depositional controls. The sulphide-
bearing deposits are hydrothermal in origin (Carne, 1979).

Thick, bedded barite deposits near Macmillan Pass are
both younger and older than the sulphide deposits. The oldest
are Givetian and possibly Eifelian. They are 1 to 30 m thick
and occur intermittently within a structurally complex west-
northwest-trending belt at least 50 km long and 10 km wide.
At the Cathy deposit (section I), Givetian conodonts have
been collected from within the barite. Barite also occurs
near the top of the lower Earn Group in discontinuous beds
less than | m thick. At section M, a thin bed of mid-Frasnian
limestone at the top of the lower Earn Group (no. 12) is less
than 5 m above thin, bedded barite (see also section A2).

In Sekwi Mountain map area a mid-Frasnian conodont
fauna (no. 11) was obtained from a barite and shaly barite
member (Jeff deposit) more than 50 m thick. To the
northwest in northeast Niddery Lake map area Cecile (1981)
noted many occurrences of barite (in his unit D3), which may
be of similar age. In Nahanni map area bedded barite of
uncertain age(s) is widespread but discontinuous in the lower
Earn Group. Thicknesses range from a few centimetres to
many tens of metres (e.g. Oro and GHMS deposits).
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The zinc-lead-lead-silver-barite deposits at Macmillan
Pass (Tom, Jason) (near sections D, E) are post-early Middle
Devonian (no. 17, 21) and pre-early Famennian (no. 14),
possibly Frasnian (no. 26). The sulphide deposits occur at
two, possibly three stratigraphic levels within a single
submarine fan complex. The middle level (i.e. Jason south
and Tom east zones, Fig. 13.2) may represent a separate
mineralizing event or it could be structurally repeated upper
level mineralization (i.e. Tom west and Jason main zones,
Fig. 13.2). Although the deposits may be related to
contemporaneous faulting, the nature of the faults, including
their location, extent and relationship with coeval beds is
obscure.
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Abstract

The Sylvester Allochthon in southwestern McDame map area is composed of at least three
discrete mildly deformed fault bounded assemblages overlying autochthonous strata of the North
American miogeocline. A basal thrust sheet of greenstone, chert, shale and serpentinite of
Mississippian? and Permian age is overlain by another thrust sheet of Pennsylvanian to Permian
augite porphyry basalt, shale, chert, and limestone, and undated shale and sandstone. The two
assemblages have little in common stratigraphically, implying considerable distance between their
original depositional sites. A third assemblage of lapilli tuff, quartz diorite, and quartz sandstone and
shale of unknown age is in steep fault contact with the other assemblages. It may comprise a
separate thrust sheet, or be autochthonous with respect to either of the dated sequences and entirely
older or younger. Age control is not strict enough to rule out other major thrust faults within any of

the three assemblages.

Introduction

The Sylvester Allochthon in north-central British
Columbia comprises upper Paleozoic chert, greenstone,
clastic and ultramafic rocks thrust over autochthonous or
parautochthonous strata of the North American continental
margin in mid-Jurassic to Early Cretaceous time (Fig. 14.1),
and intruded later by mid- to Late Cretaceous quartz
monzonite. The relationship between the Sylvester
Allochthon and allochthonous Paleozoic and Mesozoic strata
to the southwest (Gabrielse and Dodds, 1982) and to the
Cache Creek Group farther southwest (Monger, 1975) is
uncertain. Those assemblages are roughly equivalent in age
and gross lithology but stratigraphic and faunal differences
(Monger and Ross, 1971) appear numerous. In general
Sylvester Group rocks seem much less disrupted by tectonism
than those of the Cache Creek Group.

The Sylvester Allochthon comprises most of what was
originally mapped as autochthonous Sylvester Group by
Gabrielse (1963). Pyritic black shale, and minor chert-quartz
sandstone and chert-pebble conglomerate included in the
basal part of the group were excluded when strata above this
level were later considered allochthonous (Gabrielse and
Mansy, 1980). Gabrielse (1963) recognized and described all
the major lithologies within the group, but the scale of his
work did not allow subdivision. Diakow and Panteleyev (1981)
subdivided and briefly described part of the Sylvester Group
in the northwest part of the present area.

To document the stratigraphy and structure of the
allochthon a strip across it was mapped at 1:50 000 scale in
an area known to be structurally simple, and thought to
expose relatively high stratigraphic levels (Fig. 14.2). In this
region the allochthon is composed of three discrete
assemblages preserved in a gentle syncline above
autochthonous Upper Devonian pyritic black siliceous shale
which, in turn, is underlain by Devonian dolostone and
limestone (units A, B, and C: Gabrielse, 1963; Gabrielse and
Mansy, 1980). The basal assemblage (lower thrust sheet), of
Mississippian? and Permian age, consists of shale, chert,
greenstone, and serpentinite. Strata which are partly time
equivalent and include sandstone, shale, augite basalt, chert
and limestone form an upper thrust sheet. Lapilli tuff, purple
lapilli tuff, gritty quartz sandstone and quartz diorite of
unknown age are in steep fault contact with the other two
assemblages.
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Figure 14.1. Location and geological setting of Sylvester
Allochthon. Modified from Tipper, Woodsworth and
Gabrielse (1981).
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Allochthon Stratigraphy
Lower Thrust Sheet (units (i) to (iv))

Dark weathering, well laminated, uniformly thin bedded
shale, siliceous shale and grey to pale green chert form
unit (i), which locally includes thick members of massive
shale. The only limestone seen, a bed 2 m thick, yielded
conodonts of Carboniferous, probably Mississippian age
(Table 14.1, no. 1). Thin bedded black chert southeast of
Blackfox Mountain contains Lower Permian conodonts
(Table 14.1, no. 4). As the unit has no recognized base, its
thickness is unknown, but apparently about 600 m+. The
structure, however, may be complex; marker horizons are
absent.

Dark grey-green weathering, aphanitic, pale green,
massive volcanic rocks form unit (ii). The origin of most of
the unit, whether intrusive, extrusive or pyroclastic, is not
discernible in outcrop, although tuffaceous textures are
evident locally. Thin section study shows that at least some
of the volcanics are of 'flow type' composed of highly
saussuritized plagioclase surrounding a few per cent of
unaltered augite. Tremolite, chlorite, carbonate and epidote
group minerals form an extensive alteration assemblage.
Small to large intrusive and (?) extrusive bodies of unit (ii)
greenstone are numerous within unit (i) and suggest that the
two units may be partly temporal equivalents. The thickness
of unit (ii) is unknown but is probably at least as thick as
unit (i), i.e. 600 m+. Serpentinite of unit (iii) is spatially
associated and in contact with unit (ii) greenstone, and is not
found with volcanic rocks in the upper thrust plate.

Unit (iv) consists of medium grained equigranular
gabbro, typically containing 10 to 15 per cent augite in a
matrix of highly saussuritized plagioclase with rare
hornblende, biotite and minor quartz. The euhedral to
subophitic augite shows minor alteration to tremolite.
Patchy carbonate and scattered chlorite are common altera-
tion minerals. Numerous intrusive bodies of unit (iv) cut
strata of unit (i) and may be related to eruption of unit (ii)
greenstone.

Upper Thrust Sheet (units | to 4)

Unit | is composed of dark to black recessive
weathering shale, siltstone and lesser sandstone. The sand-
stone is a fine- to coarse-grained, moderately sorted wacke,
and consists of subrounded to subangular quartz and chert in

equal abundance, with rare squashed mud clasts and detrital
muscovite. Most of the chert grains contain some
argillaceous material as expressed by crowded platelets of
white mica. Quartz grains have silica overgrowths.
Petrographically the sandstones are remarkably similar to
Upper Devonian and Mississippian clastic rocks of the
autochthonous succession. The unit is so recessive that
bedding style and other features are not easily studied.
Thickness is probably about 300 m+.

Green-grey weathering volcanic rocks of unit 2 overlie
unit 1 along a sharp contact. They consist of augite porphyry
basalt, breccia and tuff (Fig. 14.2), with lenses of crinoidal
limestone. In most places the rocks are massive and breccia
or tuffaceous texture is seen only on suitably weathered
surfaces. A sequence of basalt flows 60 m* thick with well
developed pillows was noted south -of Juniper Mountain
(Fig. 14.3), and near the peak and on the west slope of the
mountain. All rock types within the unit are very well
indurated. In thin sections of the porphyry the augite is
relatively fresh, but the matrix of tiny interlocking feldspar
crystals is completely altered, with epidote and chlorite
being common alteration products. Unit 2 volcanics can be
distinguished easily from those of unit (ii) by their structural
and stratigraphic position and their plentiful augite
phenocrysts. About 70 m above the base of unit 2 lenses up
to 20 m thick of grey weathering crinoidal limestone (unit 2b)
locally yielded Lower Pennsylvanian conodonts (Table 4.1,
no. 2). The thickness of unit 2 is estimated at about 600 m *.

South of Juniper Mountain unit 2 is overlain by thin
bedded red and green chert and minor limestone of unit 3.
Both red and green chert range from relatively pure to
argillaceous with thin bands and laminae of tuffaceous?
material. Thicker interbeds consist of graded fine sand and
silt. The limestones within unit 3 are at least several metres
thick, are white weathering, massive, and finely crystalline;
one vyielded Middle Pennsylvanian conodonts (Table l4.1,
no. 3). The underlying volcanics of unit 3 are thus brackcted
between Early and mid-Pennsylvanian. Another limestone
and chert from the unit yielded Lower? Permian conodonts
(Table 14.1, no. 5, 6). The thickness of the red and green
chert that may either lie above the younger limestone or
separate the two limestones is now known. The thickness of
the unit including the limestone members is difficult to
estimate because of tight folding but the exposed thickness
appears to be about 100 m=.

Figure 14.3

Well developed pillows in unit 2(a) augite
porphyry basalt.
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Table 14.1

Fossil determinations and age assignments for conodont collections
from southwest McDame map area, Sylvester Allochton

No.  GSC No. Lat./Long. Unit Lithology Fauna and Age
1. €-087675 59°12.3'N; 129°18.2'W (i) limestone 'Spathognathodus’ cf. 'S.' stabilis (Branson & Mehl),
Metalonchodina Sp.
Age: ?Mississippian
2. -087676  59°10.5'N; 129°36.2'W 2  limestone Idiognathoides cf. I. sinuatus Harris & Hollingsworth,
Neognathodus bassleri Harris & Hollingsworth,
N. symmetricus (lLane), Gnathodus? n. sp.
Age: Early Pennsylvanian
3. €-087677 59°08.2'N; 129°29.0'W 3 limestone Idiognathodus delicatus Gunnel,
Neognathodus medadultimus Merrill,
Streptognathodus? SPs,
'Neogondolella' laevis (Kosenko & Kozitskaya),
'N.' SP., Gnathodus? spp.
Age: Middle Pennsylvanian
4. C-087682 59012.2'N; ]29024.2'W (i) chert 'Neogondolella' bisselli (Clark & Behnken) - 'w.’
idahoensis (Youngquist, Hawley & Miller) group
Age: Early Permian
5. c-087679  59°08.1'N; 129928, 2'W 3 chert age and fauna same as C-087682
6.  C-087680 59°08.1'N; 129°27.7'W 3 limestone age and fauna same as C-087682
y €-087678  59°09.0'N; 129%25.8'W 4 limestone age and fauna same as C-087682
8. €-087683  59°02'N; 128%7'w - chert age and fauna same as C-087682
Numbers 4 to 8 are all low diversity fragmented neogondolellid faunas which are not well enough preserved to be
confident of species determination. Fragments display characteristics of the group which: includes the two
named species as 'evolutionary end members' of a series that is in need of substantial taxonomic clarification,
with particular emphasis on ontogenetic changes.
1 to 7 correspond to locations on Figure 14.2
8 is from northern Cry Lake map area (1041)
Identifications and age assignments by M.J. Orchard

Blue-grey weathering limestone of unit 4 is commonly a
coarsely crystalline crinoidal or fusulinid hash. It contains
abundant angular clasts, up to 1.5 m across, of orange
weathering, fine grained, green volcanic rock both scattered
within the limestone and as concentrations along certain
horizons outlining bedding. Below a sharp contact at the base
of the limestone are pebbly sandstone and minor pebble
volcanic-clast conglomerate a few metres thick. Small
'flames' of the sandstone project upward into the limestone.
Unit & is fault bounded and its relationships with other units
remain uncertain. It yielded cdnodonts dated broadly as
Permian (Table 14.1, no. 7), perhaps equivalent in age to the
limestone within the chert of unit 3. The unit is at least
200 m thick.

Assemblage of Unknown Age (units [ to IV)

Units I to IV form an assemblage in steep fault contact
with those previously described. Unit I consists of massive,
dark brown, recessive weathering, weakly cleaved and some-
what poorly indurated fragmental volcanic rock, mostly
lapilli tuff. Within the volcanics thin interbeds of thin
bedded to massive limestone up to 20 m thick, make up about
5 per cent of the unit. The limestone ranges from
argillaceous to fairly pure, and from finely crystalline to
sugary textured. Minor members include clean quartz sand-
stone (locally associated with the limestone), maroon
siltstone, shale, and chert, and fine grained variolitic
volcanic rock. The unit is probably at least several hundred
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metres thick although structural repetitions are possible but
cannot be documented because of a lack of structural and
stratigraphic data.

Unit I is apparently overlain by distinctive maroon to
purple-red weathering tuff (Unit II) about 100 m#* thick
which contains lapilli-size fine grained green volcanic
fragments in a maroon to purple fine grained matrix. The
upper and lower contacts are not exposed.

Overlying? unit II is fine- to coarse-grained, fairly
pure, medium bedded quartz sandstone, calcareous sandstone,
and shale (Unit III). The sandstone is moderately sorted and
consists of monocrystalline and polycrystalline undulose
quartz, and 5 to 10 per cent microcline and plagioclase. The
matrix is extensively recrystallized to a mat of fine grained
felsic minerals, mostly quartz, and abundant white mica.
Fine grained green volcanic tuff and coarse grained diorite
are found within the unit but their extent and distribution are
unknown. The top of the unit is not exposed, but its thickness
is probably at least 70 m.

Unit IV is a small intrusive body of medium grained
quartz diorite. It consists of about 5 per cent completely
chloritized mafic mineral(s) (originally hornblende?),
15 per cent quartz, minor interstitial microcline, and highly
saussuritized plagioclase. Augite occurs as scattered small
unaltered crystals within the chlorite masses. The rocks of
unit I are not significantly metamorphosed at the contacts
with the quartz diorite.




Structure

The Sylvester Allochthon is preserved as a mildly
deformed, flat, imbricated sheet within a broad synclinorium.
Deformation possibly related to the sole fault was seen only
near Needlepoint Mountain. There, a lens of (unit (i)?) shale,
chert, and minor tuff or tuffaceous sandstone above the sole
thrust has a weak transposition fabric. Augen of chert and
tuffaceous sandstone developed from disruption of competent
beds are set in a sheared and rodded shale matrix (Fig. 14.4).
The rock commonly splits along irregular surfaces showing a
well developed microrodding and wrinkle lineation. The
lineation and the long axes of chert and sandstone augen
generally trend northwest —~ southeast and plunge gently in
either direction. Where the rock is more strongly transposed
a gently dipping planar cataclastic foliation is developed
containing the linear elements. The foliation generally has a
shallow northeast dip and seems concordant with the under-
lying sole thrust. The sole thrust is not exposed. Rocks of
the autochthon immediately beneath are recessive
weathering, pyritic, black siliceous shale.

Deformation within the allochthon is mild and
heterogeneous, although the effects of possible structural
repetition on stratigraphic thickness cannot be assessed.
Unit (i) locally shows slaty cleavage and fracture cleavage,
but minor folds were not seen. Local thick members of
massive shale contrast with the well bedded nature of most
of the unit. The massive character may have been
structurally produced but the rocks do not possess consistent
planar or linear structural elements. In unit I some small
outcrops of shale are not cleaved and display fine
sedimentary lamination, yet in others tight folds and slaty
cleavage are developed. Thin bedded chert and minor lime-
stone of unit 3 are highly contorted southwest of Juniper
Mountain. The competent volcanic rocks of unit 2 beneath
are apparently undeformed, as are the greenstones of
unit (ii).

A thrust fault is thought to separate units (i) to (iv)
from units | to 4 because of older over younger relationships
indicated by conodont ages. Unit (i) includes strata at least
as young as Permian whereas unit 2 of the upper thrust sheet
is in part demonstrably Lower Pennsylvanian. The contact of
upper and lower thrust plates is sharp although not well
exposed where seen by the authors. Diakow and
Panteleyev (1981, p. 61) state that where examined by them

Figure 14.4

Chert augen within argillaceous matrix;
cataclastic texture seen in rocks of unit (i)?
near base of Sylvester Allochthon at
Needlepoint Mountain.

"the contact in many areas appears to be a plane of
décollement (possibly a major thrust fault). Argillite beds
along the contact are crumpled, and locally contain large
boudins of dyke material". Conodont ages seem to indicate a
normal younging upward succession for the upper thrust
sheet. Age control, however, is not strict enough to rule out
other thrust faults within either the upper (e.g., at base of
unit 2) or lower thrust plates. East of Juniper Mountain units
of both lower and upper thrust sheets are repeated. Although
tentatively shown as resulting entirely from imbrication, it is
unclear exactly how the observed distribution was produced.

The lower and upper thrust sheets, broadly equivalent in
age, seem to have little in common stratigraphically, which
implies a significant distance between their original sites of
deposition.

The relationship of the two dated assemblages with the
third is not known. The latter may form a separate
allochthonous slice of equivalent age or it may be
autochthonous with respect to either of the dated
assemblages and be entirely older or younger. The contacts
of units I to III within the third assemblage are presumably
stratigraphic. The possibilities that the units themselves are
discrete thrust slices or alternatively that they young
systematically upwards in depositional sequence cannot be
demonstrated without paleontological control.

Regional Relationships within
Sylvester Allochthon

The stratigraphic and structural complexities of the
Sylvester Allochthon described above imply that two
important volcanic and or subvolcanic units seem to be
present. The most widespread and structurally lowest is
commonly spatially related with ultramafic rocks. [t under-
lies most of the rugged peaks southeast of Mount Pendleton,
extending through southern McDame map area and into Cry
Lake map area. The other, of Pennsylvanian age, appears to
be less extensive.

Limestone units (including these described here) of Late
Mississippian (Late Visean to Early Namurian; Mamet and
Gabrielse, 1969), Pennsylvanian, Permian and Triassic
(Gabrielse, 1963) ages have been identified within the
allochthon. Their distribution suggests the allochthon
consists of discontinuous lithological units - complicated by
low and high angle faults perhaps related to its emplacement.
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The steep fault marked by discontinuous sheared
serpentinite bodies southwest of Mount Pendleton can be
traced southeastward into Cry Lake map area where its
continuation is marked by a conspicuous lineament and the
occurrence of more ultramafic pods and lenses. Near the
boundary of McDame and Cry Lake map areas it separates
rocks as old as Late Mississippian (Nizi Formation) to the
west from rocks as young as Permian to the east (see
Table 14.1, no. 8). Thus it may represent the sole fault of
another major imbrication within the allochthon.
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Abstract

Two piston cores from the inner northeast Newfoundland Shelf contain a correlatable sequence
of sediment units, including: unsorted red till and stratified red till of Late Wisconsinan age; banded
brown glaciomarine mud; gravelly periglacial mud (brownish below, grey above); and olive-grey
Holocene mud. Studies of foraminifera in one core show that the red till is unfossiliferous or has a
mostly reworked fauna; banded and gravelly brown muds have a calcareous Islandiella-Cassidulina
fauna, with common Elphidium excavatum; gravelly grey mud has a similar fauna but with
agglutinated species also present; the Holocene mud has a diverse fauna, partly dominated by
Nonion labradoricum but overlain by a surface layer with an agglutinated fauna. Magnetostratigraphy
of the cores shows some evidence of a major inclination excursion at the base of the Holocene mud
and a shallower excursion at the top of the brownish periglacial mud. The usefulness of
paleomagnetic data for lithofacies correlations is limited, however, by variable core recovery of very
soft sediments and, possibly, by other sources of disturbances, such as bioturbation and irregular
deposition of ice-rafted debris.

Introduction a refrigerator at 4°C. Cores 20P and G were sampled for

The continental shelf off northeastern Newfoundland is lorapinitera in 1978 and again in 1980, at which time there

dissected by numerous broad channels and deep troughs
(Fig. 15.1), which were probably formed by glacial erosion
(Grant, 1972).  High resolution seismic reflection studies
(Dale and Haworth, 1979) show that, in Notre Dame and
White bays, 5 to 9 m of mud overlies an acoustic reflector
which denotes the surface of unstratified glacial till. The till
probably marks the last advance of the Wisconsinan ice sheet
over the northeastern Newfoundland Shelf; however, the age
of this ice advance has formerly been uncertain.

We describe here preliminary results of a study of two
piston cores and their trigger weight gravity cores which
were obtained from the Notre Dame Channel about 50 km
offshore (Fig. 15.1). The core sites are about 200 m apart
and both piston cores appear to contain a continuous
sequence of postglacial sediments overlying unstratified till
at the base. The purposes of this report are:

i) to describe the core lithostratigraphies and preliminary
foraminiferal ecostratigraphies;

ii) to date the major paleoecological events recorded in the
cores; and

iii) to evaluate the usefulness of paleomagnetic data for
correlation of late Quaternary marine sediment cores.

Methods

During CSS Hudson Cruise 78-023, two piston cores
(Core 20P and 21P) were obtained from an area of flat
bottom topography about 50 km offshore in the Notre Dame
Channel, at a water depth of 286 m. A trigger weight gravity
core was recovered in conjuction with each piston core.
These gravity cores (Cores 20G and 21G) represent samples
of the surface mud about 1 m away from the piston cores.
Methods of navigation, coring and seismic reflection profiling
are described by Dale and Haworth (1979). X-radiographs
were taken before the cores were split in 1978. The split
cores were visually described and sediment texture was semi-
quantitatively studied using smear slides and counts of the
clasts in the X-radiographs, following the method of
Piper (1976). The cores were wrapped in plastic and stored in

was no visible evidence of gypsum precipitation or fungus
growth. In 1981, all the cores were sampled for
palynomorphs and paleomagnetism measurements. The
methods used to prepare the microfossil samples and to
measure the natural remanent magnetism are described with
the results of these studies.
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Sediment

Five lithological wunits are recognized which are
stratigraphically correlatable between Cores 20 and 21 and
can be related to lithofacies in other cores from the
northeast Newfoundland Shelf described by Dale (1979) and
Piper et al. (1978). The correlation between Cores 20 and 21
is shown in Figure 15.2; for clarity, however, only the
lithostratigraphy of Core 20 is described in detail as follows.

Unit 5 (1005-1095 cm). The base of the piston cores
consists of about 1 m of unstratified, very stiff, greyish red
to brown (2.5 YR —5 YR 4/3) gravelly mud. The mud is
either unfossiliferous or contains very few, poorly preserved
foraminifera, diatoms and Paleozoic spores. This unit has a
poorly sorted silty clay matrix, with about 5 per cent sand,
abundant angular granules and scattered gravel to cobble-
sized clasts. The sand contains many iron-oxide stained
grains and coal fragments; Barss (in Dale, 1979) reported that
the coal is of Westphalian A (Late Carboniferous) age. This
semi-consolidated diamicton has the characteristics of
lodgement till (Dreimanis, 1976) and it must have been
transported by ice which eroded Upper Carboniferous
bedrock. The closest source for the coal is an area of
Mississippian-Permian sandstone (Haworth et al., 1976) which
lies about 1 km west of the core sites. On seismic records
(Dale, 1979), the unstratified till unit appears to cover an
extensive area, being thicker inshore at sites 19 and 13
(Fig. 15.1) and thinner offshore at site 32.

Unit 4 (910-1005 cm). About | m of laminated greyish
red (10 R 4/2) mud overlies the unstratified till. This mud is
also essentially unfossiliferous, although a small number of
foraminifera are present. The lower half of the unit contains
iron-stained sand, coal and Carboniferous spores. The
sediment is stiff and consists of layers (0.5 — 20 cm thick) of
poorly sorted silty mud with 5 per cent sand and fine to
medium gravel, alternating with thinner (0.25 — 5 cm) layers
of clayey mud. Most of the laminae are sharp-based, grading
upwards to coarser or finer lithologies. This laminated mud
shows evidence of sorting (silt to silty clay couplets) within
the clayey laminae.

Unit 3 (685-910 cm). About 2 m of banded mud overlies
the laminated sediment. This mud contains abundant marine
diatoms. Small numbers of planktonic and benthonic
foraminifera are found in the lower part of the unit,
becoming fairly abundant towards the top. The banding
consists of relatively thick (2-10 cm) layers of brown
(10 YR 3/2) silty or gravelly mud, alternating with thin
(0.5 cm) layers of olive grey (5Y 4/1) or brown (5 YR 3/4)
mud containing abundant well preserved cylindric diatoms
(Chaetoceros atlanticus) and small centric diatoms
(cf. Melosira). Unit 3 has the textural characteristics of
glaciomarine sediments which are presently found under and
proximal to Antarctic ice shelves (Anderson et al., 1980).
The diatom-rich laminae suggest the periodic upwelling of
nutrient-rich water at the edge of a floating ice shelf
(Foldvik and Kvinge, 1977).

Unit 2 (95-685c¢m). A thick (4-6 m) sequence of
fossiliferous greyish mud, with scattered granules and
occasional sandy or gravelly layers, overlies the banded mud.
This lithofacies is divided into 3 subunits on the basis of
differences in colour and gravel content which coincide with
major changes in diatom and carbonate content.

Subunit 2C (4#00-685 cm) consists of about 2.5 m of
greyish brown (2.5 YR #4/1) to olive (5 Y 5/2 or #/1) silty mud.
The mud is poorly sorted, with scattered gravel and
occasional thin (<2 cm) siity layers. Well preserved, small
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centric diatoms are common but larger diatoms (C. atlanticus
and Coscinodiscus spp.) are mostly broken. Bioturbation is
indicated by burrows and mottles and by discontinuous or
gradational laminae. The mud is relatively firm and coarse
textured below and grades upwards to soft mud. The upper
mud shows diffuse to sharp-based Ilaminae in the
X-radiographs: the laminae consist of thin (ca. 1 cm) layers
of coarse silt, about 10 per cent sand and abundant granules,
alternating with wispy layers of poorly sorted silty mud
containing abundant small centric diatoms.

Subunit 2B (358-400 cm) consists of about 50 cm of
greyish-brown (10 YR 5/2) silty carbonate-rich mud which
grades upwards to a greyish-green mud sequence, Subunit 2A.
The carbonate-rich mud corresponds to Dale's (1979) Unit 2
and contains carbonate lithologies in all grain size classes.
However, much of this carbonate seems to reside in the
abundant calcareous foraminifera which mark this subunit.
The heavy mineral and clay fractions (see Dale, 1979) are not
significantly enriched in calcite or dolomite relative to other
sections of the cores. Well preserved large Coscinodiscus
frustules are common to abundant within faintly discernable
diatom-rich laminae. Dale's correlation of this lithofacies
with Aksu and Piper's (1979) ice-rafted carbonate layer is
therefore questionable and it seems more likely that
subunit 2B marks a late glacial ice margin environment which
is commonly characterized by an Elphidium excavatum acme
zone in eastern Canadian shelf sediments (Vilks, 1981).

Subunit 2A (95-358 cm) consists of dark grey (2.5 Y 4/1)
to greenish (5Y 5/2) gravelly mud which is significantly
thicker (3m) in Core 20 than in Core 2l (ca.l m).
Subunit 2A is similar to subunit 2C but it contains more fine
sand and (towards the base) a larger amount of coarse gravel
and it lacks the brownish hues which characterize subunit 2C.
Subunit 2A contains abundant large Coscinodiscus frustules,
both whole and broken. The texture of the mud in subunit 2A
is similar to that of the iceberg zone mud lithofacies
proximal to a modern Alaskan tidewater glacier
(Powell, 1980).

The relatively high organic and microfossil content of
unit 2 suggests that it was deposited in the absence of a
permanent ice cover. However, subunit 2C corresponds to a
strongly stratified acoustic-morphologic unit (Dale and
Haworth, 1979) which may indicate a proglacial environment
(cf. Parrott et al., 1979). Subunit 2A  is  acoustically
transparent and the sand and gravel probably indicate
frequent deposition of ice rafted detritus. The sand in this
subunit lacks iron-oxide coatings and appears fresher (less
worn) than that in subunit 2C and unit 3.

Unit 1 is found in the gravity cores and the tops of the
piston cores. It consists of dark olive grey (5 Y 3/2) to olive
brown (7.5 YR) mud which is structureless or bioturbated.
The mud is soft to soupy in consistency and is highly
fossiliferous, with abundant small centric diatoms and large
Coscinodiscus frustules. The lithofacies is tentatively divided
into subunits on the basis of gravel content. Subunit 1B
(3-95 cm in Core 20P) contains scattered fine gravel which is
most frequent near the base. Subunit A (Core 20G and
Core 20P, 0-3 cm) is mostly fine grained, with rare silty or
sandy-gravelly mud layers, notably at the tops of the cores.

Foraminifera

Core 20 was sampled for foraminifera at about 20 cm
intervals. The samples (20 cm?® volume) were prepared by
washing through a 63 pm sieve mesh, then drying and
floating the specimens, wusing standard foraminiferal
separation techniques. The  total numbers  of
Cibicides lobatulus, Islandiella helenae, I. norcrossi, and
Nonion labradoricum were counted in both the piston and



gravity cores.

columns 1-3 and in Figure 15.4.

These results are shown
It should be noted that the

in Figure 15.3,

two Islandiella species have been grouped as a single entry.

Aksu (in Dale, 1979) counted

the number

of planktonic

foraminifera, benthonics, and Elphidium excavatum in
Core 20P; these data and the percentage frequency of
E. excavatum are also shown in Figure 15.3 (column 4). In
addition to counts of the calcareous species listed above,
which will be used for future oxygen isotope studies at
Dalhousie University, notes were made of the major
arenaceous foraminifera species and other important
calcareous species in Cores 20G and P. The main results are

-

summarized as follows (also see Fig. 15.9).
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Table 15.1

Foraminifera in samples of (A) stratified till and
(B) diamicton from Core 20. Sample A is a
one-fifth split and B is a one-half split

A B
Core interval (cm) 998-1000 1008-1010
Elphidium excavatum 80 116
Cassidulina reniforme 77 77
Bucella hannai 7 22
B. frigida 23 12
Cibicides lobatulus 2 6
Haynesina orbiculare 8 6
Elphidium albiumbilicatum - 6
E. cf. subarcticum 8 -
Islandiella helenae 3 6
1. norcrossi 5 -
I. indeterminate 4 -
Astrononion gallowayi 8 6
Virgulina schreibersiana 6 -
Nonion labradoricum 5 5
Other species 9 (7 spp.) 19 (12 spp.)
Indeterminates 22 43

267 324

Units 5 and 4. Below 920 cm, the faunas are sparse and
the tests, although not etched, show traces of abrasion and
breakage. The dominant forms are E. excavatum and
Cassidulina reniforme; Virgulina schreibersiana is rare and
E. groenlandicum is present sparingly. Samples from the base
of unit 4 (998-1000 cm) and the top of unit 5 (1008-1010 cm)
were analyzed in detail as shown in Table 15.l. Large
numbers of indeterminates in these samples reflect the poor
preservation of the fauna and suggest transport and
redeposition. Asku (in Dale, 1979) reported that a few
foraminifera (total = I17) are present in a sample from
1030 cm depth. The amount of foraminiferal redeposition
seems maximum at the base of the stratified mud, and it
decreases upwards gradually until a seemingly in situ fauna is
found at 920 cm. The till below 1030 cm has not been
sampled in detail but it appears to contain no recognizable
foraminifera.

Unit 3 and lower Subunit 2C. From 920 to 500 cm, the
fauna is also mostly sparse and is low in diversity. Only
calcareous species are present. The predominant species are
E. excavatum, Islandiella spp. (mainly L norcrossi) and
Cassidulina reniforme; V. schreibersiana is very variable but
is occasionally dominant. N. labradoricum is a minor
constituent except in the 860-920 cm interval.

Subunit 2C to lower 2A. From 500-200 cm, the domi-
nant species is E.excavatum, with variable amounts of
Islandiella spp. and C. reniforme. The calcareous fauna is
also accompanied by agglutinated species, mainly
Spiroplectammina biformis and Reophax arctica.

Subunit 2A to IB. From 200-3 cm in Core 20P, the
number and diversity of benthonic foraminifera increase,
E. excavatum tends to be replaced by Islandiella spp., and the
abundance of C. lobatulus and N. labradoricum increases.
The agglutinated fauna also changes, becoming dominated by
Adercotryma glomerata and Cribrostomoides crassimargo,
with common Reophax subfusiformis.
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Unit 1A. At the top of the piston core (0-3 ¢cm) and in
most of the gravity core (see Fig. 15.4), the fauna is
dominated by vast numbers of Nonion labradoricum which are
frequently fragmented, with the last chamber(s) broken off.
I. helenae is also fairly common and a few Globobulimina
auriculata are present. The arenaceous fauna accompanying
this calcareous fauna is similar to that in subunit 1B. The
distribution of this foraminiferal assemblage establishes that
there is a slight overlap (ca. 20 cm) between the stratigraphy
of the gravity and piston cores. At the top of
Core 20G (0-5 cm), however, the gravelly layer contains a
very different fauna which is not present in Core 20P. This
surface fauna contains only a few poorly preserved
calcareous forms and it is dominated by the agglutinated
species, A. glomerata, S. biformis and C. crassimargo.

Discussion

Five foraminiferal assemblages are recognized in
Core 20: I. a reworked assemblage; IlI. an Elphidium-
Islandiella-Cassidulina  assemblage; [fll. an  Elphidium-
Islandiella-Cassidulina-arenaceous assemblage; V. a Nonion
labradoricum assemblage; and V. an Adercotryma glomerata
assemblage. The environmental characteristics of these
faunal assemblages are discussed as follows.

I. Reworked assemblage (1030-920 cm). The samples
from below 920 cm contain only a few well preserved
specimens, mainly E.excavatum and C. reniforme. The
assemblage appears to contain mostly redeposited tests and it
probably represents, at least in part, reworked material
flushed from a melting ice front or ground moraine. The
similarity in faunal composition suggests that the
assemblages in unit 4 may have been derived from the fauna
in unit 5.

II. Elphidium-Islandiella-Cassidulina assemblage (920-
500 cm). This assemblage comprises calcareous foraminifera.
It occurs extensively in all clayey deposits formed during the
retreating phase of the last glaciation. It occurs on the
Labrador Shelf (Vilks, 1980), in Hudson Bay (Leslie, 1965),
Frobisher Bay (Osterman, personal communication), in raised
marine deposits around the St. Lawrence Estuary (Guilbault,
unpublished data) and in Champlain Sea sediments
(Guilbault, 1980). Where seismic reflection data are
available, this assemblage is associated with an acoustically
stratified unit, possibly deposited by a floating ice shelf.

III. Elphidium-Islandiella-Cassidulina-arenaceous assem-
blage (500-3 cm). The main difference between this and the
previous assemblage (II) is the presence of arenaceous forms
in IIl. Assemblage III presently occurs in Hudson Bay, on the
Labrador Shelf, near the coasts of Greenland, on the Grand
Banks and in the Gulf of St. Lawrence. In the last area, this
fauna is associated with a cold water layer, with salinities of
30-37 %o, between the seasonal less saline surface layer and
the more saline oceanic bottom water. On the Labrador
Shelf, the assemblage is not found in the surface mud of box
cores but occurs immediately beneath and may represent the
taphrocoenosis derived from early diagenetic destruction of
the numerous arenaceous species present on the seafloor
(Vilks et al., 1982). The advent of the arenaceous species in
postglacial sediments has been observed in Hudson bay, Lake
Melville, and on the Labrador Shelf and it seems to be related
to the end of the glacial influence in these regions. However,
insufficient data are available to interpret the
Faleoecological significance of the different arenaceous
assemblages with certainty.




Table 15.2

Radiocarbon dates, based on total organic matter (t.o.m.) for
Core 78-023-20, and palynomorph data for subsamples of the
dated sediment

Core No. and Radiocarbon Measured Palynomorphs per gram
Sample Depth Lab. No. YC Age dry weight
(cm) (years B.P.) Quaternary pre-Quat. 'Graphite'

78-023-20G GX7765 9185 + 359 12 425 0.05% 2%
(53-65 cm)
78-023-20G GX7764 9525 + 315 8 462 1.5% 1%
(105-115 cm)
78-023-20P GX7763 21 980 + 1135 1 050 10% 33%
(861-869 cm)
78-023-20P Gxesos 25490 1270 0 850 75%
(890-912 cm) )

IV. Nonion labradoricum  assemblage (Core 20P, that the apparent radiocarbon ages should be corrected by

0-3 cm, Core 20G, 10-100 cm). Modern analogues of the
N. labradoricum assemblage are few and their distribution is
poorly known. The assemblage is found on the Scotian Shelf
(Williamson, personal communication) as a variant of the
Bulimina marginata assemblage which inhabits the warm,
saline Atlantic water at the base of deep basins. On the
other hand, high abundances of N. labradoricum and
G. auriculata may indicate transport, because they are easily
carried by currents. Living specimens are mostly found on
the edges of basins from where they can easily be transported
downslope. In the Laurentian Channel, Cole (unpublished
data) found both species (living and dead) in greatest
abundance below 300 m depth, in saline water with a
temperature of about 5°C. On the Tail of the Grand Banks,
Sen Gupta (1971) found large numbers of living
N. labradoricum and G. auriculata in an area where warmer
Atlantic water laps onto the shelf edge. The dead fauna in
Sen Gupta's samples has a completely different composition
and is probably relict Pleistocene. Thus, on the Grand Banks,
tests of N.labradoricum and G. auriculata are being
generated but are probably carried away soon after their
death.

In summary, the N. labradoricum assemblage seems to
be related to waters warmer than those dominated by the
Elphidium-Islandiella-Cassidulina-arenaceous assemblage and
may therefore indicate an incursion of Atlantic water into
Notre Dame Channel. On the other hand, it may represent a
change in the mode of sediment transport, causing different
substrate conditions or a preferential concentration of dead
N. labradoricum tests.

V. Adercotryma glomerata assemblage (Core 20G,
0-5 cm). This assemblage presently occurs in coastal water
on the Scotian Sheif at depths of 0-250 m, and on the upper
Labrador Slope, in normal marine conditions at depths of
300-500 m. The ecological implications of the fauna at the
top of Core 20G must await further study of this widely
distributed arenaceous assemblage.

Radiocarbon Dates

Four radiocarbon dates were obtained from total
organic matter (t.0.m.) in mud from the core intervals shown
in Table 15.2. It is well known, however, that radiocarbon
dates from highly inorganic muds are usually erroneously old
(Olsson, 1968; Stuckenrath, 1977; Nambudiri et al., 1980) and

estimates of the amount of old carbon contamination. A
modification of the method using pre-Quaternary
palynomorph counts to estimate the relative amount of
contamination (Nambudiri et al., 1980) has been applied here.
This modified method considers both the quantity of pre-
Quaternary spores and other organic material (kerogen)
showing a high degree of thermal alteration. Hence, counts
were made of the 'graphite' (zhighly reflective coal particles)
in the <150 um fraction (Table 15.2) and in the coarser
sediment fraction. The palynomorphs and 'graphite' are
considered to constitute the major sources of old carbon
contamination because treatment with hot hydrochloric acid
prior to '*C measurement removes most of the nonrefractory
amorphous hydrocarbons and calcium carbonate sources other
than dolomite, which was not found in the radiocarbon sample
lithologies. A very small volume (<0.5%) of orange-brown
wood fragments were observed in the gravity core samples
but not in the piston samples. It is not possible to assign a
definite age to these slightly altered wood particles but they
can be ignored here because their quantity is very small
relative to the number of well preserved Quaternary pollen,
spores and dinoflagellate cysts in the gravity core.

Using the data in Table 15.2 and the carbon correction
graphs of Olsson (1968) and Stuckenrath (1977), it is
estimated that the apparent radiocarbon dates for Core 20
should be corrected as follows.

l. The gravity core samples contain about 3% v/v of
nonradiogenic carbon; hence, the apparent ages of 9185
and 9525 years B.P. may be up to 500 years too old. The
similarity of the spruce-tree birch pollen assemblages in
the two samples, however, is in accord with the small
difference between the apparent radiocarbon ages.

2. The sample from about 860 c¢m in Core 20P contains about
40 per cent old carbon; therefore, the apparent age is
about 5000 years too old. When corrected, the apparent
1*C age of ca. 2l 980 years B.P. yields a 'true age' of
ca. 16 980 years B.P. This 'true age' for wunit#4 is
consistent with a date of 17000 * 270 vyears B.P.
obtained from barnacles in relict littoral sand on the
southwestern Grand Banks (Slatt, 1974).

3. The sample from about 900 cm contains at least
75 per cent inert carbon in the fine fraction and it is not
clear if any of the total organic matter represents an
autochthonous biota. The radiocarbon date is of finite
age, however; hence, the total organic matter must
contain some penecontemporaneous reworked organics.

111



Foraminifera are the only obvious source of this organic
material. The simplest assumption is that the
foraminifera are derived from the top of the youngest
Wisconsinan interstadial (Plum Point) which is dated at
ca. 24 000 years B.P. (Bowen, 1978). If a ratio of ca. l:l
Plum Point carbon (foram linings) to inert carbon is
assumed, then correction of the apparent age of
25 400 years yields a 'true age' of ca. 18 000-
19 000 years B.P. This age is consistent with the average
age of the Late Wisconsinan glacial maximum based on
'¥C dates from deep-sea foraminifera and periglacial
peats.

Paleomagnetism

Use of magnetostratigraphy to date sediments by
correlation of small-scale magnetic excursions has met with
some success in the Great Lakes region and eastern Canada
(see reviews by Verosub and Banerjee, 1977;
Barendregt, 1981). Because of the problems of dating
unfossiliferous tills and highly inorganic pre-Holocene marine
sediments, paleomagnetic studies were made of Cores 20
and 21 in an attempt to answer the following questions:

i) are short-lived regional polarity changes, such as the
Erieau and Lake Michigan excursions, also recorded in
sediments of the northeast Newfoundland area and,

ii) how similar is the magnetostratigraphy of piston-gravity
core pairs spaced 200 m apart in an area of flat bottom
topography and flat-lying subbottom acoustic reflectors?

Natural remanent magnetization (NMR) was measured
from samples (8 cm?) taken at approximately 10 cm intervals
from Cores 20G, 20P, 21G and 21P. A Schonstedt Digital
Spinner Magnetometer was used to measure inclination,
declination and intensity after systematic demagnetization at
50 Oe steps (where 1 0e =79.6 A/m in Slunits) in an
alternating magnetic field.  During the spinning, some
samples of very soft mud from Core 21 began to slide within
the sampler sleeves. Therefore, tests were done to
determine the effect of freezing the samples in their sleeves
before demagnetization. This treatment was found to have
little effect (<5°) on NRM polarity or on magnetic intensity
up to a demagnetization field of 250 Oe, after which the
samples started to melt and slide. All measurements for
Core 21 were therefore made using frozen samples. The
polarity data reported here are arithmetic means of
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Figure 15.5.  Stable inclination vs. sample depth for
Core 20G and 20P. Letters denote excursions of >10° from
the centred axial dipole. Dashed lines indicate core sections;
horizontal bars show the range of values/sample where this
exceeds 4°.
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4-5 measurments obtained before demagnetization step
300 Oe. The magnetic intensity values are those obtained at
step 200 Oe.

Stable inclination for Core 20 (Fig. 15.5) shows that
most of the secular variations are within *10° of the centred
axial dipole inclination (68°) for the core site latitude. No
reversals were found but significant departures from the
dipole inclination are recorded in the lower part of Core 20G
and in Core 20P at 170-190 cm and 925-1000 cm. The
largest inclination excursion, designated Event C',
corresponds to a 60° rotation of the stable declination
(Fig. 15.6) in the gravity core; the excursion at 170-190 cm
(Event D') in Core 20P corresponds to a 90° rotation. In
contrast, smaller changes in stable inclination (e.g. Event E!
in Fig. 15.5) are marked by irregular fluctuations in
declination (Fig. 15.6) and/or magnetic intensity (Fig. 15.7).
The minor inclination excursions appear to be related to
lithological irregularities, e.g. presence of ice-rafted
detritus; hence these small magnetic excursions are not fully
documented or described in detail here.

The radiocarbon dates show that Event C' in Core 20G
falls within the age range (8000-13 000 years B.P.) of similar
excursions reported for the Great Lakes and European lakes
(Verosub and Banerjee, 1977) and for Core 103 (see Fig. 15.1)
from the outer northeast Newfoundland Shelf (Piper
et al., 1978). Hence, the excursion in Core 20G appears to
mark a geographically widespread magnetic event and the
question arises as to why this large change in dipole
inclination is not clearly evident in Core 20P (Fig. 15.5) or in
Core 21 (Fig. 15.8). Detailed comparison of the stratigraphy
of the cores may provide some answers to this question, as
explained below.
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The foraminiferal data for Core 20 (Fig. 15.3, 15.4)
suggest that the gravity and piston core lithologies overlap in
the top 20 cm. The microfossil evidence is further supported
by the correlations between magnetic intensity values as
shown in Figure 15.7. Therefore, Event C' should be recorded
in Core 20P and it is postulated that it may be represented in
a modified form because of the different depositional
histories of sediments in the gravity and piston cores (see
Fig. 15.2). Firstly, if sedimentation rates in the piston core
during Event C' were much slower than the gravity core, the
magnetic signal would be recorded in a shorter core length;
hence, it would be more difficult to sample the excursion
adequately because the size of the core area required for the
paleomagnetic samples is relatively large (diameter ca. 5 cm)
and the excursion appears to be of short duration in
Core 20G. Bioturbation is also more likely to smear out the
magnetic signal if the sedimentation rate is relatively low.

Radiocarbon  dates for Core 20G  indicate a
sedimentation rate of ca. 150 cm/1000 years for the lower
half of the core and Event C' seems to have occurred within
about 100 years. Sedimentation rates in Cores 20P and 21
appear to be lower. If the corrected age of 16 980 years is
taken for Core 20P and it is assumed that the piston core top
has an age of ca. 10 000 years, it appears that the average
sedimentation rate for Core 20P is about 120 cm/1000 years.
If it is further assumed that subunit 2B in Cores 20 and 21 are
time correlative, an average sedimentation rate of
ca. 50 cm/1000 years is obtained for Core 21P. Thus the
relatively slow sedimentation rate for Core 21P may account
for the absence of a clearly marked polarity excursion, but
this factor alone is unlikely to explain the magneto-
stratigraphy of Core 20P.

Secondly, modification of a regional paleomagnetic
signal may also result from the local influx of ice-rafted
detritus. As described earlier, a significantly greater amount
of coarse grained sediment is present throughout the piston
cores as compared to the gravity cores. It is postulated that
this influx could have disrupted the paleomagnetic signal so
that it is now only evident as a discontinous series of
relatively shallow inclination excursions, such as those
labelled C' and D' in Core 20P (Fig. 15.5) and 21P (Fig. 15.8).
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Figure 15.8.  Stable inclination vs. sample depth for Core 21G

and upper sections of Core 21P. Letters denote excursions of
>10° from the centred axial dipole. Dashed lines indicate core
sections; horizontal bars show the range of values per sample

where this exceeds 4°.
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Figure 15.9

MAIN FORAMINIFERA SPECIES

Summary of the ecostratigraphy  for
Core 78-023-20. GC and PC denote gravity CALCAREOUS | AGGLUTINATED
and piston cores, respectively. Approximate
radiocarbon ages (in 1000 years B.P.) are shown |  A- glomerata
on the left. IRD = ice rafted detritus.
EVENTS V few, | S. biformis
GC UNITS POSTULATED badly preserved | C. crassimargo
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e
{
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o L Crassimargo
1_“A & gravel retreat of ice Islandiella spp. |&_ subfusiformis
a
C. reniforme |
] Gray to greenish Stagnation & <40% E. excavatum
274 a R e I
2A glaciomarine calving of fjord I1IB |
He mud with IRD & valley glaclers Islandiella spp. |i_ biformis
A A
[ ] C. reniforme IR_ arctica
%%
4 ]0o0]| 2B Lt bn carbonate mud |Ice readvance? >40% E. excavatum
* |
¢ |
54 ¢ Brownish Ice shelf
A 2C periglacial stagnation & I1
6 AA marine mud retreat E. excavatum
A A
Islandiella
700]
o0l Banded brown Actlve ice shelf £. reniforme
Gt
- -4 3 Diatomaceous margin with
8-{0g0 IO
oo mud seasonal melting As above +
N, labradoricum
Stiff red Ice shelf basal E. excavatum &
stratified till melting & liftoff C. reniforme,
Unsorted red Grounded ice | partly reworked _ _|
till sheet mostly barren

If the above arguments are valid, then it seems that a
postglacial magnetic excursion comparable to the Erieau or
Lake Michigan excursions can be traced in three of the four
cores from Notre Dame Channel but is absent in Core 21G
due to the short length of this gravity core. In general,
however, correlation between the magnetostratigraphy in the
sediments below unit 1A is very unclear. It is suggested that
the magnetic variability of lithofacies 1B and 2A is
largely due to the sporadic influx of ice-rafted detritus. This
detritus may randomly introduce magnetite-rich clasts
(e.g. basalt) and rapid deposition of a large volume of ice-
rafted detritus might rearrange the soft surface mud. It may
be significant, however, that Cores 20P and 21P both show a
shallow inclination trough, designated Event F', which
corresponds to the carbonate mud facies (subunit 2B).
Event F' is marked in both cores by a ca. 40° rotation of
stable declination occurring within an interval of very low
magnetic intensity. If this late-glacial polarity excursion can
be traced in other cores from the Newfoundland region, it
may serve as a useful marker for correlation of lithologies in
which the carbonate-rich facies in not clearly denoted by
sediment colour and microfossil compostition.
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Paleoenvironmental Interpretation

Figure 15.9 summarizes the major lithological features
and microfossil changes recorded in Core 20 and it lists the
ecostratigraphic events which are considered most likely to
account for these data.

The lithostratigraphy of Cores 20 and 21 appears to
record a continuous sequence of sedimentological events
which accompanied the retreat of Late Wisconsinan ice from
the northeast Newfoundland Shelf. The oldest event is
represented by a reddish brown, unsorted till (unit 5) which is
essentially barren of Quaternary microfossils. This
semiconsolidated diamicton appears to be a lodgement till
that was deposited by ice which over-rode the Carboniferous
bedrock a few kilometres west of the core sites. The
unstratified till is overlain by laminated red mud (unit &)
which contains very few microfossils, including a large
proportion of reworked Quaternary foraminifera
(assemblage I).  This stiff red mud is interpreted as a
stratified till. Evidence of current sorting suggests that this
till was deposited in water shortly after lift-off of the
grounded ice. The top of the stratified red till is older than
17 000 years.



The red glacial sediments are overlain by several
metres of brownish organic-rich marine mud (unit 3 and
subunit 2C), with a periglacial shelf foraminiferal fauna
(assemblage 1I). The banded diatom-rich mud of unit 3 may
reflect upwelling at the edge of a floating ice shelf. The
calcareous  Elphidium-Islandiella-Cassidulina  assemblage
probably represents a periglacial environment in which the
ice front stood near the core site or was slowly melting back.
Except for a possible low salinity interval suggested by
absence of planktonics and a high percentage of
E. excavatum from 600-500 cm in Core 20P, there is no
indication of highly brackish water that might suggest quick
and intense melting. The sea was probably not permanently
ice covered, as indicated by

i) abundant diatoms and

it) the occurrence of a fauna similar to assemblage Il in
Champlain Sea sediments where there is good evidence
for wave-washing of landforms.

The presence of fossiliferous periglacial mud suggests
that rapid thinning of the Wisconsinan ice sheet started at
about 17 000 years. The appearance of agglutinated
foraminifera in the upper part of unit 2C may mark the
further retreat of the ice front and the start of conditions
more similar to those of the present Labrador Shelf, but the
paleoenvironmental significance of the arenaceous fauna is
presently uncertain.

Light brown carbonate mud (subunit 2B) marks the end
of the prominance of red Carboniferous lithologies and the
start of lithofacies dominated by non-oxidized sediments.
The carbonate mud contains abundant Elphidium excavatum
and it is associated with a biofacies (IlIA) in which
E. excavatum usually comprises more than 40 per cent of the
benthic foraminifera. It is not clear, however, whether
subunit 2B represents an Arctic-type temperate ice shelf
environment (cf. Reading and Walker, 1966) or reflects
increased runoff at the start of the final deglaciation stage.
The carbonate mud is overlain by greyish fossiliferous mud
with abundant gravelly ice rafted detritus at the base
(subunit 2A).  This grey sediment has textural features
similar to those characterizing the iceberg zone peripheral to
a temperate tidewater glacier (Powell, 1980); hence, this
lithofacies is referred to here as a glaciomarine sediment.
The exact age of unit 2a is unknown, but by extrapolation
from the corrected radiocarbon dates, it has a maximum age
of ca. 14 000 years.

The upper part of subunit 2A and subunit 1B are marked
by a gradual decrease in the amount of coarse gravel and by a
decline in the proportional representation of the ice margin
indicator, E. excavatum. The change in the calcareous fauna
(assemblage 11IB) is accompanied by a change in the
arenaceous fauna (from linear to spiral morphotypes). This
change in the arenaceous fauna may be related to the
increased organic content of the sediment but more data on
the relationship between the morphology of the tests and
ecology are required before this observation can be verified.

Unit 1 represents postglacial and Holocene mud, with
the Nonion labradoricum assemblage (IV) in subunit 1A
possibly indicating an interval during which warm Atlantic
water moved into the Notre Dame Channel. This condition
appears to have prevailed until recent times when the
calcareous assemblage was replaced by the A. glomerata
assemblage (V). This arenaceous fauna may mark the change
to an environment of sediment erosion or very slow
accumulation, but the paleoecological meaning of this
assemblage is presently uncertain.

Correlation

Since the present water depth at the core sites is 286 m
and relative sea level was probably no more than 100 m lower
during the Wisconsinan glacial maximum, it seems unlikely
that much sediment has been eroded from the top of the stiff
red till. Unit 5 therefore probably marks the presence of
grounded ice during the maximum extent of the Late
Wisconsinan glaciation. The corrected radiocarbon ages of
ca. 18 000 years for the top of the unstratified red till and
17 000 years for the base of the banded glaciomarine
sediment are consistent with the average age reported for
the last glacial maximum. An age of about 14 000 years for
the grey glaciomarine sediment (subunit 2A) is comparable to
that of the St. George's River Drift of southwest
Newfoundland, which is overlain by marine deposits dated
13 200-13 600 years (Brookes, 1974).

The occurrence of two glacial sediment units off
northwest Newfoundland is consistent with the Pleistocene
geology of the Sheffield Lake area (ca. 50 km southwest of
Notre Dame Bay) which was studied by Alley and Slatt (1976).
Here, a heavily oxidized, indurated, gravelly Lower Red Till
with a high Fe content (10%) is unconformably overlain by a
lightly oxidized, friable, sandy Upper Grey Till with about
2% Fe. The Lower Red Till is undated but the Upper Grey
Till appears to have been deposited by a glacial readvance
during the final stage of the Wisconsinan glaciation and is
probably correlative with till studied by Tucker (1974) at the
head of the Notre Dame Bay. This till is overlain by marine
and deltaic deposits dated at about 12 000 years.

Work is in progress to study the foraminifera in Core 21
and to obtain oxygen isotope data for foraminifera from
cores 20 and 2l to assist in the interpretation of the
ecostratigraphic data. Effort will continue to find better
means of dating the cores. Magnetostratigraphic correlation
might be improved by use of corers which uniformly recover
the soupy surface sediment and have a greater barrel width
to allow for closer sampling of short-lived magnetic
excursions.  However, major differences in sedimentation
rates and ice-rafted detritus composition of periglacial
lithofacies will probably remain substantial 'noise' factors
which limit the usefulness of this technique for correlation of
glacial marine sediments.  Thus radiocarbon dating will
continue to be the most widely applicable method of
correlation, although apparent radiometric ages should
always be critically evaluated in conjunction with detailed
study of the nature of the organic material to be dated.
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Abstract

The term Cariboo Group has mistakenly been applied to two contrasting rock suites. The two
suites are separated by a northwest-trending, east-dipping fault, the Pleasant Valley thrust. The
Snowshoe Formation is restricted to the Cariboo Group southwest of the fault.

Introduction

Several geographic names used throughout the text do
not appear in the figures but can be found on published
topographic maps (see NTS 93H/3, 4, 93A/13, l4). The
Snowshoe Formation was defined (Holland, 1954) as the
highest unit of the Cariboo Group at Yanks Peak in the
Cariboo District of British Columbia (Fig. 16.1). The Cariboo
Group terminology has subsequently been extended eastward
to include Hadrynian and Cambrian age rocks of the Cariboo
Mountains.

These notes contain: 1)a description of the Cariboo
Group where it includes the Snowshoe Formation, 2)a
proposal for a late Paleozoic age for part of the Snowshoe
Formation, 3)a description of the important structures
displayed in the rocks, and 4)a discussion arguing that the
Cariboo Group at Yanks Peak is not the same as the Cariboo
Group of the Cariboo Mountains and that they are separated
by an east-dipping fault.

Stratigraphy

Struik (1981) divided the rocks between Wingdam and
Wells into 5 sedimentary units. They outcrop discontinuously
southeastward into the Yanks Peak area where Holland (1954)
defined part of the Cariboo Group including the Snowshoe
Formation. A brief description of the 5 units and their
correlation, if any, with the Cariboo Group follows.

Unit |

Unit 1 consists of olive to grey micaceous quartzite,
pelite and conglomerate. The quartzite and conglomerate
contain clasts of glassy light grey and minor blue quartz and
some feldspar. The conglomerate also has white quartzite
clasts that outnumber other clast types. It occurs near the
contact with unit 2. The description of Struik (1981) includes
rocks of the Sugar Creek area, but they may be younger.

Unit 2

Unit 2 is thin, discontinuous and characterized by light
grey weathering, white to grey marble and calcareous
clastics. It does not extend south of the head of Peter Creek,
or east of the Dragon-Burns Mountain ridge, except for one
possible locality in the Swift River area.

Unit 3

Unit 3 consists of 3 subunits. The lower subunit
consists of olive and grey phyllite and medium to fine grained
micaceous quartzite and thin beds of chlorite phyllite that
resembles metatuff. [t is correlative with the type Yankee
Belle Formation of Yanks Peak. The middle subunit is
composed of white, pink and grey orthoquartzite. It exists
locally and is less than 5 m thick. It correlates with the type

Yanks Peak Formation of Yanks Peak. The upper subunit
comprises thinly bedded grey medium and fine grained
micaceous quartzite and phyllite and occurs only at
Pinegrove Mountain. It may be in fault contact with the
other subunits.

Unit 3 is recognized only in the western part of the map
area. In the northwest it is underlain by the thin and
discontinuous calcareous rocks of unit 2 or the quartzite of
unit 1. In the southeast however, stratigraphic relationships
of the lower contact remain unresolved (see the discussion of
the Ramos Creek succession of unit 5). Unit 3 is overlain, by
black pelite and/or grey and olive micaceous quartzite of
unit 4.

Unit 4

Unit 4 is characterized by dark grey to black, thin
bedded siltite, argillite, slate and phyllite that are
interbedded with micaceous quartzite, black orthoquartzite,
muddy conglomerate and grey limestone and marble. The
limestone occurs mainly near the top, whereas the other
subsidiary rock types are found throughout the succession.
The muddy conglomerate has clasts of dark grey, grey and
minor blue glassy quartz supported in a black pelite matrix.
Similar clasts are found in the micaceous quartzite and dense
orthoquartzite. In the areas transected by cross-sections A
through C (Fig. 16.2) unit 4 is dominated in the northeast by
black siltite and phyllite and changes southwestward to
include more grey micaceous quartzite. The micaceous
quartzite with its dark grey quartz clasts is a lithology
characteristic of the Snowshoe Formation in its type locality.
A lateral facies change from grey and dark grey micaceous
quartzite to black siltite and phyllite was observed on the
ridge southwest of Harveys Creek. A similar vertical change
exists on the ridge east of Aster Creek. The grey quartzite
at this locality is purplish weathering; the matrix contains
abundant secondary white mica and minor green mica. This
type of quartzite also occurs on Mount Agnes in contact with
black siltite and phyllite. The black rocks that dominate this
unit have been mapped throughout the area and include the
type Midas Formation of Yanks Peak.

Unit #4a

Unit 4a consists of conglomerate and quartzite. The
conglomerate clasts (Fig. 16.3) vary in size from granule to
cobble and are mainly pebbles. They are composed of white
poorly sorted orthoquartzite and lesser amounts of grey
micaceous and dark grey quartzite, black siltite, light olive
and light grey phyllite, glassy quartz, limestone and minor
grey chert. The micaceous quartzite clasts resemble
quartzite common through the Dragon-Amador ridge system,
the ridges south of the Little Swift River and the Snowshoe
Plateau. The black siltite and limestone clasts resemble
rocks of unit 4. The orthoquartzite clasts have no
obvious source in the area underlain by the conglomerate.
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The matrix of the conglomerate is most commonly light grey
sericitic quartzite but can also be a black phyllite or sandy
limestone.

The quartzite is poorly sorted and has an average grain
size that varies from coarse grained to granule. It is
composed of glassy clear, grey and minor blue quartz and
local concentrations of feldspar. The matrix is fine quartz
and minor sericite. The quartzite appears to be a lateral
facies change of the conglomerate. They are discontinuous
and most abundant in the area of the Snowshoe Plateau.
Small amounts of coarse conglomerate occur at Mount Agnes,
Amador Mountain, Cornish Mountain and Cooper Creek.
Holland (1954) mapped the conglomerate and quartzite of
unit 4a as part of the basal and lower members of the
Snowshoe Formation.

Unit 5

This unit is divided into 4 rock successions that may or
may not be correlative. They are from northeast to south-
west the 1) Downey Creek, 2) Tom Creek, 3)Dragon
Mountain and &) Ramos Creek successions. They are
distinguished by lithologic differences or by possible
differences in stratigraphic position. Except for the Tom
Creek and part of the Downey Creek successions, the
remainder form 3 continuous northwest-southeast-trending
belts.

The Downey Creek succession is best exposed at
Downey, Grouse, Antler and Cunningham creeks and in
exploration trenches on Barkerville Mountain. The package
consists of green, grey and purple slate and phyllite, light

grey, olive grey and tan micaceous quartzite, green
metatuff?, grey limestone and marble and calcareous clastic
rocks. The limestone is interbedded with the green and
purple slates which are locally chlorite rich and may in part
be metapyroclastic. Diorite layers parallel to bedding
increase volumetrically southeastward and are found with the
limestones of this succession in the area of Cunningham
Creek and Pearce and Peter gulches. The amount of
quartzite appears to vary considerably along strike although
this may be partly because of structural complexities. The
quartzite of this succession is generally ankeritic and as a
result, brown weathering. It is poorly sorted with clasts of
glassy translucent and blue quartz supported in a micaceous
matrix. Feldspar, although not abundant, occurs locally.

The micaceous quartzite, grey phyllite and lesser lime-
stone underlying the southwestern parts of Island, Cow and
Richfield mountains are correlated with the Downey Creek
succession because of the calcareous green metatuffs? found
on Cow Mountain. Holland (1954) included the limestone and
chlorite phyllite of the Downey Creek succession in the upper
member of the Snowshoe Formation.

The Downey Creek succession may be in part
Mississippian. The age assignment is made by correlating
known Mississippian marble, slate and crinoidal limestone of
Stewart Creek in the northwestern part of the map area with
similar marble and slate within the Downey Creek succession.
The Mississippian rocks of Stewart Creek were dated from
conodonts  extracted from the crinoidal limestone
(M.J. Orchard, personal communication, 1982). The dating of
the Downey Creek succession is suspect because the
lithologic correlation involved is uncertain.
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Relationship between 3 and Sa
is unknown in thisarea

Figure 16.2.
described in Figure 16.1.

Cross-sections A-A' to F-F'. Stratigraphic units and the locations of the sections are
Vertical equals horizontal scale. LCA is the Lightning Creek

Anticlinorium. The nappe shown in sections A-A' to C-C' is hypothetical and accounts for the
assumption that unit 4a underlies unit 5d in the Hardscrabble Mountain Area. The nappe would exist
also in sections D-D' to F~F' but has not been drawn in.

The Tom Creek succession structurally overlies the
Downey Creek succession on the ridge between Mount Tom
and the Willow River. It is made up of poorly sorted
quartzite, in part micaceous, phyllite, schist and cataclastic
rocks. The quartzite is similar to that of the Downey
succession but is volumeterically more important. The
photograph of graded quartzite in Struik (1981, Fig. 28.6) is
of an outcrop on Pundata Creek that is considered part of the
Tom Creek succession. The phyllite and schist are generally
grey with less olive varieties and there are no equivalents to
the chloritic green slates and metatuffs? of the Downey
succession. Quartzofeldspathic cataclasites and muscovite
schist occur near the contact of the Tom Creek succession
with the underlying Tom Creek-Island Mountain amphibolite
and with the overlying Antler Formation diorite and
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serpentinite. The contact with the underlying Tom Creek-
Island Mountain amphibolite may be a shallow fault. The
contact with the Antler Formation is a thrust fault because
the Antler is older than rocks it overlies in the area of Sliding
Mountain and Spectacle Lakes.

The Dragon Mountain succession overlies unit 4 along
the ridge from Dragon Mountain southeast to Mount Agnes.
It is dominated by poorly sorted quartzite and phyllite.
Micaceous quartzite is olive and grey, non-micaceous
quartzite is light grey. Phyllite is primarily grey and dark
grey with some olive types. Quartzite is more abundant than
phyllite, is thin and thick bedded, and commonly the olive and
grey varieties alternate throughout the sequences. The clasts
are mainly light and dark glassy quartz with lesser amounts
of feldspar and blue quartz. There are minor green micas in
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some places and this quartz resembles that described as
gradational with unit 4 black phyllite. The Dragon Mountain
differs from the Downey Creek succession by its lack of
tuffaceous rock and limestone and by the common presence
of dark glassy quartz clasts and more abundant grading and
colour variation in the quartzite.

The Ramos Creek succession can be traced discontin-
uously from Ramos Creek southeast to Keithley Creek. [t
consists of micaceous and non-micaceous quartzite and
granule conglomerate, grey and olive phyllite, metatuffs?,
black siltite, calcareous quartzite, limestone and various
types of amphibolite.

A distinctive coarse grained olive micaceous quartzite
recurs throughout the length of the belt underlain by the
Ramos Creek succession and does not have a counterpart in
any of the other successions of unit 5. Southeastward from
Ramos Creek calcareous quartzite and limestone appear for
the first time at Fontaine Creek where they are underlain
and overlain by poorly sorted quartzite. Dense light grey
coarse quartzite occurs with micaceous quartzite at
Sovereign Mountain.  Within the micaceous quartzite are
several areas of black siltite of unknown relationship. In the
area of Wingdam Lake and southeast in the Keithley Creek
area are poorly sorted quartzites with detrital muscovite. At
Wingdam Lake it does not appear as deformed as the
remainder of the quartzites. Calcareous and non-calcareous
amphibolites occur in the sequence from Sovereign Mountain
southeastward. They are prominent in the Cariboo Mountain
area and on the northeast side of Keithley Creek. Several
amphibolite horizons (Fig. 16.4) closely resemble those of
Tom Creek and Island Mountain. Common through the Ramos
Creek succession and the associated rocks of unit 4 are
diorite sills that in places are seen to be isoclinally folded.

The stratigraphic position of the succession is
uncertain. At Ramos Creek graded beds in medium grained
quartzite imply the section is facing westward and overlies
black siltites which in turn structurally overlie unit 3 of
Pinegrove Mountain. However, southwest of Keithley Creek
graded quartzite beds suggest the quartzites underlie a black
siltite unit. Northeast of Keithley Creek, the apparent same
black siltite unit can be traced discontinuously to Yanks
Peak; here Holland (1954) suggested the black siltite overlies
the Yanks Peak and Yankee Belle formations, inferring the
Ramos Creek succession is laterally equivalent to part of
unit 3.
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Figure 16.4

Poly folded calcareous amphibolite
found in a logged parcel of land south
of the Little Swift River, near where it
crosses the Swift River forest road.
This amphibolite is similar to the one
on Tom Creek and Island Mountain.

Undifferentiated Rocks

Quartzite and phyllite that extend from Mount
Campbell to Meridian Mountain and in a belt through the
upper part of the Cunningham Creek area are left
undifferentiated. = The rocks have characteristics of the
Dragon Mountain succession of unit 5.

Structure

Folds occur in all rocks, and vary from early
macroscopic folds to later crinkles and kinks. Cleavage is
axial planar to folds and parallel to bedding and some faults.
Faults formed after the deposition of the youngest rocks
(Permian).

Folds are mainly asymmetric and verge toward an axis
that traverses the area from northwest to southeast
(the Lightning Creek Anticlinorium, Fig. 16.5). They have a
parallel form and range from open to isoclinal, except for the
youngest generation represented by crinkles and kinks. Fold
trends are generally northwest-southeast with the greatest
deviation occurring southwest of the Lightning Creek
Anticlinorium (Fig. 16.5). There is no obvious correlation
between the generation of a fold and its orientation
(Fig. 16.5). Refolded folds were previously recognized near
Wells (Benedict, 1945) and Yanks Peak (Holland, 1954). They
are now recognized also in the Swift River and northern
Snowshoe Plateau areas. A nappe with a limb length in
excess of 6 km must exist in the area of Wells, if the
conglomerate of unit 4a overlies unit 4 (Fig. 2b). If the
conglomerate underlies unit 4 then a nappe of similar scale
must exist along the length of the Dragon Mountain - Mount
Agnes ridge. The existence of such a nappe depends on two
assumptions: that all the black siltite belongs to unit 4, and
that there is only one conglomerate horizon (4a). The lower
limbs required for either of these hypothetical structures
cannot be found within the map area (Fig. 16.1).

Faults are post-Permian and formed prior to and after
the peak of metamorphism. Their style and sequence are
described in Struik (1981) and only 3 thrusts of possible large
displacement will be mentioned. The first is a postmeta-
morphic thrust, interpreted in the region of Swift River and
Keithley Creek to account for the fact that biotite and
garnet bearing rocks overlie chlorite bearing ones. The
hanging wall contains the Quesnel Lake gneiss and overlies
the low greenschist facies sedimentary rocks of the Keithley
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Creek valley. The second thrust is postulated to separate the
Tom Creek from the underlying Downey Creek succession and
accounts for the cataclastic rocks seen overlying and
included within the Island Mountain amphibolite. This thrust
would be broadly folded with the amphibolite. The third
thrust is the east-dipping Pleasant Valley fault which has
contrasting rock suites and structural complexities between
its hanging and footwall successions. It crosses the map area
(Fig. 16.1) from northwest and southeast and may continue
southeastward as the Little River Fault (Klepacki, 1980).

Discussion

Two different groups of rock underlie the map area
(Fig. 16.1) and both have been called the Cariboo Group. The
two are separated by the east-dipping Pleasant Valley fault
(Fig. 16.1, 16.2). The western Cariboo Group (WCG) consists
of the 5 units as outlined which include the Yankee Belle,
Yanks Peak, Midas and Snowshoe formations defined by
Holland (1954) in the Yanks Peak area. The eastern Cariboo
Group (ECG) comprises the Isaac, Cunningham, Yankee Belle,
Yanks Peak, Midas, Mural and Dome Creek formations as
defined by Struik (1980) in the Roundtop Mountain area. The
differences between the eastern and western Cariboo Groups
are discussed below.

The Isaac Formation is characterized by grey marls
everywhere it is found in the ECG. The marls have no
western equivalents. If the Isaac existed in the WCG it would
be below unit 2; this stratigraphic level contains conglom-
erate and micaceous quartzite. The Cunningham Formation
of the ECG is massive limestone 200 to 500 m thick at its
westernmost exposures; it may be represented in the west by
the thin discontinuous limestone and calcareous clastic rocks
of unit 2. The Yankee Belle Formation of the ECG is mostly
medium grained quartzite and limestone that is generally
thicker than the phyllite and fine grained quartzite of the
Yankee Belle of the WCG. The Yanks Peak Formation of the
ECG consists of interbedded pure orthoquartzite, micaceous
quartzite and phyllite and varies from 0 to 60 m thick; by
contrast, the Yanks Peak Formation of the WCG is very
discontinuous consisting of pure orthoquartzite that rarely
exceeds 10 m in thickness. The Midas Formation of the ECG
consists of olive to grey phyllite, slate and quartzite, some of
which is crossbedded; whereas the Midas of the WCG consists
of black phyllite and siltite and dark grey poorly sorted
micaceous quartzite and minor limestone. Correlation
between the Midas of the eastern and western Cariboo
Groups is unlikely. The Midas Formation of the WCG is
overlain by conglomerate, micaceous quartzite, phyllite,
limestone, metatuff? and diorite of units 4a and 5 whereas
the Midas of the ECG is gradational with the Lower
Cambrian limestone of the Mural Formation. As suggested
by Campbell (1968), the Mural has no obvious lateral relation-
ship with the succession that overlies the Midas of the WCG.
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Rocks of units | to 3 of the WCG may be lateral facies
changes of the lower parts of the ECG. However, units 4, 4a
and 5 are distinct from any sequence in the ECG. They may
be distal equivalents of the Black Stuart and Guyet
formations as suggested by Campbell (1978). Correlations of
this type between the eastern and western Cariboo Groups
require large displacement on the Pleasant Valley thrust, a
western source terrane for a Paleozoic sequence of coarse
greywackes, and an unconformity separating units 3 and 4.
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Abstract

Where large velocity contrasts exist between unconsolidated overburden and bedrock,
reflections from this interface can be some of the most prominent later events on engineering
seismograms.  With modern multichannel engineering seismographs having filtering capability,
seismograms can be tailored to enhance these events. Interfering ground-roll events can be
minimized through the use of high frequency geophones and decoupling at the seismic source.
Optimum geophone-source separations are dependent on ground-roll velocities and reflector depth
and can be selected to obtain good reflector move-out for velocity determinations yet minimize
reflector phase changes found at wide angles of incidence. Reflection profiling of the bedrock
interface can effectively replace refraction profiling techniques at bedrock depths in excess of 30 m.

Introduction Model Studies

During the past year, we have begun investigating the
application of multichannel reflection techniques to mapping
the overburden-bedrock interface using a l12-channel digital
enhancement engineering seismograph.

Let us examine a simple earth model (Fig. 17.1)
consisting of a 90 m thick overburden layer with a P-wave
velocity of 1600 m/sec lying on a plane bedrock surface with
a P-wave velocity of 5000 m/sec.

The travel-time-distance plot on the lower portion of
the figure shows the relative arrival-time positions of the
overburden P-wave, the bedrock refracted P-wave and the

Increasing importance is being placed these days on the
mapping of buried river valleys in southern Canada as
potential aquifer sources.

Over much of southern Canada glacial drift is relatively
thick, commonly greater than 30 m; hence, mapping of buried
valleys may involve drift thicknesses in excess of 60 m.

With such thick overburden, shallow refraction methods
often come to grief in that:

l. refraction arrays necessarily have to be long, with offset
shots which may have associated problems of overburden
velocity variations along a spread.

€
OVERBURDEN o
o

2. bedrock refraction signal levels are often low; hence, one
may have to replace the hammer source with an
environmentally less acceptable explosive device.

A _ 180 BEDROCK
3. the time to set up and shoot a long refraction array
coupled with explosives costs makes this type of profiling

quite expensive.

Based on earlier work by Hunter and Hobson (1977) and
by Mooney (1973) and others, we believed that reflections
from the top of bedrock at these depths might be identifiable
as separate events in the rather clusttered wave packets one
generally ignores following the first arrival on engineering
refraction records.
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We began with the premise that to develop a viable WINDOW Y

technique we would use equipment that would be readily
available to a small engineering geophysics company and keep ¢
specialized arrays and hardware to a minimum. oY

Hence, we selected a Nimbus 1210F 12-channel
enhancement seismograph with filtering capability. Other
similar multichannel enhancement seismographs can be used
equally as well. | | | |

100 150 200
DISTANCE (M.)

We selected a 91.5m 12-channel seismic cable with 50
equispaced geophone take-outs at 7.6 m spacing with one
geophone per take-out. The one non-standard component is
the geophone; we use 100 hertz phones to minimize low
frequency content on the seismic record; however, usable
records can be obtained with standard low frequency phones
used in refraction work.

Figure 17.1. Two layer reflection model and travel-time
curve with an overburden thickness of 90 m, overburden
velocity of 1600 m/sec, and bedrock velocity of 5000 m/sec.
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bedrock reflection. Also shown is the position of a wedge of
large amplitude, many-cycled packets of Rayleigh-type
waves known as ground-roll.

To identify the bedrock reflection, an optimum window
(Fig. 17.1) on the time-distance curve must be selected; that
is, an optimum shot offset and geophone spacing must be
chosen.

As in the large scale deep seismic reflection practice it
would be better to identify the reflector at near-normal
incidence close to the source for best structural
interpretation; however, the ground-roll in this zone is often
quite severe and no amount of selective band-pass filtering
can reduce the ground-roll sufficiently to separate out the
reflector. Also, the reflector move-out in this zone is quite
small and with no other source of velocity information,
nor mal-move-out velocity determination on this event can be
quite inaccurate.

The reflector at very wide angles can be subject to
interference effects from the refractor ahead of it in time
and possibly even the overburden arrival. Average velocity
determination can be quite accurate but errors on intercept
time estimations can be large.

As a compromise, for optimum velocity and intercept
time determination one should attempt to obtain a window in
an area as close as possible to the leading edge of the ground-
roll, spanning a zone where the reflector shows maximum
curvature yet not extending the window into the wide-angle
zone where possible interference effects may occur.

But is the reflector identifiable as a separate event in
this optimum window? Hunter and Hobson (1977) suggested,
based on modelling done by Cervany and Ravindra (1971),
that the reflection amplitude should be much larger than the
bedrock refraction over much of the range. The relative
amplitude of the overburden P-wave is difficult to estimate
as is the pulse shape; that is, will the later cycles of the
overburden event interfere with the reflector?

For reflections in the optimum viewing window, normal
incidence reflection coefficients do not apply and the
amplitude observed at non-normal angles of incidence is,
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Figure 17.2.  Reflection relative amplitude curve for model

shown in Figure 17.1.
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Figure 17.3.
Figure 17.1.

even for this simple model, the result of complex amplitude
partitioning at the reflecting boundary and is a function of
angle of incidence, densities and P and shear wave velocities
for the two media, assuming perfect elasticity.

Shown in Figure 17.2 is the reflection amplitude
variation with shot-geophone distance computed for the two
layer model given in Figure 17.]. The curve was computed
from solutions of the Zoeppritz (1919) amplitude equations
for a plane P-wave incident at a plane overburden-bedrock
boundary. Although corrections were made for wave
spreading, no effects of wave-front curvature, near surface
velocity variation or free surface amplitude partitioning have
been considered. However, the curve is a useful guide to
first-order amplitude variations which may be expected.

The inflections shown in the curve of Figure 17.2 result
from changes in amplitude partitioning related to "critical"
angles of P and S waves at the boundary. The positions of the
inflections will vary with velocities and reflector depths
chosen for the model.

For near vertical angles of incidence (at small source-
geophone distances) the reflection amplitude is uniform. For
very large angles of incidence (at large source-geophone
distances), large reflection amplitudes should be observed.

With the optimum viewing window, considerable
amplitude variation can be expected with a trend towards
amplitude attenuation with source-geophone distance.

Will the reflection wavelet retain its signature over the
optimum viewing window? Figure 17.3 shows the phase
response associated with the amplitude curve computed for
the model. Note that at near-vertical angles of incidence
close to the source, there is no phase variation. At
extremely wide angles of incidence (at large source-geophone
spacing), large phase variations exist which translate to a
change in wavelet characteristics. The interpreter might
mispick the onset of reflector by a half-cycle or more.

In the optimum viewing window, some relatively minor
phase variation does exist. Hence, the relative amplitudes of
the first peak to first trough of a wavelet may vary, a point
to consider when attempting trace to trace correlation.



Field Testing

Having established by modelling the possibility of
identifying the bedrock reflection event in thick overburden
cases, we selected a field test site near Ottawa where
bedrock, at a depth of about 91 metres (determined by
drilling) is overlain by glacial till and a surface layer of silt.
We chose a hammer source offset from the first geophone of
22.9 m and a geophone spacing of 7.6 m.

Figure 17.4 shows a seismic record recorded at this site
with the Nimbus 1210F. Two hammer blows were necessary
to build up the record and no field filtering was applied.

The overburden P-wave, and a clearly defined event in
the 120-130 millisecond range (interpreted as the bedrock
reflection) can be seen across all traces.

Trace one (22.9 m spacing) also shows a large degree of
low frequency which is the leading edge of the ground-roll:
for optimum viewing the source offset should have been
slightly larger (30 m).

Figure 17.5 shows a similar record shot close to that
shown in Figure 17.4, but with a low-cut field filter of 100
hertz. The Jow frequency ground-roll on trace one is
virtually eliminated. This is an exception rather than the
usual case; however, the application of low-cut filters may
help to extend the optimum viewing window into the ground-
roll area.
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Figure 17.4.  Reflection record showing a bedrock

reflection at a depth of 91 m near Quyon, Quebec. No
filtering has been applied.
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Figure 17.5.  Reflection record at the same site as
Figure 17.4. Low cut (100 hz) filtering applied.

The interpreted reflection appears to have a higher
amplitude and slightly higher frequency content than the first
arrival overburden P-wave. The amplitude of the reflection
decreases with distance but not as severely as the overburden
P-wave. There is no indication of the bedrock refraction as a
separate event.

The first half cycle of the bedrock reflection appears to
be observable over the entire record. This facilitates picking
of travel-time for computing the normal move-out velocity.
The least-squares fit was 1600 m/sec.

Additional tests at other sites in eastern and southern
Ontario, where thick overburden was known from drilling
records, showed that, with few exceptions, a bedrock
reflection was rather straightforward to map once the
optimum viewing window had been selected. To illustrate
some of the possible pitfalls with the technique, Figure 17.6
shows a poor quality record taken in eastern Ontario with the
same field parameters as the record in Figure 17.5. The
record was shot on a windy day, with amplifier gains reduced,
requiring 4 hammer blows to build the signal. The geophones
were placed on surface (with a spike base). We have found
that to reduce the noise level and to ensure uniform ground
coupling it is worth the extra effort to bury the geophones.

The overburden P-wave cannot be correlated across the
record, however, the reflection from bedrock can be seen on
most traces in the 80 to 120 millisecond range. The
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Figure 17.6.  Poor quality reflection record showing ground-
roll, ground-coupled air wave and wide-angle reflection
effects.
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Figure 17.7.  Reflection

surface (30 m depth).
method.

record from shallow bedrock
The shallow limit of the reflection
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Reflection record section across one edge of the Dundas "buried" valley near

Hamilton, Ontario. NMO velocities are in the range of 1550 - 1600 m/sec.

reflection is at a much shallower depth than that shown in
Figure 17.5 hence, with the large spread length the farthest 4
traces are showing large amplitude wide-angle
characteristics. The optimum viewing window should have
been between 30-75 m for this site.

The «close traces at 22.Im and 30.4 m show
considerable interference from ground-roll despite field low-
cut filtering at 100 hertz. A very spiky large amplitude low
velocity event, the ground-coupled air wave, is visible on the
near 6 traces. Since it is a broadband signal no amount of
selective filtering can remove it. However, we have found
that placing a 1.25x 1.25 m sheet of styrofoam at the
hammer source, blocking the direct path of the wave through
air to the geophones is an effective way of reducing the
amplitude of the event substantially.

This record was made using the 0 to 200 millisecond
recording span of the Nimbus 1210F. The record should have
been recorded on the 0-100 millisecond scale using a 30
millisecond recording delay. This would have resulted in a
higher digital rate on our computer system and would have
allowed a higher low-cut filter setting and probably sharper
definition of the onset of the bedrock reflection.

We found that the minimum depth of bedrock from
which we could observe a separate reflected event was in the
order of 30 m as shown in Figure 17.7. The reflector is in the
range of 40 to 50 milliseconds. The first geophone to source
offset is 21.3 m and the geophone spacing is 1.52m. The
offset is sufficiently far away to avoid ground-roll
interference, however, the reflector is becoming relatively
wide angle and the last few traces cannot be utilized. The
minimum depth limitation of the technique is site specific,
depending on the ground-roll conditions and the width of the
overburden arrival wavelet.

Having gained experience with the reflection technique
we initiated a reflection survey over the Dundas "buried"
valley near the city of Hamilton in southwestern Ontario.
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The valley is probably of Pleistocene age and was the site of
a major river cutting through the same escarpment of
Paleozoic rock which forms Niagara Falls and the associated
Niagara River canyon. The surface expression of the valley
is nonexistent in its upper reaches and drill control is sparse.
Groundwater geologists have predicted an abrupt end to this
canyon with an associated falls. The canyon is thought to be
completely filled with several sequences of tills capped with
a thin layer of lacustrine deposits.

A seismic line composed of reflection spreads was shot
down the shoulder of a highway, which was thought to run
down the axis of the valley, in an attempt to map the
upstream end of the canyon. Figure 17.8 is a section from
this line comprising 6 trace records which have been normal
move-out corrected, band pass filtered from 100-300 hertz
and gain adjusted. The details of mating the engineering
seismograph with the computer and the techniques involved
are given in a paper by Hunter et al. (1982).

The geophone spacing used on this line is approximately
3 m with a spacing of 75 m between adjacent records.

These records were shot in a seismically noisy area with
both highway traffic and Canadian National Railways
mainline traffic to contend with. Hence, amplifier gains
were set low and often 5 or 6 hammer blows were stacked per
record. The last two records on the east side were shot using
a seismocap and a primer charge.

The section shows a prominent reflector which can be
followed from 100 ms at the west end down to 200 ms at the
east end. At the east end the reflector is not as prominent
and several reflectors are evident leading to some difficulty
in deciding which is the bedrock reflector.

Normal move-out velocities were in the range of 1550-
1660 m/sec. The bedrock surface has been interpreted to
drop from 75 m below surface at the west side down to 160 m
depth at the east side with an approximate drop of 90 m in a
horizontal distance of 500 m at the canyon edge. From other
sections shot in the area we now believe that this section
cuts the canyon edge at an angle of 45°.



Summary

Good quality bedrock reflections can be obtained in a
rapid, cost-effective manner using a 12-channel enhancement
seismograph and a standard 12-geophone array, with an
optimum viewing window. The optimum viewing window
depends upon:

I. the position, on the time-distance plot, of the leading
edge of ground-roll interference,

2. the depth (time position) of the bedrock reflector and
hence,

3. the position in distance of the onset of wide-angle
amplitude and phase changes on the reflection and,

4. the interference effects of the bedrock refractor and the
overburden P-wave.

In most areas where large velocity contrasts exist
between overburden and bedrock, a reflection from the top of
bedrock should be easily observable for overburden thick-
nesses in excess of 30 m.
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Abstract

The development of multichannel, digital, engineering seismographs capable of talking with
inexpensive small computers has the potential to increase substantially interpretation and display
capabilities for the engineering seismologist. In the past, the application of shallow refraction and
reflection techniques to groundwater and unconsolidated overburden problems has been limited by the
inability to digitally process field records. With digital recording now available, field records can be
filtered, gain enhanced, and stacked. Interactive use of a computerized CRT record display results in
rapid interpretation using standard refraction and reflection methods. Inexpensive hard copy displays

of interpretations and seismic sections can greatly improve report preparation.

Examples of refraction and reflection surveying, using the Nimbus 1210F seismograph, G-724S
digital recorder, and Apple 1l computer with periferal devices, are given.

Introduction

The past few years have seen the rapid
development of multichannel, digital, enhancement
engineering seismographs. Although most engineering
seismographs offer digital stacking and recording
capability, most often the end product is in the form of
a paper record showing an analog trace display. The
engineering seismologist is then forced to hand-pick
events and transfer them to a graph plot for
interpretation. Unlike deep reflection seismic work in
the oil exploration business, the engineering
seismologist does not generally have access to a large
computer centre with a wealth of software interpretive
capability at his disposal. Obviously, the scale of the
investment is not justified.

The past few years have also seen the rapid
proliferation of low cost computers and it is now
possible to mate an engineering seismograph with an
inexpensive desk-top computer to enhance both the
interpretation  aspects and display capabilities
associated with engineering seismic work.

At the Geological Survey of Canada, we have
begun designing a seismograph-computer system for
engineering work which would be relatively cost-
effective and within the range of capital outlay
capability of a small engineering geophysics company.

System Design

We began by selecting a 12-channel digital
enhancement seismograph as the basic recording
system. Although 6 and 24 channel seismographs are
available we decided that the 12-channel unit would be the
most versatile for general engineering work.

The seismograph system required a digital recording
facility and the ability to transfer the data to a small
computer via an RS-232 serial output.

We selected the Nimbus 1210F seismograph complete
with the G-724S digital tape recorder (Fig. 18.1). It must be
pointed out, however, that other seismographs are available
which can be mated to a small computer equally as well.

The computer for our system had to be relatively
inexpensive yet powerful enough to store and manipulate a
complete 12-channel digital seismic record, to easily accept

Figure 18.1.
G-724S digital tape recorder.

Figure 18.2.
digitizer.

Nimbus 1210F digital engineering seismograph and

Apple II computer system with printer, plotter and

digital data from the seismic tape recorder, to have
interactive screen display capability, and to have sufficient
input/output ports to drive periferal hard copy units.

We selected the Apple Il computer, designed for the
home computer market, with 48 K bytes memory and the
following attachments and periferals (Fig. 18.2):

a CRT monitor (a conventional TV set can also be used),
a disk drive using a 5 inch floppy disk,

a printer,

a small 8" x 11" plotter (a Houston Instruments model),
a small digitizer pad (a Houston Instruments model).

TN —
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Figure 18.7.  Operator using screen cursor via game paddles
to interactively pick seismic events.

Figure 18.8. Operator interactively interpreting refraction
layering from screen display of first arrival time-distance
plot.

99 TO END
OCITY= 9.46100918 IS IT OK-Y OR N

Figure 18.9.  Screen display of interactive refraction
interpretation showing a time-distance plot.

Figure 18.10.
seismogram. Data are written on floppy disk and output of
digitized data are shown at top of figure.

Digitizing  time-distance data from a

2
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Figure 18.11. Screen display of a seismogram showing an
interactive pick of a reflection.
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x LAYER NO 1 U= 1.47058824 [INT= 0 \
LAYER NGO 2 U= 5.58659218 INT= 24.95
LAYER NO 3 U= 13.0067114 INT= 51.1484348
LAYER NO 1 V= 1.,47058824  INT= 9 1= 19.0162601 = 19.0162401
LLAYER NO 2 V= 5.58659218 INT= 24.95 1= 78.7272991 b= 97.7435552
LLAYER NO 3 V= 13.0067114 INT= 51.1484348
1158
BM-C-A-1{F Figure 18.12.  Plotter and printer hard copy output of a reversed refraction interpretation. BM-C—A-1R

The Apple Il computer like most others of its kind, uses
the program language BASIC; a language which is in wide-
spread use and one which is easily comprehended by the
novice programmer.

Of interest may be some relative costs. The Apple Il
system as shown (Fig. 18.2) with the associated periferal
devices is approximately 30 per cent of the cost of the
Nimbus seismic system and is most certainly worth the extra
investment.

Software Development

The first step in software programming development
(Fig. 18.3) involved acquiring the seismic data from the
digital tape recorder and storing it in the computer system in
a form whereby the data could be rapidly accessed. The
easiest way was to store the data on floppy disk.

The seismic data are played back from the tape
recorder into the computer's memory (Fig. 18.4), decoded,
resampled and written to disk in a matter of a few minutes.
The details of the formatting and decoding procedure will not
be given here since they are peculiar to the Nimbus and
Apple Il systems.

We routinely store seismic data on disk and clean and
re-use the digital tapes since records can be stored on disk at
one fifth the cost of tape storage.
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The next step in software development was to display
the data on a CRT screen so that time and distance measure-
ments could be made interactively for both refraction and
reflection interpretation.

The Apple Il has relatively good high resolution screen
plot capability and seismic records can be displayed at any
gain level in either variable area (Fig. 18.5) or wiggle trace
(Fig. 18.6) modes.

Using paddles (Fig. 18.7) normally used for playing
computer games, a cursor display is used to move from trace
to trace to enter time and distance picks into the computer's
memory. The time required to produce a display is in the
order of a couple of minutes.

Once time and distance information has been entered
into computer memory, several options are available.
One can:

1. store time-distance data on disk file and/or obtain screen
copies of data or seismograms via the printer, or

2. in refraction work, obtain least squares fits of arrival
time line segments for velocities and intercept times or,

3. in reflection work, compute least squares average
velocities and intercept times for future normal move-out
corrections to seismic records.
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Figure 18.13.

Let us examine a simple refraction reversed profiling
technique. With the raw time-distance data in disk storage
the interpreter can call this information back to the screen in
the form of a time-distance plot (Fig. 18.8, 18.9). At this
point several decisions must be made:

1. Are the data OK or are there points which need to be
omitted? An easy task for the computer.

2. Where are the break-over points; that is, which points
should be grouped to fit a straight line velocity? If the
interpreter is not satisfied with the fit he has the option
of starting over or altering individual segments.

3. Finally, which velocity segments on forward and reverse
profiles indicate sloping interfaces?

These functions are those which the interpreter in the
past has generally artfully performed on graph paper, and
now can quickly perform on the CRT screen.

For more detailed refraction analyses using delay-time
techniques, the computer can be utilized interactively to
select data and perform velocity and depth computations.

Hard copy results can be obtained on the printer or
through the use of the plotter (Fig. 18.10).

23515
STK-1 FILTER 100-3%@

Variable area hard copy plot of a seismogram.

In shallow reflection work, the first interpretation step,
as mentioned previously, is to obtain average velocity
estimates to each reflector by interactively picking the
reflection record on the screen (Fig. 18.11). The ultimate
goal is to produce a record which is Normal Move-Out
corrected to form a record section. Normal Move-Out
corrections are done by manipulating the record in time in
the computer memory and writing the corrected record into a
disk file. On our system this takes approximately 7 minutes
per record. In  conjunction with Normal Move-Out
corrections one often performs band-pass filtering and gain
adjustments.

Admittedly, the computation rate of our system is
orders of magnitude slower than that of a large-scale
seismic-oriented computer centre, but in engineering seismic
operations, the quantity of data processed is on a much
smaller scale.

Before turning to display capabilities of the small
computer system (Fig. 18.3), we should discuss the mountain
of seismic data that the small engineering firm may already
have in the form of times and distances or in analog paper
record format.

135



2Y] DIA PapJodad aJam DIDP BYJ

< ww (< v” ww
e
i
| g e
NVW m nnw

Al

S
'
%

va“m‘v\‘m .
A T e aa ha)
o ea e e ARA AL A A A
AR AL
Y Py,
AL
‘ ,‘.
AR aAAn& A A )
CSRNEAR
AL aAan)
A Aol .a )
*9. \ A
AN RN
VO WS pun
ha aA A A A X )
wa"VV
R RV
boa_aa A oA )

:

\/

b
T~

AR AAAY

\4
y
A
S

oA
AV
A

Y
A A e e A e A Y
Y S VI~
W A
vy
A AR
QA A AR
S VI~
N
A
N
T e AT

i

L ACA ALY

BIBEEEBEISS e

|
:

\:

0Ll S9l

e ﬁm"wm i

!
|
\
&
!
%
N
s
N
R

~ua3ndw 0o 2)ddy ayl plA passadsoud pup ydpuHows1as SNquiIN
*301d £d0O pupy U011098 UOIIDD]Jod DaUD 3]qDIIDA ‘pI°8T 24nbiy

SRR el demind Sl GISHE
el e
A NG Gt Tt e

% iy S Sl T

a7 53
(et o < (S 3 YL AL
= n.nm i mwnnwv. mwwmwnmw\m e e ﬂmmw“mv
s st g St
e RO g S
T e e e G Beres
SR (LTI Tt AL TSt 3 S I I
STETTEL SOV TTNE et e

< MVWWMM ’s G WWM\TW ‘MW\W‘W WJWN'VVVWW
e I e e =
uw..l.w; e Lt g iR S

2

=
oo W\\ = %
MWMA"V«V\N = m \“\WWVV'\\\WHWWWMMW

Gl e
m M\NWW\,\
—

vSl

o 2

191 6G 1

136



229

CATK=23

182

#2

HOLE

£

ATIKCKAN ROR

i
e
e

st )
! Mmm%&w?
W

) MwAAV S vN s

@
HM w\\\/\\ %
> ?
@ .
, WMWA CRK_ D
M
PSS =N

. Mv ,bwuwwwwnwrnw, M.NW%@N»//%/M&%@A@
%“mm%_mcmmmmmmmmmm

137

Borehole seismic section hard copy plot recorded on the Nimbus seismograph and

plotted via the Apple computer. Gains have been adjusted to enhance later "tube"-wave events.

Figure 18.15.



Programs previously mentioned which were designed to
obtain data by interactively viewing seismograms on the CRT
can also accept data from the keyboard. Thus, data in the
form of numbers, either from single channel seismographs or
hand-picks of paper records can be interpreted.

Records in the form of analog traces can be picked
using a small digitizer pad as shown in the bottom of
Figure 18.12. Time-distance values entered via the digitizer
cursor are entered into disk file, displayed on the screen and
analyzed.

Hardcopy Display Capabilities

Perhaps the most valuable aspect of mating the
engineering seismograph with the small computer is the
hardcopy display capability.

With the client in mind, it is far superior to produce a
report-quality plot of a field record than to submit a
photocopy of the raw field monitor. Variable area displays
(Fig. 18.13) are much more definitive, especially when it is
possible to improve the display via computer through filtering
and gain adjustment.

It is possible to produce seismic record sections through
the plotter periferal of the small computer. Figure 18.14
shows an example of a variable area display of marine
reflection records. This section was shot on the sea-ice near
the north pole and displays 2 seconds of record below
seabottom. Although the section is not on an engineering
scale it does demonstrate the engineering seismograph-
computer capabilities since the data were replayed from a
conventional seismic recording system (Sercel 338) into the
Nimbus seismograph. The records were recorded on the
G724S digital tape recorder, dumped via the Apple computer
to floppy disk, were Normal Move-Out corrected, deghosted,
band-pass filtered, gain-adjusted and plotted in variable area
format on the small plotter. The section was glued together
from individual plots.
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A further example is shown in Figure 18.15. We have
used the engineering seismograph in conjunction with a
12-hydrophone borehole cable (known as the crystal-cable) to
measure compressional wave and later events in boreholes in
crystalline rock where the shot is detonated near the hole on
surface. The hydrophone spacing is | m and the crystal cable
is lowered in the hole at 12 m intervals per shot. This record
suite was produced from Nimbus tape recordings which were
transferred to computer disk, edited, gain adjusted, and
plotted. The gains have been substantially reduced so that
the first arrival compressional wave is barely discernible yet
the large amplitude tube wave events (Huang and
Hunter, 1981) associated with micro-fractures in the borehole
wall are on-scale and correlatable across the suite. Post
data-acquisition time to completion of report-ready record
suite was six hours.

Summary

The small inexpensive computer, when linked to the
engineering seismograph, is portable and can be operated in a
variety of field situations, provides an inexpensive means of
storing seismic information on disk, can automate and speed
up interpretation in the field and in the office, and can
provide the client with the optimum hard copy display of
work and interpretation performed.

The software programs discussed in this paper have
been published as Geological Survey of Canada Open File 552.
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Abstract

Seismic data may be described as multifold reversed profile data, with multiplicities ranging

from 300 to 700% in each direction of the reversed profile.

The viewpoint that reversed refraction

profiles are more determinate than unreversed profiles is stringently tested for these deep
sedimentary basins, and results show that great quantities of data complicate rather than simplify
interpretations. Attempts to use traditional reversed profile refraction analyses based on a layered
model with dipping interfaces failed to reveal unique velocities, dips and structures for the layers

which could be matched bidirectionally.

A different analytical approach, using a model with velocities gradually increasing with depth,
so that seismic events may be treated as wide angle reflections near critical incidence, appears to be

justified.

This approach yielded delay time-velocity profiles which match perfectly for the two

directions of the reversed profile and uses all the available seismic data without internal conflict.
The delay time-velocity structures are also consistent with observed gravity anomalies.

Introduction

In 1972, industry and the Federal Government jointly
sponsored detailed shallow and deep seismic refraction and
gravity studies along a profile located 60 km south of, and
parallel to, the axis of the Sverdrup Basin (Fig. 19.1) in the
Canadian Arctic Islands. G.D. Hobson of the Geological
Survey of Canada (GSC) initiated and organized the project
and led the operations. The Earth Physics Branch (EPB) of

Energy Mines and Resources, Canada, conducted the gravity
profiling and the deep crustal seismic sounding. Six oil
companies participated: Canada Southern Petroleum Limited,
Canadian Reserve Oil and Gas Limited, Deminex (Canada)
Limited, Dome Petroleum Limited, Mobil Oil Canada
Limited, and Panarctic Oils Limited. Details of the joint
responsibilities are described by Hobson (1972). In 1973, the
GSC and EPB extended the profile eastward across Amund
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Figure 19.1. Location map and extent of reconnaissance profiles.
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Figure 19.2. Details of seismometer array, shotpoints and gravity stations.

Ringnes Island, and in 1974 added the north-
south profile off the east coast of Ellef
Ringnes Island (Fig. 19.1). Analytical
problems relating to the seismic data for the
sedimentary section were reported by
Overton and Hobson (1977). Interpretation of
the deep seismic refraction data is reported
by Forsythetal. (1979). This report
documents the logistic details and the
interpretation problems encountered with the
unique multifold seismic refraction coverage
obtained for the sedimentary section.

Logistics, Operations, and Instrumentation

Three campsites were established in
1972 as the work progressed east from
Melville Island: at Drake Point on Sabine
Peninsula, on Stupart Island at the southern
tip of Lougheed Island, and at Sun Oil's King
Christian Island airstrip. This last campsite
was used in 1973 and 1974.

The operations involved up to 9 staff
members of GSC and EPB, and Inuit Labour
from Cambridge Bay and Resolute were
employed each year.

The principal means of mobilizing and
demobilizing the bulk of equipment,
personnel, fuel and supplies during the winter
season was by fixed-wing aircraft; field
operations used helicopters. In the 1972
operation a cat train transported and housed
the surveying crew as the line was surveyed
and flagged from Sabine Peninsula to Axel
Heiberg Island. Extensive use was made of
snowmobiles for laying out and picking up the
seismometers and cables; during 1973 and
1974 they were used to survey and flag the
profiles.
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For surveying, in 1972, elevations on land were
determined by levelling and tying into base stations on Sabine
Peninsula, Lougheed Island, King Christian Island, Linckens
Island, Amund Ringnes Island, Ellef Ringnes Island and Axel
Heiberg Island. Water depths were measured using an echo
sounder coupled to the ice surface at every gravity station at
intervals ranging from 980 to 1460 m. The accuracy of
gravity station locations is within 30 m. Elevations are
accurate within 0.3 m, and water depths are estimated to be
accurate within I m. In 1973 and 1974, the surveying was
done by triangulation from control points on King Christian
Island and Ellef Ringnes Island using two snowmobiles. The
lines were flagged by chaining and staking, using visual
backsiting, every 243.8 m along bearings established from the
triangulation control. These procedures proved to be very
successful.

The seismic refraction profiling of the sedimentary
section was conducted using 48-seismometer linear arrays,
one seismometer per station, with 243.8 m station spacing for
the east-west profile. Seismometers were Mark Products
LIU, 4.5Hz. An Il 460 m cable (Fig.19.3) connected
seismometers to the recording instruments at the centre of
the array. The cable and seismometers were laid out using
two snowmobiles except where extremely rough ice made
helicopter airlifting necessary. The arrays were laid end to
end along the profile with end seismometers common on
adjacent arrays.  Shotpoints were placed at increasing
distances from both ends of the array, at equal intervals
(array lengths, Fig. 19.3), until a first arrival velocity of 6 to
6.8 km/s was obtained. These velocities were taken to
represent granitic or Ordovician limestone basement,
respectively (Overton, 1970). For the north-south profile a

24 seismometer array was used with 487.6 m station spacing
(Fig. 19.2) in order to minimize logistic problems.
Apparently, no disadvantage resulted from this compromise.

Shots consisted of 60% geogel in 23 kg centre-tunneled
cylinders. Charges made up in weights ranging from 23 kg to
68 kg were detonated on the ground surface on the islands
and in the water on the seafloor, or at a depth of 60 m where
water depth exceeded 60 m. Shots located on land or in
shallow water on the shore were ineffective seismic sources
and were not recorded beyond one cable length. Shotholes
were drilled in the ice, generally about 2 m thick, using a
gasoline powered auger. Charges were electrically
detonated, producing a time reference pulse which was
transmitted by radio to the recording seismograph. The
48 channel amplifier bank was made up of four 12-channel
Texas Instruments VLF-2 systems modified to equalize
signals to two SIE-PMR-20, 24 channel FM tape systems
which  were coupled mechanically and electrically.
Adjustments to the PMR-20 proved to be extremely critical
and sensitive to vibrations and temperature changes in the
instrument shack. The drive mechanism was prone to
freezing, and moisture condensation caused ice accumula-
tions on the magnetic tapesand heads. Also the tape systems

SP24 SP25 SP26 SP27 SP28 SP29 SP30 SP3I SP32 SP33
X X X X X X X X X X
SEISMOMETER
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SHOTPOINT SPACING 11.46 KM
Figure 19.3. Seismometer array and shotpoint details used

in generating the reversed profile multifold seismic data.
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caused a great deal of electrical interference on the
seismograph amplifiers. These problems forced an early
abandonment of attempts to record the data on magnetic
tapes. A Texas Instruments RS-8U oscillograph using liquid
developer and fixer was used with difficulty in the cold
climate, only because an electrostatic oscillograph was not
available. Oscillograph paper speed was 16.6 cm per sec.
System bandpass response was 6 db down at 5 Hz and 48 Hz.

Results

Two sample records from the east-west line are shown
in Figure 19.4. The first arrivals are characterized by weak
onsets followed by stronger phases. The interpreter is
compelled to pick progressively later events within the first
arrival wavetrain, as the distance of the traces increases
from the shotpoint. This results in an en-echelon pattern of
segments on the time-distance plots, often causing timing
conflicts in the interpretation. Early attempts to interpret
these data were by conventional reversed profile methods
which sought to establish layered velocity models on the basis
of the reversed profile time-distance plots. All first arrivals
and conspicuous secondary arrivals were plotted. Figure 19.5
is an example of the time-distance graphs. The method of
recording shots from various distances into a stationary array
is a sensitive indicator of velocity changes associated with
depth of seismic penetration; variations of 0.25% can be
significant depending upon the dispersion of the residual
times about their regression line. Most velocity differences
are larger than this and are highly significant. Figure 19.5
shows the difficulty in selecting a discretely layered model,
and the difficulty of matching reversed profile segments for
any given velocity. Velocity changes are subtle, with some
obvious distortions due to local structures. Note the change
to 5.33 km/s between shotpoints 29 and 30 decreasing to
5.12 km/s between shotpoints 28 and 29. This makes reversed
profile matching of velocity segments virtually impossible.
The subtlety of velocity variation is further illustrated in
Figure 19.6 which shows frequency distributions of velocities
for each direction of each of the reversed profiles. No
discrete pattern of velocity layering is noticeable. No
velocity shifts between the distributions for the reversed
profiles are apparent. Regional dips (which would contribute
to such shifts) of up to on half degree would produce bilateral
velocity differences no greater than one class interval.

On the east-west line the prominent peak at 2.74 km/s
represents ice arrivals at small distances. The north-south
line shows several observations at 1.52 km/s which represent
ice coupled water arrivals. Velocities greater than 6.75 km/s
represent events modified by local structures and probably
some diffractions.

Interpretation

The velocity distributions suggest complex multilayered
models; however, the number of layers remains obscure. The
velocity histograms do not indicate a lower limit. Even
allowing one layer for each class interval, the problem of
matching reversed profile segments to avoid conflicting
structures persists. The interpreter is forced to accept each
velocity segment of the time-distance plot at face value and
to consider the concept of gradually increasing velocities
with depth, a concept which has been used routinely to
interpret reflection data in sedimentary basins for decades
(Slotnick, 1936).

Another problem remains with head wave interpreta-
tions; that is, which part of the subsurface span between the
shotpoint and the seismometers does an event represent?
The simplest approach is to think of the seismic events as
wide-angle, or near-critical, reflections. In this way the
events may be viewed as representing the halfway point on

the subsurface. This can be done for each direction of the
reversed profile. A comparison of the bidirectional results
may provide insight into interpretational refinement.
Further to the concept of gradually increasing velocities with
depth, near-critical reflection trajectories are commonly
curved (circular for strictly linear velocity increases), with
the apparent velocities representing the velocity at the
maximum depth penetrated (Dobrin, 1952). This provides the
most convenient approach for interpretation because it solves
all the mechanical problems; that is, since the recorded
events are considered to be wide angle reflections, they
would represent the halfway subsurface span. Also in the
sense that the events are critical reflections, their apparent
velocities are representative of those at the maximum depths
of penetration, and may also be interpreted as head waves.
[n this way, the time-distance-velocity values for each event
may be reduced to a delay time. This fully describes the
method: for each direction of the reversed profiles,
velocities and associated delay times were computed for all
segments of the time-distance graphs. The delay times were
plotted on sections, and annotated with their velocities,
halfway between the shotpoints and seismometers. Velocity
contours were then drawn on these sections. The two
directions for the reversed profiles were then compared and,
with minor modifications to the contours, were found to
match. The results from the two directions, now being
compatible, were combined (Fig. 19.7, 19.8). This was
considered a major accomplishment, especially since prior
interpretations using reversed profile headwave analyses and
layered models produced gross conflicts in structures. Thus,
a fundamental prerequisite is satisfied: the interpretation
utilizes all of the data systematically without internal
conflicts. The practical meaning, as with any interpretation,
requires substantiation.

Discussion

Certainly for the deep Sverdrup and Franklinian
sedimentary basins (Thorsteinsson and Tozer, 1960) composed
of an alternating sequence of marine and nonmarine
sediments, faulted and folded, containing igneous, carbonate,
gypsum and halite intrusions, the complexity of the seismic
refraction results is not surprising. Previous seismic studies
in this area (Hobson and Overton, 1967; Overton, 1970;
Sander and Overton, 1965) used layered velocity models and
headwave interpretations simply because the data were
sparse and no conflicts were encountered. The highly
detailed work of this experiment has demanded attention to
these conflicts.

The most serious criticisms of the interpretation are:

I. the resulting velocity contours do not correspond with, or
even resemble the results of seismic reflection work over
the same area (reported in Forsyth et al, 1979), and

2. the velocity contours do not correspond with the
stratigraphy as it is known from borehole control.

These criticisms are easily dismissed as the refraction
method, with wide ranging soundings, traverses a highly
diverse geological environment and in the process it does a
lot of averaging of structures. The borehole and seismic
reflection correlations show detailed, localized structures.

As for geological implications the 3 km/s contour
approximates the water delay time and it shows the highly
variable seafloor topography. Other geological correlations
are obscure and are undoubtedly complicated by stratigraphic
variations. However, some general regional effects may be
seen. Judging from depth estimates the 5.25 km/s contour in
Figures 19.7 and 19.8 appears to approximate the base of the
Sverdrup Basin. It shows a general thickening from the west
toward the east (Fig. 19.7) and from the north toward the
south (Fig. 19.8) approaching the axial region of the basin.
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The 6.75 km/s contour is ubiquitous on the east-west section
(Fig. 19.7) and is considered to be seismic basement, and
coincides with early Paleozoic carbonate belts which fringe
the Sverdrup Basin. The seismic refraction method is very
effective in mapping these carbonate belts.

Another basin-like thickening is suggested for these
deeper Paleozoic strata, and may represent the Franklinian
geosyncline underlying the Sverdrup Basin. Increased
complexity of folding east of Ellef Ringnes Island, across
Amund Ringnes toward Axel Heiberg is in accordance with
known geological models, as well as structural complexities
on Amund Ringnes Island.

Figure 19.8, the contoured velocity-delay time section
for the north-south profile shows a sharp rise in the 6.75 km/s
contour at shotpoint 73 which appears to be significant. This
coincides with a pronounced local gravity feature which may
be related to the northern extension of the Boothia Arch and
the Cornwallis Fold Belt (Thorsteinsson and Kerr, 1968;
Kerr, 1977). Poorly controlled contours are dashed. The
absence of the 6.75km/s contour between shotpoints 67
and 70 may signify a change from carbonate to shale or
clastic facies. This effect has been observed in previous
work (Overton, 1970) near Emerald Isle, between Prince
Patrick Island, Mackenzie King Island and Sabine Peninsula

VELOCITY - KM/S

VELOCITY — KM/S

where a high velocity basement was absent. Truncation of
sedimentary beds on the seafloor is suggested on an arch
centred under shotpoints 57 and 58 (Fig. 19.8) This feature
coincides with a 60 mgal positive gravity anomaly
(Sobczak et al., 1963). The pronounced folding at
shotpoints 62 and 63 on the shallow contours is the most
conspicuous seismic feature. This coincides with a 30 mgal
negative gravity anomaly representing a gypsum piercement
structure.

Further support for this seismic interpretation is
discussed in a manuscript by Sobczak and Overton (submitted
to Earth Physics Branch).

Depth Conversions

Alterating sequences of marine -and nonmarine
sediments in sedimentary basins invariably cause velocity
inversions which complicate depth conversions, particularly
for the seismic refraction method which only shows
monotonically inceasing velocities. Delay times obtained
from refraction profiling, however, are directly related to
these inversions. Thus it is necessary to examine the effect
of these inversions on depth estimates. In the absence of
velocity information from deep boreholes or from deep
seismic reflection data, it is necessary to examine reasonable
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possibilities for velocity models. Three methods were tested
for the purpose of comparison. First, Figures 19.7 and 19.8
indicate the monotonically increasing velocities
characteristic of refraction profiling. Accepting these as
representing one possible model with a large number of
increasing velocity layers gives one set of depth estimates.
Second, Figures 19.7 and 19.8 may be taken to represent six
discrete velocity layers overlying the 6.75 km/s basement,
giving another set of depth estimates. Third, the velocity
contours of Figures 19.7 and 19.8 may be considered as
representing thin refractors interspersed within a low
velocity matrix. Figure 19.9 shows the depths resulting from
these three models for shotpoint location 24. The greatest
difference in computed depths is given by Figure 19.9D for
which an extreme degree of inversion has been assumed. The
model in Figure 19.9C represents depth uncertainties of 10%,
compared with the model in Figure [9.9B and models
assuming a moderate degree of velocity inversion.

Conclusions

Reversed seismic refraction profiling in the Sverdrup
and Franklinian basins has produced data which generate
conflicting and confused structures by traditional headwave
analyses and discretely layered velocity models. An
interpretation which assumes that first arrivals represent
wide angle critical reflections appears to eliminate these
conflicts and allows the data to be mapped as contoured
velocities on delay time sections. The resulting sections are
consistent for reversed profiles and utilize all the available
data.

Details of structures are not seen in these wide ranging
seismic refraction measurements, while the broad, well
known features of depth variations, folding and faulting
complexities and diapiric structures are evident in the
interpretations. The seismic refraction method is effective
in mapping the high velocity Paleozoic carbonates of the
Franklinian geosyncline. Depth estimates appear to be within
expected limits, allowing for reasonable variation in the
velocity model.
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Abstract

In 1929, the largest historical earthquake on the Atlantic margin of Canada was followed by a
series of breaks in trans-Atlantic telegraphic cables on the deep seafloor south of the Laurentian
Channel. Both slumping and turbidity currents generated by the slumps are thought to have caused
the cable breaks. It is necessary to know the approximate recurrence interval of similar earthquakes
to allow an assessment of the seismic risk for this part of the Canadian margin. Sparker and airgun
seismic-reflection profiles of the upper Laurentian Fan and superjacent slope, together with recently
obtained core samples and 3.5 kHz high-resolution acoustic profiles, confirm that slumping of
surficial sediment on the slope and upper Laurentian Fan is common within 100 km of the earthquake
epicentre. Most slumps involve the uppermost several tens of metres of sediment and expose late
Pleistocene sediment at the seafloor. One large debris flow that originated near the earthquake
epicentre is locally more than 200 m thick and extends more than 100 km down the eastern valley on
the Laurentian Fan. Deep seismic reflection profiles from the upper Laurentian Fan suggest that

earthquakes with effects similar to that of 1929 have recurrence intervals of hundreds of thousands
of years.

Introduction

55° 54° 53° 52°

The Grand Banks earthquake of November 18, 1929,
which had an estimated magnitude of 7.2 and an epicentre
just south of the southeast edge of the Laurentian Channel
(Doxsee, 1948; Stewart, 1979), was the largest historical
earthquake to have occurred in Atlantic Canada. Epicentres
of subsequent earthquakes in the southern Laurentian
Channel suggest that the 1929 event occurred on a major
fault system that runs from the Cobequid-Chedabucto fault
of Nova Scotia, through the Orpheus graben, to the transform
continental margin of the southwestern Grand Banks
(Glooscap fault system of King and MacLean, 1976).
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Numerous deep sea cables (Fig. 20.1) were broken,
either during or shortly after the earthquake (de Smitt, 1932;
Doxsee, 1948), and these breaks, together with the discovery
of a turbidite bed on the surface of the Sohm Abyssal Plain S C
led to the suggestion by Heezen and Ewing (1952) that the 433 o
earthquake triggered a slump and major turbidity current.
Although the relative importance of slumping
(Terzaghi, 1956; Piper and Normark, in press) and the precise
path and velocity of the subsequent turbidity current .
(Heezen and Drake, 1964; Uchupi and Austin, 1979) have been #ef S
disputed, this general interpretation is widely accepted.
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With the recent expansion of hydrocarbon exploration

on the Atlantic continental margin of Canada, there is a need

to assess the risk posed by a seismically active zone in ar

Laurentian Channel. In this report we use geological data,

including some quite recently obtained, to estimate a
recurrence interval for earthquakes with effects similar to 540 5%
those of the 1929 event.

SOHM ABYSSAL PLAIN

The principal data, from cruise &1-044 on CSS Dawson, 4071 o w10 6s®  Ocs 4
December 4-15, 1981 (Fig. 20.2), include 3.5 kHz profiles, TR
piston and gravity cores, and unprocessed analogue records BitHYMETEY. IN METRES 57
from a high-resolution multichannel seismic-reflection el
survey; navigation was by Loran-C. In addition, we use data 58° 570 56° 550 54° 53° 52°
(Fig. 20.3) from an earlier single-channel sparker survey from A . . .
cruise 78-022 (Normark, in press; Piper and Normark, Figure 20.1.  Laurentian Fan and adjacent area, showing
in press) and the piston cores studied by Stow (1977). This epicentre of 1929 earthquake and locations and times of
earlier work was partly supported by the Natural Science cable breaks (aft_er Heezen and Ewing, 1952). Dots, instanta-
and Engineering Research Council (NSERC) and the neous breaks; circles, later breaks. Numbers are times

U.S. Geological Survey. (in minutes) after earthquake.
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(Inset shows location of this figure and Figure 20.3) SI and S3 are cores of Stow (1977); other cores

are from cruise 81-044.

In this report, the thicknesses on acoustic records are
given in two-way traveltime (in milliseconds): for surficial
sediment, | ms two-way traveltime Iis approximately
equivalent to | m of sediment thickness.

The Debris Flow and Turbidity Current

Both field and laboratory studies (Hampton, 1972)
suggest that turbidity currents develop from slumps through
an intermediate stage of debris flow; the debris flows
themselves commonly occur downslope from large slump
scars. Such debris flows may be kilometres wide and as much
as hundreds of metres thick, although thicknesses of only a
few metres or tens of metres are normal in distal
environments. Damuth (1980) reviewed the criteria that are
useful in identifying debris flows from high-resolution
acoustic data, and good examples of modern debris flows
were described by Embley (1980) and Damuth and Embley
(1981).

The large eastern valley of the Laurentian Fan
(Fig. 20.3), below the 1929 epicentre, has long been known to
contain a low central ridge, here identified as a debris-flow
deposit (Stow, 1977; Edgar and Piper, 1979; Uchupi and
Austin, 1979). This feature is seen to have a rough surface
topography on 3.5 kHz reflection profiles, suggestive of a
debris flow (Damuth, 1980). A 160 kj sparker profile that
crosses the feature shows a complex of hyperbolic reflectors
(again suggesting irregular unstratified sediment) overlying a
prominent valley floor or slope reflector that continues to
either side (Damuth, 1980). Long-range sonar (GLORIA)
records by D.G. Roberts (personal communication, 1980) also
confirm the presence of a large debris flow here. In most
areas this debris flow is less than 40 m thick, but near its
upslope limit it is more than 100 m thick. A second, smaller
possible debris flow is recognized in sparker seismic profiles
in the central valley of the upper fan (Fig. 20.3) as far south
as latitude 43°30'N, although its surface morphology is
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on upper Laurentian Fan (Piper and Normark, in press),
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smoother on higher frequency analogue records and in
places it is deeply dissected by the central valley. This
second debris flow appears to be onlapped by stratified
sediment at one locality; thus, it appears to be a
substantially older feature than the debris-flow deposit
in the eastern valley.

Pleistocene turbidites on the Laurentian Fan and
Sohm Abyssal Plain comprise a distinctive red mud,
whereas the overlying Holocene sediment s
hemipelagic and olive grey (Piper, 1975; Stow,
1977, 1981). The red colour of the 1929 turbidite on the
Sohm Abyssal Plain (Fruth, 1965) also indicates that
much of its source material may be Pleistocene
sediment. These observations suggest that the finer
grained sediment of the 1929 turbidite on the
Laurentian Fan may be recognized as a distinctive red
mud at the top of the cores, overlying Holocene olive-
grey hemipelagic sediment.

Piston cores from the Laurentian Fan in the
vicinity of latitude 42°10'N (Stow, 1977, 1981) show
surface sand and gravel in channels that may be derived
from the 1929 turbidite. Red mud occurs on some low
valley walls, but overbank red mud is absent on the
levees more than 170 m above the valley floor.

We sampled the debris flow and adjacent valley
floor at about latitude 44°N.  Both gravity cores
(cores 7 and 8§, Fig. 20.3) washed out, probably after
bottoming in sand, but penetrated 30-50 cm of red mud
(preserved on the outside of the barrel). Any overlying
olive-grey sediment, if present at all, must have been
very thin. These cores presumably penetrated the 1929
turbidite. On the adjacent levee, 250 m above the crest
of the debris flow, no red mud is present at the surface
(core 9, Fig. 20.3).

Ground Shaking on the Upper Fan

Our 1978 sparker survey of the upper fan showed
that the sediment surface is commonly very rough, and
gives hyperbolic returns, not only on the steep valley
walls but also on the relatively flat levee crests. A
transition occurs on the levee crests downfan to smooth
seafloor at about latitude 4#3°30'N. New 3.5 kHz data
indicate that this transition is marked by the loss of
5-20 ms (approximately 5-20 m) thicknesses of surface
sediment from the rough upslope side, presumably by
slumping (Fig. 20.4). This conclusion was confirmed by
coring (cores 10 and 11, Fig. 20.3). The smooth seafloor
has an upper layer of Holocene olive-grey hemipelagic
mud; this layer is absent, however, on the rough
seafloor, where red mud and sand (both character-
istically Pleistocene sediment types) were noted at the
surface. Core 10 had a slight red tinge in the upper-
most surficial hemipelagic sediment: whether this
material was derived from levee spillage of the 1929
turbidity current or from resuspension of sediment
during slumping away of the surficial sediment
sequences is unclear.

We have insufficient 3.5 kHz data to confirm
whether all the areas that show surface roughness on
the 160 kj sparker profiles have undergone surficial
slumping: probably in some areas the roughness results
from valley-wall erosion by turbidity currents
(Piper and Normark, in press). Nevertheless, our data
indicate that few of the levee crest areas south of
latitude 43°30'N are disturbed, whereas between
latitudes 43°30'N and 44°10'N, only small areas of
undisturbed levee crest occur.
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The area of widespread ground shaking and slumping
during the 1929 earthquake can be estimated from the
distribution of instantaneous cable breaks (Fig. 20.1). These
breaks, which occurred as far south as latitude 43°25'N,
correlate well with our observations on surface slumping.
The distribution of cablebreaks occurring after the initial
earthquake suggests that a turbidity current was not
restricted to the eastern valley below the epicentre; instead
several breaks appear to have taken place near the lower part
of the western valley.

Ground Shaking on the Continental Slope

The steep continental slope is presumably the source
area for most of the slump material that formed the debris
flows and turbidity current. We can distinguish two strikingly
different areas: the slope off Laurentian Channel, and the
slope off St. Pierre Bank.

The continental slope off the Laurentian Channel lies in
400 to 2000 m water depth. The upper slope (to 1300 m) is
very steep, scalloped in plan, and somewhat resembles a
glaciated mountain slope with cirques separated by arétes
(Fig. 20.2).  High-resolution 3.5 kHz profiles show a hard
bottom, and the few attempts at coring in this environment
(Stow, 1977) yielded almost no sediment. High-resolution
common depth point seismic-reflection profiles, using a
40 in® airgun sound source, also show no continuous
reflectors. We suggest that the slope here is underlain by
thick glacial till and that the cirquelike features represent
major slump scars.

The slope off St. Pierre Bank is much more gentle, and
is dissected by shallow channels that show multiple cut-and-
fill sequences on the multichanne!l seismic records. The well
stratified sedimentary sequence (to | s subbottom) shows no
evidence of major slumps. High-resolution 3.5 kHz profiles
show well stratified surficial sediment in water depths of
more than 500 m.  Absence of acoustic penetration in
shallower waters is probably due to the presence of surficial
sand. Over large areas (estimated at 60 per cent of the total
survey area), the uppermost 5-30 ms of stratified sediment is
missing, and abrupt transitions occur between the truncated
and the complete stratified sequences (Fig. 20.4). Piston
cores (2, 5, and 6, Fig. 20.2) confirm that Holocene sediment
is missing where the 3.5 kHz profiles show that the upper
part of the stratified sequence has been stripped away. This
observation suggests that the missing sedimentary sequences
have been removed by late Holocene slumping.

Recurrence Interval of Major Seismic Events

The 1929 Grand Banks earthquake was a major seismic
event. The evidence of instantaneously broken cables
indicates that it caused slumping to as far as 100 km from
the epicentre. Subsequently, a powerful turbidity current is
thought to have broken cables as far south as latitude
39°30'N on the Sohm Abyssal Plain.

The timing of the breaks suggests current velocities
approximately 10 m/s (e.g., Heezen and Ewing, 1952). On the
continental slope, Laurentian Fan, and Sohm Abyssal Plain,
we saw abundant evidence of a major late Holocene slump
and turbidity current event. Slumping was widespread to as
far as 100 km from the epicentre, some as far as 130 km
away. The morphologically fresh debris flow and small slump
scars have no recognizable Holocene sediment resting on
them. The widespread turbidite on the Sohm Abyssal Plain,
with a volume of more than 50 x 10° m?, is not overlain by
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pelagic sediment (Fruth, 1965); furthermore the surficial
sediment in mid-fan channels is composed of thick sorted and
graded gravel to coarse sand rather than pelagic mud
(Stow, 1977).

The similarities in scale and extent between the
inferred late Holocene slump/turbidity current event on the
continental slope — Laurentian Fan-Sohm Abyssal Plain, as
well as the observed effects of the 1929 earthquake in the
same area, argue that these two are causally related. It is
highly improbable that the inferred slump/turbidity current
event represents an earlier larger unrecorded late Holocene
earthquake. The absence of earlier slump events revealed in
the sedimentary sequences on 3.5 kHz profiles of both the
slope off St. Pierre Bank and the upper Laurentian Fan
suggests that no other major shaking event of the same style
occurred during the accumulation of the upper 40 ms of
sediment. The sedimentation rate data of Stow (1977) and
Alam (1979) suggest that this interval corresponds to at least
the past 100 000 years. Therefore, we conclude that the 1929
event was the only earthquake of that magnitude to occur at
the edge of the Laurentian Channel within at least the past
hundred thousand years. Large earthquakes, however, may
have occurred farther northwest on the Glooscap fault
system, and smaller earthquakes may well have occurred,
with effects less visible on 3.5 kHz profiles.

On deeper seismic-reflection profiles from the
Laurentian Fan (Normark, in press; Piper and Normark,
in press), there is evidence of occasional earlier major slump
and debris-flow events within the Pleistocene section. The
age of the dissected debris flow in the central valley is
uncertain. On the west levee of the eastern valley, at
latitude 43°20'N, there are two subsurface horizons with
evidence of surficial slumping above marker horizon A of
middle Pleistocene age (Piper and Normark, in press). At
latitude 41°20'N, near the terminus of the western valley, is
a thick debris flow some 0.3 s subbottom, also of inferred
middle Pleistocene age.

Turbidites of Wisconsinan (latest Pleistocene) age,
which are common on the lower Laurentian Fan and Sohm
Abyssal Plain (Stow, 1977; Wang et al., in press), appear to be
more common than seismic events of the magnitude of the
1929 earthquake. The turbidites may well have been formed
by slumping of glaciomarine sediment transported down the
Laurentian Channel; this slumping may have been initiated
either by sediment overloading on steep slopes or by small
earthquakes that triggered slumps only very close to the
epicentres. Some of the currents must have been large as
they reached the distal Sohm Abyssal Plain 1200 km to the
south (Wang et al., in press). Such turbidity currents probably
eroded the older debris-flow deposits from the valley floors.

Conclusions

Extensive ground failure occurred as far as 100 km
from the epicentre of the 1929 Grand Banks earthquake.
Earthquakes with such effects probably have a recurrence
interval of hundreds of thousands of years. Earthquakes with
lesser, but significant, effects could be considerably more
common.
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Abstract

Archean tectonics in Hopedale block of southern Nain (Nutak) Province are dominated by large
scale shears. Two stages of deformation are recognized. Stage one — the Hopedalian — resulted in
NW-trending planar structures and SE-plunging linear structures in volcanic rocks (Hunt River belt
and Weekes amphibolite) and in already polydeformed tonalites and granodiorites (Maggo gneiss) older
than 3200 Ma. Stage two — the Fiordian — resulted in NNE-SSW planar structures and mainly
NE-plunging linear structures. This deformation has a sinistral shear sense as evidenced by the
deflection of Hopedalian structures; it followed the deposition of Florence Lake volcanics and the
emplacement of Kanairiktok intrusions about 2830 Ma ago.

In the southern part of Hopedale block these Archean rocks and structures were deformed
during the early Proterozoic and formed the Makkovik Subprovince. Deformation is associated with
syn- and post-kinematic phases of the Island Harbour granite emplaced about 1970 Ma ago. Initially
deformation was dominated by strain of pure shear type with formation of poorly defined NE-trending
zones of ductile simple shear. The boundary between Archean Nain Province and Proterozoic
Makkovik Subprovince is defined in rocks of Nain Province along Kanairiktok Bay where one such

zone of ductile shear coincides with an amphibole isograd of Proterozoic age.

Introduction

This report summarizes the results of mapping,
structural studies and detailed collecting for geochemical and
isotopic work during the fourth and final year of this project.
The mapping was designed to complete field work for three
map sheets at 1:100 000 (Fig. 21.1) covering the areas in
NTS 13N, K and O, and complementing work by geologists of
the Newfoundland Department of Mines and Energy
(e.g. Ryan and Kay, 1982; Hill, 1981). Structural and
lithological chronology for the Archean block presented in
previous  reports  (Ermanovics and Raudsepp, 1979;
Ermanovics, 1980; Ermanovics and Korstgdrd, 1981) can be
extended into Makkovik Subprovince where it is modified by
Proterozoic deformation, metamorphism and intrusive
events. The structural and lithological framework was used
as a basis for collections from selected outcrops designed to
study possible geochemical and isotopic modifications of
original early Archean gneisses during later Archean and
Proterozoic deformation and high grade metamorphism.
Subsidiary collections were made from Proterozoic intrusions
in the Makkovik Subprovince for comparison with the
lithologically similar and contemporaneous plutonic rocks
from the Ketilidian fold belt of South Greenland.

The use of the term Nain Province in this report follows
the common usage by geologists of the Newfoundland
Department of Mines and Energy and is synonymous with
Nutak Province (Douglas, 1972) and Eastern Nain Subprovince
of Nain Province (Stockwell, 1982).

The Archean Block
The Hopedale trend

Structures. The earliest recognizable regional trend in
Hopedale block (Fig. 21.2) is a NW-striking, steeply mainly
SW-dipping planar trend (Fig. 21.3a) combined with a
SE-plunging linear trend (Fig. 21.3b). This trend s
characteristic of the rocks between Hopedale and the outer
coast, but is also found as relicts in the structurally younger
Fiord trend areas (Fig. 21.2).

Lithologies. The main rock units having Hopedale trend
had a complex history prior to the development of the
dominant regional structure mapped as Hopedalian. We
recognize the following major rock types:

ks Early amphibolites ~ (Weekes  amphibolite,
Ermanovics and Raudsepp, 1979). These occur as rafts and
inclusions, a few square metres to hundreds of square metres
in area, enclosed within grey gneisses. They are veined and
partly broken up by the surrounding tonalites and by several
generations of younger quartzo-feldspathic gneisses and
pegmatite. As the oldest rocks in the coastal area they are
provisionally correlated with rocks of the Hunt River belt
(Fig. 21.1), a group of amphibolitic and ultramafic rocks
forming a 80 km continuous belt trending NNE (Fiordian) in
the northwestern part of the area (Ermanovics and
Korstgdrd, 1981;  Collerson et al., 1976; Jesseau, 1976).
Alternatively the Weekes amphibolites and the grey gneisses
surrounding them could represent a basement to rocks of the
Hunt River belt.

The Weekes amphibolites are mainly dark rocks with
prominent metamorphic layering at a scale of 10-20 cm.
Some of the outcrop scale layering is due to concordant
sheets of gneiss intruded into the amphibolites and reaction
between gneiss and amphibolite. Other layering appears to
be due to primary variation in the chemistry of the suite so
that between 10 and 45 per cent of some outcrops consists of
garnet amphibolite or a pale leucoamphibolite of interm-
ediate composition. The Weekes amphibolites locally contain
ultramafic layers (talc-actinolite schist), garnet-rich
quartzofeldspathic gneiss  (Fig. 12.2b in Ermanovics and
Korstg%rd, 1981), and orthopyroxene-bearing units. No
primary sedimentary units have been identified and the
amphibolites could represent either basic lavas from a supra-
crustal succession or layered basic intrusive rocks. The
garnet-rich,  quartzofeldspathic  gneisses of  Weekes
amphibolite may have some textural and compositional
similarities to the Upernavik supracrustal rocks of the Saglek
area (Bridgwater and Collerson, 1976). '

lDepartment of Geology, Aarhus University, DK-8Uu0 Aarhus C, Denmark
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