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FOREWORD

Exploration for mineral resources in the mountainous
regions of the Cordillera has changed considerably in the
last decade. As the frequency of near-surface discoveries
diminishes mineral exploration is more frequently focused
on regions of high potential but mantled by unconsolidated
sediments of varying complexity and thickness. This move
to a different type of terrain, dominated by Quaternary de-
posits, requires a change in the exploration strategy. Suc-
cessful mineral exploration in Quaternary dominated terrain
requires an appreciation and understanding of the surficial
sediment cover, glacial history, glacial dispersal theory and
soil formation which can assist in the interpretation of the
overburden cover.

This volume is a compilation of papers on various as-
pects of drift exploration using many examples from British
Columbia. The number of glaciations, patterns of ice disper-
sal as well as thickness and types of deposits found vary
throughout the province. Coupled with a variable topo-
graphic relief the region is highly suited for a compilation
of drift studies focussing on mountainous terrain, Papers are
grouped thematically beginning with Quaternary geology,
followed by geochemistry and concluding with geophysics.
Topics are diverse, and cover many principles of surficial
geology such as recognition of paleo-flow direction, drift
potential mapping, methods of drilling as well as glacial dis-
persal using indicator clasts. Geochemical contributions ad-
dress various methods of till geochemistry and
biogeochemical sampling, lake sediment research, labora-
tory technigues and new research interests such as partition-
ing studies. Topics covered in the geophysical papers

include shallow seismic methods, borehole analysis and re-
sistivity mapping. Case studies which elaborate on the
above concepts are dispersed throughout the techaical con-
tributions.

The contributors represent a wide range of specialties
and possess many years of experience in their particular
fields of interest. Provincial and federal geological surveys
as well as academia and the exploration industrv are well
represented. All of the authors worked hard to complete
their papers for this volume and the editors acknowledge
and appreciate their efforts. An earlier version of this text
appeared as a companion to the Cordilleran Rour dup 1994
Short Course on Drift Exploration in Glaciated axd Moun-
tainous Terrain held at the Hotel Vancouver, in Vancouver,
British Columbia. The emphasis of the course and this vol-
ume has been on glaciated and mountainous terrain in keep-
ing with our focus on Cordilleran activities. However,
examples from outside the Cordillera are common to illus-
trate certain concepts and principles relevant to the Cordii-
lera. We have deliberately tried to limit duplication of other
successful velumes on drift studies which tend to siress
‘shield’ or ‘continental ice’ environments.

The papers have undergone critical review and editing
by the Ministry of Energy, Mines and Petroleum E.esources.
We trust this volume will be of interest and use to a variety
of mineral explorationists, particularly those bedrock and
Quaternary geologists, geochemntists and students who share
a common interest in drift exploration and mountzinous ter-
rain.
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RECOGNITION AND INTERPRETATION
OF FLOW DIRECTION INDICATORS FOR FORMER
GLACIERS AND MELTWATER STREAMS

By J.M. Ryder
J.M. Ryder and Associates, Terrain Analysis Inc.

INTRODUCTION

Mineral exploration in glaciated terrain relies on the
identification of dispersal trains of mineralized debris in gla-
cial drift (Shilts, 1976; DiLabio, 1990). Debris was eroded
from mineralized source rock and transported by ice or melt-
water prior to deposition, Exploration involves discovery of
dispersal trains by geochemical soil surveys and subsequent
tracing to the source by following the glacial flow-path up-
stream, Early drift prospecting concentrated on the analysis
of'till, but more recently other types of glacial drift, such as
glaciofluvial (meltwater stream) sediments and Holocene
deposits have been used.

Drift prospecting relies heavily on knowledge of the
former flow directions of late Pleistocene glaciers and gla-
cial meltwater streams. Flow directions are indicated by a
variety of erosional and depositional features. Many of these
are landforms that are large enough to be visible on air pho-
tos (Table 1-1), and air photo interpretation is by far the
fastest and most economical way to determine flow direc-
tions. Smaller landforms and other features, such as sedi-
mentary structures, can only be seen on the ground (Table
1-2). Commonly, ice and meltwater flow directions can be
reliably determined from air photos by an experienced in-
terpreter, and less experience is required to identify some of
the more clearly defined flow features. Additional informa-
tion about the origin and processes of deposition of different
types of surficial materials can also be interpreted from air
photos, although for this purpose, some ground checking is
usually necessary.

Even when clear directional features are identified, ap-
plication of flow information to drift prospecting is not al-
ways straightforward. For example, flow directions may
have changed with time during a glaciation, or observed
flow direction indicators may not represent regional or typi-
cal patterns of ice or meltwater movement,

The objectives of this paper are: to illustrate and pro-
vide criteria for the recognition of landforms and other fea-
tures that indicate the former flow directions of ice and
meltwater with emphasis on air photo interpretation; and to
discuss the factors that control flow directions and changes
of flow direction, in both space and time, with regard to
application to drift exploration,

Because this paper can provide only a broad overview
of these two topics, it is recommended that persons attempt-
ing to develop skills in air photo interpretation of glacial
features should read additional material on glacial geomor-
phology and air photo interpretation. Recommended read-

ing includes the classic text by Flint (1971) and books by
Easterbrook (1993), Sharp (1988), Sugden and John (1976),
and Prest (1983). Guides to air photo interpretation of gla-
cial landscapes are provided in air photo inferpretation
guides by Keser (1976) and Smith (1987).

To simplify the following descriptions, flow direction
indicators are grouped by agent of formation (glaciers and
ice sheets, meltwater), size, and composition (bedrock, gla-
cial drift). Two size classes (large and small) are used to
separate features that are visible on air photos from those
that can only be identified on the ground. It is useful to dis-
tinguish erosional forms in bedrock from features composed
of drift because the former can be expected in 10cky areas,
such as large parts of the Canadian Shield and the Coast
Mountains of British Columbia, whereas the latter are char-
acteristic of drift-covered landscapes such as the Interior

TABLE 1-1
DIRECTIONAL LANDFORMS IN BEDROCK AND DRIFT
CREATED BY GLACIERS AND MELTWATER

Paper 1995-2

Agent of Formation Bedrock Landforms Landforms of Drift Landforms
Drift and Bedrock
Alpine glaciation: End moraines:
ICE cirques terminal moraines
trouehs recessional moraines
diffluent troughs Small moraines:
.—{various typesh |
Streamlined landf Sir
roches montennées
rock drumtins
whalebacks drumlizs drumling
flutings crag and tait drumlineid ridges
glacial grooves Tlntings
ftuted till plain
MELTWATER Melrwater channels: Melrwarter Melrwarer channels:
Taeral Tateral Tateral
subglacial subglacial subglacial
proglacial proglacial proglacial
Ounwash landforms:
plains
terraces
fans
dellas
lee-contact landforms:)
eskers
kames
kame terraces
TABLE 1-2
SMALL LANDFORMS AND SEDIMENTARY
STRUCTURES
Agent of Formation | Erosional Features | Deposiiional Features
ICE striations Sedimerfary structures:
grooves il fabric:
roches moutonnées boulder trains, erratics
transverse marks glaciotetonic structures
MELTWATER scour marks Sedimer tary structures:
inbrication
ripples
crossbedding
1
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TABLE 1-3
TYPICAL DIMENSIONS OF LANDFORMS

Tandform Rellel Length Wihith (or dimension
indicated)
[Alpine glaciation;
Cirges 150-1000 m 0.52km 0.3-1.5km
troughs 150-1500 m §-20 km 0.52km
[End moraines;
of Laurentide ice shoet up to 100 m 10's km 130 km
of aipine glaciers upto50m 0.3-1.5km 10-100 m
i morsines;
of Laurentide ico sheet 10-30m upto 1 km (crests 100-300 m apariy
of sipine glaciers wio3m 0.3-1.5km {crests 1-30 m apart)
S treamiined landforms:
mches mMoutonndes 2-200m 10-1000 m 0.2-0.8 of length
rock drumibing 5150 m 50-1000 m 0.2-0.4 of length
whalebacks 1-103m 5500m 0.2-0.5 of length
tings 1-1tm up to several km 0.1 o bas of length
fhuted Lilplain 1-10m up to several km 0.1 or less of length
drumlins 5150m 50-1000 m 0.2-0.4 of longth
drumlinoid ridges 320 m 50-1000 m 0.1.0.3 of length
glacial grooves f-10m up to several km 0.1 or kess of length
| _crag and tail 5150 m 50-1000m 0.1-0.4 of tength
Cutwash landforms:
piains. 0-2 m kcal relief uo te 108 km up to several km
teraces. 8Caps 250 m up to several kms up 1o several km
fang 2-50 m toe to apex 100-1000 m
doltes foreset siope 2-100 m hight 100-1000 m
e-contact landforms:
askers 250m 1-10 km 10-100 m
kames 2-160m 10-200 m across
individual hillocks
kame temaces BCape 2-50 1M 100-1000 m 5-500 m
[Small landforms:
atriations up to 1 cm deep 1100 e fow mm
glacial grooves wpto 1m 0.1-19m 0052m
roches mowtonnées 0.16m 0.5-10m 0.2-0.8 of length
tranaverge marks up te 5 cm deep 5-30 cm across
meRkwater scowr marks up t¢ 0.5 m deep 0.5-2 0.53m

Plateau of British Columbia and the Yukon. Tables 1-1 and
1-2 show the classification of flow direction indicators that
is used in this paper. Table 1-3 indicates the typical dimen-
sions of the various landforms. Line drawings are used to
illustrate the diagnostic characteristics of the various land-
forms and other features. Photographs were selected to il-
lustrate typical glaciated landscapes, not "textbook"
examples (these can be found in the books referenced).

ICE-FLOW DIRECTION INDICATORS

ICE-FLOW DIRECTION LANDFORMS
VISIBLE ON AIR PHOTOS

BEDROCK LANDFORMS OF MOUNTAIN
GLACIATION

In mountainous regions where summits and ridge crests
were sufficiently high that they were not buried by ice dur-
ing glaciation, ice-flow directions can be reconstructed by
observing the distribution and orientation of the large
erosional landforms: cirques and troughs. Cirques mark the
heads of former glaciers, and ice flowed from the cirques
into and along the troughs, generally, although not invari-
ably, moving in the present downstream direction. Tributary
glaciers converged to form larger trunk glaciers, the whole
system resembling the modern drainage network. Cirques
and troughs are distinctive landforms that can normally be
recognized easily on topographic maps and air photos. Cri-
teria for their recognition are shown in Photo 1-1 and their
typical dimensions are indicated in Table 1-3. Further infor-
mation can be found in Easterbrook (1993), Sugden and

Photo 1-1. Landscape with cirques and troughs, showing diagnos-
tic features for air photo identification of these landforms. (a)
Cirques in the Wisukitsak Range of the Rocky Mountains: note
U-shaped cross profile with gently sloping floor, much steeper side
slopes, and steep headwall; "empty” cirques commonly contain
small lakes. (b) Glacial trough in headwater valley of Stein River:
this valley has slopes that are relatively gentle for a trough, but the
U-shaped cross profile is clearly apparent (note alpine peaks with
numerous cirques in the distance)

John (1976) and other sources noted in the Introduction to
this paper.

it is necessary to qualify the preceding paragraph, how-
ever, noting that this simple model of ice-flow direction
should be applied with caution. It may be invalid for certain
valleys because glaciers, unlike river systems, may split and
diverge around major topographic obstacles and can flow
against the gradient of the present land surface. The former
characteristic, known as glacial diffluence (or divergence),
develops when thickening ice in one valley overtops a rela-
tively low divide and some ice spills into an adjacent valley.
Glacial erosion along the new channel may ultimately turn
it into a well defined glacial trough or U-shaped pass that
connects two drainage systems. In some cases, ice-flow di-
rection through the connecting valley can easily be deter-
mined from regional ice-flow patterns. In other cases,
additional evidence of flow direction in the connecting val-
ley must be sought on air photos or on the ground (see fol-
lowing sections). Examples of "up-valley" flow and glacial
diffluence are illustrated in Figure 1-1.

Geological Survey Branch
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lce flow direclions generalized from ground observations
lce flow directions in present up-valley direction {examples only)

Examples of glacial difflusnce

Figure 1-1, Ice-flow directions in southwestern British Columbia
during the climax of Fraser Glaciation (after 1.8, Evans). Examples
of up-valley ice flow and glacial diffluence are indicated.

When tributary glaciers join a trunk glacier, they retain
their individuality and the two ice streams do not mix (Fig-
ure 1-2). Thus, in general, there is little intermixing of gla-
cial debris derived from various tributary valleys. Debris
from a left bank tributary, for example, is deposited along
the left side of the trunk valley downstream, at least as far
as the place where the tributary ice is forced toward the cen-
tre of the valley by subsequent tributaries (e.g. Hicock,
1986). Less commonly, this pattern may be modified by
topographic irregularities, surges from tributary glaciers, or
shifts in the relative size and position of glaciers during de-
glaciation. Medial moraines, which are a striking feature of
large trunk glaciers (Figure 1-2), usually do not survive de-
glaciation intact, and are not commonly preserved in the
postglacial landscape.

In mountainous regions where summits and ridge crests
were overridden during glaciation, ice-flow directions dur-
ing the glacial maximum may have been unrelated to present
valley alignments.

LARGE STREAMLINED LANDFORMS IN
BEDROCK

Streamlined (linear) erosional forms consisting of rock
ridges and intervening depressions aligned parallel to the

Figure 1-2. Mountain glacier system. Note that tributary glaciers
maintain their identity within the trunk glacier: distinet streams of
ice are separated by medial moraines (from photoraph by Austin
Post).

Phote 1-2. Roches moutonnées developed on coarse: crystalline
rocks on the west side of the Columbia River valley ne«r Castlegar,
British Columbia. Ice flowed southward (right to left) Note large,
classic roches moutonnée (arrow) and numerous smaller ridges
with roches moutonnée type asymmetry: steep slopes (with little
vegetation) face down-flow. The influence of geological structure
is clearly apparent,

ice-flow direction are best developed in hard rocks that were
resistant to glacial erosion, such as coarsely crystalline ig-
neous and metamorphic lithologies and the harder sedimen-
tary rocks. Details of the morphology of these landforms are
strongly influenced by the alignments of planes o weakness
such as joints, bedding and foliation. Relatively soft rocks
were eroded by ice, giving rise to featureless lov/lands.

Streamlined bedrock ridges and hummocks with dis-
tinctive morphology have been given specific nimes, such
as "roches moutonnées" and rock drumlins (Figure 1-3;
Photo 1-2), but glaciated ridges are commonly referred to
more loosely as "whalebacks" (Photo 1-3), streamlined to-

Paper 1995-2
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Figure 1-3. Schematic cross-sections of streamlined landforms
with asymmetric longitudinal profiles. Ice flow direction and
related terminology for all landforms are shown at the top of the
diagram (not to scale).

pography, or simply "glacial lineations" (the latter term is
also applied to linear features in till). If glacially eroded lin-
ear depressions are the dominant form, they are termed "gla-
cial grooves" (Photo 1-4). Commonly, glacial grooves are
best developed where ice flowed over obstacles, such as
escarpments. Features such as roches moutonnées and gla-
cial grooves may be too small to be visible on air photos (see
Table 1-3).

Figure 1-3 indicates that roches moutonnées and rock
drumlins have dissimilar asymmetry of longitudinal profiles
with regard to ice-flow direction. The two forms can be dis-
tinguished by the sharp irregularities on the distal slope of
the former feature. In areas of glaciated resistant rock, ro-
ches moutonées are typically much more common than rock
drumlins, and they have a wider range of sizes (Table 1-3).
Many rock knobs and irregular bedrock hummocks display
a similar type asymmetry, with gentle stoss slopes and steep
lee sides, although a ridge-like morphelogy (parallel to ice-
flow direction) may be absent (Photo 1-2).

Streamlined landforms typically occur in groups, and
the multiple ridges impart a distinctive grain (like wood
grain) to the appearance of the landscape on air photos. This
grain usually has topographic expression, but it is com-
monly emphasized by vegetation patterns that result from
variations in soil moisture or soil thickness between the
crests of ridges and intervening troughs.

All these linear forms indicate the trend of the former
ice flow (e.g. northwest-southeast) but only those landforms
with asymmettic longitudinal profiles (Figure 1-3) indicate
the actual sense of ice movement (e.g. toward the southeast)
of the ice. Very close inspection of air photos may be nec-
essary to determine the typical longitudinal asymmetry of
the rock ridges, and hence ice-flow direction, because a va-
riety of irregular ridges is usually present. If the landforms
are so poorly defined that direction of ice flow cannot be
determined, it may be possible to use known regional ice-
flow patterns to infer the sense of movement in a study area.
In any case, it is always advisable to check the results of air
photo interpretation against any existing regional informa-
tion.

Streamlined bedrock landforms are best developed
where ice-flow direction was parallel (or almost parallel) to
bedrock structures because glacial erosion was most effec-
tive along structural planes of weakness (bedding, joints,
foliation; e.g. Photo 1-3). However, weathering and erosion
by nonglacial agencies are also most effective along the
same structural weaknesses, and some landscapes have a
pronounced grain that indicates only geological strike and
NOT former ice-flow directions. Thus, structurally control-
led linear topography can be mistaken for glacial lineations
(Photo 1-5).

The following suggestions and criteria are offered to
distinguish between linear topography of glacial and struc-
tural origins:

e Compare the trend of the bedrock lineations with that of
any more reliable ice-flow directional indicators that are
nearby, or with regional ice-flow direction if it is known.
Crag and tail, or isolated examples of streamlined drift
landforms may be found in predominantly bedrock land-
scapes. Eskers can be used as a general indicator of ice-
flow direction.

e Is the alignment of the lineations in accord with the likely
effects of topographic irregularities large enough to have
locally affected ice-flow direction? For example, glacial
flow-lines are likely to diverge and converge around
prominent topographic features.

o Compare the trend of the lineations with that of any visible
non-topographic features that are clearly of structural ori-
gin (e.g. streaky grey-tone patterns that represent folia-
tion), or with structures shown on a bedrock geclogy map.
Ifthe supposed glacial lineations and the strike of bedrock
structures are parallel, be suspicious: the lineations may
be structural features (but see also below).

e Bedrock strike commonly changes alignment in a manner
dissimilar to that of glacier flow lines. For example, in an
area of low relief such as the Canadian Shield, rock ridges
describing the arcuate patterns of fold structures typically
have a smaller radius of curvature or change alignment

Geological Survey Branch



Photo 1-3. Whalebacks developed on the Mount Lytton batholith in the Cascade Mountains, British Columbia. Strong influence of
north-trending master joints is apparent. Note variation in the shape of the landforms. White patches in the eastern part of the view are
snowbanks, Nivation appears to have caused steepening of north-facing slopes, producing features which resemble roches moutonnées
but with asymmetry reversed with regard to ice-flow direction {(arrow) (Government of British Columbia air photos BC52122: 135-136).

A» . ‘é”ﬁ‘@%@? =

Photo 1-4, Weakly developed but clearly visible glacial grooves on the Kawdy Plateau in northern British Columbia; crag-and-tail ridges,
rock drumlinoids and lateral meltwater channels (a few of which are mapped) are also apparent (Government of Canada photos A19604:
72-73).

Paper 1995-2 5
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Photo 1-5. Stereo pair from Iskut River valley, northwestern British Columbia; True ice-flow direction is indicated by drumlinoid ridges
at "A" and rocky ridges at "B". Ridges oblique to this trend are structurally controlled: note relatively abrupt changes in strike directions.
See also meltwater channels (C) and series of small eskers (E). Pale grey tones in northwestern half of the area indicate the extent of the
recent forest fire (Government of British Columbia air photos BC5612: 004-005).

more abruptly across faults than glacial flow lines. Inlow- e Use ground searches for striations and other features
relief terrain, glacier flow lines are most commonly (small roches moutonnées and glacial grooves) to confirm
straight. (There are some exceptions to these generaliza- the results of air photo interpretation.

tions: where an ice-sheet margin was lobate, interactions Base conclusions on two or more independent lines of
of adjacent lobes resulted in curving or converging glacier  syidence.

flow-paths.)

e Closely examine details of the bedrock ridges. If glacial =~ LINEATIONS AND STREAMLINED LANDFORMS
abrasion has been sufficiently effective to create linear ~ CONSISTING WHOLLY OR PARTLY OF DRIFT
topography, then it is hkely that the rock surfaces will be The eIongate’ asymmetric hills known as drumlins are
smooth, rounded, and with either roches moutonnées or  probably one of the best indicators of ice-flow direction.
drumlin asymmetry. Some rock drumlin ridges are ex-  Drumlins are readily identified by their distinctive morphol-
tremely long and narrow. In contrast, ridges formed by ogy (Figure 1-3, Photos 1-6 and 1-7) and their typical oc-
weathering of structural features are irregular and have  cyrrence in groups, sometimes referred to as a "swarm of
sharply jutting protuberances. drumlins”. "Basket-of-eggs topography" is another evoca-

tive term. Drumlin size {Table 1-3) is such that these land-

6 Geological Survey Branch
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Photo 1-6. Stereo pair of Thompson Plateau near Merritt: streamlined landforms include weakly developed drumlins, and drumlinoid
ridges (A), at "B", a meltwater channel was superimposed on a drumlin from downwasting ice, resulting in dissection of the drumlins

(Government of British Columbia air photos BC 5188: 195-196).

forms are readily visible on most air photos. Surface drain-
age is commonly impeded by drumlins (sometimes called
"deranged drainage") so that irregularly winding streams
and swamps occupy inira-dromlin arcas. Thus the visibility
of drumlins on air photos is commonly enhanced by con-
trasting vegetation patterns that reflect variations in soil
moisture.

Drumlins commonly consist of basal till, or till sur-
rounding a rock core, or thin till covering an essentially
rocky landform. There is a continuum of landforms of simi-
lar shape but varying composition extending from till drum-
lins to rock drumlins. Drumlins may also consist wholly or
partly of glaciofluvial (outwash) sediments or other drift,
the drumlin shape being a product of glacial erosion. Current
knowledge of dramlin formation suggests that some are the

result of till accumulation at the base of actively {lowing ice
while others are attributed to erosion (or remolding) by ice,
or erosion by catastrophic floods of meltwater (in the latter
case, meltwater-flow direction is indicated; c¢.f Shaw et al.,
1989).

A typical drumlin has a distinctive streaml ned shape
that indicates both the trend and the sense of direction of ice
movement (Figure 1-3), but all drumlins are not equaily weli
developed (Photo 1-7). To identify ice-flow directions by air
photo interpretation, it is usually necessary to examine care-
fully several drumling within the swarm in order to deter-
mine a consistent arrangement of stoss and lee ends.
Drumlins may also be composite features, for example,
some have flutings (see below) superimposed on their distal
slope, and twinned forms are common. In areas where ice
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Photo 1-7. Liard Plain, northeastern British Columbia: complex esker (E), drumlins (A), hummocky ice-disintegration moraine (B),
and ridges transverse to ice-flow direction (C) that may be crevasse fills (Government of Canada air photos A13022: 87-88).

stagnated at the end of the last glaciation, drumlins partly
buried by ablation till, and hence with indistinct morphol-
0gy, are common.

There is a continbum of forms between well defined
drumlins and featureless till plains. Terminology such as
drumlins, drumlinoid ridges, flutings and fluted till-plain is
commenly applied to this sequence in order of decreasing
range of relief and longitudinal asymmetry (Photos 1-7, 1-8
and 1-9). Sense of direction may be difficult to interpret for
drumlinoid forms, and usually only ice-flow trend can be
determined from flutings and fluted till-plain. Flutings (or
flutes) are open-ended, parallel ridges of low relief. The low
wave-like morphology of a fluted till-plain may be hard to
see on the ground and even on air photos unless emphasized
by low-sun shadows or snow drifts, although on air photos,
alternating strips of better and less well drained soils and
related vegetation can usually be seen.

"Crag-and-tail" is another landform which provides
clear evidence of both trend and sense of ice-flow. The crag
is a steep-sided bedrock hill, and the tail is a tapering ridge
of drift, usually till, that was preserved or accumulated on

the protected lee side of the crag during glaciation (Figure
1-3, and Photo 1-10). The tail points in the direction of ice
flow. Crag-and-tail landforms occur both in groups and
alone.

DEPOSITIONAL LANDFORMS TRANSVERSE TO
ICE-FLOW DIRECTION

The edge of an ice sheet or the edge of a glacier at its
terminus tends to be roughly perpendicular to flow lines in
the ice. Morainal ridges that were deposited along the edge
of'the ice can be to used as indicators of approximate glacier
flow direction. Some subglacial drift ridges also form
roughly at right angles to the ice flow. Transverse landforms
such as end moraines and subglacial ridges may provide the
only evidence of ice-flow directions where there are no par-
allel features such as drumlins.

End moraines include terminal moraines, which mark
the furthest extent of a glacial advance, and recessional mo-
raines, which mark the position of temporary standstills or
local readvances of the ice margin during general ice reces-
sion. The morphology and size of these landforms varies
greatly with the size and type of the associated glacier. Mo-
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to interpret unless crag-and-tail ridges are identified (careful analysis will reveal the latfer). Note also the numerous smzll meltwater
channels transverse to ice flow that were superimposed on the drumlinoids during deglaciation (Government of Canada air phctos A19568:
11-12).

Photo 1-9, Stereo pair of a fluted till-plain, parallel ridges of very low relief, (Alberta) partly masked by superimposed hummocky
ablation moraine (irregular small blobs and "donuts") Government of Canada air photos A131115: 75-76).
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Photo 1-10, Stereo pair of crag-and-tail (examples at "A") indicating ice flow toward slightly east of north. Noie also drumlinoid ridges,
small eskers and meltwater channels at "B", hummocky ice-disintegration moraine at "C" and present day stream in meltwater channel
at "D" (Stikine Plateau, northern British Columbia; Government of Canada air photos A19569; 75-76).

raines of the Laurentide ice sheet are belts of gently undu-
lating to hilly topography many kilometres wide, whercas
moraines of a valley glacier may be sharply defined ridges
only a few metres wide. Many moraines, regardless of size,
are arcuate in plan and convex with respect to the former
ice-flow direction. Also, multiple morainal ridges are com-
monly nested in concentric arcs,

Caution is necessary when using end moraines for re-
construction of ice-flow directions. Due to irregularities of
topography, melting of the ice margin by meltwater streams,
and the effects of ice-marginal lakes, the ice edge was only
perpendicular to ice-flow direction in a very general sense.
Of more significance for drift prospecting is the fact that in
many places, ice-flow directions near a receding ice margin
differed considerably from the flow-direction of ice during
earlier stages of the same glaciation (Figure 1-4 ), Flow di-
rections determined from end moraines should thus be used
circumspectly.

Small moraines of various types have been differenti-
ated, but there is no general consensus as to terminology or

specific mode of origin of some of these features. Forrecon-
struction of ice-flow directions, it is useful to distinguish
only two classes of small moraines; (i) those that formed at
or close to the ice margin, and (ii) those that formed sub-
glacially. The appearance, on air photos, of most small mo-
raines of the first type is aptly summarized by the descriptive
terms "corrugated moraine” and "washboard moraine”
(Photos 1-11 and 1-12). Typically, numerous low ridges are
visible on a single air photo, and commonly concentric arcs
of small moraines mark the recessional stages of former ice
lobes. Some of these small moraines formed subaqueously,
in which case the curvature of the arcs may be concave with
respect to former ice-flow direction, in accord with the typi-
cal configuration of calving bays in floating glacier termint.
Reconstruction of ice-flow directions from the first type of
moraine is subject to the same drawbacks as noted above for
the larger end moraines.

Small moraines of the second type are known as "Ro-
gen" or "ribbed" moraines (two names for the same feature).
These small transverse ridges formed beneath moving ice,
possibly at points where shear planes extended upward from
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Figure 1-4. Relation between position of the ice margin and glacier
flow directions. Note how parallel flow lines are later replaced by
radial flow patterns near to the receding ice margin (from Dyke
and Prest, 1986).

the subglacial bed (Photo 1-13). These moraines are trans-
verse features formed at right angles to ice-flow direction.
Because they formed farther up-ice than moraines described
above, their configuration was not influenced by the local
morphology of the ice margin. Consequently they are prob-
ably more representative of typical ice-flow directions. Ro-
gen moraines are asymmetric in cross-section, with steeper
sides facing down-flow. They are commonly associated
with drumlins, either grading laterally into drumlin swarms
or superimposed on drumlins, in which places, the drumlins
should be used to reconstruct jce-flow direction. Excellent
air photo illustrations of ribbed (Rogen) moraines and other
ice-flow direction features are presented by Aylesworth and
Shiits (1989).

OTHER LINEAR LANDFORMS
Several linear or ridged landforms that occur in till are

not indicators of ice-flow direction, including crevasse fill-
ings and iceberg scour marks.

SMALL ICE-FLOW DIRECTION LANDFORMS
AND OTHER FEATURES

SMALL LANDFORMS AND SURFACE MARKS

Some features that are reliable indicators of ice-flow
direction are sufficiently small that they can be identified on
the ground. Other features, such as the rock slope asymme-
try that is best exemplified in roches moutonnées, and gla-

cial grooves, occur at a range of sizes in which smaller fea-
tures can only be identified on the ground (Photo 1-14, Ta-
bles 1-2 and 1-3),

Striations (striae) are scratches made by rocks embed-
ded in moving ice when they were dragged across a rocky
glacial bed (Photo 1-15). A field observer must carefully
differentiate glacial scratches, which are tiny grooves and
not cracks, and usually do not penctrate more “han a few
millimetres into the rock, from the surface expression of
planes of weakness {cracks) which are related to rock struc-
ture. Striations are found on surfaces which cotain other
evidence of ice abrasion, such as smoothing and glacier pol-
ish. They may be sufficiently small and shallow that they
are invisible except under very oblique lighting or unless
enhanced by brass-rubbing techniques (pencil shading on
overlying paper).

Striations are best formed where relatively hard rocks
in the glacier sole were scraped across relatively soft rocks,
such as limestone. Late Pleistocene striations are best pre-
served, however, onrelatively hard, fine-textured rocks that
have undergone little weathering during the past 10 000 to
12 000G years, such as basalt and quartzite. Striations are less
common on coarse-textured intrusive rocks and unusual on
metamorphic and clastic sedimentary rocks, although small
patches of striated rock may exist on small parts of an out-
crop, such as on veins of aplite surrounded by weathered
granodiorite. Whether or not striations are to be: found de-
pends upon a variety of local circumstances. Striations are
common where glacially smoothed slabs have recently been
exhumed from beneath a soil cover, for examyple by road
construction.

Striations clearly indicate the trend of the former ice
flow, but the direction is usually difficult to deterraine. Com-
monly other features that show sense of direction, such as
smoothed stoss and steepened lee slopes, are present in the
vicinity.

Both trend and sense of flow direction can be readily
determined where differential abrasion of inhomogeneous
rocks has resulted in the protrusion of knobs o hard rock
from which tails of softer rock ("rat-tails"} extend down-
flow.

A variety of small crescentic fractures in bedrock have
been interpreted as friction cracks and attributed to the ef-
fects of large boulders dragged across the rock by moving
ice. Multiple features commonly occur together in longitu-
dinal trains that are roughly parallel to the ice-flow trend.
The depressions that result from these cracks have been dif-
ferentiated on the basis of their curvature (concave, convex)
with respect to ice-flow direction, and described by terms
such as chatter marks, crescentic gouges and sickle troughs.
As fractures can be either concave or convex viith respect
to ice flow, they do not provide unequivocal evidence of
sense of direction,

OTHER METHODS FOR DETERMINING
ICE-FLOW DIRECTION
Information about ice-flow direction is prescrved in the

arrangement (dip and orientation) of elongate clasts in basal
till, referred to as "till fabric". Most commonly, a majority
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Photo 1-11. Stereo pair of small moraines (of the type known as de Geer moraines) near Riviere Koktak, Quebec; ridge crests are about
300 metres apart. Ridges were deposited along the slightly lobate margin of the ice sheet, thus arcuate moraines are concave with respect
to ice-flow direction from east to west (Government of Canada air photos A14882: 80-91).

Photo 1-12. Stereo pair of small, transverse moraines in the Hat Creek valley, south-central British Columbia. Note faintly defined
flutings on smooth, till-covered surfaces (Government of British Columbia air photos BC5213: 14-15).
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Photo 1-13. Stereo pair showing asymmetric small moraines (Rogen moraine) superimposed on low drumlinoid ridges depasited by
southeastward-flowing ice. Note prominent and unusually straight esker (west of Rankin Inlet, N.'W.T.; see also Aylesworth and Shilts,
1989) (Government of Canada air photos A14887: 2-3).
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Photo 1-15. Glacial striations.
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of clasts are aligned so that their long () axis is parallel to
former ice flow and dips in the up-glacier direction. Thus

analysis of data describing orientation and dip of a large -

number (50, 100} of elongate clasts may provide informa-
tion about flow direction. Careful interpretation of'till fabric
data is necessary, however, because clast alignment is re-
lated to the mode of deformation and melting of glacier ice
during tili deposition. Less commonly than the case de-
scribed above, most clasts may dip down-flow, or they may
be aligned perpindicular to flow direction, or, in the case of
melting of stagnant (stationary) ice, there may be no pre-
ferred alignment. A useful discussion of this topic is pro-
vided by Bolton (1971). The technique of till fabric analysis
is described by Andrews (1971). Till fabrics have been
widely used for drift exploration (e.g. Kerr and Bobrowsky,
1991).

In some circumstances, deformation of drift by overrid-
ing ice hasresulted in "glaciotectonic structures" that can be
used to reconstruct ice-flow directions. Such structures in-
clude faults, joints, clastic dikes, and ductile deformations.
Glaciotectonic structures are not widespread, and descrip-
tion and analysis requires extensive exposure, such as a bor-
row pit (c¢.f. Broster and Clague, [987). To date, the use of
these features for drift exploration has been minor.

MELTWATER-FLOW DIRECTION
INDICATORS AND THE ORIGIN OF
GLACIOFLUVIAL DEPOSITS

Meltwater-flow directions can be interpreted from a va-
riety of glaciofluvial landforms and sedimentological fea-
tures, and some erosional landforms indicate possible
sources of materials contained in landforms downstream.

LANDFORMS THAT INDICATE FORMER
MELTWATER-FLOW DIRECTIONS

MELTWATER CHANNELS

The term "meltwater channel” refers to features ranging

from gullies to small valleys and canyons that were eroded
by glacial meltwaters, Meltwater channels can be broadly

subdivided into three types: ice-marginal {(or lateral) chan-
nels, subglacial channels, and proglacial channels. The fol-
lowing descriptions cover only the most basic and common
characteristics of these channels.

Ice-marginal (lateral) channels developed where a
meltwater stream occupied the shallow depression between
glacier ice and an adjacent exposed hillside (Figure 1-5 and
Photos 1-8 and 1-16). Thus a lateral channel is subparallel
to contour lines, and has a gentle gradient in the direction of
meltwater flow. In places, downwasting of an ice margin
resulted in the development of several parallel channels at
successively lower elevations. Ice marginal channels are
best developed and preserved on moderately sloping hill-
sides that are blanketed by till: channels may be incised into
the till by amounts ranging from a few metres to over 20
metres. Individual channels may continue for several kilo-
metres, or may be discontinuous, or only isolated short seg-
ments may be present. Discontinuous channels with missing
segments developed where alternate reaches of the stream

were on the ice. Along some channels, there are strongly
curving channel segments, sometimes deeply inciszd, mark-
ing places where the meltwater stream meanders mpinged
on the hillside (Photo 1-16).

The longitudinal gradient of an ice-marginal channe!
(or the linked segments of a discontinuous chanael) indi-
cates former meltwater-flow direction. As the gradient of a
lateral channel also approximates that of the adjacent ice
surface, meltwater channel configuration also provides in-
formation about contemporaneous ice-flow direction.

Subglacial meltwater channels are present where
thermal and hydrologic conditions at the base of a zlacier or
ice sheet permitted the flow of meltwater in channels, and
subsequent conditions favoured their preservation. Hydro-
static pressure at a glacier bed is capable of causing high
flow velocities, leading to rapid erosion and devzlopment
of incised channels, sometimes called "tunnel valleys" (Fig-
ure 1-5).

Subglacial meltwater channels can usually le recog-
nized by some combination of the following features, al-
though any one of these features may be lacking:

Distinctive morphology: subglacial channelsiend to be
relatively deep and narrow; many are flat floored, some are
V-shaped in cross-section;

A clear relationship to other glacial (both ice :and melt-
watcr) features: commonly, subglacial channels are the con-
tinuation of other types of meltwater channels or subacrial
channels, including eskers (see below); an esker may
abruptly give way to an incised channel (or vice versa)

- e magmal -
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Figure 1-5. Block diagrams to illustrate lateral and subglacial
meltwater channels: (A) landscape during deglaciation; (B) land-
scape after deglaciation,
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Photo 1-16. Stereo pair showing lateral meltwater channels on the Kawdy Plateau, northern British Columbia: channels have a gentle
gradient down toward the northeast, suggesting a general northeastward movement of ice during deglaciation (Government of Canada air

photos A19568: 17-18).

where subglacial hydrologic conditions dictated a change
from deposition to erosion (or vice versa).

Distinctive spatial position and pattern: in regions
where deglaciation occuired by downwasting of stagnant
ice, shallow subaerial channels may suddenly change into
deeply incised channels, or lateral channels may suddenly
turn and plunge directly downslope; the point where the
transition occurs marks the position of a former ice margin
{Photo 1-14). An example of a distinctive pattern of sub-
glacial drainage is illustrated by Photo 1-17).

The direction of flow of meltwater in individual sub-
glacial channels is not always indicated by the present chan-
nel gradient because meltwater under hydrostatic pressure
may have flowed uphill. In order to determine a flow direc-
tion, it is best to reconstruct the overall pattern of ice reces-
sion and meltwater flow from air photo interpretation of all
late glacial features within a local area.

Proglacial meltwater channels carried water away
from the ice. Although many such channels were in trunk
valleys now occupied by modern streams, other channels
were cut across drainage divides and represent remnants of
drainage networks that were distinctly different from those
of the present day.

Many meltwater channels are either not occupied by
streams or now contain "misfit" streams (J.¢., streams that
are very small in relation to the size of their valleys). These
channels commonly contain small lakes and bogs in depres-
sions that are kettles (holes left by melting ice-blocks) or

depressions upstream from natural dams such as postglacial
alluvial fans or landslides.

During the formation and incision of meltwater chan-
nels, bedrock or drift was eroded, transported by meltwater,
and deposited as glaciofluvial sediments within landforms
such as outwash plains and deltas. Thus reconstruction of
meltwater flow paths may directly assist identification of
the source of mineralized drift encountered in geochemical
soil surveys.

ESKERS

Eskers are sinuous ridges of gravel and sand that mark
the course of former meltwater tunnels in glacier ice (Figure
1-5, Photos 1-7 and 1-18). They are classed as "ice-contact
glaciofluvial” landforms and are closely related to sub-
glacial meltwater channels, as noted above. Eskers are the
filled channels of englacial and subglacial streams. Because
meltwater-flow direction was related to the hydraulic gradi-
ent within the ice, and because any esker may have been
lowered from melting ice and superimposed onto the land
surface, former flow directions cannot be unequivocally in-
terpreted from present day topography. The flow directions
of some short esker segments cannot be easily determined.
As in the case of meltwater channels, reconstruction of the
broader late-glacial drainage network may be necessary. Al-
ternatively, because subglacial or englacial meltwater flow
was generally in the same direction as ice flow, esker flow-
direction can be inferred if ice-flow direction is known. For
example, in areas of relatively subdued topography, such as
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Photo 1-17. Stereo pair illustrating dendritic pattern of subglacial channels probably developed beneath stagnant ice; meltwater-flow
direction is unrelated to ice-flow direction. Ice movement, as indicated by features immediately east of the field of view, was toward
west-northwest (near Dease Lake, northern British Columbia) (Government of Canada air photos A19569: 57-58).

the Canadian Shield, the predominant alignment of major
eskers closely parallels ice-flow direction (and can be used
to approximate ice direction if other indicators are lacking
or ambiguous).

OTHER ICE-CONTACT GLACIOFLUVIAL
LANDFORMS

Other landforms resulting from meltwater deposition in
contact with glacier ice, kames and kame terraces, are not
particularly useful indicators of meltwater-flow direction,
although flow directions can sometimes be inferred, and
these landforms do provide information about the pattern
and style of deglaciation that can be usefully applied to drift
prospecting.

Kames are irregular mounds of sand and gravel com-
monly arranged in an apparently chaotic fashion. Kame ter-
races consist of sands and gravels deposited in the
depression between the margin of a melting glacier and the
adjacent hillside: they are the depositional equivalent of lat-
eral meltwater channels. Flow direction may be inferred

from the longitudinal gradient of a kame terrace ifits surface
is sufficiently continuous to convince the observer that the
entire terrace developed more or less contemporaneously.
The topography of kame terraces is commonly so irregular
and fragmented that reconstructions of longitulinal gradi-
ents are not reliable.

LANDFORMS OF GLACIAL OUTWASH

Landforms that consist of sands and gravels deposited
by glacial meltwater flowing away from the ice, commonty
described as "proglacial" landforms and sediments, include
outwash plains, terraces, fans, and deltas (Phote 1-18). The
chief criteria for recognition of these landformsion air pho-
tos are: :

e Morphology: Outwash plains are flat or very yrently slop-
ing; low terrace scarps and channel-like depressions may
be recognizable. Kettles, enclosed depressions, either dry
or with bogs or lakes, may be present, and the presence of
kettles serves to distinguish outwash plains from younger
fluvial plains. Qutwash terraces are the tabulur remnants
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Photo 1-18. Stereo pair showing glaciofluvial outwash terraces {A), ice-contact (kame) deltas (B) and esker (E-E) near Dease Lake,
northern British Columbia. Kettle depressions at D and collapse features (slumped ridges) at C indicate that deltaic sediments were
deposited in contact with melting ice (Government of Canada air photos A19568: 20-21).

of outwash plains that have been dissected by stream ero-
sion due to either the effects of meltwater or posiglacial
streams. Outwash fans are essentially alluvial fans; they
are commonly located at the lower end of meltwater chan-
nels. Many outwash fans are graded to elevations above
present valley floors (i.e. "raised fans) and have been dis-
sected or terrace by postglacial streams. An outwash delta
has a flat top (i.e. terrace) at the elevation of the lake into
which it was deposited, and a steep foreset slope.

Situation: Outwash deltas are located where meltwater
streams flowed into lakes, typically where meltwater
channels and tributary valleys emerge into a larger valley.
Outwash deltas, fans and terraces may be difficult to dif-

ferentiate, but for drift exploration, recognition of these
outwash landforms as a group is sufficient for most pur-
poses.

Channel traces: The former channels (i.e. stream beds) of
outwash landforms may be visible on air photos. Typi-
cally, they have a braided pattern, with channels splitting
and rejoining around diamond-shaped bars.

Postglacial modification: Outwash landforms are usually
underlain by thick and uniform sands and gravels with
high permeability. There is usually no surface runoff or
gully crosion, other than the dissection noted above.
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e Vegetation patterns: Soils are well drained and so vegeta-
tion is a uniform cover of whatever species are charac-
teristic of relatively dry sites within the local vegetation
zone. For example, in many parts of northern British Co-
lumbia, outwash surfaces are characterized by pine. Old
channels may be less well drained and defined by con-
trasting vegetation.

Meltwater-flow directions can be reconstructed from
channel patterns. Bars tend to point in the downstream di-
rection, and bank erosion is concentrated slightly down-
stream from bends. If bars and channels are niot visible on
air photos, flow directions can be interpreted from the spa-
tial arrangement of meltwater channels, outwash plains,
fans, terraces and deltas, and local topography. Suface gra-
dients on outwash landforms usually conform with flow di-
rection, although in rare cases, gradients may have been
reversed by glacio-isostatic tilting or by tectonic uplift.

SMALL MELTWATER-FLOW FEATURES

Meltwater-flow directions can be interpreted from a va-
riety of sedimentary structures normally visible in expo-
sures of stream-deposited sands and gravels. The most
common structures are ripple marks, crossbedding, and im-
brication. Flow directions indicated by these small features
may vary considerably within a single body of sediment due
to the commonly changing trends of channels on a braided
outwash plain, and due to backwater effects which can result
in structures locally dipping upstream. For a reliable assess-
ment of flow direction, a number of measurements should
be made at different sites and results plotted on rose dia-
grams or analyzed statistically,

PROBLEMS OF INTERPRETATION

Interpretation of flow direction data and its effective
application to drift prospecting requires some basic under-
standing of the factors that controlled flow directions in ice
and meltwater, and hence the variability of flow directions
in space and time. In some regions, ice and meltwater-flow
directions varied considerably -- flow may even have re-
versed direction -- in the course of the last glaciation.

ICE-FLOW DIRECTION

In the broadest view, flow paths within an ice sheet are
outward from accumulation zones toward the ice margin. In
the Cordillera of western Canada, accumulation Zones were
located in high mountains with heavy snowfall (these areas
are approximated by the distribution of present-day gla-
ciers). In the case of the Laurentide ice sheet, ice-flowed
radially outward from accumulation zones that were located
to the east and west of Hudson Bay. These generalized flow
patterns are indicated on maps such as Prest’s 1983 recon-
struction of flow lines for the Late Wisconsinan ice sheets
(Prest, 1984). These "regional” ice-flow directions can be
used to check whether flow directions interpreted from air
photos or from ground features are reasonable within the
broader context,

More specifically, the physics of ice flow dictates that
ice flows in a direction that is determined by the surface
slope of the ice sheet . Thus flow lines arc paralle] to lines

of steepest gradient and perpendicular to the confours of the
ice surface. This explains the motion of an ice sheet that
rested on an essentially horizontal surface, an explanation
that eluded early glaciclogists and, for several decades, re-
tarded the general acceptance of the glacial theor. In a hori-
zontally based ice sheet, ice flows from the region where the
ice is thickest (the accumulation zone) toward the margins
where the ice is thinnest and the surface is low, The Lauren-
tide ice sheet fits this model.

In marked contrast, the Cordilleran ice sheet covered
the irregular and rugged landscape of the western mountains
and plateaus. When it was thickest and most extensive, most
recently between about 18 000 and 15 000 years ago, ice
buried all but the highest peaks of the mountain ranges. Flow
outward from the accumulation zones was in accordance
with the surface slape of the ice sheet and unrelated to buried
subglacial topography. Ice flowed along only those valleys
that were aligned in the same direction as the ice surface
gradient. Ice flowed across transverse valleys, that is, val-
leys aligned parallel to the contours of the ice surface. The
details of glacier motion in transverse valleys during the
glacial maximum have not yet been worked ont, but it is
possible that significant motion was restricted to the upper
part of the ice, that is, ice above the level of the subglacial
drainage divides. Thus ice within transverse valleys may
have been stationary during the glacial maximura, although
valley glaciers may have followed local topography during
the early and late stages of glaciation. The changing controls
on ice flow during the several phases of a glaciation are
discussed in detail by Davis and Mathews (1944) and Kerr
(1936). ’

This concept, and its significance to drift prospecting,
are illustrated by work reported by Alley and Chatwin
(1979) from the mountains of southwestern Vancouver Is-
land. They found that ridge-top drift includes material trans-
ported from the mountains of the mainland (the Coast
Mountains) by southwesterly flowing ice, but drift on valley
floors is derived entirely from within-valley soarces. This
implies that ridge-top materials relate to ice-flowr at the gla-
cial maximum, whereas valley-floor materials relate to
down valley flow. Successful up-flow tracing of dispersal
trains requires understanding of changes in ice-flow direc-
tions, 1

In general, ice-flow directions during the waxing and
waning of an ice sheet were commonly dissimiiar to those
of the glacial maximum This was particularly 1rue for the
early and late stages of the Cordilleran ice sheet vvhen drain-
age divides were exposed and ice-surface gradients, and
hence flow directions, were in accordance with lacal topog-
raphy. At the beginning of a glaciation, flow directions of
expanding cirque and valley glaciers are comgletely con-
trolled by local topography. As ice thickness increases, gla-
ciers advance and thicken until divides are overtopped and
flow-directions gradually shift as the control exerted by
topographic features declines. The process of ice' thickening
and changing topographic control within the coitext of the
Cordilleran ice sheet was discussed in detail by Davis and
Mathews (1944) and summarized by Clague (1989).
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During recession of the Cordilleran ice sheet, the emer-
gence of drainage divides from beneath the thinning ice re-
sulted in gradually increasing topographic control. Within
the mountains (the foermer accumulation zones), the style of
glacial recession may have been a mirror image of the gla-
cier advance. Glaciers receded by frontal recession of ac-
tively flowing ice -- melting exceeded glacier flow and
glacier snouts retreated up-valley -- until glaciers were re-
stricted to the regions that they occupy today. At greater
distances from the past and present accumulation zones, ice
sheet decay over large areas was dominated by downwast-
ing and ice stagnation (melting of stationary masses of ice),
rather than frontal recession, A full description of down-
wasting and stagnation within the context of the interior pla-
teaus of the Cordillera is provided by Fulton (1967; 1975).

Some glacial geologists have suggested that during the
climax of the last giaciation, the configuration of the Cor-
dilleran ice sheet was similar to that of the present Green-
tand ice cap (e.g. Fulton, 1975). They believe that a vastice
dome developed over the central plateaus of the Cordillera.
Ice flow from this dome would have been radially outward,
in accordance with its surface slope. If this was the case,
sites on the plateau could have experienced complete rever-
sal of ice-flow direction. For example, along the western
side of the Interior Plateau, early eastward ice flow off the
Coast Mountains would have been later replaced by west-
ward outflow from the ice dome. Ice-flow directicn indica-
tors suggest that the concept of an ice dome is more likely
to be correct for northern than for southern British Columbia
(Ryder and Maynard, 1991). Forrest Kerr (1934, 1936) in-
terpreted the distribution of erratics on the Stikine Plateau
as an indicator of such flow reversal, and indeed, strongly
abraded rock ridges along the Stikine valley just east of the
Coast Mountains show no preferred sense of direction. Lo-
cal flow reversals may well have occurred at many places
along the eastern side of Coast Mountains,

During the waning of the Laurentide ice sheet, the re-
treating ice margin was made up of a series of semi-inde-
pendent ice lobes (e.g. Dyke and Prest, 1986). Within each
receding lobe, flow-directions radiated out from the lobe
axis toward its margins, and thus differed from flow-direc-
tions in effect prior to ice recession (Figure 1-4). Also, pe-
riods of recession were commonly followed by resurgence
of individual lobes. The configuration of a readvancing
lobe was commonly dissimilar to that of the same lobe at an
earlier point in time, Thus ice-flow directions changed with
time. During recession, parts of the Laurentide ice sheet
stagnated and downwasted in situ: this style of deglaciation
was particularly prevalent on the Prairies,

These concepts have great significance for drift pros-
pecting because they indicate that flow directions deter-
mined for any one glacial feature may not apply to all
features or surficial materials within a local area, Evidence
of changing flow directions during accumulation of basal
till has been recorded from many areas, (e.g. Clague, 1975).
Deposition of till by ice flowing in one direction, and sub-
sequent reworking of that till by ice from another quarter
was described by Shaw et al. (1989). Multiple flow direc-
tions are commonly recorded by criss-crossing striations on

bedrock, and directions indicated by striations may be dis-
cordant with the direction preserved in the fabric of overly-
ing till. Glacial deposits associated with stagnant ice are
typically chaotically arranged ablation (supraglacial) tills,
kames and kame terraces, and contain little or no informa-
tion about ice-flow directions.

An excellent example of the effect of changing ice-flow
directions on the shape and extent of dispersal trains is pro-
vided by Klassen and Thompson, (1989) from the eastern
sector of the Laurentide ice sheet in central Labrador. As a
result of numerous measurements of striations, bedrock
streamlined forms and the distribution of glacially trans-
ported boulders over a wide area, they identified seven
phases of ice-flow (Figure 1- 6). Significantly, they note that
ice-flow directions cannot be reliably interpreted from
measurement of lineations at any single site. Directions
changed in accordance with shifts in the position of centres
of outflow and changes in the control exerted by topo-
graphic features during the last glaciation, Glacial dispersal
trains range from narrow ribbons developed where shifts in
ice-flow direction were relatively minor, to broad fans de-
veloped as a result of transport during changes in ice-flow
direction through as much as 120°, Clearly, establishment
of regional patterns of ice-flow direction is necessary prior
to interpretation of dispersal trains, ,

In general, where drift is thin and ice-flow direction is
confirmed by more than one type of evidence, including the
established regional pattern, then the significance to drift
prospecting of changing ice-flow directions may be minor.
However, where ambiguous indicators are found, former

flow directions may be significant and complex.

MELTWATER-FLOW DIRECTION

Meltwater-flow directions are inherently less variable
that those of ice because in any one area, most meltwater
channels and glaciofluvial deposits were formed during the
relatively short time span of deglaciation. Flow directions
of sub- and en-glacial meltwater, however, may be dissimi-

Figure 1-6. Changes in the direction of ice flow in central Labrador
during the last glaciation (from Klassen and Thompson, 1989).
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lar to that of ice-marginal or proglacial streams, and so this
topic is worthy of some consideration.

Meltwater was present inside only those parts of ice
sheets and glaciers that were "warm", that is, the tempera-
ture of the ice was at the pressure melting point (close to
0°C). In such a case, a water table would have been present,
and flow directions of meltwater through channels in the
saturated zone would have been in accordance with local
hydraulic gradients. Dependent upon the configuration of
the glacier’s plumbing system, meltwater may have moved
upward as well as down, although flow would generally be
toward the glacier terminus. If a glacier terminated in a lake
or the ocean, meltwater flow under high hydrostatic pres-
sure may have occurred within the glacier but below the
surface of the standing water. Subaqueous outwash could
thus be deposited below lake or sea level. Above the water
table in a glacier, meltwater flow was generally down-gla-
cier, with local deviations determined by the morphology of
en-glacial and subglacial channels and the glacier surface.

In the case of cold ice (temperature below pressure
melting point), meltwater could exist only on the glacier
surface and flow was in accord with surface morphology.

In general, meltwater in, on or under a glacier tended
to flow in a direction that was parallel to the ice-flow direc-
tion. For example, large eskers in low-relief terrain are usu-
ally parallel to ice flow. Deviations occur where sub-glacial
and en-glacial flow was affected by subglacial topography,
and in stationary, stagnant ice. In the Cordillera, where ice-
flow directions changed during deglaciation due to the con-
trol of emergent topography, meltwater directions changed
in concert with those of the ice.

Flow directions in proglacial outwash were relatively
constant, but changes may have resulted from changes in
the position of meltwater streams brought about by ice re-
cession, or from stream channels shifting due to differential
build up of the outwash body.
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DRIFT EXPLORATION POTENTIAL MAPS DERIVED
FROM TERRAIN GEOLOGY MAPS

By D.N. Proudfoot, Geological Consultant
P.T. Bobrowsky and D.G. Meldrum
B.C. Geological Survey Branch

INTRODUCTION

Traditional surficial and terrain geology maps inher-
ently contain and convey a wealth of information. Unfortu-
nately, the scale, style, type and structure of these maps
varies significantly as a function of user objectives and
needs, study area size and location, availability of existing
supplementary data as well as the conventional restrictions
of time, funding and field access (see Church ef al., 1988).
Another limiting factor, less commeonly cited, is the influ-
ence of production format {e.g. report, hard copy colour ver-
sus black and white maps, digital file and so on}. In fact, one
recent compilation of surficial maps in British Columbia
showed that more than 2000 maps are currently available
for many parts of the province, scales range from 1:1000 to
1: 1 0G0 000, and the documented variations include about
22 types of surficial maps (Bobrowsky ef ai., 1992). At an
average cost of $50 000 per map (1994 dollars) to generate
aterrain map, including salaries, field expenses and produc-
tion custs, this database of 2000 maps may represent 2 $100
million investment.

The utility of surficial maps is not readily apparent to
the non-specialist, especially as the information portrayed
(relatively complex map symbols) does not often follow a
set guideline or standard. Although the Province of British
Columbia is active in the process of developing terrain ge-
ology mapping standards (Task Group on Terrain Geology,
in preparation) the existing database of surficial maps will
remain in their original diverse formats. Quaternary geolo-
gists have, nevertheless, shown that surficial maps serve
many purposes ranging from waste management and hazard
zonation to land-use classification and aggregate explora-
tion (Varnes, 1974; De Milder, 1989, Bobrowsky and
Levson, 1993). The aim of this paper is to review the basic
elements of all terrain and surficial geology maps, introduce
the concept of derivative maps, and detail one type of de-
rivative map termed a Drift Exploration Potential (DEP)
map which may prove beneficial to the exploration commu-
nity.

TERRAIN GEOLOGY BACKGROUND

Terrain geology and surficial geology are often used
interchangeably for maps which portray information about
unconsolidated deposits. One estimate suggests that about
70% of the terrestrial surface of the earth is covered by un-
consolidated sediments (Goldberg ef al., 1965). A similar
estimate (~75%) for surficial sediment cover can be applied
to British Columbia, with the remaining 25% as generally

representing bedrock, water and ice. This cover o:”sediment
may mask underlying mineralized bedrock which makes the
process of exploration and discovery a difficult task. How-
ever, the principles of surficial geology can be applied to
make it easier to deal with drift-covered regions and in-
crease the success of mineral exploration {Gartner, 1981).
Moreover, interpretive DEP maps can be derived {tom basic
surficial geology maps to assist in this process, -

As noted by Mitchell (1991), terrain geology is nothing
more than a surface expression of deeper bedrock geology.

- This relationship between surficial sediments and underly-

ing bedrock is complex but interpretable, becaus: the crea-
tion of terrain maps is based on knowledge of the association
between landforms, sediments and geologic history
{Eriksson, 1992). One of the first published accounts outlin-
ing the use terrain mapping for mineral exploration purposes
in British Columbia was that of Maynard (1989). A typical
terrain map shows a number of irregularly shaped areas
termed "terrain polygons" which represent derosits of a
similar nature {Task Group on Terrain Geology, in prepara-
tion). In British Columbia, the materials constituting a ter-
rain polygon are classified according to the following
criteria: type of surficial material (genesis), material texture,
landform or material thickness and modifying processes
(Howes and Kenk, 1988; Figure 2-1). Each polyzon there-
fore contains information about the defining criteria listed
above, and DEP maps capitalize on these data.

DRIFT EXPLORATION BACKGROUND

One of the keys to a sound mineral exploration program
is a mineral deposit model. This model generally incorpo-
rates a set of geologic conditions that include rock types and
associations, structural setting and features, as w21l as min-
eralogy. Similarly, an effective drift exploration program
needs a surficial geology model that provides a predictive
capability for sediment transport direction, relative trans-
port distance from bedrock source, thickness of overburden
and the probable integrity of samples. A relative ranking of
the confidence with which samples from various sediment
localities can be traced back to their bedrock source would
also be useful. In this manner, a sampling program can be
designed to economize by only sampling highly ranked
sites. Regardless of the type of terrain sampled (High to low
potential), however, it is important that the sariples ana-
lyzed are of similar genesis, so that similar transport paths
can be expected. Indeed, the consequences of ficies vari-
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Figure 2-1, Terrain geology map of the Port McNeill area (NTS 92L/11), northern Vancouver Island.

ations to exploration was recently illustrated for several
types of moraine by Aario and Peuraniemi (1992).

GENERAL CONCEPTS

The following discussion and all interpretations for
sediment transport and deposition relate to sediment that has
been transported as rock detritus. The resulting DEP map
relates to clastic dispersal and is not intended for use in the
interpretation of secondary hydromorphic anomalies.

The five main sets of processes of sediment transport
and deposition important in this type of study are related to
flowing and standing water as well as glacial ice, slopes and
wind. Differences in sediment derivation and transport paths
lead to different levels of potential for tracing geochemical
anomalies and mineralized clasts back to their bedrock
source. Some types of sediment are, therefore, less economi-
cal to sample because the likelihood of sourcing the parent
bedrock is very low (Salminen, 1992),

The interpretation of the genesis of sediment is based
on two major aspects: the surface geomorphology, particu-
larly where surficial features are observed on aerial photo-
graphs and supported by ground verification, and the

sedimentology of the material exposed at a site. These rep-
resent two different sets of data that can often be examined
independently to arrive at corroborating genetic interpreta-
tions, thus increasing the reliability of the interpretation. For
our purposes, this is most applicable to the genesis of glacial
sediment.

Stratigraphic position of deposits provides consider-
able information on the sedimentologic history. In general,
for thick till deposits, the upper till sediments are farther
traveled than the lower sediments, whereas in the case of
sediment veneers, it is assumed that the deposits are all
shorter traveled. Since it is the near-surface sediment that is
normally sampled in drift exploration, sediment thickness
is an important criterion in the evaluation process.

One other factor which is important for ranking the po-
tential of sediment for drift studies relates to transport-de-
posit processes. In glaciated terrain different modes of
transport lead to different degrees of differentiation from a
bedrock source (Shilts, 1975). Single cycles of erosion,
transportation and deposition, such as weathering of bed-
rock and soil creep to form colluvium or glacier scouring
and deposition to form till, are good examples of first de-
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rivative products (Shilts, 1993). However, melting of glacier
ice and concomitant sediment redeposition by meltwater
adds a second phase to the material. In this case, the resultant
glaciofluvial deposits can be considered to be second de-
rivative products. Further reworking of the sediment by riv-
ers and subsequent deposition results in third derivative
products. Additional reworking, including eolian and lacus-
trine processes, can result in fourth derivative products
(Shilts, 1993). Each phase of reworking compounds the dif-
ficulty of interpreting the bedrock source. Sediments and
clasts which have undergone multiple cycles of erosion,
transportation and deposition progtessively diminish in
their ability to provide information on the parent bedrock
(Shilts, 1991), Asaresult, the hierarchy for preferred sample
media in drift exploration studies parallels the natural order
of derivative products. In any area, lower order derivatives
take preference over subsequent products,

GLACIAL DEPOSITS

The sediment that is deposited by glacial ice is normally
referred to as “till’. Till is typically an unserted sediment that
is composed of material that ranges from pebble to boulder-
sized clasts, all supported in a finer grained matrix (Drei-
manis, 1990), Deposits of till may be associated with or
support a minor component of water-deposited sediment
such as sand or gravel. Transport position of sediment in
glaciers is particularly important because it can be used to
infer distance of transport for various types of till. Figure
2-2 shows the three major positions of sediment transport in
a glacier. In this discussion we assume that present-day gla-
cial deposits retain an imprint of their transport history,
thereby reflecting their relative paleo-position during gla-
cier transport. Sediment that is carried and deposited near
the base of a glacier is referred to as ‘basal till*. Material
transported above the basal debris-rich zone but well below
the glacier surface is ‘englacial® and if carried on or near the
glacier’s surface is referred to as ‘supraglacial’ (Dreimanis,
1989). The interpretation of transport position is important
because it can be used to infer the relative distance of travel
for various types of glacial sediment (Figure 2-3). Sediment
deposited from a particular transport position may preduce
or be associated with a distinctive landform provided that
there has been little post-depositional modification (Ashley
et al., 1985). Generally, the farther that sediment is carried
by a glacier, the higher it rises in the ice to a maximum that
is normally well below the surface (Figure 2-3). Exceptions
to this include englacial incorporation as ice flows over and
around promontories or high-relief topographic features
(Figure 2-4). Other exceptions may occur where ice flows

up an incline occasionally causing material to be thrust

higher into the ice, or down a steep incline where material
can be plucked into an englacial position from the lee side
of the incline. However, unless there is evidence to the con-
trary, one normally assumes that the thinner a deposit of till,
the more likely that the sediments at the base were locally
derived.

GLACIOFLUVIAL AND FLUVIAL DEPOSITS

Glaciofluvial features may give an indication of the di-
rection of sediment transport. For instance, eskers are
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Figure 2-2, Schematic cross-section through a typizal glacier
showing three positions of sediment transport: basal, englacial and
supraglacial.
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Figure 2-3. Schematic cross-section through a typical glacier
showing the method of incorporating basal debris irto the ice.
Upper part of figure illustrates theoretical boundary for sediment
uplift in a flowing glacier,
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formed by water flow controlled by a glacier and generally
flow parallel to the glacier, often crossing moder topogra-
phy such as valleys and ridge tops. Qutwash plains are de-
posited by water flow controlled by topography beyond an
ice margin. The paleo-flow direction ofthese second deriva-
tive deposits can be determined from crossbedding, pebble
fabrics and bedform relationships and then traced upstream
along local drainage from major to minor valleys (Lilli-
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eskold, 1990). Although, fluvial deposits (e.g. terrace, fan)
are third derivative products, they are ranked with glacioflu-
vial sediments because the process of transport and deposi-
tion is also flowing water. The sediment source for these
waterlain deposits could be rock, till or other waterlain sedi-
ments, all of which may have had different source direc-
tions.

SLOPE PROCESS DEPOSITS

It is important to determine whether slope deposits are
derived directly from upslope rock ot sediment, Colluvium
derived from bedrock is a first derivative product, whereas
colluviated till is a second derivative product. Documenting
the derivation of accumulations related to slope processes
influences the ease of interpreting geochemical and pebble
results. In general, colluvial sediments, whether veneers or
blankets, rank high in their usefulness for drift prospecting
studies.

OTHER PROCESS DEPOSITS

The deposits of glaciolacustrine, lacustrine, glacioma-
rine, marine, eolian and organic processes are grouped to-
gether under "other processes” and have very low potential
for drift exploration sampling. The exception to this rule
occurs in the use of lake sediments for reconnaissance sur-
vey work, where it can be shown that the sediments are de-
rived locally from the contiguous slopes (see Cook, 1994,
this volume),

DRIFT EXPLORATION POTENTIAL
MAPS

A DEP map categorizes surficial sediments into levels
of potential importance for drift exploration sampling be-
fore a field program is undertaken. In this style of map, drift
exploration is assumed to include bulk sediment sampling
for geochemical analysis and pebble/boulder collection for
lithological provenance studies. The potential for obtaining
primary, reliable, useful and easily interpretable results from
either of the two sampling approaches can be ranked from
very high to very low, according to five categories. The util-
ity of this map is restricted to clastic glacial dispersal and is
not applicable to the interpretation of hydromorphic anoma-
lies.

The purpose of a DEP map is to assist explorationists
to design sampling programs. The map should be consulted
before fieldwork begins, as it identifies types of surficial
sediment and categorizes each according to its potential for
drift-related sampling. Potential refers to the suitability of
the surficial deposits for geochemical analysis and clast }i-
thology study. Potential also relates to the proximity of the
sample to parent material or bedrock as well as the ease of
interpretation of the data; it does not refer to the likelihood
of encountering mineralization. The map provides cost-ef-
fective information as areas which contain poor or unreli-
able deposits can be avoided during sampling. Similarly,
areas of exploration interest can be prioritized according to
the five categories and sampled sequentially as results from
higher potential categories are evaluated first.

Several factors are used in the characterization of sur-
ficial deposits including terrain unit, sediment thickness,
transport distance (proximity to bedrock source), diagenesis
(history of deposit from erosion to deposition), number of
erosive/depositional cycles, and ease of interpretation of
analytical results. Geological data characterizing paleo-
flow are also documented and illustrated to meet the purpose
of the map. Collectively, these inter-related factors can be
used to categorize all surficial sediments identified on a tra-
ditional terrain map to generate a DEP map. This map can
then be used to develop a sampling strategy for various lev-
els of drift prospecting. Specific bulk and clast sampling
designs can be structured to fit changing project objectives
which may rely on data comparisons between different fa-
cies. Analytical results can be confidently interpreted and
further action can be taken,

DETAILS

As discussed in the preceding sections, several factors
must be considered in the assessment of sediment potential
for drift exploration study, Collectively, all the variables can
be summarized in a Drift Exploration Potential Matrix (Fig-
ure 2-5).

Very high potential (I) deposits include bedrock and
colluvial veneers or morainal veneers which directly overlie
bedrock. Such deposits are usually less than ametre in thick-
ness and are derived from bedrock within a few tens of me-
tres. As a first derivative product, the history of the sediment
and clasts since erosion is easily interpreted. Similarly, geo-
chemical and pebble results are casy to interpret. The second
category of high potential (IT) deposits to sample in order of
preference consist of colluvial blankets over bedrock, col-

DRIFT EXPLORATION POTENTIAL MATRIX

[ 1l ] v \4
R Cb/R Chv FG L.LG.E.
TERRAIN CviR CviM Mby F O0.A, W,
UNITS Mv/R Mb Combined | Combined | WG
Combined
TOTAL
SEDIMENT <1lm >lm >10m >10m >i0m
THICKNESS
TRANSPORT generally 108 to 105 to usually ofien 100s
DISTANCE 10s 100s 100s 1008 metres | to 1000s
metres metres metres but also but alse
16s metres | 105 metres
POST-EROSIVE
DIAGENETIC Very Basy Moderate Difficult Very
INTERPRET Easy Diffieult
DERIVATIVE
1st 1st 18t Ind 3rd
FHASE 2nd 3rd 4th
GEOCHEM/
PEBBLE :
SAMPLING Very Easy Moderate Difficalt gicj?i’cul[
INTERPRET

Figure 2-5, Drift exploration potential matrix shows the relation-
ship between the five drift potential categories, types of terrain
units, generalized sediment thickness, estimated sediment trans-
port distances, number of derivative phases, and interpretation
capabilities for genetic history and sample results.
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luvial veneers over moraine and morainal blankets. Collu-
vial blankets over bedrock differ from veneers over bedrock
only in total thickness of the deposit (1 m but rarely 3 m) as
distance to bedrock source is still in the order of tens of
metres. Colluvial veneers over moraine are usually thin, so
that the underlying diamicton can be sampled as a first de-
rivative product. Transport distance is often in the order of
tens of metres. Finally, morainal blankets, which normally
consist of supraglacial and basal till facies, are good sedi-
ments to sample. Although sediment thickness often ex-
ceeds a metre, bedrock source is close, usually in the order
of tens er hundreds of metres. As first derivative products,
the transport history since erosion for these three sediment
associations is easily interpreted, as are geochemical and
clast analysis results.

Terrain units of moderate potential (II[) include some
first and second derivative products which consist of com-
plex associations of colluvium and morainal sediments. De-
posits are moderately thick, often in excess of 10 metres and
distance to bedrock source can be tens to hundreds of me-
tres. Interpretation of both the history of transportation and
analytical results is generally moderately easy. The fourth
category of low potential (IV) deposits consists of glacioflu-
vial and fluvial sediments. These second and third deriva-
tive products often overlie till or bedrock and are variable
in thickness. The added phase of transportation increases
distance to bedrock source so that transportation in the order
of hundreds of metres is common although tens of metres is
possible. Interpretation of the sediment history since initial
bedrock erosion is difficult as is the interpretation of the
analytical resuits. The final category represents the very low
potential deposits (V) consisting of glaciolacustrine,
glaciomarine, lacustrine, marine, eolian, organic and an-
thropogenic deposits. As these terrain units often overlie
complex sequences of other sediments, total deposit thick-
ness can be in excess of ten metres, The third and fourth
derivative products in this category have very complex
transport histories and, as such, distance to bedrock source
can be several kilometres, although short pathways as little
as tens to hundreds of metres are encountered. In many cases
analytical results are very difficult to interpret.

Drift Exploration Potential maps contain fewer poly-
gons and simpler map unit symbaols than their corresponding
surficial geology maps. They combine aerial photograph in-
terpretation, field observations, sample analyses and sedi-
ment deposit theory to provide a predictive tool for the
relative confidence with which samples from different map
units can be traced to their bedrock source. Map units are
ranked to provide the best possible opportunity for the suc-
cess of a sampling program to find the origin of a geochemi-
cal anomaly or exotic boulder train.

CASE STUDY

Quaternary geological investigations were undertaken
in NTS sheets 92L/6 (Alice Lake) and 92L/11 (Port
MecNeill) as part of an integrated resource assessment pro-
gram on northern Vancouver Island (Panteleyev er al., 1994,
Figure 2-6). The objective of the Quaternary geology as-
pects of the project was to provide surficial geology data

10k

Figure 2-6. Location map of the 1993 northern Vancouver
Island surficial geology field project.

that would be useful in expanding current areas o { explora-
tion as well as stimulate long-term exploration activities
{Bobrowsky and Meldrum, 1994a, 1994b, 1994¢): Surficial
mapping, drift sampling for geochemistry, pebble lithology
analysis, facies analysis and paleo-flow docuraentation
characterized much of the drift prospecting project. As part
of the data management program, a Geographic Information
System (GIS)was adopted; specifically, a commer:ial pack-
age called Terra Soft.

Terrain geology maps for the study area were submitted
to LANDIS Incorperated for digitization (Figure 2}-1). Map
data consisting of line-work of the terrain unit polygons
were first digitized, stored as a TSF file and then imported
into Terra Soft. Polygons were individually ident:fied with
a descriptive label stored in a dBase file. The terrain unit
deseriptions for each polygon were also entered into this
same dBase file. A second dBase file was created for 187
sample site locations. This file contained UTM coordinates,
geochemistry results for 42 elements, pebble lithology and
textural data. Both files were interactively maaipulated
within Terra Soft to process data.

One product of the study involved the simplification of
terrain maps to generate DEP maps (Meldrum and Bo-
browsky, 1994a, 1994b; Figure 2-7). The illustruted DEP
map is a derivative product of the terrain map shovvn in Fig-
ure 2-1. The very high potential areas (category I) in the
corners of the DEP map correspond to high-relief sreas con-
sisting of bedrock outcrop and colluvial veneers over bed-
rock. Category I high potential areas tend to border the first
category regions and represent blankets of moraine and col-
luvium, A very small region supports moderate potential
(IIT) deposits in the centre of the map sheet and reflicts some
smatl but complex sediment associations. Low potential
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Figure 2-7. Drift Exploration Potential map for NTS 92L/11 (Port McNeill area), adapted from Meldrum and Bobrowsky (1994b). All
five potential categories are represented by sediments on this derivative map. Most of the drift samples obtained in 1993 in the west half
of the sheet corresponded 1o the very high to moderate potential terrains. Arrows indicate ice flow direction. See Legend Details. '

glaciofluvial and glaciolacustrine deposits in category IV
are distributed along an east-west belt through the centre of
the map sheet eastwards from Rupert Inlet. Finally, category
V glaciomarine, anthropogenic and organic deposits parai-
lel the coastal region of the study area. Paleo-flow directions
itlustrate a dominant trend to the west and north-west. As
sampling during the 1993 field season was restricted to the
western half of the sheet, the majority of the samples were
obtained from deposits categorized as very high to moderate
potential. Geochemical resulis and lithelogical data can now
be related to the bedrock map using the GIS, Data manipu-
lations also allow interactive queries of point locations and
regionai trends for geochemical anomalies and significant
pebble trends.

CONCLUSIONS

Quaternary geology principles and basic surficial map-
ping data can be used to design drift sampling programs.
Information regarding sediment genesis, thickness, cycles
of deposition and ability to derive bulk and pebble samples

can be combined to generate interpretive maps we term Drift
Exploration Potential Maps (DEP maps). Staff with the Brit-
ish Columbia Geological Survey Branch have now used
these maps in study areas on the coast and in the interior of
the province.

The general principles outlined here apply to all levels
of mapping, however, the specifics and categories of the
matrix discussed in this paper will change depending on the
scale of the map. The accompanying matrix applies only to
1:50 000 scale maps, so the matrix and principles of catego-
rization can be applied to any other terrain map of a similar
scale. One important aspect is knowledge of paleo-flow di-
rection of the sampled sediment, whether from pebble fabric
data in till, crossbedding in outwash, or striae on underlying
outcrop. Although some paleo-flow directions are often il-
lustrated on a map, detailed paleo-flow must be determined
at each station during sampling. Complex flow vectors re-
sult by compounding several cycles of transportation. For
example, a down-slope component in colluvium may be
overprinted upon an oblique ice-flow direction found in the
till. Because any number of compounded flow-vector paths
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may occur, generalizations on the shapes, size and orienta-
tions of geochemical and clast anomalies are inappropriate.
Finally, it is critical that samples from different terrain units
not be compared in the analysis of any data set obtained
during drift studies. Although, several types of deposits can
occur within any single "potential”" category, this associa-
tion does not imply genetic affinities in the sediment.

LEGEND DETAILS

VERY HIGH POTENTIAL (I)

Consists of bedrock and some first derivative terrain
units such as till veneers and colluvial veneers (<1 m thick)
over bedrock. Terrain units have a simple genesis, deposits
are very thin and transport distance is minimal. Sediment
and clasts in these units are generally close to their bedrock
source indicating short down-ice or down-slope transport
distance, generally on the order of tens of metres. Origin and
post-erosive history for sediment in this category is very
easy to interpret. In general, the interpretation of results
from geochemical and pebble samples from these units is
very easy.

Mv which is material deposited directly by actively
moving or stagnating glaciers (various facies of till) or Cv
which are materials produced by the rapid down-slope
movement of dry, moist or saturated debris derived from
surficial morainal material and/or bedrock falling, toppling,
sliding or flowing. All unconsolidated sediments in this
category occur as thin mantles of material which have no
constructional form of their own, but derive their surface
expression from the topography of the underlying unit
which is assumed to be bedrock. The sediments reflect mi-
nor irregularities of the underlying surface, are generally
between 10 and 100 centimetres thick, and outcrops of the
underlying bedrock are common.

HIGH POTENTIAL (II)

Consists of some first derivative terrain units including
till blankets and colluvial blankets or colluvial veneers over
till (<1 m thick). Terrain units have a simple genesis, depos-
its are thick and transport distance is moderate. Sediment
and clasts in these units are usually close to their bedrock
source, but given greater thickness of some deposits, trans-
port distance is generally on the order of tens to hundreds of
metres. Origin and post-erosive history for sediment in this
category is easy to interpret. In general, the interpretation of
results from geochemical and pebble samples from these
units is easy.

Mb which is material deposited directly by glaciers
(various facies of till} or Cb which are materials produced
by the rapid down-slope movement of dry, moist or satu-
rated debris derived from surficial morainal material and/or
bedrock falling, toppling, sliding or flowing. All unconsoli-
dated sediments in this category occur as thick mantles of
material which derive their surface expression from the to-
pography of the underlying unit which is usually not bed-
rock but probably till in the case of colluvial cover. The
sediments mask minor irregularities in the underlying unit
and are generally greater than 1 metre thick.

MODERATE POTENTIAL (ITI)

Consists of some first derivative terrain units including
complex deposits of till and colluvium which may:have un-
dergone a second phase of transport. Composite ter-ain units
are common and therefore units have a complex genesis,
deposits are generally thick (>10 m thick) and transport dis-
tance is moderate. Sediment and clasts in these units can be
proximal or distal to their bedrock source and of variable
thickness, transport distance is usually on the order of tens
to hundreds of metres. Origin and post-erosive history for
sediment in this category varies from easy to difficult to
interpret. In general, the interpretation of results from geo-
chemical and pebble samples from these units is moderately
eagy to difficult.

Mv, Mb, Cv and Cb units same as above, either alone
or in varying combinations, but underlying units are vari-
able and not easy to verify or interpret. All unconsolidated
sediments in this category occur as veneers or blankets, gen-
erally masking underlying topographic irregularitics and to-
tal thickness is usually greater than 10 metres.

LOW POTENTIAL (IV)

Consists of some second and third derivative terrain
units including glaciofluvial and fluvial deposits. Terrain
units in this category have a complex genesis, deposits are
of variable thickness (>10 m thick) and transport distance is
large. Sediment and clasts in these units are generally distal
to their bedrock source, indicating two or more phases of
erosion and transportation, with transport distances usually
on the order of hundreds of metres, but also tens of metres.
Origin and post-erosive history for sediment in this category
is difficult to interpret. In general, the interpretation of re-
sults from geochemical and pebble samples from these units
is difficult.

FO are materials deposited in association with glacier
ice; generally consisting of sand and gravel and scmetimes
showing evidence of ice melting. Sorting, stratification, tex-
ture and shape are variable; includes all types of outwash
and ice-contact deposits. F are materials transported and de-
posited by rivers, alluvial materials; generally conuisting of
gravel, sand, silt and clay. Gravels are often well ounded,
contain interstitial sand, sediment is usually well sorted and
stratified, includes flood plain, terrace, deltaic, and some
alluvial fan deposits.

VERY LOW POTENTIAL (V)

Consists of some third and fourth derivative terrain
units including glaciolacustrine, lacustrine, eolian, organic,
anthropogenic, marine and glaciomarine deposits. Terrain
units in this category have a complex genesis, deposits are
of variable thickness (10 m thick), transport distance from
original bedrock source can be very large and urderlying
units are variable in nature. Sediment and clasts:in these
units are generally very distal to their bedrock source indi-
cating three or more phases of erosion and transgortation,
with transport distances usually on the order of hundreds to
thousands of metres but also tens of metres. Origin and post-
erosive history for sediment in this category is very difficult
to interpret. In general, the interpretation of resilts from
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geochemical and pebble samples from these units is very
difficult.

L are sediments deposited in lakes or reworked by wave
action around Jake shorelines; generally consist of stratified
and well sorted sand, silt and clay. LY are lacustrine sedi-
ments that were deposited in lakes associated with glacier
ice; generally consists of stratified and well sorted sand, silt
and clay. E are eolian materials transported and deposited
by wind action; generally consisting of medium to fine sand
and coarse silt that is well sorted. O are organic materials
resulting from the decay of vegetative materials, W are sedi-
ments deposited by marine waters or reworked by wave ac-
tion along marine shorelines; generally consisting of sorted
and stratified gravel, sand, silt and clay. WO are sediments
deposited in a marine environment in close proximity to gla-
cier ice; generally consisting of poorly sorted stony marine
drift.
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GLACIAL GEOLOGY APPLIED TO DRIFT PROSPECTING
IN BUTTLE VALLEY, VANCOUVER ISLAND

Stephen R. Hicock, University of Western Ontario

INTRODUCTION

This paper presents an example of low-elevation, alpine
glacial ore dispersal along a large finger lake (Hicock,
1986). Buttle Valley is a long, narrow glacial trough now
occupied by lake water at 215 metres elevation and flanked
by mountains up to 2200 metres above sea level. Dispersal
was traced in till from the source of the ore at the Westmin
Resources Limited Lynx orebody on the north side of Myra
Creek (central Vancouver Island; Figure 3-1) into and along
the west side of the main Buttle valley. The ore comprises
massive kuroko-type sulphides (Cu, Zn, Pb, Au, Ag, Cd)
hosted in the seritic schist of the Myra Formation (Muller
1981).

Locally, the till is up to 8 metres thick, commonly stony,
sandy, fissile, compacted and truncates underlying sandy to
silty glaciolacustrine sediments. The till contains lenses and
blacks of the glaciolacustrine sediment and striated boulder
pavements; its stones are mostly locally derived, sub-
rounded, striated and faceted. Sub-till sediments and bed-
rock are often brittly deformed and display striated surfaces
in places. These criteria indicate that the till was formed
mainly by plastering under dynamic glacial ice and is clas-
sified as lodgement till, Lodgement till was sampled in this
study, because it is mainly locally derived, first derivative
material and, therefore, usually the best for tracing ore dis-
persal by glacial transport. The till is overlain by deltaic,
alluvial and colluvial deposits.

This paper consists of three parts. First, a section on
useful methods for determining the direction of ice flow is
presented. Knowledge of the ice-flow direction is essential
for tracing ore anomalies in till back to source in drift ex-
ploration programs. This section is followed by a brief ex-
amination of geochemical analyses of till matrices which
reveal the character of the dispersal train. Finally, a list of
conclusions regarding this case study is offered.

GLACIAL MOVEMENT CRITERIA

A variety of paleo-ice-flow indicators were observed in
the study area. Examples and discussion of several of these
are presented below,

BEDROCK

LARGE SCALE (TENS TO HUNDREDS OF
METRES)

Roches moutennées (Photo 3-1) give the direction of
ice flow responsible for their formation. In plan view (Photo
3-1a) the features are commonly clongated, streamlined
rock mounds that parallel the direction of glacial flow. In
longitudinal profile (Photo 3-1b) they have smoothed, stri-

ated, gently sloping ends that faced against the ic: flow (up-
glacier or stoss sides) and steep, rough, truncated ends fac-
ing in the direction of ice flow (down-glacier or lee sides).
Rock drumlins, are essentially mirror-image forms of ro-
ches moutonnées. Their smoothed, striated -ends face
against glacier flow (stoss side) but are blunt and steep; their
gently sloping tails point in the direction of ice flow (lee
side). Rounded and grooved rock sills werc observed at the
mouths of some cirques and indicate that ice flowed directly
over the sill from the cirque into the tributary valley below
(Photo 3-2).

MEDIUM SCALE (METRES TO TENS OF
METRES) :

Stoss-lee features are very common on outcrops and
appeared as smoothed, striated edges on the down-ice (stoss
in this case) walls of fractures (P 3) or on the up-ice (stoss)
ends of rock knobs and ridges (Photo 3-3, marked by solid
triangles). Conversely, the up-ice (lee in this case) fracture
walls or down-ice (lee) ends of knobs and ridges. tend to be
iagged (rough)and steep (Photo 3-3, arrows). These features
were observed on outcrops along valley sides and in valley
bottoms.

SMALL SCALE (CENTIMETRES TO METRES)

Crescentic fractures and gouges (Photo 3-4) give ice-
flow direction over a bedrock surface. They are nested arc-
shaped fractures probably caused by repeated impact on
bedrock by clasts held in the glacier’s sole. Ice-flow was in
the direction bisecting the concavity of fracture arcs. These
features were observed in a number of locations ‘where bed-
rock was exposed on the surface.

A second type of small-scale feature described in the
field are till injections into bedrock fractures (till wedges;
Broster ef al. 1979; Photo 3-5) which dip in the clirection of
ice flow. Wet till was squeezed down into fractures caused
by the frictional drag of over-riding ice. Displaced angular
blocks of bedrock commonly accompany till vedges and
also indicate the direction of ice flow that dislodged and
displaced them.

Finally, striae and grooves; which give the jense of ice
flow, but not the actual direction (i.e. the alignment but not
which way; Photo 3-6) are also present.

GLACIAL DRIFT

LARGE SCALE (TENS TO HUNDREDS OI*
METRES)

Drumlineids are elongate streamlined ridpes of drift
and/or bedrock that parallel ice flow and were observed in
high mountain passes above Buttle Lake (Phcto 3-7). In
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Figure 3-1. Topographic and location maps of Buttle Valley study area. Contour interval 150 m.
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Photo 3-1. Examples of roches moutonnées. a) from the air in a stereo pair, ice direction indicated; b) on the ground, side view, ice
movement symbol indicates flow from left to right, man for scale at extreme right,
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Photo 3-2. Stereo pair of a debris-covered rock sill at the mouth of a water-filled cirque. Ice flow indicated.

R e

Photo 3-4. Example of arcuate crescentic fractures in a granodiorit
outcrop, Ice flow was in the concave direction of the fractures.
Compass is 18 cm long,

S

Phote 3-3. Examples of glacial stoss-lee features on a hillside
bedrock outcrop at Lynx open pit mine; ice flow from left to right.
Man is standing above a glacially quarried fracture with a plucked
lee side on the left fracture wall (the down-glacier end of that part
of the outcrop to the left of the fracture), and a rounded, smoothed,
striated stoss side on the right fracture wall (which presented a
surface facing against glacial flow over it). Another fracture to the
left of the man exhibits similar stoss-lee relations. Bottom points
of black triangles mark rounded, blunt stoss ends of rock knobs
and ridges, whereas open arrows mark steep, jagged lee ends of
these features.

Photo 3-5. Example of a till wedge infilling fractured bedrock left
of pick (pick is 43 cm long). Wedge and fractures dip steeply in
the direction of ice flow (right to left). Blocks of bedrock have also
been lifted by glacial ice and displaced to the left, on the right side
of the photo.
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Photo 3-6. Striae on bedrock surface in the bottom of Lynx open-
pit mine. Stoss-lee features indicate ice flow was into the photo.
Pick head (at top of outcrop) is 28 ¢cm long,.

most cases a steeper, rounded, blunt end (marked in Photo
3-T}indicated the stoss direction, whereas the lee end gently
slopes to the level of surrounding terrain.

MEDIUM SCALE (METRES TO TENS OF
METRES)

Glaciotectonic fractures and folds are caused by ice
over-riding and deforming underlying sediment (and bed-
rock; Hicock and Dreimanis, 1985; Dreimanis, 1993). Inthe
study area they include the following:

Shears are commonly gently dipping listric faults
(Photo 3-8). They strike transverse to ice flow; dip direc-
tions parallel ice flow.

Tension fractures also strike transverse to ice flow but
they usually dip steeply in the down-glacier direction {Photo
3-9). Where a tension fracture opens by continued sub-

glacial drag and is filled from above with till, a till wedge
results that also dips steeply downglacier.

Folds in sub-till silt (Photo 3-10) have fold axes that
trend transverse to ice flow and axial planes that dip parallel
to ice flow (either up or down-glacier).

SMALL SCALE (CENTIMETRES TO METRES)

Boulders in till can reveal ice movement direction, es-
pecially if they occur in cotcentrations (i.e. pavements; Hi-
cock 1991) that commonly appear as subhorizontal stone
lines in till exposures (Photo 3-11) with consistently ori-
ented surface striae and stoss-lee relationships among stones
(see below).

Similarly, bullet-nosed stones (not necessarily in pave-
ments) with smoothed, striated stoss ends and rough,
plucked lee ends (Photo 3-12) consistently facir;g the same
way are excellent indicators of ice movement direction and
usually imply till deposition by plastering (lodgement) un-
der active ice.

Finally, structures around boulders in till may reveal
where the stone was ice-pressed into wet till on the lee side
(Photo 3-13, solid triangle], creating a cavity filled by sedi-
ment on the stoss side (Photo 3-13, hollow arrow).

STONE AND MINERAL PROVENANCE

Stones in till may reveal ice flow sources by their li-
thologies. Possible source lithologies for till materials in
Buttle Valley are shown in Figure 3-2a, Provenance indica-
tor lithologies in the study area are confined to the southern
part of the valley. They include the Myra Formiation (vol-
canic ash and tuffs interlayered with chert and argillite) and
especially the Buttle Lake Formation (grey crinoidal lime-
stong) which occurs as thin ribbons that are very good (re-
stricted) sources for indicator tracing,

Photo 3-7. Stereo pair example of a drumlinoid ridges with three blunt stoss ends marked by bottom points of black triangles. Ice flow
toward upper right.
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Photo 3-11. Example of a stone pavement in a till exposure on the
Photo 3-8. Example of shears in till that rise gently in the direction ~ Wwest shore of Buttle Lake. Pavement boulders marked by bottom
of ice flow (right to left), Traces of shears on exposure surface are  points of black triangles.

marked in five places by botttom points of black triangles.

Photo 3-9. Example of tension fractures in till that dip steeply in Photo 3-12. Example of a striated, rounded, bullet-nosed boulder
the direction of ice flow (left to right). Traces of fractures on intill. Plucked lee side is indicated under black triangle. Pick is 43
exposure surface marked in six places by left points of black cm long.

triangles. Knife is 20 cm long.

Photo 3-13. Examples of ice-press structures around two boulders
in till. Curved till-pressure structure (marked by black triangle)
wraps around the downglacier lower right side of the left boulder
where it lodged in till. Sediment infilling around the lower pressure
up-glacier side of the right boulder is indicated by the hollow
o, e . ; i arrow. Cavity infilling probably occurred as the right boulder was
Photo 3-10. Example of folds in sub-till silt caused by ice being lodged into till while being released from overriding ice. Pick
overriding silt from right to left. is 43 cm long,
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clast and matrix abundances in lodgement till along the east side of Buttle Lake. Distance downvalley is measured from the shoreline

outcrop of Buttle Lake Formation (black in Figure 3-2a).

Stones 0.5 to 5 centimetres in diameter were identified
under a binocular microscope. Selected stones were also
thin sectioned and identified under transmitted polarized
light. Myra Formation clasts dominate the pebble assem-
blages, indicating that glacial transport of the clasts was
down-valley to the north. Till on the west side of Buttle Lake
contains a higher percentage of Myra Formation clasts than
till on the east side, in which Karmutsen basalt clasts are
abundant. Roundness of Myra Formation clasts generally
increases down-valley, further suggesting northward glacial
transport.

Buttle Lake Formation pebbles were found only in east-
side till samples, mainly down-valley from the shoreline
outcrops of the formation, indicating northward ice trans-
port. Buttle Lake Formation indicator stones in till permit a
good estimation of basal glacial transport distances in the
study area by comparing their proportion in pebble assem-
blages with abundance of till-matrix carbonate down-gla-
cier from the source outcrops (Figure 3-2b). Limestone clast
content generally decreases northward to zero within 20 kil-
ometres of the source outcrops, whereas matrix carbonate
generally increases before disappearing at about 20 kilome-
tres transport distance. Carbonate matrix was produced by
comminution of carbonate clasts during basal glacial trans-

port along the east side of the valley. This implies that soft,
Westmin ore clasts may also not have survived as much as
20 kilometres of basal transport. Indeed, no clasts of ore
were found in pebble samples from anywhere in the study
arca.

The provenance of sand from till matrices collected on
both sides of the lake generally refiects the mineralogy of
local bedrock, which implies basal glacial transport and
comminution of glacial debris down-valley. The 0.125 to
0.250-millimetre sand grain fractions from till matrices
were separated into light and heavy mineral fractions using
liquid sodinm polytungstate (specific gravity 2.90). Sepa-
rates were then mounted in Canada balsam, analyzed under
transmitted polarized light and the opaques by reflected
light microscopy. Only two grains of Westmina ore were
found in this fraction, directly down-glacier fron the Lynx
orebody. This suggests that any ore entrained, and trans-
ported basally was comminuted to the finest till-inatrix frac-
tion within a short distance down-glacier of the: source. In
addition, detrital ore grains would have been easily removed
by leaching in the weathering zone (to about 1 m below
ground surface), in places where sampling below the weath-
ering zone was not possible.

Paper 1993-2

39



British Columbia

A u C
A ppIm 14004 u
| 473°2%5 1
VR AN -
b stz leso 10007
‘ e North
7o 265+
; 3108 5001
\
‘ 600
*295
425
2001
Voriical
Seotian !
650, 468, d
55 3 AR o RAgE PG o son A
o G ore zone P —
> e, o % 4 € & 10 12 11 16km | 550
42 { i V
49340,‘—_ A-A along glacial pathway P
S 370,
i g2
AB5. 210 L gy 4 i
0 1 ? 7 .
i m—— ] | .l "
km T Buttl
A P (1700}
=T Z
20 n i n
m §00]
o PP
390
LI 360+ 1
U awo |ogTes °o
L1900 Faso | 2mos
arth ]
T . 0
I 2004
S 3004
w200 2008
150 2004 =00
0208
Vv:ni;:nl 4200 0o
action
0 T A
¢ 2 4 & 8 10 1z 14 16

A-A alonpg glacial pathway

140 190 A

Pb
A “ ppm 1401
N %
120
\ w0
g 28w
‘4\ 0;‘;06 e p 100
Ve s, 20
b 2 8i
FeTaae s 0Gs o
i 02+
Dl 50
"y
a2 <2n
25 oze 401
o8e
Vertical a5e 06 20
Suction /\A
37 657 O+ —r v — 1 -
as. o 0 2 4 ¢ 8 10 12 12 16 oA
¥ L e i . .04
¢ ?o;w&_ A-A along glacial pathway .Y <
60 ... B/
5 . A9,
. R Y
T gs - D

S04 By

C

Figure 3-3. Glacial dispersal maps and curves of three detectable metals from the Westmin property. Dispersal was by the glacial lobe
issuing out of the Myra valley (Figure 3-1). Also plotted is a vertical geochemical profile in till deposited by the Thelwood glacial lobe
near the south end of Buttle Lake (Figure 3-1).
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GEOCHEMICAL GLACIAL DISPERSAL
OF WESTMIN ORE

Based on lithologic comparisons of stone and sand
samples on both sides of the Myra and Buttle valleys, tribu-
tary ice lobes entering the trunk Buttle valley apparently did
not mix (Hicock, 1986). Thus, glacial dispersal of Westmin
ore occurred along the north side of the Myra valley (where
the source orebody is located), then rounded the corner
along the west side of Buttle valley. Metal concentrations
were found only in till matrix clay fractions ( <0.002 mm).
The clay fraction was separated by centrifuging under the
assumption that it would most likely retain the original pro-
portion of metallic ions in the preoxidized till. Atomic ab-
sorption analyses (complete digestions) of copper, zinc and
lead were performed on the clay separates. The results of
these analyses and the glacial dispersal pattern are presented
in Figure 3-3.

Copper, zinc and lead indicate that dispersal by sub-
glacial transport was less than 20 kilometres in the finest
fraction of the till matrices. Copper displays the highest val-
ues (Figure 3-3a), followed by zinc (Figure 3-3b) and lead
(Figure 3-3c). All three metals display a sharp peak about !
kilometre down-glacier from the Lynx orebody which prob-
ably represents the head or peak of the dispersal fan, A sec-
ond peak appears about 5 kilometres from the orebody, near
the mouth of Myra Creek. Beyond this point, metal values
decrease unevenly down the Buttle valley in the tail of the
fan and eventually approach background values. These re-
sults, together with the preceding ice-flow evidence from
bedrock and till, confirm that glacial transport was mainly
basal and deposition of till was subglacial by dynamic ice
processes (i.e. mainly lodgement),

CONCLUSIONS
Based on this case study in central Vancouver Island:

e Where a mineral or geochemical anomaly is found in an
alpine valley, it is best to trace it up-valley following the
same valley side into tributary valleys.

e Ifa source of ore is to be found, it will probably be within
a few tens of kilometres, and the head will probably be
directly down-valiey from the source. This is supported
by another study of a subglacially dispersed geochemical
fan in till in northern Ontario (Hicock and Kristjansson,
1989).

e Geochemical prospecting is the best method for explora-
tion, because soft ore will probably be glacially commi-

nuted to the finest till material (<0.002 mm) over a short
distance from the source, and surviving mineralized
grains may be leached from the weathering zone.

¢ Glaciotectonic deformation structures are useful for de-
termining ice-flow directions. They can be mcire reliable
than stone orientations (long axis fabrics) in tills that are
susceptible to postglacial reorientation by mass move-
ments on mountainsides.
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DRIFT-PROSPECTING SAMPLING METHODS

By Alain Plouffe, Geological Survey of Canada
(Geological Survey of Canada, Contribution 34093)

INTRODUCTION

Most orebodies in Canada have been found in areas
where bedrock is near the surface or where outcrops are
abundant. Unfortunately, much of Canada is covered by
thick deposits of unconsolidated sediments, so there is an
increasing need to conduct mineral exploration in drift-cov-
ered areas. Because much of this sediment was transported
glacially over a short distance from the bedrock sources,
drift sampling methodologies have become an important
tool in the geochemical and indicator mineral tracing of
mineral deposits.

In contrast to soil sampling, where leached and oxi-
dized samples from the B-horizon are intentionally col-
lected, drift prospecting, as defined here, attempts to sample
unleached sediments which more closely reprasent the pri-
mary composition of the bedrock from a source area. Drift
sampling is utifized if} subtle geochemical anomalies related
only to clastic dispersal of mineral grains are sought; the
provenance of soil parent materials, as indicated by mineral
grains and rock fragments, is to be determined; or if indica-
tor mineral fracing methods are required. Drift samples are
often taken from the C-horizon at depths of.0.75 metre or
deeper in order to obtain material which has not been ef-
fected by soil formation, which has not been leached of car-
bonate, and in which mineral grains have not been
significantly altered.

Till and glaciofluvial sediments are most commonly

sampled during drift prospecting because they most often
reflect composition of a source area. Till, composed of
crushed bedrock and reworked older sediments, can be rec-
ognized by a suite of diagnostic criteria. As a sediment di-
rectly deposited from glacier ice, Shilts (1993) refers to till
as the first derivative of bedrock. This implies that the com-
position of till can usually be related to the ice-flow history.
On the other hand, glaciofluvial sediments, which were first
transported by ice and later by glacier meltwater, are con-
sidered second derivative products of bedrock; reflecting
two or more cycles of transport. The sampling methods re-
viewed here are applicable to both sediment types.

In drift exploration, samples are collected in an area
with the intent of defining the shape, extent and eventually
the bedrock source of a geochemical dispersal train
(DiLabio, 1990; Shilts, 1976; 1982; 1984). Local conditions
(surficial sediment thickness, topography, accessibility) and
the primary objective of the exploration program will dictate
the choice of sampling methods.

Drift prospecting may be successfully applied if the ge-
netic classes of the sampled sediments are properly identi-
fied, and sample collection is consistent (e.g. below the
B-horizon). Therefore, sampling is a crucial stage of an ex-

ploration program, having cumulative effects on analytical
methods and interpretations to locate mineralization. The
purpose of this paper is to present and describe th: five most
commonly used overburden sampling methods, fillowed by
a brief discussion on the advantages and disadvantages of
each. These methods are hand excavation, trenching with a
mechanical excavator (e.g. a backhoe), and drilling with
portable, reverse-circulation and sonic drills. A summary of
information is given in Table 4-1.

HAND EXCAVATION

The use of a pick and a shovel is certainly the simplest
method to collect surficial sediment sampiles. It i very effi-
cient in ditches along forestry roads where the organic cover
and part of the solum have often been removed during road
construction (Photo 4-1). In areas which lack :ultural or
natural exposures below ground surface, pits can generally
be dug to a depth of about 1 metre with limited environ-
mental damage. Depending on the local conditions, this may

Photo 4-1. Example of a till section commonly exposed along
forestry roads in central British Columbia (GSC-1993-281-C).
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TABLE 4-1
FEATURES OF SUBSURFACE SAMPLING METHODS

Reversc-
Hand Jigging Treaching Small Pereussion  |Auger Dritls (various)| ¢irculstion Drilts| Rotasonic Drills
{Backhos) wnd Vibrasonic {Longycar or (Nodwell or
Drilts {various) Acker) (Nodwell| Truck Mounted)
Mounied)
t. Production ¢osl estimate per:
|- day (10 hrs} $100 per sample | $500-$1000 $500-51000 $800-51500 $1800-52000 | $3000-84000
| metre $20-540 $25.830 §25-840 $50-$80
. Penctration depth lwlsm Jwim 1020m 15 1o 30 m (boulder Unlimited Unlimilcd
r (gresier?) frec) (128 m?) 125m D
B. Enviconmenial damage miner 5 m wide cut nil 2-3 m wide cut (rails | $ m wide treils | 3 m wide cul
trails (Nodwell, muskeg, alll (may have lo be Lrails
lerrain vehicle culin arcas of
mounied guile larger irees)
manocuverable)
[, Size of sample no limilation no limilation 300 g (dry), or 36 kg 5 kg (wel) Continuous corc
conlinuous core (dry or wel) {9 cm)
5. Samplc of bedrock Yes (chips), if | Yes {chips), if Yes (chips), if Unlikely, if hollow Yes (chips) Yes (core)
vedrock reached bedrock bedrock rcached augees $plit spock
reached sampler ¢an be used
for chips
15, Sumple recovery
ARHH cxccilent cxeclicnt good good good exeellent
b) siratificd drift excollent exceltent good poer 1o modcerale moderale cxecllent
7. Holes per day {10 hrs.) 1015 (1 m deep,| 10-15 treach 5@6-10m 103 4@ 15-20m 4@ 1520 m
close spacing) |(shert and closc @ 15-20m 1@ 60-80m 1 @60-80m
spacing}
[8. Metres per day 100 15 3010 50 30 1 50 20w 60 60 1o 30 60 10 80
|B. Time to pul rods NIA NIA 30-60min@ 15m | 20-40min@ 13 m | 10min@ 13m | W0min@ 15m
|_10. Time 10 move 3-10 min 10-20 min 30 min 15:60 min 1020 min 15.30 min
11. Manocuvrabilily good good good good good moderate
(poor if manually 1o
carricd on wet rcasonable
tereainy
12. Trails required no ¥cs, may have 80 ¥e3 and no y¢3, may have 10| yes, musl be cul
lobceulin be cul in arcas of]|
arcas of Jarger lerger trees.
trees
1 3. Easc in collccling semple execllent good sometimes difficult good go0d exeellent,
10 ¢xbraci from (contaminagion?) <onKnuGUs Core
14. Type of bil NFA NiA flow through, 3plit { suger with lungsicn millloeth or | lungsicn carbide
$pOON OF piston carbide eeth tungslen carbide ring bits
samplers triconc
L5, Type of power humen traclor hydraulic percussion|  hydrautic-zotary [ hydraulic-rotary hydraulic-
{gas engine rotasonic
pereussion,
vibrasonic)
16. Method of pulling rods N/A N/A hydraulic jack, hand| winch or hydraulics hydraulic hydrautic
jack or winch
17. Abilily lo penelrale or move Ty poor excellent poor poot 1o mod 11 llenl, ¢ores
] ulders bedrock
L8. Texlure of sampie eriginal lexture |origina) lexture | original texture | original texiure (dey) slurry original lexture
10 slurry {wel) (disturbed (¢ore ¢an be
sample} skeriend,
I¢ngihened
2nd/or contoricd;
19, Contamination of samplc nil nil il {tengsien) nil 1o high (lwngstend [ nil, fines lost nil (lngsicn)
{lungsicn)

Modified from Coker and DiLabio (1989). Drilling costs based on 1985 data.

be deep enough to reach unleached and unoxidized sedi-
ments. Hand trenching can occasionally be augmented with
hand augers, in areas where large clasts are not abundant.

In this sampling method, as with all others, samples
must be large enough to yield sufficient material for geo-
chemical or mineral indicator analyses. Sample size will
often be limited by accessibility (i.e. the number and amount
of samples which can be back-packed to the nearest road,
lake or helicopter pad).

Sampling should only be done by individuals capable
of distinguishing between various sediment types. Proper
notes must be taken (e.g. depth, texture, colour, oxidation
level, mineralized clasts, lithologies efc.) which will aid in
the interpretation of the analytical data. As part of the sam-
pling program, notice should be given to striations on bed-
rock surfaces and unique boulder lithologies, which can
then be related to a specific source indicating a direction of
glacial transport. Similarly, in areas of good till exposures
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Photo 4-2. Till fabric: to measure the orientation of elongated
pebbles in the till, a pencil in this case, was placed parallel to the
long axis. Its trend and plunge are measured with a compass.

(along a river, a creek or a road), till fabrics (measurement
of pebble orientations in the till; Photo 4-2) should be meas-
ured, and pebble counts should be obtained {(¢f. Hirvas and
Nenonen, 1990),

One common problem is to determine the best sample
interval, The distance between every sample is dependent
on the size of the anomaly expected in the till. For example,
most studies on gold dispersal trains show that distances of
transport of detectable material are rather short (Table 4-2).
Consequently, if the source is thought to be small (e.g. veins
a few metres wide) and as two or more consecutive samples
are required to define any anomalous areas, samples should
probably be spaced less than 100 metres apart.

Alir photo interpretation should clearly complement the
sampling stage. Apart from contributing information about
the glacial history, it can be used to identify areas suitable
and unsuitable for sampling. For instance, areas covered by
thick giaciolacustrine sediments or organic deposits should
be avoided.

The depth of hand-dug pits is a serious limiting factor
which can represent a major impediment to a successful ex-
ploration program conducted in areas covered by thick drift.
For those areas, other methods are more appropriate, such
as trenching and drilling.

TABLE 4-2
REPORTED DISTANCE OF GOLD TRANSPORT IN
TILL IN SELECTED REFERENCES

Reference It Reported distance
of Au transport
DiLabio (1982) 600 and 1900 m
Sopuck et ai. (1986) less than 500 m
Stewart and Van Hees (1982) 334 m
Sauerbrei et al. (1987) greater than 400 m
Parent (1992) 4000 m

TRENCHING

A variety of excavator types, mounted on traclis or trac-
tors, are widely available in Canada. These machines can
dig trenches from 3 to 5 metres deep, which then permits
profile sampling units at greater depth (Photos 4-3.and 4-4}.
Interval sampling till at different depths may be i:nportant,
especially in areas of thick till accumulation, as dispersal
trains are generally relatively thin (DiLabio, 1990). The best
sampling results will be achieved in areas where surficial
sediment cover does not greatly exceed 5 metres (i.e. the
reachable depth of most digging devices). In areas of explo-
ration where sediment exceeds 5 metres in thicknzss, over-
burden drilling (see below) would be mare appropriate.

The mobility and manoeuvrability of heavy digging de-
vices will depend on topography, nature of the terain, and
the experience of the operator. Roads or trails arc: not nec-
essary but in their absence, the environmental impact is
more severe. Narrow trenches to depths greater than 2 me-
tres can represent a serious hazard o workers, Treach walls
are unstable and dangerous. Special care should bz taken to
support walls with timbers or to use a metal cage lo protect
the workers if they must descend into the trench. Wider
trenches can be excavated by stepping the slope if detailed
work has to be done at a particular site (e.g. till fabric or
detailed sampling). Samples can be collected by the back-
hoe as the trench is dug. This practise is common in areas
prone to collapse or areas with high water tables.

The cost of renting an excavator varies regionally and
depends also on the type of machine that is required; costs
average $50.00 to $100.00 per hour, and mobilization costs
are often supplementary.

PORTABLE DRILLS

A wide variety of portable drills are availatde on the
market. The most common ones are the Cobra, Pionjir and
Vibra Corer (percussion) (Photos 4-5 and 4-6) and the Stihl
(rotary; Phote 4-7). Veillette and Nixon (1980) ;present a
good overview of portable drilling equipment suitable for
drift exploration. Their report also contains technical infor-
mation about portable drilis and planning of a drilling pro-
gram with this type of equipment. Good results can be
achieved with portable drills, especially in areas ‘where en-
vironmental damage is severely restricted, where unconsoli-
dated sediment is (o be sampled underneath a veneer of sand
and silt or where large clasts are rare. For traverses, a three-
person crew is usually necessary to carry the drili, the rods
and rod puiler to extract rods from the hole.

Although the maximum depth of penetration claimed
by the manufacturer may be promising, practical results can
be disappointing. For most drift prospecting progirams, till
has to be sampled and this sediment type is commanly boul-
dery and cobbly. A boulder or a large cobble embedded in
till cannot be penetrated or overpassed by portable drills.
Consequently, several attempts may be necessarv to reach
the desired depth of sampling. Nevertheless, a depth of 44.8
metres (148 feet) in fine sand and silt has been attzined with
some portable drills (J. Archibald, personal commenication,
1993). The rate at which a portable percussion crill pene-

Paper 1995-2

45



British Columbia

Photo 4-3. Two-metre deep trench dug down to bedrock. Note
the excavator in the background.

e R Y

Photo 4-6. Pionjir drill (GSC 203205-B).

g

Photo 4-7. Stih] drill used by GSC in the high Arctic for
permafrost sampling (GSC 202921-H).
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trates hard compacted sediment (e.g. till, dry varved clay)
may be slow. However, according to Archibald ef al. {1983)
who tested the Vibra-Corer, the greatest amount of field time
was spent on retrieving the drill rods, recovering the sample
and reinserting the drill sections into the hole. They also
indicated that the penetration rate is dependent on the mois-
ture content of the sediments.

Different types of sampling devices can be installed on
portable drills: piston, split-spoon or flow-through sampler.
For most of these the samples are small and disturbed to the
point where it is difficult to distinguish between crushed
bedrock and till. It a large sampie is needed, as for indicator
mineral separations, more than one hole must be drilled.
With the flow-through sampler, contamination of the bit
with material from shallower depth is also possible, Bedrock
samples can be collected at the bedrock-sediment interface
with portable percussion drills only in areas where the bed-
rock is crushed, loose or weathered. The stratigraphy of un-
consolidated sediments can be established with portable
drills, but requires the recovery of material for every depth
interval equivalent to the length of the core barrel or sam-
pler.

Portable drills can be rented at the cost of $800 per
month. On the other hand, a Pionjir can be purchased for
about $5000 (Table 4-1). Other types of semi-portable drills
not discussed here have been developed by geologists,
mostly for work in high Arctic regions (Veillette, 1975a,
1975b, 1975¢). These drills would also prove useful for drift
prospecting in the Cerdillera.

REVERSE CIRCULATION

At a more advanced stage of exploration, when a sig-
nificant geochemical or geophysical anomaly has been
identified, controlled overburden drilling is appropriate.
Many projects use diamond drilling to pierce the overburden
(generally without sampling it) in order to gain the needed
information about the bedrock. Bedrock can only be sam-
pled whete the drill bit makes contact with the subcrop. In-
stead, an overburden drilling method which allows
sampling of both bedrock as well as till at different levels in
the hole is preferred. In this case, data (geochemistry, lithol-
ogy, mineralization etc.) gathered are not only repre-
sentative of the site of drilling but also provides information
regarding the up-ice-flow direction.

In 1970, during exploration for volcanogenic massive
sulphide (VMS)deposits, Texas Gulf Sulphur Company and
Bradley Brothers Drilling designed the first reversed-circu-
lation drill for sampling till in areas covered by thick drift
(Averill, 1993), Three years later, a small copper deposit
(Currie-Bowman) was discovered by another company us-
ing the same technology (Thompson, 1979). Later, other im-
portant discoveries were facilitated with the use of the
reverse-circulation drill: Gulf Minerals’ Collins Bay B and
Eagle Point uranium deposits in the Athabasca Basin, Sas-
katchewan and Inco’s Golden Pond deposits in the Casa-
Berardi gold district, Québec (Sauerbrei ef al., 1987).

The reverse-circulation rotary drill (Figure 4-1 and
Photo 4-8) uses dual-tube rods in which water and com-

pressed air are carried down the hole in the annulus between
the outer and inner pipe. The drill cuttings are then brought
to the surface through the inner tube. Cutting at the botiom
of the hole is accomplished by a tricone bit which is spe-
cially designed (Photos 4-9 and 4-10) to direct the com-
pressed water-air mixture, through ports, directly into the
bit. Other drill bits, such as the 4 7/3 used for rock drilling
are not a good substitute, as water is deflected a-ound the
bit resulting in sample carryover (Averill, [993). Because
the process does not invelve coring, drilling car be com-
pleted without having to pull rods and re-enter the hole to
recover the core samples.

As drill cuttings are returned to the surface, they enter
a cyclone (Photo 4-11) which reduces the water velocity and
permits the sampling of the slurry which passes through a
sieve. A two-bucket retention system is used to retain fines.
According to testing by Overburden Drilling Management
(Nepean, Ontario), at this stage, most of the clay and ap-
proximately 30% of the silt is lost. In the casc o7 gold ex-
ploration, where a large fraction of the gold is known to
reside in the silt size fraction, this factor has to be :aken into
account in the interpretation of the results.

Recovery is generally good inall varieties of sediments.
Sample loss typically occurs in the first 1 to 3 me:res of the
hole, prior to the formation of a sediment sea) (Averill,
1990). Nevertheless, such sediment Joss can be avoided with
good drilling practices (S.A. Averill, personal commurica-
tion, 1993).

The type of sample returned to the surface (slurry) and
the single chance to describe sediment types as the drill rap-
idly penetrates the ground, complicates the stratigraphic in-
terpretation, Although it is possible to decipher the surficial
sediment stratigraphy, the quality of the interpretation is
strongly dependent on the cxpertise of the dritler and the
experience of the on-site Quaternary geologist. Criteria such
as lithology type and percentage content, particlz size and
colour of the matrix, and behaviour of the drill rods can all
serve to improve inferpretation.

With the rotasonic (see below) and reverse-circulation
drills, till samples should be collected over depth intervals
of I to 1.5 metres because: dispersal trains arc usually thin
(DiLabio, 1990); till units vary in thickness from one to tens
of metres; and the variability of the gold content in the till
through two or more consecutive samples can be used to
distinguish between anomalous and background gold con-
centrations (Averiil, 1990).

Contamination of samples may occur with the rotasonic
or reverse-circulation drills from the tungsten and cobalt
present in the tungsten carbide buttons of the bits, and from
the nickel and molybdenum present in the steel (Averill,
1990). The grease used on the drill rods can alsc represent
a problem if geochemical analyses are done on fine grain-
size fractions. Some brands contain high levels of copper,
lead or molybdenum, Averill e al. (1986) reported analyses
on two kinds of grease suitable for drilling (Tabl: 4-3).

Levson et al. (1993) report results on the recovery of
gold particles with a reverse-circulation drill, from buried
placer deposits using low leve! radioactive gold particles
(radiotracers), Four sizes of gold radiotracers inclading 0.18
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Figure 4-1. Schematic cross-section of a reverse-circulation drill; modified from Averill (1990).
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Photo 4-9. From left to right: (1) 4 7/8 tricone bit, (2) tricone bit

Photo 4-8. Revcrse-circu]atior} dritl mounted on a Nodwell to drill specially designed for overburden drilling, (3) rotasonic coring bit
through a frozen lake surface in Québec (GSC-]993-267-C). and (4) rotasonic casing bit (GSC—1993—267—E).
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Photo 4-10. Closer view at two Kinds of tricone bits. Left: 4 7/8
tricone bit; right; tricone bit with ports designed so that the com-
pressed water-air mixture goes directly into the bit (GSC-1993-
267-G).

Photo 4-i1. Cyclone used to decrease the velocity of the slurry
returned from the reverse-circulation drill. Notice the sieve placed
underneath the cyclone (GSC-1993-267-H).

millimetre (-65+100 mesh), 0.36 millimetre (-35--48 mesh),
0.72 millimetre (-20-+28 mesh) and 1.44 millimetre (-10+14
mesh) were mixed with gravel, frozen, then inserted into
four holes previously drilled. Gravel was dumped and com-
pacted into the hole prior to re-drilling. Presence of radio-
active gold particles was determined with a scirtillometer.
Recovery among the four holes varied between 22 and 98%.
Determining gold recovery by this method was greatly ham-
pered by the caving of open holes, which interferad with the
placement of the test sampies. Some gold particles were lost
by spillage and blow-by around the collar of the hole or were
recovered from the hose fittings and sampling cyclone.
These results indicate that some gold grains may be lost
during drilling. However, more research has to be done to
improve the methodology used to evaluate gold grain recov-
ery with a drill. Only then will it be possible to evaluate the
amount of gold grain loss. .

Recent figures for the cost of reverse-circulation drill-
ing have been published by Averill (1990). Drilling costs for
a project having a hole spacing of 300 to 400 metres are
$220 to $240 per hour plus mobilization or $45 to $60 per
metre.

ROTASONIC DRILLING

The rotasonic drilling method (Figure 4-2) uses a com-
bination of high frequency (averaging 5000 rpra) resonant
vibration and rotation to recover continuous large-diameter
(9 em) cores of unconsolidated surficial sediments (Smith
and Rainbird, 1987). No drilling fluids are neede:3 for coring
overburden, except when large boulders or bedrock are en-
countered. Sediment is cored with tungsten cartide fronted
bits into 14.8 centimetre O.D. core barrels. Casing is flushed
down to the level of the core barrel to prevent collapse of
the borehole walls. After the core barrel is pulled to the sur-
face, cores are retrieved in plastic sleeves 1.5 metres in
length (Photo 4-12). These steps are repeated until the de-
sired depth is reached. To store cores, wooden boxes should
be constructed in advance. They can be made of 3/4 or 5/8
inch thick plywood or spruce lumber. Averill ef al. (1986}
used 1 x 6 inch spruce lumber to make boxes with inside
dimensions of 12.1 x 14.0 cm. Although the drill is not
meant for bedrock drilling, bedrock cores can be: recovered.
Averill et al. (1986) discuss in more detail operational pro-
cedures to achieve the best production rate and sample re-
covery in different sediment types with a rotascnic drill.

TABLE 4-3 |
METAL CONCENTRATIONS IN TWO GREASES

Brand Name| Cu Pb Zn Mo @ Ni

EssoUnitol | ND 18 3740 2 . 7
Shell Extrem|| 4 193 6 31 1]

Concentrations in ppm (dverill et al., 1986)
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Figure 4-2, Schematic cross-section of a rotasonic drill;
modified from McClenaghan (1991).

The drill can be mounted on a multi-wheeled vehicle
(truck), skid, Nodwell tracked vehicle or barge so that it can
be used in different terrains. If the drill is mounted on skids,
a skidder or bulldozer can be used to move the drill. As
illustrated in Photo 4-13, the drilling set-up with trucks in-
volves two vehicles: one contains the rig and the other the
rods and casing. Driiling on a lake in the winter may require
the build-up of an ice-bridge and platform.

Length distortion in cores may take place when recov-
ering core from the barrel, which can produce a core up to
50% longer than the interval drilled. Hence the on-site ge-
ologist must observe the actual depth at which the core was
obtained. During drilling, the coring bit which displaces
sediments and the high-frequency vibrations may induce
soft-sediment deformation. However, Smith and Rainbird
(1987) used seven criteria to differentiate secondary defor-
mations (drill-induced) from deformations of primary (syn-
sedimentary) origin.

A significant advantage of rotasonic drills is the ability
to recover continuous cores of sediments which greatly fa-
cilitate the interpretation of sediment stratigraphy and gla-
cial history. On several occasions, this drill type has been
selected to establish stratigraphy and reconstruct ice-flow
patterns in areas where natural sediment exposures are rare
or absent (e.g. Bird and Coker, 1987; DiLabio et al., 1988;
Lamothe, 1989; Shilts and Smith, 1986, 1988). The rota-

Photo 4-12. With the rotasonic drill, the core barrel is pulled to the
surface and cores are retrieved in plastic sleeves in segments 1.5
metres long (GSC-1993-277-C).

Photo 4-13. Rotasonic drilling set-up with two trucks back to
back (GSC-1993-281-A).

sonic drill is an important asset to an exploration program
where ice-flow patterns are not known or known o be com-
plex, and the surficial sediment stratigraphy is poorly un-
derstood.

On an hourly basis, rotasonic and reverse-circulation
drilling are approximately equal. However, the productivity
is not as high for the rotasonic drill as it is necessary to pull
the core and re-enter the hole at 1.5-metre intervals. Conse-
quently, rotasonic drilling costs are higher (Table 4-1; Aver-
itl, 1990).

CONCLUSIONS

Different methods are available to collect samples of
unconselidated sediments for drift prospecting. Hand exca-
vation can be useful at the reconnaissance level of explora-
tion or for detailed sampling in areas of thin drift (<3 m) but
limits sampling to a maximum depth of about 1 metre.
Trenching with the use of digging devices such as a backhoe
can be very efficient in areas where surficial sediments do
not exceed 5 metres. Boulders can hamper the use of port-
able drills for till sampling. However, small drills can be
useful in areas where tilf is not bouldery, where environ-
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mental damage must be limited or where till has to be sam-
pled underneath a veneer of sand. At a more advanced stage
of exploration, when an anomaly in surficial sediments has
been defined, overburden drilling could be the appropriate
choice in thickly drift-covered arcas. Two types of drills are
most commonly used and have been suecessful in recover-
ing large samples of surficial sediments: reverse-circulation
and rotasonic drills. The reverse-circulation drill returns a
sample slurry (sediment and bedrock) to the surface which
can be logged by experienced Quaternary geologists. The
rotasonic drill recovers a continuous core of the overburden,
which facilitates the interpretation of the sediment stratigra-
phy, and is also capable of coring bedrock at the bottom of
a hole.
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QUATERNARY STRATIGRAPHY AND TILL
GEOCHEMISTRY IN THE TINTINA TRENCH, NEAR FARO
AND ROSS RIVER, YUKON TERRITORY

By Alain Plouffe and Lionel E. Jackson, Jr.
Geological Survey of Canada
(Contribution 34693, Geological Survey of Canada)

INTRODUCTION

The discovery of a Tertiary epithermai gold-silver pros-
pect in the Tintina Trench, Yukon Territory, indicates a po-
tential for similar mineralization elsewhere along this
structurally controlled depression {(e.g. Duke, 1986; Duke
and Godwin, 1986; Jackson ef al., 1986). Circumstantial
evidence links the occurrence of placer gold, ice-flow direc-
tions and Tertiary volcanic rocks along the Tintina Trench
(Jackson ef al., 1986). This relationship could not be tested
by conventional exploration techniques (e.g. bedrock map-
ping, bedrock geochemistry, geophysics) because of the lo-
cally thick and extensive cover of glacial drift. For that
reason, a drifi prospecting study was initiated. The study,
conducted during the summer of 1987, consisted of: a de-
tailed Quaternary geology study including stratigraphy,
identification of ice flow and the glacial dispersal of rock
fragments, and interpretation of till geochemistry. The con-
tent of this paper has been previously published in a less
extensive version by Plouffe and Jackson (1992).

SETTING

STUDY AREA

The study area (Figure 5-1) is centred on the Tintina
Trench, extending from Wolverine and Finlayson lakes to
southeast of Faro. It includes parts of the Quiet Lake, Fin-
layson Lake and Tay River NTS map areas (105 F, 105 G
and 105 K, respectively). Two major roads cross the area:
the Robert Campbell Highway, along which most of the till
sampling has been done, and the Canol Road. The Tintina
Trench is bounded by the Pelly Mountains to the southwest
and the Pelly and Macmillan plateaus to the northeast. Dif-
ferences in elevation between the Tintina Trench and the
surrounding terrain are significant. Elevations in the trench
range from 760 to 910 metres above sea level with a few
areasreaching 1070 metres above sea level The Pelty Moun-
tains range in elevation from 1220 to 1830 metres, with the
highest peak reaching 2353 metres above sea level in the
Wolverine Lake area. Plateau surfaces vary in elevation
from 910 to 1370 metres.

BEDROCK GEOLOGY

The autochthonous rocks of the study area consist of a
sequence of unmetamorphosed sedimentary and volcanic
rocks deposited along the western margin of the North
American shelf (Figure 5-2). They vary in age from late

Precambrian to Triassic. In the collision of an island arc
terrane with the continent, allochthonous rocks were super-
posed on the autochthonous assemblage. These ellochthons
are subdivided into two assemblages: the Nisutlin and Anvil
allochthons (Tempelman-Kluit, 1977; 1979). Intrusion of
post-tectonic granites in mid-Cretaceous time wes related to
heating and thickening of the continental crust during the
collision (Gordey, 1988). The only known extrusive equiva-
lents to these granitic rocks in the Cordillera are the South
Fork volcanics northeast of the study area.

Between Late Cretaceous and mid-Eocene time, 450
kilometres of dextral slip occurred along the Tintina fault
zone (Tempelman-Kluit, 1979). Recent work by Jackson ef
al. (1986} and Pride (1988) indicates the presense of 2 Pa-
leogene bimodal volcanic province which consists of an as-
semblage of rhyolite and basalt interbedded with coarse
sedimentary rocks. This province is thought to be related to
crustal extension and transcurrent slip along the Tintina fault
(Tackson ef al., 1986).

ECONOMIC GEOLOGY

Several bedrock mineral occurrences and thrgets, and
placer gold deposits, have been found in the study areaasa
result of exploration work conducted by private companies
and prospectors. Most of the detailed exploration has oc-
curred near the Grew Creek gold-silver prospect (Figure 5-
3). Rocks preserved in a graben at Grew Creek:consist of
felsic volcanic and volcaniclastic units overlain by interbed-
ded coarse clastic sediments, basaltic flows and basaltic vol-
caniclastic beds (Duke, 1986; Duke and Godwin, 1986). At
Grew Creek, two zones of mineralization, the Main and Tarn
Zones, are characterized by intense silicic and argillic hy-
drothermal alteration. High-grade gold and silve; minerali-
zation occurs in chalcedonic quartz and potassium feldspar
bearing veins formed during voleanism (Duke and Godwin,
1986). Both gold and silver are enriched in san'ples from
boreholes, although mineralized outcrops are characterized
only by high gold levels (T. Christie, oral presentation,
Geoscience Forum, Whitehorse, Yukon, 1988).

PREVIOUS WORK

Multiple glaciations in Yukon Territory were: first pro-
posed from studies in the Carmacks area (Bostock, 1934).
Later, Bostock (1966) described two series of end moraines
and glacial deposits related to four glaciations: the youngest
McConnell Glaciation (Wisconsinan age); the more exten-
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Figure 5-1. Map of Yukon Territory with study area shaded.

sive Reid Glaciation (Illinoian age; Clague et al., 1992); and
two pre Reid Glaciations. From interpretation of aerial pho-
tographs, and limited ground observations, Hughes et al.
(1969) reported that the Cordilleran ice sheet flowed west
to northwest over the study area during the McConnell
Glaciation. Campbell (1967) gave the name "Selwyn lobe"
to this sector of the Cordilleran ice sheet. Hughes ef al.
(1969) suggested that "a stage of alpine glaciation preceded
the McConnell advance in mountainous areas lying within
the limits of the ice sheet." Duke-Rodkin ef al. (1986) re-
constructed the profile of the Selwyn lobe using the inferred
McConnell age moraines and ice-marginal channels associ-
ated with nunataks in the Glenlyon and Tay River map areas
(105 L and 105 K). Jackson (1989} described the paleoglaci-
ology of the Selwyn lobe and the Quaternary stratigraphy
of parts of the study area. He also mapped the regional Qua-
ternary geology of the Pelly Mountains and Tintina Trench
area (Jackson, 1986a; 1986b; 1987). Ward (1989) and Ward
and Jackson (1992) reported on the Quaternary geology for
an area that extends along the Pelly River in Glenlyon and
Carmacks map areas.

QUATERNARY STRATIGRAPHY

The two most complete stratigraphic sections (sections
076 and 044) in the area are exposed in the Pelly and Lapie
River valleys. Other sections reveal key information regard-

10 15 20 km

Cin CPav

61°20°

T30°00

Figure 5-2. Generalized geological map of study area (modified after Tempelman-Kluit, 1977 and Gordey and Irwin, 1987).
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Figue 5-2. Legend to accompany the bedrock geology map,
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Figure 5-3. Study area with major stratigraphic sections and till sample locations indicated.

ing the Quaternary history and are also described below.
More thorongh descriptions of the stratigraphic units are
presented in Plouffe (1989).

SECTION 676
Section 076 is exposed along the Pelly River, 3 kilome-
tres due east of the town of Ross River (Figure 5-3) and can

be reached by helicopter or by motorized canoe. It is de-
scribed by Jackson (1989) as section 14686 S-1.

The lowest exposed unit is a grey, compacted diamic-
ton, containing striated clasts, and is interpreted as pre-
McConnell till (Figure 5-4). It is overlain by
glaciolacustrine sediment, horizontally stratified gravel and
another diamicton, The gravel sequence coarsens upward,
suggesting that it was deposited in front of the advancing
MecConnell glacier. Several striated clasts were found at the
contact between the gravel and the overlying compacted
diamicton; the latter 1s interpreted as McConnell till. The
till, int turn, is overlain essentjally by a similar sequence of
sediments as below: glaciolacustrine sediments and strati-
fied gravels, The glaciolacustrine sediments are confined to
the Pelly River valley, evident in river sections downstream
from the town of Ross River. Correlation among exposures
along the Pelly River, indicates that the uppermost stratified
gravel overlying the glaciolacustrine sediments is outwash
deposited in front of the retreating McConnell glacier. At
the top of the section, the White River tephra (Lerbckmo et
al., 1975) is exposed within a well sorted fine sand and silt
unit, thought to be aeolian in origin.

Horzoriaty bedded

10 massive gravel
laminated silt with

-} or clay McConnett Til
lamirated
m silt and sand EEE} Pre-MeConnell  Till

CONTACTS

laminated clay

abrupt AN erosional

---------- gradational

Pelly River - 076

Figure 5-4. Stratigraphic column of section (76 with equal-area
stereographic plots of long axes of clasts (50 measurements in each
case). See text for description. Contours are 2, 4, 6, 8 and 10% per
1% area.
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Erratics in pre-McConnell and McConnell tills inciude
abundant metasedimentary and clastic sedimentary rocks
and rare ultramafic, quartz and calcareous rocks. These
rocks are probably derived from allochthons to the southeast
(Tempelman-Kluit, 1977; Figure 5-2). As clast lithologies
in the two tills are similar, paleo-ice-flow directions were
probably toward the west to northwest in the Pelly River
valley, during both pre-McConnell and McConnell glacia-
tions.

Pebble fabrics were taken in both tills (Figure 5-4 and
Table 5-1). The a-axes of clasts are primarily oriented north-
west-southeast in the pre-McConnell till deposits. Pebbles
in McConnell till have an east-west orientation, but with a
lower cigenvalue (Table 5-1), which may result from re-ori-
entation of clasts during deformation by an active glacier
(Boulton, 1970; Amark, 1986).

SECTION 044

Section (44 is exposed along the Lapie River, about §
kilometres southwest of the town of Ross River (Figure 5-3)
and can be reached by bush road from the Campbell High-
way. It is described by Jackson (1989) as section 7686 S-2.

Stratigraphy at this section is very similar to section 076
(Figures 5-4 and 5-5). The oldest unit exposed is a poorly
sorted, clast-supported bouldery gravel interpreted as allu-
vium. A sharp erosional contact separates the gravel from
an overlying grey, compact diamicton which contains some
striated boulders, interpreted as pre-McConnell till. The
contact between the till and the overlying outwash gravel
sequence is abrupt. The outwash deposit is characterized by
numerous beds of gravel, sand and discontinuous diamicton,
Diamicton beds drape underlying sediments and are thought
to be gravity-flow deposits. Two depositional cycles were
defined in the outwash gravel: the gravel unit fines upward
in its lower part and coarsens upward in its upper part. This

TABLE 5-1
EIGENVALUES AND EIGENVECTORS OF TILL FABRICS

CALCULATED WITH THE STEREONET PROGRAM
{v. 3.6 by RW. Allmendinger), following Mark (1973} eigenvalue method

Fabric V1 V2 V3 S1 S2 53

F-032-1 | 07201 16218 33972 .80z 0.147 0.051
F-038-1 | 05701 14715 32375 0701 0.192 0.107
F-038-2 | 26201 17222 35468 0714 0.164 0.123

F-038-3 | 30704 21701 11686

F-044-1 | 28603 01711 179 79 0544 (0.350 0.066
F-044-2 | 11212 01723 22764 0518 0374 0.108
F-044-3 | 08016 34711 22470 0.667 0222 0.110
F-044-4 | 05820 188-02 28270 0.591 0317 0.092
F-076-1 | 11606 20713 (00275 0.686 0.268 0.047
F-076-2 | 09303 18103 31585 0.507 0.387 0.106

Note that these values should be interpreted with care because, as presented
by Woodcock (1977), bimodal and multimodal data (which is the case for
the till fabrics presented here) can result in the eigenvectors falling between
modes. V1, ¥2 and V3 represent the trend and piunge of the eigenvectors;
V1 being the direction of maximum clustering, and V3 that of normal
clustering. $1, 82 and 83 are the respective normalized eigenvalues.

JSYMBOLS
White River Tephra

Laminated sand PEBE M Masswe dienucton

Pebbly gravel
ot crudely bedded

McConnell Till

3 Bouldery gravel crudely
20004 bedded to massive

Pre-McConnell - il
CONTACTS

abrupt SN erosional

Lapie river

Figure 5-5. Stratigraphic column of section 044 with equal-area
stercographic plots of long axes of clasts (50 measurems:nts in each
case). See text for description. Contours are 2, 4, 6, 8 and 10% per
1% area.

suggests that these gravels were deposited either during re-
treat of the pre-McConnell glacier and advance of the
McConnell ice, during fluctuations of the retreating pre-
McConnell ice front or during fluctuations of the advancing
McConnell ice front. The gravels are sharply ovérlain by a
diamicton, varying from 1 to 2 metres in thickness, probably
the McConnell till. Finally, the section is capped by another
2 metres of ontwash gravel and sand. White River tephra is
exposed at the top of the section in interbedded colluvium.

The predominant lithologies in both till units are clastic
sedimentary and metasedimentary rocks which are equiva-
lent in their abundance, They indicate a provenance to the
east or southeast (Tempelman-Kluit, 1977; Figure 5-2).
Four till pebble fabrics were measured (Figure 3-5, Table
5-1). Pebble orientations are both parallel and transverse to
the east and southeast ice-flow directions inferred from till
lithologies. Fabrics transverse to ice flow can result from the
reorientation of clasts in till due to deformation by the over-
lying active glacier (Boulton, 1970; Amark, 1986).

SECTION 038

Section 038 is exposed along the south Canol Road near
the Pelly Mountains (Figure 5-3). The lowermost unit is a
grey, compacted diamicton, 18 metres thick, with abundant
striated clasts, which is interpreted as McConnell till. It is
overlain by 25 metres of gravels (Figure 5-6) which displays
abrupt contacts, marked grain-size difference; between
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Figure 5-6. Composite stratigraphic column of section 038 with
pie diagrams representing percentages of each lithology at three
levels in till,

beds, and abundant faulting, all of which demonstrate that
the gravel was probably deposited in contact with ice.

Till pebble samples were collected and lithologies iden-
tified at three levels (Figure 5-6). Lithologies are primarily
clastic sedimentary rocks, with variable proportions of cal-
careous and metasedimentary clasts. The lowest part of the
till is rich in calcareous sedimentary rocks and lean in me-
tasedimentary rocks compared to the upper portion. Vertical
lithologic changes could result from: local lithologies near
the base of the till versus far-traveled lithologies in the upper
part, or an carlier ice flow out of the Lapie River valley, at
the onset of McConnell glaciation, which contributed abun-
dant calcareous sedimentary rocks (see Figure 5-2).

Till pebble fabrics were measured at three sites, where
pebble lithology samples were collected (Fignre 5-7 and Ta-
ble 5-1). The fabrics indicate an initial ice flow out of the
Lapie River valley followed by flow parallel to the Tintina
Trench. This supports the second point above. However, the
possibility remains that the a-axis orientations in the lower
fabrics are perpendicular to ice flow, whereas the a-axis
trends in the upper fabric are parallel to ice-flow direction.

SECTION 032

Section 032 is located along the south Canol Road in
the Pelly Mountains within the Lapie River valley (Figures

Lapie River - 038

F-038-3

Figure 5-7. Equal-arca stereographic plots of long axes of clasts at
section 038 (50 measurements in each case). Fabric locations are
the same as pebble counts (see Figure 5-6). Contowrs are 2, 4, 6, 8
and 10% per 1% arca.
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5-3 and 5-8). At the base of the section, 4 metres of grey,
compacted diamicton is interpreted as McConnell till. Till
fabric analysis reveals that clasts have a preferred orienta-
tion parallel to the valley (Figure 5-8 and Table 5-1). Cob-
bles of South Fork volcanics found within the till are derived
either from bedrock on the Macmillan Plateau (Gordey,
1988) or from unconsolidated sediments in the Tintina
Trench (Plouffe, 1989). The till is overlain by stratified sand
and gravel. In one well sorted sand bed, planar cross-strati-
fied laminations indicate a paleocurrent towards the west-
southwest. Pebbles of Tertiary rhyolite with a provenance to
the northeast in the Tintina Trench (Figure 5-2) occur in the
gravel. The gravel is overlain by silt and clay characterized
by rare and discontinuous primary laminations,

Based upon their stratigraphic position beneath glacio-
lacustrine sediments, the stratified gravels are interpreted as
a subaqueous outwash fan deposited in a glacial lake
dammed by glacier ice in the Tintina Trench. The waterlevel
elevation of this glacial lake was probably controlled by the
ice dam and the water drainage divide between Lapie and
Ross rivers, higher up in the Pelly Mountains at about 1080
metres elevation; gravels at Section 032 are at about 945
metres above sea level.

QUATERNARY HISTORY

The only evidence of conditions prior to the pre-
McConnell glacial event comes from the lowest gravels ex-

SYMBOLS

Laminated and rewerked Planar and ¢ross
clay stratified coarse sand

E Laminated and reworked
silt and fine sand

Planar and cross
stratified fine and

medium sand

Hoerizantally bedded pebbly
gravel

McConnell Till

CONTACTS

sbrupt s gradational
N erosionat

Lapie River Valley - 032

(m 30

Figure 5-8. Stratigraphic column of section 032 with equal-area
stereographic plot of long axes of clasts (30 measurernents). Con-
tours are 2, 4, 6, 8, 10, 12 and 14% per 1% area.

posed at section 044, which indicate a period of fluvial ag-
gradation. Evidence from two exposures of pre-McConnell
till indicates that ice flowed westward to northwestward
during pre-McConnell glaciation. Most pre-McConnell
drift was eroded during the subsequent McConnell glacia-
tion. During the pre-McConnell ice retreat, 2 glacial lake
formed in the Pelly River valley as indicated by |laminated
silt and clay in section 076 (Figure 5-4). At this ti me, tribu-
tary valleys of the Pelly River were characterized by
glaciofluvial aggradation (Jackson, 1989). As part of the
paraglacial processes (Jackson et al., 1982), major streams
such as the Pelly River evolved from braided to meandering
as the sediment load decreased (Jackson, 1989).

In the absence of dateable materials, the time elapsed
between pre-McConnell and McConnell glaciations re-
mains unknown, Jackson and Harington (1991} report a
Middle Wisconsinan assemblage of large and smrall mam-
mals underneath McConnell till at the Ketza River site (Fig-
ure 5-3). However, no correlation between the Ketza River
site and sections 044 and 076 (Figures 5-4 and 5-5) has been
attempted because of the lack of stratigraphic information.
Consequently, McConnell and pre-McConnell glaciations
(as termed in this paper) may possibly be two ice advances
which occurred during the same glaciation (sensu stricto).

At section 038, a valley glacier apparently flowed
northward out of the Lapie River valley at the onset of
McConnell glaciation, At the McConnell maxi:num, ice
flow in the Selwyn lobe was west to northwest. At McCon-
nell glacier ice retreated, an ice tongue blocked the Lapie
River valley, damming drainage and creating a glacial lake
at about 1080 metres elevation, as estimated from the high-
est occurrence of glaciolacustrine sediments (Jackson,
1989} and the lowest possible outlet for the lake. As for pre-
McConnell glaciation, during the retreat of McConnell gla-
cier, a glacial lake inundated the Pelly River valley (Jackson,
1989).

TILL GEOCHEMISTRY SAMPLING AND
ANALYSIS

Two hundred and four till samples were coliected for
geochemical analyses (Figure 5-3). Samples were collected
from river bank sections, road cuts, old trenches and hand
dug pits. Care was taken to collect samples below the post-
glacial solum. In areas of easy access, such as along the
Campbell Highway, the distance between till samples aver-
ages 2 kilometres. Eisewhere, because of limited accessibil-
ity with a floatplane and helicopter, a much greater distance
separates each sample. ‘

LABORATORY PROCEDURES

Till samples were sieved to separate the silt and clay
size fraction (<63um). The clay fraction (<2|Lm) was sepa-
rated by centrifuge, following procedures developed by the
Geological Survey of Canada. Determination of th: silt/clay
ratio was completed by pipette analysis (Folk, 1968). Sam-
ples were wet sieved in order to separate the 125 to 250-mi-
cron size fraction. Heavy minerals were then separated from
this fraction with a shaking table and methylene iodide (s.g.
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3.3) by Overburden Drilling Management Ltd., Nepean,
Ontaria,

Geochemical analyses on the clay, and silt and clay size
fractions were performed by Acme Analytical Laboratories
Ltd., Vancouver, B.C. The clay fraction was analyzed for
silver, arsenic and antimony by ICP (inductively coupled
plasma)} after a hot acid (HCI-HNQ3) leach using 0.5-gram
samples; Imercury was analyzed by flameless atomic absorp-
tion,

In oxidized till, the greatest concentrations of most met-
als occur in the clay size fraction because: phyllosilicates,
which preferentially occur in the clay size fraction, have a
primary metal enrichment within their structure, and metals,
released by weathering of labile minerals, are scavenged by
colloidal particles such as clay minerals, oxides and hydrox-
ides (Shilts, 1984). The -63 micron fraction was analyzed
for gold by atomic absorption using 10-gram samples with
a detection limit of 1 ppb. That size fraction was selected
becaunse gold is preferentially enriched in the fine fractions
of oxidized 1ill (Dil.abio, 1985). In unoxidized samples
"gold is most abundant in grain size fractions that reflect the
grain size of the glacially liberated and comminuted native
gold and oxide or sulfide host minerals" (DiLabio, 1985).
At Grew Creek, gold occurs in bedrock as native particles
with an average diameter of 7.5 microns (J.L. Duke, per-
sonal communication, 1988). Consequently, assuming simi-
lar mineralization elsewhere in Tintina Trench, it is probable
that in unoxidized till gold is concentrated in the silt and
finer size fractions. Coarser size fractions include minerals
such as quartz and feldspar that would ‘dilute’ the sample,
leading to lower measured gold concentrations. Heavy min-
erals were analyzed for gold by neutron activation at Bon-
dar-Clegg & Company Ltd., Ottawa, Ontario. The clay size
fraction was also analyzed for base metals and heavy min-
erals for a series of gold pathfinders; these results are dis-
cussed by Plouffe (1989),

RESULTS AND DISCUSSION

Several methods of calculating thresholds for explora-
tion geochemical data are presented in the literature (Rose
et al., 1979; Sinclair, 1974). As the threshold of a particular
element in till can vary over different bedrock lithologies,
and because this survey covers a variety of bedrock types,
the 90th percentile was arbitrarily selected as the threshold.
In the case of gold in the silt plus clay size fraction of till,
the 90th percentile is equivalent to 7 ppb.

GOLD IN THE SILT PLUS CLAY SIZE
FRACTION OF TILL

Textural analyses were performed on a series of sam-
ples to verify any possible relationship between the gold and
silt contents (i.e. to determine if gold was preferentially con-
centrated in the silt size fraction compared to the clay size
fraction). As illustrated in Figure 5-9, correlation between
gold and silt-clay ratio is low. It is concluded that size dis-
tribution of the -63 micron fraction does not affect gold val-
ues, and gold must be present in the silt (<63um - 2|tm) and
the clay {<2{tm) size fractions, probably bound as com-
plexes to oxides, hydroxides and/or clay minerals (Boyle,

1979; Boyle et al. 1975). To date, there is a lack of data to
indicate if gold in the silt plus clay size fraction is detrital
and/or chemically remobilized, Detailed work on gold par-
ticles recovered from this fraction (e. g., fineness) could clar-
ify whether their mode of transportation was detrital or
chemical.

Forty-seven till samples were analyzed twice to esti-
mate analytical precision. Samples were chosen at random
throughout the set of 204 samples. Results obtained after the
first and second analyses are depicted in Figure 5-10 (using
a graphic technique modified from Shilts, 1975). Vertical
shading indicates values above background (7 ppb or 90th
percentile) after the first analysis; horizontal shading is
above background after the second analysis. Samples
anomalous in both analyses are plotted in the cross-hatched
field, and background samples in the clear field. Poor cor-
relation between first and second analyses demonstrates the
low reproducibility and precision of gold analyses. The poor
precision of the analytical method for the silt and clay size
fraction is attributable to heterogeneous distribution of gold
particles in samples, and several geochemical results close
to the detection limit of 1 ppb, where precision is fow
(Thompson and Howarth, 1976).
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Figure 5-9. Correlation graph of gold content and silt/clay ratio of
the silt plus clay size fraction of till (C.C. = correlation coefficient).
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Figure 5-10. Graph showing results of duplicate analyses, using
a graphic technique modified from Shilts (1975).
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Figure 5-11. Detailed view of glacial dispersal of gold in the silt
and clay size fraction of till near the Grew Creek prospect, Con-
centrations are in ppb, and values in parentheses represent dupli-
cate analyses. Location of mineralized zones and faunlts from Duke
and Godwin (1986).

TRANSPORT DISTANCE OF ANOMALOUS
CONCENTRATIONS OF GOLD IN TILL

In the Grew Creek area, where two mineralizzd zones
are known, detailed till sampling was conducted to deter-
mine the distance of transport of anomalous concentrations
of gold (Figure 5-11). Assuming that gold is derived from
the Main zone, a single sample collected 250 metres down-
ice from the showing would have been recognized as
anomalous (above the 90th percentile or 7 ppb). Further-
more, if the 75th percentile is declared anomalous: (5 ppb),
mineralization could be recognized as far as 500 metres
down ice. From these data, it is concluded that prospects
similar to Grew Creek might remain vndetected with the
sample interval of 2 kilometres employed along thz Camp-
bell Highway, Prospecting for epithermal deposits similar
to Grew Creek, requires a sample interval no greiter than
500 metres measured paraliel to the ice-flow direction,
More work will be required in order to define the width of
the gold dispersal train at Grew Creek and to define a sam-
pling interval measured perpendicular to the ice-flow direc-
tion.

GOLD GEOCHEMICAL MAP

High gold concentrations occur in the northwestern part
of the study area, between Ketza River and Grew Creck
(Figure 3-12). The Grew Creek gold-silver deposit is re-
flected in this size fraction by a series of anomalies directly
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Figure 5-12, Gold abundance in silt and clay size fraction of till,
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Figure 5-13. Silver abundance in the clay size fraction of till.
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Figure 5-14. Arsenic abundance in the clay size fraction of dll
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over and to the northwest of the Main zone (Figure 5-11).
Anomalics are also associated with gold occurrences re-
ported by Kindle (1946; p.24) along the Lapie River. High
gold concentrations are associated with Tertiary felsic and
intermediate volcanic bedrock in the Tintina fault zone
(Tempelman-Kluit, 1977), indicating that bedrock may con-
tain gold mineralization similar to Grew Creek. Follow-up
work on anomalies near the Lapie River valley should be
undertaken with special care because of complex ice-flow
patterns.

TABLE 5-2
CORRELATION COEFFICIENTS OF GOLD WITH
ARSENIC, ANTIMONY, MERCURY AND SILVER

Correlation coefficients

Au
Au 1 Ag
Ag|-.04 1 As
As (- 071 | 283 1 Sb
Sb[-105 ] 2 357 ] Hg
He [ 14 | 445 | 295 | 232

Jackson et al. (1986) suggested that Paleogene volcanic
rocks are a source of placer gold. That is consistent with
values above the 75th percentile overlying and to the north-
west of some of these voicanic bodies (Ketza River, Starr
Creek and northeast of Ross River; Figures 5-2 and 5-12).
To verify this possible relationship, additional till sampling
is needed closer to these volcanic bodies, as the transport
distance of anomalous gold concentrations in till was found
to be fairly short, that is, in the order of 250 to 50{) metres.
Follow-up on any of these anomalies should be undertaken
with special care and as a first step, an atteimpt should be
made to reproduce the results presented in this study.

GOLD PATHFINDERS

Samples were analyzed for silver, arsenic, mercury and
antimeny to determine if these elements could be used as
gold pathfinders. Correlation coefficients calculated for
these elements and gold are all low and are depicted in Table
5-2. Also, a comparison of geochemical maps for these ele-
ments, together with gold (Figures 5-12, 13, 14, 15 and 16),
demonstrates that only a few gold anomalies are associated
with high concentrations of these traditional pathfinder ele-
ments. This poor correlation reflects the bedrock geochem-
istry of Grew Creek where, at shallow depths (outcrop
level), zold mineralization is not associated with high
arsenic, silver, mercury or antimony concentrations (T.
Christie, oral presentation, Geoscience Forum, Whitehorse,
Yukon, 1988). Consequently, these elements have o limited
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Figure 5-15. Mercury abundance in the clay size fraction of till.
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Figure 5-16. Antimony abundance in the clay size fraction of till.

application as drift prospecting pathfinder elements for epi-
thermal gold deposits in the Tintina Trench.

USE OF HEAVY MINERALS FOR GOLD
EXPLORATION

As part of this study, the use of heavy mineral concen-
trates for drift prospecting for gold was tested. Before any
analyses were done on heavy minerals, site-specific limita-
tions (Shilts, 1978) were envisaged: most of the gold at
Grew Creek is attached to gunartz with a minor amount
bound in pyrite (Duke and Godwin, 1986; Duke, 1986); gold
in quartz is not necessarily recovered in heavy mineral con-
cenirates; and surficial samples, as collected in reconnais-
sance surveys, are oxidized (except where samples are
collected from sections). Thus, gold in sulphides may be
released and reprecipitated or fixed in finer size fractions.
In both cases gold would go undetected in heavy mineral
concentrates.

Heavy mineral separations, (s.g. 23.3) on the 125 to
250-micron size fraction, were done for samples from the
northwestern region. Gold grains were not seen in heavy
mineral concenirates with the aid of a binocular microscope.
In a few samples down-ice from the Grew Creek prospect,
the deposit is reflected in the gold content of heavy mineral
concentrates of McConnell till. Likewise, heavy minerals

show patterns of gold enrichment similar to those observed
in the silt plus clay size fraction along the Campbell High-
way, close to the Lapie River (Figures 5-12 and 5-17}.
Anomalous gold values (above 90th percentile) occur
throughout the area (Figure 5-17); some are located close to
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Figure 5-17. Gold abundance in heavy mineral concentrate from
till in the northwest part of the study area.
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documented mineral occurrences (MINFILE 105F 050,
051, 060) but others are not associated with known pros-
pects.

Most bedrock in the study area is impoverished in
heavy minerals, as is the derived till. In some samples, not
enough (<5 g) heavy mineral concentrate was recovered for
geochemical assays. To obtain a representative amount of
heavy minerals for geochemical analysis (>3 g), much larger
till samples would have to be taken (>10 kg). This can rep-
resent a practical problem where large samples have to be
carried long distances.

In conclusion, heavy minerals could be used for gold
exploration in the Tintina Trench at a reconnaissance level,
if sample size does not represent a practical problem. In fol-
low-up surveys, where samples are recovered from below
the zone of oxidation (from sections or overburden drill
cores), heavy minerals could be efficient in detecting min-
eralization.

CONCLUSIONS

Based upon till lithclogies and till fabrics, glacier ice
flowed west to northwest during the McConnell and pre-
McConnell glaciations. At the onset of McConnell glacia-
tion, a valley glacier may have flowed northeasterly, out of
the Lapie River valley. At the end of both glaciations, a gla-
cial lake invaded the Pelly River valley. Because of the lack
of chronological information, the time elapsed between the
two glaciations is still unknown. Consequently, McConnell
and pre-McConnell glacial advances may be related to the
same glaciation (sensu stricto).

The silt and clay size fraction of till reflects known gold
mineralization at Grew Creek and does not appear to be in-
fluenced by textural parameters, On the other hand, repro-
ducibility of gold analyses on the -63 micron size fraction
is very low because gold particles are not uniformly distrib-
uted in the samples and gold concentrations in this size frac-
tion are near the detection limit where precision is low. Poor
reproducibility can be measured by duplicate analyses.

High gold values in the silt plus clay size fraction of till
near Tertiary volcanic bedrock support the hypothesis that
these rocks could be a source of placer gold. However, as
the transport distance of gold in till is short (250 to 500 m),
detailed sampling near volcanic bedrock is needed to locate
mineralized sources. The use of silver, arsenic, mercury and
antimony as pathfinder elements for gold exploration is not
recommended because their correlation with gold is very
poor in surficial samples. Heavy minerals could be used at
a reconnaissance level for gold exploration in the Tintina
Trench.
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GLACIAL DISPERSAL PATTERNS OF MINERALIZED
BEDROCK: WITH EXAMPLES FROM THE NECHAKO
PLATEAU, CENTRAL BRITISH COLUMBIA

By Victor M. Levson and Timothy R. Giles
B.C. Geological Survey Branch

INTRODUCTION

High mineral potential in the Nechako Plateau region,
in north-central British Columbia, is indicated by the occur-
rence of several large mineral deposits including the Equity
silver-gold-copper deposit and the Endako porphyry molyb-
denum and Bell poryphyry copper deposits (Figure 6-1).
The discovery of new mineral deposits in the region, how-
ever, has been hindered by the typically thick overburden,
a poor understanding of the Quaternary history of the area
and by a lack of published data describing glacial dispersal
patterns in the region. In this paper, we address these prob-
lems first by discussing Quaternary geology data recently
collected in the southern Nechako Plateau and, second, by
an evaluation of unpublished industry data, from that area,
that is relevant to drift exploration programs. Emphasis is
placed on mechanical (mainly glacial) dispersal of mineral-
ized bedrock including data on the following:

» The size, shape and concentration of soil geochemical
anomalies and erratics trains.

» The influence of different surficial materials and deposi-
tional environments on mechanical dispersal.

& Stratigraphic and glaciological factors that effect
erosional and depositional processes.

To address problems associated with poor bedrock ex-
posure, typical of much of the Interior Plateau, a drift explo-
ration program was initiated in the southern Nechako
Plateau in 1993 by the British Columbia Ministry >f Energy,
Mines and Petroleum Resources, The programi includes
Quaternary stratigraphic studies, surficial geology map-
ping, till geochemistry surveys and detailed case studies
around known mineral deposits {Giles and Kerr, 1793; Giles
and Levson, 19944, b; Levson and Giles, 1994).

The program objectives are to apply Quaternary geol-
ogy and ice-flow history data to drift prospecting problems
in areas where mineral exploration has been hamered by a
variably thick and heterogeneous drift cover, to provide a
basis for the design of till geochemical sampling programs,
and to produce a series of till geochemistry and drift explo-
ration potential maps for mineral exploration purposes. Re-
gional (1:50 000 scale) surficial geology mapping and till
sampling in the Fawnie Creek (93F/3) map area -Giles and
Levson, 1994a, b; Levson and Giles, 1994) and econnais-
sance stratigraphic studies elsewhere in the southern

_

JOHNNY  LAKE Fownie

I~ Iy
93 F_7 8 Mt, Swanneli S 93 F/ 7 ﬂ LEEND
b4
KLUSKUS R Mine
5 7 % /Lo-;ems
. 4,, KM10Z  camp Developed
~— ~ A « Prospect

\ CAPOOSE ;
| \“ = Fawnis Nosa :

Ry

N

Kenar

«©
BLACKWATER- EH
DAVIDSON

Loke
Fort St Jomes

& uWount Daviison

| Twesdsmulr B

3

|

; :
tProvlnclcl L l
l_/‘,. |
5 Park |

& OBoy
I8 Clisbako

C B
/’ij

Figue 6-1. Location map of the southern Nechako Plateau region and locations discussed in the text,

Paper 1995-2

67



British Columbia

Nechako Plateau (93F/3, 6, 7, and 10) were conducted in the
1993 field season. Results of these studies, of particular rele-
vance to this discussion, are summarized here. This work is
part of a larger program in the Interior Plateau that includes
bedrock mapping (Diakow and Webster, 1994; Diakow er
al., 1994), lake sediment geochemistry (Cook and
Jackaman, 1994) and mineral deposit studies (Schroeter and
Lane, 1994).

Few studies dealing with glacial dispersal processes in
the southern Nechako Platean area have been published
(Kerr and Levson, 1994) but a wealth of information is con-
tained in unpublished assessment reports housed by the B.C.
Ministry of Energy, Mines and Petroleum Resources {c.a.
Kerr, 1995, this volume). A review of these reports, filed for
the southern Nechako Plateau area, was conducted to exam-
ine current methods of exploration in the region, to identify
typical problems encountered by explorationists and to
compile information that can be used to develop and refine
drift exploration methods. The resulis of drift exploration
programs from three selected areas are discussed here, in a
Quaternary geology context, as are the implications of these
studies for property and regional-scale exploration activi-
ties.

The Nechako Plateau is located in the northern part of
the Interior Plateau physiographic region (Holland, 1976).
The southern part of the plateau, south of Highway 16, is
discussed here (Figure 6-1) and includes the Nechako Res-
ervoir area south to the Fawnie Mountains. The region is
characterized by gently rolling topography; mountainous
areas cccur mainly in the south and seldom reach elevations
above 2000 metres. Local relief in the northern part of the
study region, in the Nechako Reservoir area, is a few tens
1o hundreds of metres and, even in the more mountainous
regions to the south, relief is generally less than 1000 metres.

BASAL TILLS AS AGEOCHEMICAL
SAMPLING MEDIUM

Fundamental to the success of any overburden geo-
chemical sampling program is the selection of a sampling
medium suited to the objectives of the survey (Shilts, 1976;
Gleeson et al,, 1989; DiLabio, 1990). In reconnaissance-
scale surveys (~1 sample/100 km?) in relatively unexplored
areas, for example, heavy mineral samples of eskers or other
glaciofluvial concentrates may be more effective than till
samples (Saarnisto, 1990). In contrast, colluvial sediments
may be more suited to detailed property evaluations as these
deposits are typically more locally derived than tills. For
exploration programs in the Nechako Plateau area, at scales
intermediate between these two extremes, we recommend
sampling of basal tills rather than other types of surficial
materials for the following reasons:

o Basal tills are deposited in areas directly down-ice from
their source and therefore mineralized materials dispersed
within the tills can be more readily traced to their origin
than can anomalies in other Quaternary sediment types.
Processes of dispersal in supraglacial tills, glaciofluvial
sands and gravels, and glaciolacustrine sediments are

more complex and they are typically more distally derived
than basal tills.

® As dispersal trains developed in basa] tills are typically
larger than those in colluvial deposits and stronger than
those in glaciofluvial or supraglacial deposits, mineral
anomalies in basal tills may be more readily detected in
regional surveys (DiLabio, 1990).

o The dominance of one main regional ice-flow direction in
the southern Nechako Plateau throughout much of the last
glacial period has commonly resulted in a simple, linear,
down-ice transport of material. This makes tracing of ba-
sal till anomalies to source relatively easy compared to
regions with a more complex ice-flow history.

Regardless of which sampling medium is selected, it is
critical, for interpretation purposes, that detailed descrip-
tions of the sampled deposits are obtained and that different
types of materials are distinguished (Giles and Levson,
1994a, b). The importance of separating overburden geo-
chemical data into populations that correspond to different
types of surficial materials and bedrock lithologies was
demonstrated by a study in the Nechako Plateaun region by
Boyle and Troup (1975). Regional variations due to bedrock
lithology or surficial geology can therefore be minimized in
favour of processes relating to mineralization. A particularly
significant difference exists between till covered areas and
colluvial deposits in more mountainous areas. For example,
geometric means (log normal) for copper, molybdenum,
zine, lead and nickel concentrations in the A and B soil ho-
rizons over a large part of the Capoose Lake region (Boyle
and Troup, 1975) were all higher in colluvium (17-24 ppm
Cu, 0.9-1 ppm Mo, 51-79 ppm Zn, 11-14 ppm Pb and 5-7
ppm Ni) than in till (7-15 ppm Cu, 0.5-0.9 ppm Mo, 31-41
ppm Zn, 5-6 ppm Pb, and 5-6 ppm Ni). In addition, mean
C-horizon concentrations in till (12-18 ppm Cu, 0.5-8 ppm -
Mo, 22-27 ppm Zn, 5 ppm Pb, and 5-6 ppm Ni} were similar
or higher than A or B-horizon concentrations.

The utility of C-horizon sampling of basal tills for out-
lining areas of mineralization has long been known (e.g.
Shilts, 19734, b) but it has been little used by exploration
companies in British Columbia; A or B-horizon sampling
has generally been favoured (e.g. Kerr, 1995, this volume).
Although C-horizon samples can be effectively used to
identify glacial dispersal trains, important data can also be
obtained by sampling the upper soil horizons because, in
terms of elemental concentrations, local pedological and hy-
dromorphic processes often favour one soil horizon over
another (Bradshaw et al., 1974; Gravel and Sibbick, 1991;
Sibbick and Fletcher, 1993). However, it is important to re-
member that the heterogeneity of elemental concentrations
in various soil horizons is dependent on the overburden
composition and underlying bedrock lithology as well as
geochemical processes acting within the environment
(Boyle and Troup, 1975).

GLACIAL DISPERSAL PROCESSES

Glacial dispersal trains may be hundreds to thousands
of times larger in size than their original bedrock source, -
providing a cost-effective target for mineral exploration
programs (Shilts, 1976; DiLabio, 1990). Mineralized bed-
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rock, eroded and transported by a glacier, may be redepo-
sited in either the gravel fraction of a till (as erratics) or in
the matrix (clay to sand fractions). Erratics trains can be
delineated by boulder tracing whereas evidence for miner-
alization in the clay to sand fractions can only be defined by
geochemical methods. Dispersal trains are commonly very
thin in comparison with their length and have clear lateral
and vertical contacts with the surrounding till. Progressive
dilution of the mineralized material generally occurs in a
down-ice direction until the train can no longer be detected.
In the simplest case of unidirectional ice flow, mineralized
material at a point source is eroded, transported and redepo-
sited to produce a ribbon-shaped dispersal train parallel to
ice flow. Although these processes were first documented in
Canada in relatively flat shield areas (Shilts, 1976a, b), some
examples have also been described from British Columbia
{e.g. Fox et al., 1987; Kerr et al., 1993; see also references
in Kerr and Levson, 1995, this volume). Variations in the
ice-flow direction caused by topographic irregularities or
changing dynamics at the base of the ice may cause the
anomaly to have a fan-shaped dispersal train. In more com-
plex areas, where there have been numerous flow directions
during glaciation, or multiple glaciations, the dispersal train
may be diffuse or irregularly shaped, making it difficult to
trace to its source.

IDENTIFYING BASALTILLS

A comprehensive discussion of criteria for the recogni-
tion of different types of tills is beyond the scope of this
paper. However, it is important to emphasize that glacial
sediments can be eroded, transported and deposited by a
wide variety of mechanisms, all of which may produce tills
of distinctly different character. Tills may form by primary
processes involving the direct release of debris from a gla-
cier, or by secondary resedimentation processes in the gla-
cial environment (Dreimanis, 1988). Till characteristics are
dependent on their position of deposition (subglacial, su-
praglacial or ice marginal), place of transport (basal,
englacial or supraglacial) and dominant depositional
mechanism (fodgement, melt-out, flow or deformation). For
the purposes of drift prospecting, distance of transport is
especially critical and two main varieties of till are com-
monly distinguished: basal tills, comprised of debris trans-
ported at or near the glacier base, and supraglacial tills,
comprised of debris transported on or near the top of the
glacier (Dreimanis, 1990}, The latter, often (but inappropri-
ately) referred to as ablation tills, are usually deposited as
debris flows and are comprised of relatively far-travelled
debris. Basal tills, deposited by lodgement or melt-out proc-
esses, are typically more locally derived than supraglacial
tills. Supraglacial tills may be distinguished from basal tills
by higher total clast contents, more angular and fewer stri-
ated clasts, typically weaker and more randomly oriented
pebble fabrics, and the common presence of interbedded
sand and gravel deposits (Levson and Rutter, 1988). The two
till varieties may also be distinguished geomorphologically;
supraglacial tills typically occur in areas of hummocky to-
pography and basal tills in fluted or drumlinized regions.
This is not to say, however, that geomorphic data alone are
diagnostic. For example, fluted and drumlinized arcas may

be blanketed by a thin cover of supraglacial till. Similaily,
basally derived, flow tills may be confused with relatively
far-travelled, supraglacial, flow tills, Because of this diffi-
culty in distinguishing different till facies, a multip le criteria
approach using sedimentologic, stratigraphic and geomor-
phic data is recommended for the interpretation of glacial
deposits (Levson and Rutter, 1988; Dreimanis, 1990).

QUATERNARY GEOLOGY OF THE
SOUTHERN NECHAKO PLATEAU

SURFICIAL DEPOSITS

Regional surficial geology mapping in the southern
Nechako Plateau was conducted by Tipper (1971) and
Howes (1977). More detailed mapping, for mineral explo-
ration purposes, has been recently conducted by {iles and
Kerr (1993), Proudfoot (1993), Ryder (1993) and Levson
and Giles (1994). Unconsolidated deposits in the r:gion are
generally a few to several metres thick but may attain a
thickness of 200 metres or more in some large valleys. An
extensive cover of till blankets most of the plateau with
drumlins and other streamlined glacial landforms covering
approximately half of the region. Till thickness va‘ies from
a few to tens of metres in low-lying areas to legs than 2
metres in upland regions and along steep slopes. The thick-
est sequences tend to be in valleys oriented perpendlicular to
the regional ice-flow direction. Two distinct facies of morai-
nal sediments {Photo 6-1) are recognized on the southern
Nechako Plateau: a massive, compact, matrix-supported,
fine-grained diamicton (poorly sorted deposit conéisting of
mud, sand and gravel) and a loose, massive to stratified,
sandy diamicton. The firstis interpreted to be lodgenent and
basal melt-out till and the latter to be debris-flow deposits.
Basat tills seldom occur at the surface, usually being over-
1ain by glacigenic debris-flow deposits and, on slopes, by
resedimented diamictons of colluvial origin.

Deposits interpreted as basal tills commonly 2xhibit a
moderate to strong platy fissility and vertical joint ng, both
with iron oxide staining, Subhorizontal slickenside surfaces
are sometimes present, especially in clay-rich paits of the
till. Clasts are mainly medium to large pebbles but they
range in size from small pebbles to large boulders. Total

Photo 6-1. Massive, compact, matrix-supported, fin{:—grained
diamicton (basal till) overlain by loose, massive to stratifizd, sandy
diamicton (debris-flow deposits) at the Wolf deposit,
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Photo 6-2. Basal till unconformably overlying glaciofluvial grav-
els and sands in a typical Quaternary section on the Nechako
Reservoir. The exposure is 6.5 metres high,

Photo 6-3. Glaciofluvial gravels and sands on the Nechako Reser-
voir exhibiting large-scale planar crossbedding, The exposure is
12 metres high.

Photo 6-4, Climbing-tipple bedding in well sorted, glaciolacus-
trine silts and [ine sands approximately 50 kilometres north of the
Nechako Reservoir, The exposure is T metre high,

gravel content generally is between 10 and 30% but locally
may be up to 50%. Subangular to subrounded clasts are most
common and typically up to about 20% are glacially
abraded. Striated clasts are commonly bullet shaped, faceted
or lodged; the a-axes of elongate clasts are often aligned
parallel to ice-flow direction. Lower contacts of basal till
units are usually sharp and planar (Photo 6-2). All of these
characteristics are consistent with a basal melt-out or lodge-
ment till origin (Levson and Rutter, 1988). The presence of
injection structures and sheared, folded and faulted bedrock
slabs within these deposits indicates the local development
of deformation tills,

Diamictons of inferred debris-flow origin are loose to
weakly compacted and are either massive or interbedded
with stratified silt, sand or gravel. These diamictons typi-
cally contain 20 to 50% gravel, but locally may have up to
70% clasts. Subangular to subrounded clasts are most com-
mon, but in some exposures angular fragments dominate.
Up to 10% of the clasts may be striated. Lenses and beds of
sorted silt, sand and gravel occur in many exposures and
may be continuous for up to 5 metres, although they are
commonly less than a metre wide. These deposits are inter-
preted as glacigenic debris-flows and resedimented glacial
deposits and they commonly are in gradational contact with
underlying basal tills.

Colluvial deposits, comprised mainly of local bedrock
fragments, occur as thin veneers on steep slopes throughout
the area. They grade downhill into a thicker cover of collu-
vial diamicton derived from both local bedrock and till. Col-
luvial diamictons are differentiated from till by their loose,
unconsolidated character, the presence of coarse, angular
clasts of local bedrock, crude stratification and lenses of
sorted sand and gravel.

In most valleys, morainal sediments are largely buried
by glaciofluvial outwash, glaciolacustrine sediments or flu-
vial deposits. Glaciofluvial sediments occur as eskers,
kames, terraces, fans and outwash plains in valley bottoms
and along valley flanks. They consist mainly of poorly to
well sorted, stratified, rounded to well rounded, pebble to
cobble gravels with interbedded sands (Photo 6-3).
Glaciofluvial sand and gravel sequences up to tens of metres
thick occur in large valleys whereas in other areas they occur
mainly as veneers, up to a few metres thick, over till. Ice-
marginal meltwater channels, formed during ice retreat or
stagnation, are commonly associated with these glacioflu-
vial deposits. Large esker and kame complexes are also lo-
cally common. Postglacial, fluvial sediments consist mainly
of meandering stream deposits, often with gravel channels.
Floodplains are dominated by fine sands, silts and organics.
Postglacial alluvial fans are generally not a prominent fea-
ture of the region except in the more mountainous areas in
the south (Giles and Levson, 1994a; Levson and Giles,
1994). Widespread glaciolacustrine clays, up to 30 metres
thick, deposited in a series of ice-dammed lakes are espe-
cially common in the northern parts of the region. They typi-
cally consist of horizontally stratified, well sorted, fine
sands, silts and clays (Photo 6-4).
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Photo 6-5. Northeast-trending, fluted and drumlinized terrain re-
flecting regional ice-flow direction during the last glaciation in the
Arrow Lake area (White claim group) (Government of British
Columbia air photo 88074-063).

ICE-FLOW HISTORY

The Nechako Plateau has a complex history of ice flow
due to multiple ice sources and varied topography (Tipper,
1971) but in comparison with more mountainous parts of
British Columbia the ice-flow history of the plateau is rela-
tively simple. During the last or Late Wisconsinan glaciation
ice moved north, northeast and east onto the Nechako Pla-
teau from the Coast Mountains. Coast Mountain ice ex-
tended as far east as the Fraser River before coalescing with
Cariboo Mountain ice flowing to the west and northwest,
The direction of regional ice flow during the last glaciation
is reflected in the geomorphology of many regions by ex-
tensive areas of unidirectional, fluted and drumlinized ter-
rain (Photo 6-5). Minor modifications in ice flow resulted
from topographic control during both early and late stages
of glaciation, Topographic control of ice-flow direction dur-
ing early glacial phases is indicated by valley-parallel striae
on bedrock surfaces that are buried by thick till sequences
in the Nechako Reservoir area. At the Late Wisconsinan gla-
cial maximum, ice covered the highest peaks in the region;
ice flow appears to have been unaffected by topography,
suggesting an ice thickness in excess of 1000 metres. Ori-
entations of crag-and-tail features, drumlins, glacial flutings
and bedrock striae across the region typically indicate north-
casterly to easterly flow during full glacial times (Photo 6-
5). Crosscutting striae along the sides of some mountains in
the region indicate topographically influenced ice flow dur-
ing waning stages of glaciation.

The Quaternary stratigraphy of the southern Nechako
Plateau was investigated by the authors during detailed stud-
ies of the Fawnie Creek map area (93F/3) and reconnais-
sance stratigraphic studies of exceptional exposures along
the Nechako Reservoir (93F/6, 7, and 10; Figure 6-1). Pre-
liminary results of these studies indicate that tills deposited
during the last glacial period are underlain by a thick unit of
advance phase glaciofluvial deposits (Photo 6-2) and strati-
graphically overlain by a complex sequence of glaciofluvial
(Photo 6-3) and glaciolacustrine (Photo 6-4) deposits, The
latter include both proximal glaciolacustrine deposits con-
sisting of strongly deformed, interbedded mud, sand and

gravel facies and an overlying more distal sequence of well
bedded sand, silt and clay facies. The stratigraphic record of
pre-Late Wisconsinan glacial events in the rezion was
largely removed during the last glaciation.

EXAMPLES OF GLACIAL DISPERSAL
TRAINS IN THE SOUTHERN NECHAKO
PLATEAU

WHITE CLAIM GROUF, ARROW LAKE
MINERAL SHOWING

(NTS 93F/11E, 6E; LATITUDE 53°30'N,
LONGITUDE 125°05'W).

The Arrow Lake mineral showing on the White claim
group of Newmont Exploration of Canada Limitec, was dis-
covered in 1987 by following a train of stibnitz-bearing
quartz feldspar wacke/tuff erratics (Bohme, 1988). The er-
ratics were traced up-ice (southwesterly) approximately 7
kilometres before the mineralized zone was discovered. The
property is located south of the Qotsa Lake logging road,
about 10 kilometres southwest of Kenny dam on the north
side of the Nechako Reservoir (Figure 6-1). Almcst the en-
tire area is covered by a blanket of tjll with flutes ¢énd drum-
linoid ridges trending north-northeast (Plate 6-5). Organic
deposits and glaciofluvial sands and gravels occur in low-
lying areas. Bedrock outcrops are rare, The area is underlain
by Eocene felsic volcanics and minor sedimentary rocks of
the Ootsa Lake Group (Tipper, 1954, 1963; Dinkow and
Koyanagi, 1988).

Intensely sheared, arkosic sandstone and Meached,
pyritiferous and silicified rhyolite host the showing, be-
lieved to be a high-level epithermal deposit (Bohme, 1988).
Stibnite occurs in chalcedonic veinlets and siliceons breccia
zones. Erratic gold concentrations and variable aimounts of
pyrite, arsenopyrite, cinnabar and marcasite arz charac-
teristic of mineralization in the area. Elevated valuzs of mer-
cury (6200 - 28000 ppb), antimony (660 - 21800 ppm),
arsenic (21 - 598 ppm), barium (up to 239 ppm) sand minor
gold (up to 86 ppb) occur in a northeast-trending zone 600
metres wide and 150 metres long. Samples were taken at
depths of at least 15 centimetres (presumably of A and B soil

_ horizons) and the -177 micron (-80 mesh) fractions were

analyzed for gold and 30 additional elements. Threshold
values (based on the 95th percentile) were determined to be
4 ppb gold, 0.4 ppm silver, 96 ppm arsenic, 78 bpm anti-
mony, 146 ppm barium and 166 ppm zinc; arsenic and an-
timony, and barium and zinc showed strong positive
correlations (Bohme, 1988).

A dispersal train, defined by the antimony content of
soils, extends for at least a kilometre down-ice from the Ar-
row Lake showing. Contoured antimony values, from soil
samples taken every 25 metres on a grid with a lire spacing
of 100 metres, are shown on Figure 6-2. The antimony
anomaly, defined by the 10 ppm contour, is | kiloraetre long
and up to 200 metres wide. The highest values (100 ppm)
occur directly down-ice from the mineralized ou‘crop. Ar-
senic concentrations greater than 10 ppm correspond well
with the antimony anomaly but are more erratic. Anomalous
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Figure 6-2. Antimony soil anomaly extending down-ice from the
Arrow Lake mineral showing (White claim group). Anomalous
arsenic and gold values are shown as point data. See Photo 6-5 for
aerial photograph of area.

gold values are also erratic (Figure 6-2) and occur mainly
in clay-rich tills (Bohme, 1988).

CH 10-16 MINERAL CLAIMS
(NTS 93F/7E, 8W; LATITUDE 53°3I'N,
LONGITUDE 124°25'W)

The Placer Dome Inc. CH property is located near kil-
ometre 100 on the Ootsa-Kluskus forestry road near the
Kluskus logging camp (Figure 6-1). The area is underlain
mainly by Middle Jurassic andesitic tuffs and flows of the
Hazelton Group and occurs near the margin of a small gra-
nitic pluton (Tipper, 1954, 1963). Lead-zinc-silver-gold
mineralization in bedrock has been exposed in shallow
trenches in two areas on the property (Figure 6-3). In the
northwest, massive pyrite, magnetite, sphalerite, galena and
arsenopyrite, with minor chalcopyrite and quartz occur in
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Figure 6-3. Surficial geology and distribution of gold, copper and
arsenic soil anomalies on the Placer Dome Inc. CH property near
Chutanli Lake (modified from Edwards and Campbell, 1992).

veins and fractures. In the centre of the property, a quartz-
magnetite-pyrite-chalcopyrite stockwork in altered and
silicified volcanic and intrusive rocks carries minor gold.
{Edwards and Campbell, 1992). The site is blanketed by up
to 20 metres of till and glaciofluvial deposits. Several, large,
drumlinoid features on the property trend northeasterly, par-
allel to the regional ice-flow direction.

Soil samples were collected mainly from the B-horizon
at depths of 10 to 100 centimetres. The -177 micron {-80
mesh) fractions of the samples were analyzed by ICP.
Thresholds between background and anomalous values
were interpreted from previous statistical analysis of soil
geochemical data in the area {Warner and Cannon, 1990).

A well developed dispersal train in the till extends
northeasterly (down-ice) from the area of copper-gold min-
eralization in the centre of the property (Figure 6-3). The
lateral extent of glacial dispersal in the area was first real-
ized with the discovery of ice-parallel trends in soil copper
anomalies on two sampling grids separated by over 800 me-
tres (Warner and Cannon, 1990). Dispersal of mineralized
material is defined by an elongate, multi-element, geo-
chemical soil anomaly as well as by a boulder train that
extends for over a kilometre down-ice from the mineralized
outcrop. Mineralized rock fragments (quartz stockwork
with magnetite, chalcopyrite and pyrite) are common in the
train and are readily recognized by malachite staining.
Anomalous values of gold, silver, copper, lead and zinc in
soils commonly extend up to 2 kilometres northeast of the
mineralized zone. The main area of anomalous gold values
(up to 1310 ppb) varies from about 0.2 to 0.5 kilometre in
width and is 1.5 kilometres long (Figure 6-3). The copper
anomaly {defined by values ranging from 82 to 903 ppm) is
approximately coincident with the gold dispersal train (Fig-
ure 6-3) but is much larger, extending over 2 kilometres to
the northeast and up to 800 metres in width. Soils in the area
directly down-ice from the showing are also characterized
by anomalous values of zinc (180 to 1121 ppm) and silver
(0.6 to 30 ppm) and concentrations of lead up to 2320 ppm.
Dispersal trains of these elements are very similar, all form-
ing long and narrow anomalies that typically are only about
200 to 300 metres wide and 1 to 1. 5 kilometres long. Al-
though 75% of the samples analyzed for gold and 64% for
silver were below the detection limit, the ice-paralle] elon-
gation of the dispersal trains of these elements and their co-
incidence with the anomaly patterns of other elements
suggests that they can also be useful for detecting minerali-
zation.

Concentrations of copper on the north side of the largest
soil anomaly (Figure 6-3) are highest on the northeast side
of two topographic highs. Edwards and Campbell (1992)
attributed the resultant northwesterly ‘protrusions’ in the
dispersal pattern to a possible late glacial movement with a
northwesterly (330°) ice-flow direction. There is no other
evidence, however, for such a flow in the region and we
prefer the interpretation of selective deposition of the cop-
per-enriched till along the lee-side of topographic highs.
Preferential deposition of tills in lee-side settings in both
modern and ancient glacial environments has been well
documented in other mountainous areas (Boulton, 1971;
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Haldorsen, 1982; Levson and Rutter, 1986). Some enrich-
ment by hydromorphic processes is also probable but coin-
cident elevated values of other elements such as gold, lead,
zinc and silver in some of the low areas northeast of topo-
graphic highs is more consistent with a lee-side origin.

Elevated arsenic values (33 to 1020 ppm) at the prop-
erty occur over an area 2 kilometres long and up to 700
metres wide and form a broad, fan-shaped anomaly that ex-
tends over a kilometre up-ice from the main copper-gold
deposit (Figure 6-3). Edwards and Campbell (1992) specu-
lated that the particularly thick drift along the sonthwest part
of the anomaly may account for the low values of other ele-
ments in this area. A similar argument was used by Warmer
and Cannon (1990) to explain low values of copper, gold
and molybdenum in some parts of the area. The location,
large size and well developed fan shape of the arsenic anom-
aly suggest that another mineralized bedrock source may
occur near or up-ice from the southwest end of the anomaly.
Thisis also suggested by a magnetic high that coincides with
the anomaly in the vicinity of the lake (Figure 6-3) at the
west side of the property (Edwards and Campbell, 1992).

A second, less well developed dispersal train is associ-
ated with the lead-zinc-silver-gold showing in the northwest
past of the area (Figure 6-3). Elevated valucs of arsenic, lead
and zinc occur over a broad zone extending northeast from
the sulphide veins. Interestingly, anomalousiy high values
of all three of these elements, as well as silver, also occur
on a small hill about 1 kilometre directly northeast of the
mincralized zone. The elevation of this hill at the up-ice end
of the anomalous area is nearly identical to that at the show-
ing. Only background levels of arsenic, lead, zinc and silver
occur in a low area that separates the hill from the sulphide
veins. This suggests that the anomaly on the hill may reflect
an undiscovered area of mineralization. Alternatively, but
less likely, the anomaly patterns may have resulted from ice
erosion of bedrock at the showing and subsequent redepo-
sition of the mineralized material at the same elevation on
the next hifl down-ice, with little deposition in the low area
in between. For this to occur, glacial flow lines must have
been nearly horizontal and the intervening low area may
have been infilled with sediment, now eroded away, or rela-
tively inactive ice that would have prevented deposition of
any significant amount of till.

Other large glacial dispersal trains have been described
in the Chutanli Lake region by Mehrtens et al. (1973) and
Mehrtens (1975). An extensive (up to 9 km?2) B-horizon soil
molybdenum anomaly, about 3 kilometres northwest of the
CH property, extends for nearly 2.5 kilometres northeast of
an area of mineralized bedrock containing more than 0.03%
molybdenum. Much of the anomalous area occurs down-ice
and up-slope of the bedrock metal source and it is therefore
inferred to have formed by glacial dispersal processes. Mo-
lybdenum values range from 15 to 50 ppm over much of the
anomalous area. They are relatively widely dispersed over
an area up to three times the width of the 800-metre-long
zone of bedrock mineralization, However, strongly anoma-
lous molybdenum values, with a maximum anomaly con-
trast of 48 times threshold values, are probably of
hydromorphic origin and cccur in the overburden immedi-

ately down-slope from the bedrock source (Mehrtens,
1975).

The CH property provides an excellent example of gla-
cial dispersal processes in an area of relaiively thick till
cover, As discussed above, dispersal trains in th: area are
well developed and up to 2 kilometres long and several hun-
dred metres wide. They show a pronounced elongation par-
allel to the ice-flow direction and mineralized source rocks
occur at or near the up-ice end of the dispersal trains. The
anomalies have relatively sharp lateral boundaries: and have
typical cigar and fan shapes characteristic of trains formed
by mechanical dispersal processes at the base of ;zlaciers.

WOLF PROPERTY
(NTS 93F/3W; LATITUDE 53°12'N,
LONGITUDE 125°27'W)

The Wolf epithermal gold-silver deposit occurs near the
terminus of the Kluskus-Malaput logging road about 130
kilometres southwest of Vanderhoof (Figure 6-1), Minerali-
zation was discovered in 1982 following up resujts of a re-
gional lake sediment sampling program conducted by Rio
Algom Exploration Inc. The property is underlzin mainly
by Eocene felsic volcanic and subvolcanic intrusive rocks
of the Ootsa Lake Group (Tipper, 1954, 1963, Andrew,
1988; Dawson, 1988). Atthe Ridge and Blackfly zones (Fig-
ure 6-4), gold-silver oceur in silicified hydrothermal brec-
cias and stratabound, pervasively silicified and “recciated
rhyolite (Dawson, 1988). Metallic minerals inclucle micron-
sized electrum, silver and galena as well as minor fine-
grained disseminated pyrite and rare chalcopyrite (Andrew,
1988). Typical gold grades in altered hostrocks are in the 1
to 2 grams per tonne range, but grades as high as 8.5 grams
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Figure 6-4. Surficial geology and silver soil anomalies at the
Wolf deposit.
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per tonne gold and 42.2 grams per tonne silver are reported
in trenches containing silicified breccia (Dawson, 1988).

The mineralized zones cccur mainly in areas of positive
relief where the drift cover is relatively thin (Figure 6-4).
Bedrock outcrops oceur sporadically throughout the prop-
erty and increase in abundance above the 1250-metre con-
tour. Terrain maps of the region (Howes, 1976; Ryder, 1953)
indicate a comparatively thick drift cover in major valleys
and lowlands. Till thickness increases from generally less
than a few metres around the deposit to several metres or
more down ice (northeast). Morainal sediments of the last
glaciation occur throughout the area and include lodgement
and melt-out tills, glacially derived debris-flow sediments
and minor glaciolacusirine and organic deposits.

Soil samples for geochemical analysis were collected
at the site every 25 or 50 metres on east-trending lines
spaced 200 metres apart. Samples, collected from the B soil
horizon at depths of 15 to 45 centimetres, were analyzed by
ICP for 30 clements; gold and silver data were plotted on
1:5000 scale maps (Dawson, 1988).

Anomalous gold ( 15 ppb) and silver ( 1 ppm) values
generally cluster around mineralized areas. However, at the
Ridge zone, high gold contents in bedrock are not well re-
flected in the overlying soils; for example, values of only 5
ppb occur in soils directly above bedrock containing nearly
8.8 grams per tonne gold (Dawson, 1988). This may be a
reflection of the generally shallow depth of soil sampling
(D. Heberlein, personal communication, 1993) or of a non-
local origin of the overlying surficial materials. The sedi-
ments immediately overlying bedrock at the Ridge zone are
mainly tills and glacially derived debris-flow deposits. Un-
like colluvial sediments or residual soils, these deposits
should reflect the composition of bedrock in up-ice areas
and not in the immediate vicinity of the sample site. The
pattern of dispersal of anomalous silver and gold in soils in
the area (Figure 6-4) supports this interpretation. The main
silver anomaly occurs northeast of the Blackfly zone and is
separated from it by a gap of low background silver values,
nearly 500 metres wide. The soil anomaly is inferred to be
a placial dispersal train exiending down-ice from the min-
eralized zone. Although weakly developed, the anomaly is
more than a kilometre long and 100 to 400 metres wide.
Silver concentrations higher than 2 ppm occur as much as
2.3 kilometres directly down-ice from the deposit. Anoma-
lous gold concentrations (defined as the mean plus 2 stand-
ard deviations) are more erratic, but generally occur in a
broad zone down-ice from the deposit. One of the highest
gold values in soils occurs 1.2 kilometres northeast of the
Blackfly zone. Some lateral variation in the silver and gold
dispersal pattern may be due to local variations in ice flow
caused by the bedrock topography; bedrock striae indicate
ice deflection of up to 30° around the margins of the knoll
hosting the Ridge zone.

The area of low values directly down-ice from the
Blackfly zone is presumably a result of dilution by till de-
rived from unmineralized bedrock further up-ice. Thus, gla-
cial dispersal in the area has offset the geochemical
signature of the deposit nearly 500 metres to the northeast.
Likewise, the highest silver values, in surface soil samples

northeast of the Ridge zone, occur about 500 metres down-
ice from the mineralized area. However, the accumulation
of organie, lacustrine and glaciolacustrine deposits in this
region has probably obscured any development of a north-
easterly trending, linear soil anomaly, like the one down-ice
from the Blackfly zone.

CONCLUSIONS

Glacial processes in till covered areas in the Nechako
Plateau produce well developed dispersal trains, detectable
by standard soil geochemical surveys. Basal tills are the pre-
ferred sampling medium for identifying glacial dispersal
trains. Soil anomalies associated with glacial dispersal of
mineralized bedrock are up to a few kilometres long and
several hundred metres or more wide; isolated anomalies
associated with the trains may cover much larger areas.
They show a pronounced elongation parallel to ice-flow di-
rection, with mineralized source rocks occurring at or near
the up-ice end of the dispersal trains. The soil anomalies
typically have relatively sharp lateral boundaries and typical
cigar or fan shapes, characteristic of trains formed by me-
chanical dispersal processes at the base of glaciers. Geo-
chemical data from tills reflect the geochemistry of the
up-ice bedrock sources and not that of the immediately un-
derlying bedrock. In areas of thick till, such as at the Wolf
property, near-surface soil anomalies may be offset, in a
down-ice direction, by 500 metres or more from their bed-
rock source. Drill targets in these areas should be sought up
ice, rather than at the head, of the anomaly.

The elongate nature of soil anomalies resulting from
glacial dispersion in the region is well evidenced by the Ar-
row Lake antimony anomaly which is approximately five
times as long as it is wide (1000 metres long by 200 metres
wide). Similarly, at the CH property, zinc, silver and lead
geochemical anomalies are typically 200 to 300 metres wide
and 1 to 1.5 kilometres long. The copper soil anomaly at the
CH property is much broader (800 metres) and longer (2
kilometres). Gold, and to a lesser extent silver, anomalies
tend to be erratic and more poorly developed than other ele-
ment anomalies, probably due to the nugget effect.

Except along some creeks and steep slopes, hydromor-
phic dispersion effects have apparently not modified anom-
aly patterns in the region to any great degree, The main
influence of topography seems to be in the formation of Iee-
side settings where till is preferentially deposited. Although
topography may also have temporarily effected local ice-
flow directions, dispersal of mineralized materials appears
to have been dominated by the northeasterly regional ice
flow; subsequent local variations have not obscured this pri-
mary pattern. This is well illustrated by the predominant
down-ice dispersal of molybdenum near the CH property,
even though the down-ice direction is mainly up-slope from
the deposit,

Pathfinder elements vary with deposit type, and ele-
ments most abundant in the mineralized material appear to
produce the largest and strongest soil geochemical anoma-
lies (Sb at the stibnite-bearing Arrow Lake deposit, Cu at
the CH copper porphyry, and Ag at the Wolf gold-silver epi-
thermal deposit). However, multi-element analysis of all
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samples is recommended to increase the likelihood of dis-
covering unexpected mineralization, even in property-scale
investigations, as exemplified by the arsenic data at the CH
property.

Erratics trains in the region appear to be much longer
(up to several kilometres long) and more readily detected
than soil anomalies (typically 1-2 kilometres long). The Ar-
row Lake showing, for example, was discovered by tracing
an erratics train 7 kilometres long, whereas the geochemical
soil anomalies in the arca are typically only 1 kilometre
long. This emphasizes the importance of pebble counts and
boulder prospecting surveys in drift exploration programs.

A basic understanding of ice-flow direction, glacial dis-
persal patterns, transportation distances, Quaternary strati-
graphy and the origin of different sampling media is
required for a successful drift exploration program. In addi-
tion to pedologic and site information, sedimentologic data
should be collected at sample sites in order to distinguish till
from glacigenic debris-flow, colluvial, glaciofluvial or
glaciolacustrine sediments, These sediments have different
processes of transportation and deposition which must be
recognized in order to understand associated mineral anom-
aly patterns. Poor results of some traditional geochemical
soil sampling programs may be due to indiscriminate sam-
pling of different types of sediments, Interpretation of data
with respect to glaciation may provide the explorationist
with new avenues to explere for bedrock sources of miner-
alized float or geochemically anomalous surficial sedi-
ments.
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ORIGIN AND STRATIGRAPHY OF PLEISTOCENE
GRAVELS IN DAWSON RANGE AND SUGGESTIONS FOR
FUTURE EXPLORATION OF GOLD PLACERS,
SOUTHWESTERN CARMACKS MAP AREA (NTS 115])

By Lionel E. Jackson, Jr.
Geological Survey of Canada

INTRODUCTION

Placer gold prospecting and mining have been carried
out in the Dawson Range, central Yukon since 1898 (Bos-
tock, 1936). Prospecting and mining activity has centred in
the areas of Victoria Creek, the main fork of Nansen Creek
and Big Creck and its tributaries above Stoddart Creek (Fig-
ure 7-1). This arca will henceforth be referred to as the Nan-
sen - Big Creek placer district. Regional surficial geology
mapping and Quaternary stratigraphic investigations of the
Carmacks map arca (115-I) were carried out from 1988 to
1992 ag a part of Geological Survey of Canada project "Qua-
ternary geology and terrain inventory, cast-central Yukon™.
This paper presents observations on the origin of major
gravel units within these placer districts, inclading strati-
graphic and paleoenvironmental information, which sheds
some light on the Quaternary history of the gravel deposits.
Recommendations are offered for the applications of these
results and interpretations to the search for new placers
within this region.

SETTING

BEDROCK GEOLOGY

The Carmacks map area {115-I) includes the Yukon
cataclastic and the Yukon crystalline terrains and the White-
horse Trough (Tempelman-Kluit, 1978; Figure 7-2). The ter-
rains are composed of Paleozoic to Jurassic sedimentary and
volcanic rocks and their cataclastic equivalents which have
been intruded by platons of Triassic and Jurassic age. The
Whitehorse Trough is a former back-arc basin which re-
ceived velcanolithic and arkosic clastics from the Late Tri-
assic through the Cretaceous. These terranes were sutured
during episodes of continental accretion from the Middle to
Late Cretaceous. Suturing was accompanied by the intru-
sion of biotite leucogranite, biotite hornblende granodiorite
and hornblende syenite plutons. The Late Cretaceous Mount
Nansen Group consists of andesite, dacite and rhyolite that
were erupted in the southwestern quarter of the map area
during or shortly after suturing, The extensive basalt flows
and related volcanoclastic sediments of the Carmacks
Group crupted contemporaneously with the Mount Nansen
group over an eroded surface with local relief of up to 700
metres (Tempelman-Kluit, 1974, 1980),
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Figure 7-1. Location of the Nansen - Big Creek placer district.
Large bold type: PM - Prospector Mountain, TP - Triptop Peak,
MN - Mount Nansen, VM - Victoria Mountain: A - location of
pre-Reid outwash and Wounded Moose soil, B - core 88 DDH 115
and pre-Reid meltwater channel.

PHYSIOGRAPHY

The Nansen - Big Creek placer district lies cntirely
within the Yukon plateaus (Mathews, 1986), a rolling upland
with broad and accordant summits and ridges that typically
lie below 1500 metres. Relief is generally in the ringe of
750 to 900 metres, although isclated peaks in the Dawson
Range such as Tritop Peak, Victoria Mountain and Klaza
Mountain rise to more than 1820 metres (Figure 7-1). Within
the Carmacks map area (NTS 115/1), the Yukon plateaus
show no evidence of recent glaciation, although scattered
incised cirque-like valleys do occur near the summits of
some of the highest peaks, such as Prospector Mountain and
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Figure 7-2. Bedrock geology generalized and modified from Tem-
pleman-Kluit (1979) using the chronologic information of Grond
et al (1984). The dashed line outlines the Nansen - Big Creek
placer district.

and Mount Nansen. The morphology of the contemporary
Yukon plateaus is inherited from a period when the region
was eroded to a relative relief of less than about 550 metres.
Estimates of the age of this surface have ranged from Mio-
cene to Eocene (Bostock, 1936; Tempelman-Kluit, 1980).
Drainage patterns in the Dawson Range, beyond the litnit of
the penultimate Reid glaciation, are primarily dendritic trel-
lis where major faults control stream courses, or recurved
trellis where trunk streams follow the curvilinearboundaries

of plutonic bodies or other nonlinear discontinuities in the
bedrock. Drainage is disrupted in areas of thick bog, drift
and sands of inactive dunes.

The contemporary westerly flow of the Klaza River
drainage network into the Nisling River (Figures 7-1 and 3)
was preceded by flow to the south through the broad
swampy valley presently occupied by Lonely Creek (Bos-
tock, 1936, 1966; Hughes, 1990). The Klaza River was di-
verted to its present course through glacially induced stream
diversion and capture in the early Pleistocene (Bostock,
1966).

QUATERNARY CONTEXT

A chronology of four glaciations of the Carmacks map
area and adjacent areas of central and southern Yukon was
constructed by Bostock (1966) based on morphostrati-
graphic, stratigraphic and geomorphic evidence. These
were named Nansen (oldest), Klaza, Reid and McConnell
(youngest). Although till, outwash gravels and erratics and
ice-marginal features up to 1250 mefres elevation associated
with the two oldest glaciations were recognized by the pre-
sent author and previous workers (Cairnes, 1915; Bostock,
1936) within the Nansen-Victoria and Big Creek placer dis-
tricts, deposits of these glaciations have been largely re-
moved by erosion or buried by colluvium. Consequently,
discrimination between the two glacial deposits is not usu-
ally possible. The informal name "pre-Reid glaciations" is
therefore used in reference to both glaciations.

Deposits of the two glaciations can be discriminated in
the area of Fort Selkirk, 80 kilometres north of the Nansen
- Big Creek placer district. There, basalts were erupted dur-
ing the younger pre-Reid glaciation (Jackson et al., 1991).
Five K-Ar ages have been determined on these magnetically
reversed basalts; 1.08+ 0.05 Ma (Naeser et al., 1982) 1.35%
0.08 Ma, 1.35+ 0.11 Ma, 1.47+ 0.11 Ma (Westgate, 1989)
and 1,284 0.03 Ma (GSC K-Ar 4168). The radiometric ages
and reversed paleofields of the basalts are consistent with
the time spans of reversed geomagnetism established in the
geomagnetic polarity time scale (Mankinen and Dalrymple,
1979; Shackleton et al., 1990).

The penultimate Reid glaciation is thought to have oc-
curred between about 80 and 130 Ka B.P (Jackson et al.,
1991). During this event, the Cordilleran ice sheet pressed
against the western and southern margins of the Dawson
Range. Meltwaters spilled into the Big Creek and Nisling
River basins across divides as high as 1000 metres on the
west margin and south-flowing streams were dammed at
elevations up to 1000 metres along the south.

The McConnell glaciation occurred between ca. 25 and
12 ka B.P. (Jackson et al., 1991). The Cordilleran ice sheet
also pressed against the Dawson Range but its upper limit
was about 300 metres below that of the Reid-age glacier.
Meltwaters crossed the Dawson Range only between Cross-
ing Creek and Nisling River (Figure 7-1).
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Figure 7-3. Limits of the Cordilleran ice sheet during the Reid glaciation in the area of the Dawson Range generalized from Hughes et al,
{1969} and Hughes (1990). The stipple patterns indicate arcas where stream aggradation occurred during the Reid glaciation. The dash
pattern indicates aggradation along streams draining unglaciated basins.

LATE TERTIARY AND QUATERNARY
WEATHERING HISTORY OF UNGLACIATED
AREAS OF YUKON

Analysis of fossil soils and fossil pollen from associated
sediments indicates that Yukon enjoyed a much milder ¢li-
mate until the onset of glaciation in the early Pleistocene
(Tarnocai and Valentine, 1989; Tarnocai and Schweger,
1991). Vegetation and soils that existed in the Old Crow area
{(contemporary mean annual temperature and precipitation
-10.1°C and 214 mm respectively) at that time, arc presently
found no farther north than central British Columbia (con-
temporary mean annual temperature and precipitation 4°C
and 550 mm respectively; Drumke, 1964; Atmospheric En-
vironment Service, 1982a and b; Tarnocai and Schweger,
1991). Itis reasonable to believe that the paleoclimate of the
0Old Crow area, 6° of latitude south of the Dawson Range,
contrasted equally as dramatically with the present climate.
Such a climate, persisting over hundreds of thousands or
millions of years almost certainly resulted in a deeply
weathered scdiment mantle over the Dawson Range. The
well known White Channel gravel in the Klondike district
(McConnell, 1905) was deposited during this period. The
quartzose composition of this unit, from which its colour
and name derive, reflect a climate warm, wet enough for
chemical weathering to eliminate less chemically resistant
lithologies (Boyle, 1979, p. 356).

Following the pre-Reid glaciations, the climate re-
turned to warmer and wetter conditions at least oice. The
Wounded Moose paleosol is commonly found developed in
pre-Reid outwash in central Yukon (Smith ez al., 1986; Tar-
nocai and Schweger, 1991). It formed under a climate with
a mean anmual temperature of 7°C or greater and raean an-
nual precipitation of more than 500 millimetres. A V/ounded
Moose paleosol, developed in pre-Reid gravels overlying
till, was exposed beneath colluvial overburden along the
valley side above Discovery Creek during exploratory
trenching in 1989 (UTM 386000 6884000; A in Figure 7-1)
and has been observed elsewhere within the Nansen Creek
basin (W. Lebarge, personal communication, 1992).

The temperate period during which the thick (| m) and
deep red Wounded Moose paleosol developed was of un-
known duration. Between the time of paleosol development
and the onset of the Reid glaciation (ca. 1.2 Ma B.P. and ca.
80-130 ka B.P), the climate probably alternated etween
glacial climates and one similar to the contemporary inter-
glacial climate, Climatic conditions during at least some of
these glaciations were as severe as any contemporary cli-
mates. Wounded Moose soil and the pre-Reid outwash grav-
els are commonly cut by periglacial features such as sand
wedges which are presently forming in unglacierizzd areas
of Antarctica (Péwé, 1959).
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The exposure of Wounded Moose soil examined in the
Discovery Creek basin is cut by well formed sand wedges.
Evidence for climatic conditions during at least one inter-
glacial period comes from core 88 DDH 115 recovered by
Archer-Cathro and Associates Ltd. (1981) above Pony
Creck in the Victoria Creck basin in 1988 (UTM 382300
6956000; B in Figure 7-1). It intersected a pre-Reid melt-
water channel filled with 21 metres of sediment. Three
zones indicative of seil-forming activity were noted in the
lower 15 metres of fill recovered in the core. Based on the
intensity of weathering, the lowest so0il was interpreted as
being correlative to the Wounded Moose soil. Pollens recov-
cred from fine sediment associated with less well developed
soils were indicative of climates similar to or more severe
than today’s. These pedologic layers are separated by coarse
and angular stony diamictons, probably colluvium, devel-
opcd through gelifluction when the margins of the
mcltwater channel were devoid of vegetation and edaphi-
cally unstable,

MAJOR GRAVEL UNITS OF THE
NANSEN - BIG CREEKS PLACER
DISTRICTS

PRE-REID GLACIATION OUTWASH

The oldest gravels in the Nansen-Victoria and Big
Creck placer districts are outwash deposited during the wan-
ing stages of the last pre-Reid glaciation. One exposure of
this gravel, previously mentioned in conjunction with the
discussion on the Wounded Moose soil, has been noted on
the valley side aproximately 45 metres above the floor of
Discovery Creck (A in Figure 7-1) and elsewhere in the
Nanscn Creck basin (W. Lebarge, personal communication,
1992). Gravels are discontinuously present along the north
side of the Big Creck valley up to the divide with Bow Creek
where former pre-Reid meltwater channels are apparent at
approximately 1100 metres elevation, With few exceptions,
these gravels and pre-Reid tills in the upper Nansen Creek
and Klaza River basins only contain lithologies known to
occur in Dawson Range and thus indicate that the glacial ice
present in the upper parts of the Nansen Creek, Big Creek
and Klaza River basins originated from ice centres within
Dawson Range.,

REID OUTWASH AND REID-AGE GRAVELS
GRADED TO GLACIAL IMPONDMENT

During the Reid glaciation, the Cordilleran ice sheet
advanced into the ice-free Dawson Range from the west and
south, This cffected fluvial sedimentation in the Dawson
Range through climatic change, input of outwash and base
level changes.

CLIMATIC CHANGE

The glacial climate largely denuded the uplands of
vegetation. Tree line was depressed more than 8§50 metres
in the central Yukon during the McConnell glaciation and
the mean July temperature is estimated to have been less
than 5°C, hence colder than the present (Matthews er al.,
1990). Because the Reid glaciation was more severe than

the McConnell, the effects of the former glaciation on the
vegetative cover were even more pronounced. The resulting
denudation made whatever weathered overburden, formerly
stabilized by vegetation, available for erosion and transport,
as well as sediment created by the intense physical weath-
ering environment active during glaciation. This probably
increased erosion rates and delivery of sediment to adjacent
lowlands.

OUTWASH INPUT

Meltwaters from the ice sheet spilled across passes be-
tween Crossing and Seymour creeks and down the unnamed
creek which shares its divide with Merris and Hoochekoo
creeks (Bostock, 1936) in the Big Creek basin and between
Rowlinson Creek and upper reaches of the Nisling River
{Figure 7-3) farther south. These meltwaters carried out-
wash gravels down Seymour and Big creeks and Nisling
River.

BASE LEVEL CHANGES

Ice sheet encroachment into the Dawson Range raised
base levels of streams flowing out of the range by impond-
ment and diversion along ice margins. As much as 20 metres
of aggradation occurred along streams draining unglaciated
basins such as Nansen Creek, Victoria Creek, Lonely Creek
and Klaza River. Basins that were dammed and also re-
ceived outwash locally accumulated exceptionally thick de-
posits of gravel. A tongue of the Cordilleran ice sheet
pressed up Big Creek below the confiuence of Big Creck
and Seymour Creek to no less than 610 metres elevation,
raising the base level approximately 150 metres. Glacial ice
apparently crossed the low (945 m) divide between Merrice
and Hoochekoo creeks and the unnamed creek that joins Big
Creek 5 kilometres below Stoddart Creek (unnamed creek
in Figures 7-1 and 3). This glacial ice or resultant outwash
sediment blocked Big Creek. These events resulted in 183
metres of gravel being deposited in the area of the conflu-
ences of Seymour and Stoddart creeks with Big Creek,
where terraces underlain by unweathered gravels at ap-
proximately 823 metres are also present on ridge highs (arca
of UTM 382300 6913400).

Tributaries to Big Creek above the Seymour Creek con-
fluence would have had to aggrade in response to this sig-
nificant activity downstream. For example, the
approximately 12 metres of gravel and muck overlying a
highty productive gold placer at Revenue Creek may have
been deposited at this time. Radiocarbon ages of more than
40 000 years B.P. (GSC 4935) and more than 38 000 years
B.P. {(GSC 4963) have been determined on wood from the
top of the fill. Although these ages do not demonstrate clear
linkage to aggradation during the Reid glaciation, they at
least demonstrate formation predating the McConnell
glaciation.

Lithology and physical appearance allow easy dis-
crimination between Reid outwash gravels and gravels de-
posited by streams that drained glacier-free basins during
the Reid glaciation. Outwash contains a significant content
of lithologies external to the basin, whereas Reid age non-
outwash gravels have lithologies only occurring upstream.
The most striking difference is in the physical appearance
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of the two types of gravel. Qutwash gravel typically is
coarse, with subangular to subrounded clasts which charac-
teristically occur in planar stratified to massive facies for
many kilometres beyond the glacial margin. The non-out-
wash gravels are often angular to subangular, containing
wind-sculptured clasts (ventifacts) and ice-wedge pseudo-
morphs. The non-outwash sediments display marked tex-
tural changes vertically, between angular gravel and coarse
sand as well as laterally with texture fining markedly down-
strear.

The differences in physical appearance relate to depo-
sitional history. The alternation of coarse frost-shattered and
ventifacted gravels and coarse sand in non-outwash prob-
ably reflects episodic fluvial events during which coarse
sediments were washed out of uplands into fans and braided
stream environments. The periglacial climate and catabatic
winds promoted frost shattering and ventifaction of clasts
before they were buried by shifting channels or flood events.
In contrast, deposition and aggradation of outwash plains
was rapid and periglacial modification of clasts relatively
rare.

McCONNELL GLACIATION GRAVELS

Meltwaters from the Cordilleran ice sheet had minimal
effect on the placer-bearing basins of southwestern Car-
macks map sheet during the McConnell glaciation. Melt-
waters only crossed the Dawson Range between Rowlinson
Creek and Nisling River. This served to truncate and incise
Reid-age non-outwash gravels at the confluences of Victoria
and Nansen creeks with the Nisling River. Glacial ice did
not extend far enough down the Yokon River to block the
mouth of Big Creek. Consequently, base level was not af-
fected significantly in that basin.

Probably the most significant effect of McConnell
glaciation was simply denudation of the Dawson Range by
the onslaught of a glacial climate. This probably resulted in
increased rates of erosion and sedimentation. In addition,
loess and sand driven by catabatic winds were deposited in

fens and bogs thereby forming muck deposits in valley and
gulch boettoms,

OBSERVATIONS ON ORIGIN OF GOLD
PLACERS

Bostock (1936) noted a close association between
placer and lode gold and felsic intrusives in the Nansen
Creek and Mount Freegold areas. Subsequent investigations
have corroborated his original observations. In Figure 7-4,
existing placer operations are overlaid upon bedrock geol-
ogy generalized from Tempelman-Kluit (1978). All existing
placer operations either overlie or are topographically
down-slope from Cretaceous granites and granodiorites or
their volcanic or subvolcanic equivalents (Mount Nansen
Group). Placer gold in these districts originated either within
these intrusive rocks or in mineralized zones where the in-
trusive rocks contact country rock. All of the placers in these
districts have formed between the end of the pre-Reid
glaciations and the Reid glaciation. If Tertiary weathering
produced placers similar to the White Channel gravel within

the Dawson Range, they would have been incorporated into
pre-Reid glacial deposits.

Placers in the Nansen - Big Creek district are usually
found resting on deeply weathered bedrock (e.s. Revenue
Creck) or on cohesive bouldery clay-rich diamicton (e.g.
W.D.P. Placers in upper Klaza River basin). The bouldery
clay-rich diamictons are interpreted to be till or reworked
till because of the presence of bullet and flatiron-s haped stri-
ated boulders which are indicative of glacial action. It may
be concluded, based on the position of the placers, that fol-
lowing the pre-Reid glaciations, streams in the Dawson
Range degraded their beds to bedrock or tc clay-rich
erosionally resistant glaciogenic diamicton. It was during
this period of fluvial degradation that the placers were
formed. Erosion through unknown but significant thick-
nesses of glacial sediments probably concentrated the gold.
Gold was also contributed by direct erosion of bedrock or
erosion of the colluvial mantle,

Placers along second and third order strecams were
eventually buried by Reid-age outwash and related aggra-
dation. "Gulch" placers on higher and steeper first order
streams were buried by angular, poorly sorted grevels (often
with ventifacted clasts) delivered to the channel sy creep of
the colluvial mantle and progradation of small steep alluvial
fans. This aggradation cannot be linked to any specific
glaciation or interglaciation at present. Placers slong Back
Creek on the west side of the Victoria Creek basin (Figure
7-1) are capped by such coarse angular gravels.

SUGGESTIONS FOR FUTURE
PROSPECTING

Five recommendations are made with respect to future
placer prospecting in the Dawson Range:

1. The faciors that led to the deposition of gol¢: placers in
the Nansen - Big Creek placer district should also have
been coincident elsewhere in the Dawson Range. Areas
suggested for particular attention include drainage basins
within or partly within the outcrop area of the Late Cre-
tacecus granitics and Mount Nansen Group (Figure 7-4).

2. Undiscovered placers that may exist on some of the
larger streams such as Big Creek and Lonely Creek are
probably buried under a considerable depth of valley fill
due to extensive aggradation during the Reidiglaciation.
Smaller, steep, first order tributaries in the uper parts of
basins have the least overburden and are piobably the
most economically viable prospects. '

3. Exploration shouid be concentrated beyond the limit of
the Reid glaciation, becanse elsewhere glacial ice would
have removed preexisting placers.

4, Existing geological maps and the outcrop patiern shown
in Figure 7-4 should only be regarded as guides because
outcrops are sparse and coliuvial mantles are “hick in the
Dawson Range. Clasts of granitics or Mount Nansen
Group lithologies present in stream gravels or in collu-
vium (exclusive of areas that received Reid ou twash), in-
dicate that these potential gold source rocks are present
within the basin whether or not they have be¢n mapped,
and should be regarded as indicators of gold potential.

Paper 1995-2

81



British Columbia

62*307 1

0 5 10 1B 20 25 30 km

LEGEND

Mount Nansen Group: andeasite, rhyolite

presently or formerly mined placer
and deuclte dykes and plugs r\J atation

ooy granodiorite, granite and hornblende
™. , lacer atream: no or limited minin

oo euaoy diorite. (plutonic equivaient of MtNansen N P o
Group.)

NC Stream name (explained in text)

amall occurrence of Mt Nanaen Group

Figure 7-4. Superposition of present and past placer mines and distribution of Late Cretaceous granitics and Mount Nansen Group from

Templeman-Klnit {1979). HC - Hayes Creek, BC - Big Creek, SC - Seymour Creek, StC - Stoddart Creek, KR - Klaza River, MC - Magpie
Creek, NC - Nansen Creek, VC - Victoria Creek, UN - unnamed creek.
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5. Pre-Reid outwash may locally contain low-grade plac-
ers. Glacial erosion acted upon a weathered bedrock man-
tle relict from Tertiary climates. This mantle was
probably locally enriched in gold which may have been
further concentrated by glaciofluvial sorting,

ACKNOWLEDGMENTS

The author thanks the many placer miners of the Nan-
sen - Big Creek placer district for access to their claims and
hospitality. Particular thanks go to Wayne and Pat Perry,
Jack Coglin, Frank Cochrane, Aurchem Exploration, John
Gow and Torfin Djuckenstein. The anthor benefitted from
joint fieldwork and discussions with Steve Morison and Bill
Lebarge of Indian Affairs and Northern Development Can-
ada and Charles Tarnocai of Agriculture Canada,
Paleoecological information was supplied by Bob Mott of
the Palcoecology Section of Terrain Sciences Division,
Geological Survey of Canada. This paper benefitted from a
constructive review by Brent Ward and his comments are
gratefully acknowledged.

REFERENCES

Atmosphere Environment Service (1982a): Canadian Climate
Normals, Temperature and Precipitation: The North--British
Columbia; Atmospheric Environment Service,
UDC:551.582(711), 268 pages.

Atmosphere Environment Service (1982b): Canadian Climate
Normals, Temperature and Precipitation: The North--Yukon
Territory and Northwest Territories; Atmospheric Environ-
ment Service, UDC:551.582(712), 268 pages.

Bostock, H.S. (1936): Carmacks District, Yukon; Geological Sur-
vey of Canada, Memoir 189,

Bostock, H.S., (1966): Notes on Glaciation in Central Yukon Ter-
ritory; Geological Survey of Canada, Paper 65-56.

Boyle, RW. (1979): The Geochemistry of Gold and its Deposits;
Geological Survey of Canada, Bulletin 280,

Cairnes, D.D. (1915): Southwestern Yukon; Geological Survey of
Canada, Summary Report 1914, pages 10-33.

Drumke, J.S. (1964): A Systematic Survey of Corylus in North
Amecrica; unpublished PhD. thesis, University of Tennessee,
142 pages.

Grond, H.C,, Churchill, §.J., Armstrong, R.L., Harakal, J.E., and
Nixon, G.T. (1984): Late Cretaceous Age of the Hutshi, M.
Nansen, and Carmacks Groups, Southwestern Yukon; Cana-
dian Journal of Earth Sciences, Volume 21, pages 554-558.

Hughes, O.L. (1990): Surficial Geology and Geomorphology,
Aijshihik Lake, Yukon Territory; Geological Survey of Can-
ada, Paper 87-29.

Hughes, O.L., Campbell, R.B., Muller, 1.E. and Wheeler, J,0.
(1969): Glacial Limits and Flow Patterns, Yukon Territory
South of 65 Degrees North Latitude; Geological Survey of
Canada, Paper 68-34.

Jackson, L.E. Jr,, Ward, B., Duke-Rodkin, A. and Hughes, O.L.
(1991): The Last Cordilleran Ice Sheet in Southern Yukon

Territory; Géographie physique et Quarternaire, volume 45,
pages 341-354,

Mankinen, E.A. and Dalrymple, G.B. (1978): Revised Geopolarity
Time Scale for the Interval 0-5 m.y.; Journal of Geophysical
Research, Volume 84, pages 6135-626.

Mathews, W.H. (1986): Physiography of the Canadian Cordilerra;
Geological Survey of Canada, Map 1701-A, sciale 1:5 000
000.

Matthews, J.V., Schweger, C.E. and Hughes, O.L. (1390): Plant
and Insect Fossils from the Mayo Indian Village Section
(Central Yukon): New Data on Middle Wisconsinan Envi-
ronments; Géographie physique et Quarternaire, Yolume
44, pages 15-26.

McConnell, R.G. (1903); Report on the Klondike Gold Fields;
Geological Survey of Canada, Annual Report, Volume 14,
1501, Part B, pages 1B-71B.

Naeser, N.D., Westgate, J.A., Hughes, O.L. and Péwé, 1"L. (1982).
Fisson-track Ages of Late Cenozoic Distal Tephra Beds in
the Yukon Territory and Alaska; Canadian Jourral of Earth
Sciences, Volume 19, pages 2167-2173.

Péwé, TL. (1959): Sand Wedge Polygons (Tessellations) in the
McMurdo Sound Region, Antarctica: A Progress Report;
American Journal of Science, Volume 257, pages 545-552.

Shackleton, N.I., Berges, A. and Peltier, W.R. (1990): An Alternate
Astronomical Calculation of the Lower Pleistozene Time-
scale Bascd on ODP Site 677; Transactions of the Royal So-
ciety of Edinburgh: Earth Sciences, Volume 81, pages
251-261.

Smith, C.A.S., Tarnocai, C. and Hughes, O.L, (1986): Pedological
Investigations of Pleistocene and Glacial Drift Surfaces in
the Central Yukon; Géographie physique et Quarternaire,
Volume 40, pages 29-37,

Tarnocai, C. and Schweger, C.E, (1991): Late Tertiary and Early
Pleistocene Paleosols in Northwestern Canada; Arctic, Vol-
ume 44, pages 1-11.

Tarnocai, C. and Valentine, K.W.G. (1989): Relict Soil Properties
of the Arctic and Subarctic Regions of Canada; in
Paleopedology, Broger, A, and Catt, J.A., Editors, Catena
Supplement 16, Cremlingen-Desteldt, Germany, pages 9-39.

Tempelman-Kluit, D.J. (1974): Reconnaisance Geology of Aishi-
hik, Snag, and part of Stewart River Map Areas, West-central
Yukon; Geological Survey of Canada, Paper 73-41.

Tempelman-Kiuit, D.K. (1978): Geology of the Laberge (105E)
and Carmacks (115I) Map Areas, Yokon Territory; Geologi-
cal Survey of Canada, Open File 1101,

Tempelman-Kluit, D.J. (1979): Transported Cataclastite, Ophiolite
and Granodiorite in Yukon: Evidence of Arc-Coatinent Col-
lision; Geological Survey of Canada, Paper 79-14.

Tempelman-Kluit, D.J. (1980): Evolution of the Physiography and
Drainage of Southern Yukon; Canadian Jourrial of Earth
Sciences, Yolume 17, pages 1189-1203,

Westgate, J.A. (1989): Isothermal Plateau Fission-trick Ages of
Hydrated Glass Shards from Silicic Tephra Beds; Earth and
Planetary Science Letters, Volume 95, pages 225-234,

Paper 1995-2

83



British Columbia

84 Geological Survey Branch



Ministry of Energy, Mines and Petroleum Resources

TERRAIN ANALYSIS AND THE SEARCH FOR GOLD,
COTTONWOOD MAP SHEET (NTS 83G/1E)

By Murray A. Roed
Geoterrain Consultants, Kelowna, B.C.

INTRODUCTION

The occurrence of an unusual series of placer gold de-
posits on Mary and Norton creeks 45 kilometres east of
Quesnel, British Columbia, and the production of nugget
gold from these deposits, stimulated an extensive search for
the source of the gold in the east half ofthe Cottonwood map
area (NTS 83G/1E, Figure 8-1). Studies and exploration ex-
tended from 1982 to 1988 and involved bedrock geology
mapping, terrain analysis and ajr photo interpretation, peb-
ble studies of all surficial deposits, paleocurrent indicators,
and a paleogeographic analysis. This culminated in an ex-
tensive overburden and bedrock drilling program based on
a variety of geophysical surveys. This report provides a
summary of activities covering this project.

PHYSIOGRAPHY

The Cottonwood area straddles the Fraser Plateau on
the east and the Fraser Basin on the west, two major
physiographic regions of the Interior Plateau system of Brit-
ish Columbia (Holland, 1964). Elevations range from 800
metres on the Cottonwood River in the west to over 1600
metres in the upland to the east. Drainage is provided by the
Cottonwood and Swift rivers and Lightning Creek, which
then enter the Fraser River. Main tributaries of the Cotton-
wood inciude Umiti Creek (formerly known as Deep
Creek), John Boyd Creek, Alice Creek, Mary Creek, Norton
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Figure 8-1. Location of map area,

Creek and Barry Creek. Lakes are rare in the area bhutinclude
the southern tip of Ahbau Lake and several smaller Jakes
such as Hyde Lake. All streams are underfit relztive to the
valleys in which they flow, a result of extensive jslacial and
preglacial erosion and deposition cycles that have affected
the area. There is a dominant north to northwesterly trend
to most of the minor valleys in the area, whereas major val-
leys trend westerly.

PHYSIOGRAPHIC DIVISIONS

Other distinctive landforms are easily recogrized in the
area, as shown on the physiographic map (Figure 8-2).
These consist of lowlands adjacent to the main streams; ex-
tensive plains that border lowlands; linear, rounded north-
trending ridges that are rock cored; and planar west-sloping
benches that are also rock cored.

AHBAU
LOWLAND

CARIBOO

UPLAND

SWIFT RIVER
o .+ PLAIN

[l -
L3

LIGF TNING
HENCH

Figure 8-2. Physiographic map.
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TERTIARY
?Pliocene
N Diamicton, pale yellow to orange

stony clay, Norton and Mary creeks;

mined out, previous nugget gold
prodlucer (£972-1985),
Miocene
M Fraser Bend Formation, light to
medivm gray platy siltstone,
mudstone, laminated and banded;
horizontal to very slightly inclined,
Oligocens
L Ausiralian Creek Formation,
mudstone, cemented gravel, lignite
seams; folded and faulted.
CRETACEQUS
KG Gabbre, fine to medium grained,
olive green to datk grey, euhedral
pytite, minor chalcopyrite, quartz
veins; dikes and small stocks.
K Syenite, fine to coarse crystalline,
Minor chalcopyrite, galena,
chalcocile,

MISSISSIPPIAN, PENNSYLVANIAN,
PERMIAN

F Antler Formation; basalt,
serpentiite, quartz tale schist, horse
and tail steucture, highly sheared;
outerop in Mary Creek.

E Ramos Creck Formation; psammite,
gritty sandstone, micaceous
quartzite, silver phyllite, argillite,
siltstone.

DEVONIAN, MISSISSIPPIAN

D Siltstone, phyllite, feldspathic
quartzite, mica actinolite schist,
minror marble.

HADRYMNIAN

C  Micaceous quarizite, biotite
psamnite, sitver schist,

B Marble, micaceous marble,

A Bioetite ganet psammite, biotite
quartzite, silver schist, amphibolite,
biotite schist.

Figure 8—3. Bedrock geology map.

JURASSIC

J Basalt, andesite, chert, dacite,

1 Siltstone, black, rusty; basait,
andesite, tuiT, dacite,

IT  Tuff, felsic, aphanitic to coarse
grained, varicoloured, argillized and
altered; oxidized to 100 metres
below surface in places; fractures
with hematite stain, traces of
particuiate gold, K/IAr 119 + 4 Ma.

UPPER TRIASSIC

H  Augite basalt, basalt, tuff, volcanic
breccia, siltstone.

G Argillite, siftstone, minor sandstone,
grey crystal tuff, graphitic shear
zones, disseminated and massive
pyrite, quartz veins, gabbro dikes,
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Figure 8-4, Generalized structural section A - Al

BEDROCK GEOLOGY OF THE
COTTONWOOD MAP SHEET (93G/1E)

Bedrock outcrops are scarce, exposed mainly along
creeks, rivers, highway and logging roadcuts, and on scat-
tered ridge-tops. Figure 8-3 is a bedrock map adapted from
Struik (1982), Rouse and Mathews {1979), Tipper (1961)
and Rouse et al. (1990); Figure 8-4 illustrates the interpreted
regional structure.

TERRAIN DESCRIPTION - SURFICIAL
GEOLOGY

Quaternary surficial deposits of glacial and nonglacial
origin cover over 95% of the map area. Glacial deposits con-
sist mainly of ground moraine composed of till and
glaciofluvial deposits in outwash plains, terraces, channels
and kame (ice-contact) deposits. Extensive glaciolacustrine
deposits composed of silt and varved clay are also present,
mainly in the subsurface and underlying till. Nonglacial de-
posits of Holocene age include alluvial sand and gravel in
bars and terraces of modern streams, sand dunes, alluvial
fans, slope wash and landslides on colluvial slopes, peat in
organic terrain and rock landforms which are extremely lim-
ited. The general distribution of most surficial units is shown
in Figure 8-5 and described below.

GROUND MORAINE

Ground moraine mantles more than halfthe area. It con-
sists of either a blanket of bouldery, sandy, clayey till (M)
or a veneer of stony sandy till (Mv) from 1 to 3 metres thick
over bedrock. Three tills have been recognized in the sub-
surface,

The most common till is a grey clayey till referred to as
the upper till. It is from 0 to 5 metres thick and overlies
bedrock directly in many localities, including much of the
Cariboo Upland. However, in buried valleys (Figure 8-6),
this till overlies thick sections of older glacial deposits [e.g.
near Mexican Hill at Lover’s Leap, Swan Valley; (Clague,
1991); Barry, Lightning, Alice, Mary and Norton creeks;
(Levson ef al, 1990) and at the Big Bend of the Swift River,
along Umiti Creek, in John Boyd Creek, and in places along
the Cottonwood River]. This till was deposited during the
latest widespread advance of the Interior ice sheet, the
Fraser glaciation. Grooves and flutings document that this

ice sheet moved north across the area and spread laterally
into the Cariboo Mountains over low passes and up valleys
such as Lightning Creek.

Two other tills, termed the middle and the lower tills,
are also known in the area.

All three tills are present in only one locality near Mexi-
can Hill and below Lover’s Leap and Swan Vallzy (Figure
8-6). This section has been studied in detail by Clague
(1991). The middle till here is grey to brown in colour, up
to 5 metres thick, and is very stony with numerous angular
pebbles and boulders. It overlies a coarse bouldery gravel
and silt (interglacial) and underlies a massive, bue varved
clay in which tephra and organic layers have been found;
twigs collected from the clay yielded radiocarbon dates of
greater than 40 000 and 51 000, and one finite date of 32
020 ( 600 years B.P,; Clague, 1991). This till is at least Early
Wisconsinan in age.

The lower till is exposed in numerous locallt; es in other
parts of the area. It averlies both bedrock and Tertiary de-
posits at Mexican Hill and it occurs at Alice, Mary and Nor-
ton creeks (Levson et al, 1990), It is up to 5 metres thick and
underlies an interglacial gravel in many localities. The lower
till is believed to represent a major glaciation, pre-Wisconsi-
nan in age, that flowed to the south (Tipper 1971).

GLACIOFLUVIAL DEPOSITS

Glaciofluvial {GF) sand and gravel deposits. are wide-
spread in the area. They include extensive outwash plains
that trend north, numerous shallow and deeply incised melt-
water channels that form prominent valleys, terraces along
old meltwater channels and along the valley slopes of pre-
sent streams. These deposits are related to the progressive
melting and retreat of the Fraser ice in Late Wisconsinan
time.

BURIED INTERGLACIAL DEPOSITS

An extensive fluvial gravel unit occurs in several locali-
ties in the area. At two localities (Figures 8-7 and 8-8), the
unit is a rusty boulder-cobble gravel up to 20 metres thick.
It contains more limonite than glaciofluvial gravel and is
invariably stained with manganese. Bedding is poor and
strata dip steeply to the north in the Lightning Creek valley.
Two tills overlie it at the Mexican Hill section. his gravel
is known to occur across a distance of 5 kilometre:s in Light-
ning Creek. It appears to be a canyon-fill material of inter-
glacial origin, derived from a stream origina:ing in the
Cariboo Mountains. The bulk of the placer gold in the Light-
ning Creek valley is in this unit,

In some places, a fluvial sand unit und_erhe:; the upper
till. At the Mexican Hill section it occurs as ar. extensive
bedded sand 10 metres thick (Clague, 1991). A cimilar unit
is exposed in Umiti Valley, and along Cottonwooi River and
John Boyd Creek.

GLACIOLACUSTRINE DEPOSITS

Glaciolacustrine clays do not generally outcrop. Exten-
sive glaciolacustrine silt and clay units are widesjiread in the
subsurface along buried valleys in the area. The best ex-
posed section is at Mexican Hill, but similar un'ts occur at
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Edge of $2erp slong Present Stream.

Edge of Scarp slong Meltwater Channel.

Glacial Groove

HOLOCENE

0O  ORGANIC
AP ALLUVIAL PLAIN

E EOLIAN

Peat, wet to moist depressions.

Sand, gravel in flood plain and terrace
deposits; includes steep valley slopes and
and colluvial deposits,

Sand, fine prained, in poorly formed dunes
and as blankets,

PLEISTQCENE
GF  GLACIOFLUVIAL

M MORAINE
My MORAINE
R ROCK

Figure 8-5. Surficial geology map

Gravel, pebble to cobble, stratified;
includes outwash plains and deposits in
meliwater channels; some organic terrain
and minor streams,

Tilt, sandy, stony, over 2 metres thick,
undulating, low relicf, fluted in places;
includes minor gravel and organic.

Till, vencer, sandy, stony, less than 2
metres thick, overlics bedrock, moderate
refief: includes some bedrock.

Rock hitl, knob, ridge or plain.
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Figure 8-6. Map and section, Mexicar Hill.

Alice Creek, along the Cottonwood River near the western
boundary of the map area and in Umiti Creek valley.

The glaciolacustrine units represent major periods of
ponding of meltwater, either near the end of a glacial retreat,
or at the beginning of an advance when normal drainage
becomes regionally disrupted.

ALLUVIAL DEPOSITS

Alluvial deposits (AP) consist of pebble to cobble-
gravel bars along present stream channels, and gravel over-
lain by flood plain silt on low terraces adjacent to streams.
Colluvial slopes are also included in this map unit.

EOLIAN DEPOSITS

Sand deposits of eolian (E) origin are restricted to the
Umiti plain where sandy outwash deposits are overlain in
places by dune sands. The dunes are indistinct in form and
commonly consist of a 1 to 2-metre blanket of discontinuous
fine-grained eolian sand.

ORGANIC TERRAIN

Extensive peat bogs (O), up to 30 metres thick inplaces,
occur aleng major meltwater valleys in the area, especially
those that are not presently occupied by well developed
streams (e.g. Swan valley, Figure 8-4; Clague et al, 1990).

THICKNESS OF SURFICIAL MATERIAL

The aggregate thickness of surficial material, including
underlying pravel of possible Tertiary age, is greatest in bur-
ied valleys. Overall, the data on thickness are spirse. Inter-
polation from field data in Lightning Creek valley indicates
that at least 100 metres of "overburden” is common. At the
confluence of Barry Creek and John Boyd Creek a shaft has
been sunk 52 metres (John Hanley, personal ccmmunica-
tion, 1983) and the sequence encountered is nearly identical
to that exposed 2 kilometres to the south in the Mexican Hili
section. Up to 40 metres of material occurs above the bed-
rock in places at the Toop mine (Klein, 1976). Drilling by
M. Roed (Table 8-2) intersected up to 98 metres of surficial
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Figure 8-8. Diagrammatic cross-section, McGuire property,
Lightning Creek.

material 1.5 kilometres south of the Toop mine. Several
properties along Lightning Creek have been drilled, indicat-
ing surficial sediments in excess of 100 metres in thickness.

PEBBLE STUDIES

Pebble lithologies were recorded for most of the surfi-
cial units in the area, including the late Tertiary gravel and
diamicton deposits (section 6.0). This information is sum-
marized in Table 8-2. Older gravels are generally more an-
gular than younger ones, and the lithologic composition is
more restricted. For example, the clast composition of the
diamicton at Mary Creek is very distinctive, consisting
dominantly of felsic tuffs. On the other hand, gravel of in-
terglacial origin is invariably stained with manganese and
limonite.

PREGLACIAL COLLUVIAL PROCESSES

The intensity of colluvial weathering processes on
preglacial highlands is demonstrated by an unconsolidated
lithic gravel that was intersected in one of the exploratory
test holes (#R-10, Figure 8-12) drilled to a depth of 162
metres in the Coldspring graben during 1936.

The discovery of this unit significantly changed the in-
terpretation of the geologic history of the area. Qriginally
the material was interpreted as a thin-bedded tuff, but later
it was assumed to be talus-fill off the Coldspring graben
(Roed, 1988). The author has interpreted this as a detrital
deposit derived from a nearby paleo-high which is com-
posed dominantly of varicoloured felsic tuffs. The evidence
for this is summarized below.

The dominant (over 80%) lithology of clasts recovered
is felsic tuff that ranges through a variety of colours. Grain
size is mainly aphanitic, but some samples contain scattered
crystals of pink or clear quartz and/or, feldspar. Many of the
particles are stained with limonite, some manganese, and
hematite, all are soft, and some contain tiny vugs and resem-

ble pumice. Others contain chalcedonic quartz (agate) and
thin quartz veins or laminae. Some of the particles include
argillite, grey silvery schist, mica schist, quartzite and sand-
stone, and fine to medium crystalline green trachyte. These
rocks outcrop in an extensive northwesterly trending belt of
metamorphosed Paleozoic sediments. Lignitized wood
fragments were also recovered from this unit.

PARTICLE SIZE

The particles in the coarse, washed samples are remark-
ably uniform in size ranging from 0.5 to 1.5 centimetres in
length. Larger clasts are absent. All tuff particles are angular
to subangular in shape. All of the silvery schist particles and
many of the quartzites and sandstones are subangular to
marginally subrounded, The wood fragments are angular
and usually elongate and tabular. All of the quartz is angular.
Pockets of matrix were observed throughout the core. They
are composed of a clay with coarser angular grains "float-
ing" in the matrix.

PAN CONCENTRATE CHARACTER

The pan concentrates for the sampled intervals consist
mainly of quartz and felsic fragments in about equal propor-
tions. Pyrite is the only sulphide found, and it is mainly in
the form of extremely fine grained massive aggregates as-
sociated with a black aphanitic rock (tuff or argillite), and
rarely as cubic crystals. Remarkably, there is no magnetite
or any other metallic heavy mineral present; indeed there
are very few "heavy" minerals in the pan concentrates.

It is known from previous work that the deposit is situ-
ated at the eastern edge of a late Tertiary graben ot trench,
referred to as the Coldspring graben. In the only other loca-
tion drilled in the graben, 2 kilometres to the south (Roed,
1988), the upper part of the graben is filled mainly with
mudstones with minor lignite bands that are assigned to the
Fraser Bend Formation.

It was originally assumed that the deposit was bedrock,
consisting of a thinly bedded sequence of altered, Jurassic
felsic tuffs. The presence of metamorphic lithic fragments,
their rounded nature, and the presence of lignite and wood
fragments invalidated this interpretation.

If the deposit is fluvial in origin, it reflects an extensive
period of stable and constant hydrodynamic conditions, as
the deposit is so well sorted and of substantial thickness (at
least 160 m). The angularity of the felsic tuff fragments,
given their softness, also argues against this interpretation.
The deposit does not resemble any of the glacial deposits in
the area, either in stratigraphic or lithologic character, For
example, granite is absent. All of the lithologic types in the
deposit occur locally in the bedrock.

The only other plausible interpretation is that the de-
postt is colluvial and represents a uniform accumulation of
talus along a paleo-topographic scarp that was dominantly
composed of easily eroded felsic tuff. This interpretation is
in accord with the belief that this area was subjected to in-
tense subaerial erosion during the late Tertiary . The deposit,
therefore, is likely the initial infilling of the Coldspring gra-
ben which was later submerged, allowing the deposition of
silt and clay of the Fraser Bend Formation. The recent work
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TABLE 8-1
SUMMARY OF GRAVEL CHARACTERISTICS
Diill Hole # |Total Depth| Overburde |  Angle of Bearing Collor [ Major Roc
{m) n Depth Hole (degrees) | Elevation Type
() (degioat) {m)
[ 8.3 5.5 Yeartical Vartical 978 | Tutfaceous]
Rocks
Rl 189 65.5 Verticol Vertcol 2 Tuffoceous
Rocks
R3 1564 74,7 Vortical Vertical 980 | Tuffaceous
ROCks
R5 167.6 97.5 Vertical Verlical 281 Argliite
R6 190.5 35.1 Vertical Vertical 94.6 Argliite
R¢ 152.4 44.2 Verticol Vertical 981 Argiliite
RIC 199.6 30.6 Vertical Vertical e17 Tutfaceous|
Rocks
RI2 182.9 42.7 Vartical Vertical 37 Argiitte
D9-86 118.6 47.5 71 267 075 Argliite
D086 219 458 82 2] P80 | Tulfaceous
Bracaclos
D11-85 135 74.7 a2 80 980 | Tuffaceous|
Brecclas
D13-86 125.9 93 75 230 P81 | Tuffaceous
Rocks
DI14-86 136.2 62.8 8 33z 981 Tuffaceous|
Rocks
D15-86 142.2 704 70 285 o7e Tuffoceous
Rocks
D16-86 151.5 46,3 68 330 980 | Tuffacecus
Rocks
D17-86 102.7 43.6 70 150 980 | luffoceous
Rocks
D18-86 47.9 16.2 50 59 978 | Tutfoceous|
Rocks
MC 1-88 15.2 152 Verticol Verical 978 Cigy
MC 2-88 51 229 Vertical Verticol 978 | Tuffaceous|
Rocks
MC 3-88 15.3 18.3 Vertical Verfical 978 Tt
MC 4-88 6.1 8.1 Vertical Vearfical 978 Till
[Tolal Drilled: 2509 m
TABLE 8-2

SUMMARY OF DRILL HOLES, COTTONWOOD PROJECT
(See Figure B-12 for locations)

GRAVEL UNIT TEXTURE LTROLOGY CLASTS MATRIX SEIMENTARY STRATIGRAPHY
STRUCTURES
TERIIARY Anguiar to subongulcr Maindy very local Absent to ciayey |Unbedded to indistincthy Cwerkas bediock
RESIDUAL | clasts, rare subroundied;|  bedrock: no granitic and leached. layered: cccuplas direchy, underfies
numerous fkat broken | types. soff, or altered, | siicous. ironitic: CIOCks i bedkock, younger Tertiary o
clasts, shingie ke in ¥on and mangonese ruQget accumuiation. | pregiacial materal andl
part: pebbla up lo | stained: rmay be of ones, o phacial mestoncd,
cobble skze, Iare rocik type, nusty in
boulder size placas, roten closts.
TERTIARY Subanguilar to Variely of local bedracky  Open work, Poorly bedded 10 wel | Undierkes tif ond overied
CHANNEL subreunded, some Woes, quorz, ne lsached to gritty bedded, porakel either bedrock or older
GRAVEL anguior: numenous fiat | granife, uoper 1 metre | and skfy: fust and ] bedding, cross shiata | Teriory deposit such os
ciasts, some broken, |commoniy stained; very]  manganese | and pebbie imbrication ot Toop mine.
mainly pebble sza, rare|  rusly in places; rolten | stained. parlly COMMON SOMe
cobblo. CKIisTs coninon. cemented fractures.
INTERGLACIAL Subonguior fo Varkely of local bediock]  Gritty and siffy. Very steap massive Overlos brown tl or
GRAVEL subroundead, some quaviz, some distant | some open work: | Kavers 16 poor parafiel | bedrock: overioin by 1)
rouncied: pebbie 1o | bedrock lypes such as | rorely cemented, | strata, vague knealion outwash geavel, of
bouider ske, granite, manganase | leached in upper | and imbrication of kirge| glaciolacustine ciay o
subsphercal, ond fimonite stoined, part botiders, darker than auvied graved.
1usty in genardl, some outwash grave,
rolen clts.
QUTWASH Subrounded to Varely of regional rock | Sit ond clay poor,|  Woll becided, Cross May overike i,
GRAVEL rounded, some types, Varas from grey | gritly sandy. open| sirata, paroliel bedding.| placiolacustine ciay.
subonguiar, moderate | 1o ¥ight nusty brown in work martrix in pobble imbrication, | ond sand, older gravel
o high spherdcity; COloW. places: loose in | interbed of sand, sit. | or badkock. Commonly
pebble, cobble ond gonercl ckay, lncksion of tl, | overkes other morainol
boulder sizes. high teroces olong mrtenal.
ALLLVIAL Subrounded to Grect vorlety of Siit ond clay poor,|  Well bedded, cross Comony overiain by
GRAVEL faunded, some roglonal rock hpex: | maindy ity sand,| shala, intorbeds of s, ﬂoadpbinﬁ.mtﬂ
subanguior & moderate] very faw roften clasts, | some open work sand and clay: clay, and/or organic
to high sphoricify; struchure; loose int imbricated, cuniinear | peat and muck: overied
pabble to bouldar sze generol fdges, low temaces o olcder materios,
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of Rouse ef al. (1989) supports this proposal; they have sug-
gested a Late Miocene age, based on palynology, for depos-
its such as the Fraser Bend Formation. The Mary Creek
mudflows are considered to be contemporaneous with the
upper part of the residual deposit found in R#10, and may
range in age from Late Miocene to Pliocene and possibly
even to early Pleistocene.

LATE TERTIARY AND PREGLACIAL
DEPOSITS

Exposures in the area indicate that a substantial series
of river systems developed in late Tertiary time. Preglacial
or late Tertiary gravel occurs at Mexican Hill near Porcupine
Lakes below Lover’s Leap; near the big bend on the Swift
River; in the Slade hydraulic pit on Moustique Creek; along
Umiti Creek valley; along Coldspring Lake valley; and
along the Cottonwood River.

Assimilating all available data and the results of this
work, an interpretation of the size and distribution of these
early channels is presented in Figure 8-9. All of the valleys
shown are now largely filled with moraine, except for sec-
tions that coincide with present stream valleys. The inter-
pretation is based on a minimum of subsurface data and will
undoubtedly require perhaps major revisions as further ex-
ploration is completed.

Figure 8-S. Principal early drainage channels.

Generally the gravels indicate that a series of north-
trending channels developed along the flank of the Cariboo
Mountains. As the land uplifted these channnels migrated
westward and cut new valleys. The last phase is evident in
the Cottonwood River valley, where a thin rusty gravel over-
lies bedrock and underlies glacial and younger nonglacial
deposits.

A distinetive sequence of basal angular gravel, residual
blue clay, three stony diamictons separated by two light grey
clay beds, and an upper manganese-stained cemented gravel
occurs on the west flank of Mary Creek at the confluence
with Norton Creek, The site, known as the Toop mine, is
approximately 40 kilometres east of Quesnel, and has been
mined out completely for placer gold during the period 1972
to 1988. It first attracted interest due to the high grade of the
deposits, the abundance of distinctive, flat, elongated gold
nuggets, and the uniqueness of the varicoloured deposits
from which the gold was produced. In one instance a pound
of gold was recovered from a cubic yard of pay gravel (Bar-
lee, 1974). The following is a summary of the data that have
been accumulated for this unique deposit.

GENERAL DESCRIPTION

The general sequence of the "pay dirt" at the Toop mine
is shown in Figure 8-10. This deposit occurs beneath two
tills (Levson et al., 1990) and overlies weathered Triassic
black shale, siltstone, argillite (Tipper, 1961} and gabbro
dikes at an elevation of approximately 940 metres (3100
feet). The contact with bedrock is very irregular. Bedrock
topography has a local relief of 20 metres within 100 metres.

The basal unit varies from a discontinuous and lens-like
layer of angular gravel, commonly less than 0.1 metre thick
and composed mainly of local bedrock fragments (Table 8-
2), to a blue clay with residual gabbro fragments and abun-
dant pyrite cubes. The gravel fills fractures in the bedrock
here and elsewhere in the Cottonwood area. This unit, in
turn, is overlain by a soft, orange-brown, stony clay I to 1.5
metres thick. This lower clay contains clasts of local bed-
rock and numerous sharply angular fuff and lthic pebbles
up to 10 centimetres in diameter. The basal gravel and re-
sidual blue clay are discontinuous so the basal unit of stony
brown clay envelopes bedrock irregularities and overlies
bedrock directly in places.

The lower stony clay is overlain by a white to light grey
clay up to 0.5 metre thick, composed of illite (J. Pell, per-
sonal communication, 1987), Up to 10% of the material con-
sists of floating angular particles of a variety of soft rock
types inciuding argillite and tuff fragments, black graphite
(specks in hand sample), quartz shards up to 60 microns size,
plates of muscovite {very thin flakes), soft, orange tuff, sil-
very white mica, and white to light grey quartz. Angular
clasts of distinctive, altered, pale red fine-grained tuffand a
mauve variety up to 10 centimetres in size occur sporadi-
cally, but do not outcrop nearby. Contacts are gradational,
indicating some mixing due to compaction or postdeposi-
tional movement. Some convolute bedding was observed at
the contact.

The lower light grey clay is overlain by a series of stony
clay beds ranging from 0.5 to 2 metres in thickness.
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Figure 8-10, Cross-section and stratigraphy, Toop pit, 1983.

The uppermost stony clay is disconformably overlain
by up to 1 metre of partly cemented open-work pebble
gravel, which is strongly stained with black manganese ox-
ide, is a deep rusty red to brown colour, and appears to have
been leached and oxidized. Cement is siliceous, limonite
rich and manganese stained. Pebbles in this unit are sub-
rounded to subangular, indistinctly bedded and comprise a
broad range of lithologics. The deposit is interpreted as rep-
resenting a fluvial environment.

The cemented gravel is overlain by a glacial sequence
in much of the pit arca. This sequence consists of a lower,
brown, dense claycy diamicton (tillo), covered by a thin
layer of manganese-stained gravel, (interglacial age?) and
an upper grey-brown diamicton {Figurc 8-10).

The entire sequence slopes very gently (1% gradient)
to the north. An angular gravel, equivalent to the cemented
gravel, but 10 metres lower, is evident at an operating placer
mine adjacent to Alice Creck 1.5 kilometres to the north.
Here, the deposit consists of a poorly sorted, dense, pebble
to cobble gravel with a variety of angular clasts. It ranges
from 2 to 5 metres in thickness (Levson ef al., 1990).

At the Toop mine site the sequence thickens from 3 to
5 metres towards the southwest. At the south end ofthe Toop
pit the cemented gravel unit is overlain by a light grey to
mauve diamicton, 4 metres thick, containing cobble to boul-
der clasts {(another debris-flow deposit?). This unit (not
shown on Figure 8-10) is also distinctive in that it is massive
and consists almost entirely of light coloured, altered felsic
tuff clasts in a clay matrix. It appears to be a wedge-shaped
deposit with a clast fabric orientation predominantly to the
east and northeast. The mauve unit is overlain by till and
other glacial deposits over 20 metres thick. It is probable
that the entire scquence at the Mary Creek locality pinches
out to the west beneath the upper till, and to the south and
east the scquence has apparently been truncated by glacial
and/or Holocene erosion.

CHARACTER AND OCCURRENCE OF GOLD
IN THE MARY CREEK SEQUENCE

A great variety of gold nuggets occurs in the deposit.
The richest part of the sequence is the bottom metre, usually
within 0.5 metre of the bedrock surface. However, nugget
gold was recovered from all units.

Most nuggets are flat, linear, smooth and su’ )roundcd
but some are rough, angular and crystalline in appecarance,
contain quartz and sand grains, are "cemented" to siltstone
or argillite fragments, or are stained with iron ard manga-
nese oxides.

PETROLOGY OF THE STONY CLAYS

Petrologic analysis of numerous samples of stony clay
of the Mary Creek unit show that 70% of its composition is
matrix which, in hand samples, is granular in afpearance,
soft, and which breaks down to clay upon washing. Coarser
grains are composed of mica, graphite, quartz shards, altered
feldspar(?), and other unidentified fragments. The frag-
ments and clasts constituting the remaining 30% Jf the unit
are almost entirely distinctly coloured, altered aphanitic
tuffs, sharply angular, and up to 10 centimeires ir. size. The
pebbles are often coated with a red to yellow rind. Sub-
rounded argillite pebbles and cobbles occur and angular to
subrounded quartz pebbles arc common,.

Carbonaceous material is common in the deposit and
varies from soft, black graphitic flakes in the light grey
clays, to lignite, charcoal and delicate fragment: of whole
twigs in the stony clays; in one instance a part of a large
fossil cedar(?) tree trunk was found that reportedly marked
the site of an unusual concentration of nuggets close to bed-
rock {Terry and Gary Toop, personal communication, 1983).

SPECIAL FEATURES

Small twigs and pieces of branches (willow?) have
been recovered from the lower stony clay. This suggests a
mud-flow origin for the deposit, in which the organic debris
“floated” during scmi-liquid flow. The brightly colourcd
stony clays arc thought to reflcct periods of oxidation pa-
leosol formation(?).

The open-work nature of the cemented gravol that caps
the sequence is believed to be due to extensive leaching;
hence, it is a diagenctic feature rather than a sedimentation
characteristic.

OTHER MINERALS

Magnetite is rarely found in the sluice box. Numerous
pans failed to recover any black sand of any type except for
pyrite cubes. The lack of "heavies" and the ccmparative
abundance of nuggets, is anomalous with respect to other
placer deposits in the arca. This and other characteristics
support a non-alluvial origin for much of the gold at the
Toop mine. ‘

Malachite and cuprite are locally common iri the resid-
ual fayers at the base of the sequence, close to or at the bed-
rock contact. Euhedral pyrite is abundant in the argillite
bedrock where intruded by gabbro and in residaal clay at
the base of the scquence. Minor chalcopyrite alse oceurs in
gabbroic rocks. Pyrite was common in the sluice box.
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AGE AND ORIGIN

The sequence described here is believed to be of Plio-
cene or late Tertiary age, as determined from a study of pa-
lynomorphs (Rouse et al., 1989).

All of the stony clays observed in this sequence are in-
terpreted as debris or mud-flow deposits. They were prob-
ably derived from an adjacent paleo-highland underlain by
deeply weathered or hydrothermally altered varicoloured
Jurassic tuffs. The strongest evidence for gravity-flow ori-
gin is the presence of organic remains, convolute structures,
sharp and erosive basal contacts, texture of the deposit, and
clast composition. Over 80% of the clasts are soft, felsic
volcanics and pyroclastics which are eagily abraded.

The materials were apparently deposited in a bedrock
depression of the ancestral Mary and Norton Creek valleys,
Three possible scenarios are listed as follows: flows eroded
pre-existing gold-bearing altuvial deposits; the flows them-
selves were derived from weathered and hydrothermally al-
tered bedrock that contained nugget gold; or the gold was
of hydrothermal origin. There is little evidence for the first
possibility. The second possibility presumes that gold-bear-
ing bedrock occurs in the area. The third seems unlikely, as
the flat, elongated and smooth nuggets, so common at the
Toop mine and in Alice Creek, suggest that some form of
erosion took place. On the other hand, the near crystalline
appearance of some nuggets suggests a primary origin.
However, Knight and McTaggart (1990} have discounted a
hydrothermal origin.

The abundance of angular to subangular, altered and
diverse felsic tuffaceous rocks as the main clast component
of the stony clays suggests a nearby source. Similar rocks
have been found within a kilometre to the south during sub-
surface drilling (Roed, 1988, 1993). Although some of the
tuffs in the bedrock match the lithologic types in the stony
clays, the pale red to mauve tuffs that are distinctive in the
stony clays have no known counterparts in the bedrock of
the area. Similarly, the mauve diamicton clast lithology has
not been observed in the area.

The light grey clay layers are believed to represent one
or more altered volcanic ash deposits which periodically
washed off of an adjacent slope and redeposited. J. West-
gate, of the University of Toronto, failed to positively iden-
tify shards in this altered material. Rouse et al. (1989)
identified shards in units sampled, and another sampie re-
covered unidentifiable shards.

The presence of angular pebble to cobble-sized tuff
clasts in the light grey clays remains problematic. One pos-
sibility is that there was an explosive vent nearby but no
supporting evidence has been observed. The presence of lig-
nite, charcoal and wood fragments including delicate
branches is strong support for a debris-flow origin. The
flows may have disrupted a pre-existing lignite layer in, for
example, remnants of the Fraser Bend Formation or the Aus-
tralian Creek Formation, both of which contain coal and
occur within § kilometres to the south and west. The debris
flows could have incorporated charred vegetation. One C'4
date on the wood gave an age of greater than 50 0600 B.P.
(V.M. Levson, personal communication, 1992).

Much of the arpiilite and gabbro bedrock is altered to a
black sooty clay and clayey gabbro, respectively. The
weathered and soft nature of the felsic tuffs and oxidation
ofrecovered diamond-drill core samples (Roed, 1988) in the
area suggests that considerable i» situ erosion in a subtropi-
cal climate affected the area during middle to late Tertiary
time (¢f. Rouse and Mathews, 1979). This alteration could
also be due to a hydrothermal event which may have af-
fected the locality.

SOURCE HIGHLAND FOR THE MARY CREEK
MUDFLOWS

An interpretation of the paleogeography near the Toop
mine at the time of deposition of the Mary Creek mudflow
sequence is presented in Figure 8-11. Formulation of this
interpretation had to consider a complicated geologic his-
tory, not fully explained in the present text. In summary,
these events include:

o allochthonous terrane emplacement (Quesnel Terrane)
during the Early Jurassic along the Eureka fault;
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Figure 8-11. Palcogeography, Toop mine area,
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e 2 Cretaceous intrusion event represented by the Naver
pluton (Reese ef al., 1985) and the Columbian Orogeny;

o development of and deposition in broad shallow continen-
tal graben basins in Oligocene time;

o folding during the Laramide Orogeny;

e mild graben and horst tectonics in Early Miocene time
along with clastic deposition in deep lakes in linear gra-
bens (Rouse and Mathews, 1979);

o several periods of differential uplift during Pliccene to
carly Pleistocene time;

o at least three periods of Cordilleran ice movements, sepa-
rated by an interstadial period with extensive erosion
{Clague et al., 1990); and

e modification by glaciofluvial erosion during deglaciation
of the last ice sheet and erosion during the Holocene.

The paleotopography was characterized by horst and
graben structures formed near the end of the Oligocene. The
Coldspring graben is the largest and trends northwest, It is
bordered on the east by highlands of the Cariboo Mountains
and on the west by the Cottonwood Tertiary basin (Tipper,
1961). This is a major feature and probably continues to the
south and joins with the Victoria Creek Tertiary basin. Sedi-
ments in this graben consist of over 200 metres of Miocene
mudstone and alluvial sand and gravel (Roed, 1988) repre-
sented by the Fraser Bend Formation.

Two horsts appear to have existed in the tate Tertiary,
flanking the Coldspring graben on the north and east. One
is an upland referred to as the Toopville horst, It is largely
underlain by bedded felsic tuffs of Jurassic age and argillite
of Triassic age in the core of an overturned syncline. From
diamond drilling (Roed,1988)} and rare surface outcrops, it
is known that some of the tuffs are hydrothermally altered
to a depth of at least 100 metres (Figure 8-11). The northern
part of the Toopville horst is underlain in part by gabbro,
referred to as the Alice Creek or Toop intrusive (Figures 8-4
and 8-11). The gabbro intrudes Triassic argillite in the Toop
pit.

The Alice Creek horst is composed of Jurassic to Tri-
assic metasediments, volcanics and pyroclastics., It is
bounded on the east by a vertical hinge-type fault along
Alice Creek, and on the west by the Coldspring graben.

An indentation in the Toopville horst is shown along
Norton Creek. It appears that the Mary Creek debris flows
originated at the head of this indentation in an area underlain
predominantly by soft felsic tuffs. All of this terrain has
since been eroded to a depth of up to 140 metres below the
present surface (Roed, 1988). It is inferred that glacial ice
removed this soft rock, although a remnant of the Mary
Creek sequence escaped this erosion.

GOLD IN THE BEDROCK

The best indication of a nearby bedrock source for the
gold in the Mary Creek sequence was derived from a dia-
mond drill hole (D-4, Roed, 1988). This hole is iocated 600
metres south of the southern edge of the Toop pit. Particulate
gold was recovered on the +100 mesh screen from ten in-
tervals over 58 metres of HQ core in strongly altered varj-
coloured tuff. These gold occurrences were all within 70

metres of the surface. However, weighted averaze assays
are in less than 0.085 grams per tonne gold. Some two metre
sections in other nearby holes were in the range of 0.34 to
1.0 grams per tonne

Given the abundance of nuggets in the Mary Creek se-
quence at the Toop mine and an "equivalent" unit on Alice
Creek, and the inferred origin as mudflows, the known in-
dications of economic gold deposits in the bedrock felsic
tuffs, presumed to be the logical source, offers only little
encouragement. Despite this, there is simply too much
coarse placer goid at this locality to abandon exploration.
Ongoing research may improve the possibility of source dis-
covery, but a different "model” may be required.

CONCLUSIONS

One of the main conclusions of this work is that the
applicability of surficial geology studies and terrair. analysis
to mineral exploration is limited without bedrock and struc-
tural geology information. The second conclusion is that
drift prospecting in British Columbia is clearly not a simple
exercise, as several factors affect interpretations. Not
enough is known about a major period of denudation be-
tween the Late Miocene and early Pleistocene, nor is suf-
ficent information available on the character of pre-Fraser
glaciations.
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FOLKLORE + SCIENCE + PERSEVERANCE = DISCOVERY
OF A GOLD-BEARING PREGLACIAL (TERTIARY)
VALLEY, SOVEREIGN CREEK, CARIBOO GOLDFIELDS
OF BRITISH COLUMBIA: A CASE HISTORY

By T.H.F. Reimchen
Pegasus Earth Sensing Corporation

HISTORICAL PERSPECTIVE

In the north Cariboo Mountains of central British Co-
lumbia, placer gold has been mined intermittently for 140
years (Figure 9-1). Stream deposits with suitable gradients
were initially exploited by sluicing, followed later by dredg-
ing in selected areas. High-bench deposits and cut-off me-
anders were mined by hydraulicking. Many stream
channels, which contain placer gold in the surface gravels,
were subsequently found to be filled by glacial debris tens
of metres thick. Shafts driven into some of these deeply bur-
ied channels demonstrated that auriferous gravels were
often underlying, or less commonly, intercalated between
layers of diamicton (till).

The richest depaosits of the Cariboo, found in flat angu-
lar washed phyllite and quartzite-rich gravel below glacial
sediments, were mined by shafting and drifting. Drift min-
ing was often impeded by the catastrophic release of
groundwater, as well as the instability of overlying till.
Groundwater problems were initially handled by gravity
and then later by mechanized pumps. Although churn drill-
ing was usually used to check the depth of the channel as
well as the underlying stratigraphy, actual sampling was ac-
complished by shafting and drifting. First, a shaft was sunk
along side the stream into bedrock, to a depth where the
subsequent drift would lie below the steam bed. Raises were
inclined to the basal gravels allowing dewatering. The grav-
els were then mined by drifting upstream and downstream
along the centre of the channel.

The greatest mining activity occurred between 1860
and 1925. Afier that period, the cost of shaft mining, to-
gether with a controlled gold price, made gold mining un-
economic. However, since then, some surface deposits have
proven to be economical by the use of large-scale machin-
ery. There is a considerable amount of literature on the sub-
ject of placer deposits in this area. The first comprehensive
account of placer and lode gold deposits in the Cariboo dis-
trict was by the Geological Survey of Canada (Johnston and
Uglow, 1926). Recently, many individuals have studied the
surficial geology and placer deposits of the region {e.g.
Clague, 1989; Levson and Giles, 1991, 1994),

GEOLOGY OVERVIEW

Placer gold in the Cariboo region of British Columbia
is assumed to originate primarily from auriferous quartz
veins within metasedimentary rocks of the Snowshoe Group

(Struik, 1988). During the early to mid-Tertiary, dzep weath-
ering under a humid climate encouraged oxidation of gold-
bearing rocks and subsequent removal of soluble salts
(Rouse and Mathews, 1979; Johnston and Uglow, 1926).
Thus, gold was enriched in the oxidized parts of the veins.
During the Tertiary, most streams and rivers in the Cariboo
area were probably graded to a position of base ‘evel equi-
librium and the area was probably characterized by low,
rounded hills, separated by sediment-choked velleys. The
Quesnel, Willow and Cottonwood rivers had probably es-
tablished a position near their present courses by the late
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Tertiary. Much of the gold that had been released earlier and
deposited in the extensive Tertiary valley fill, thus became
concentrated in valleys cut into the old erosion surface. Dur-
ing the late Quaternary, most streams and rivers incised their
valley fill, creating numerous terraces (benches) and new
stream channels.

Numerous anomalies in the present stream regime in-
dicate that major changes in base level occurred during the
Quaternary, Fasily recognized on satellite imagery and
large-scale topographic maps, some streams now occupy
overly wide valleys. Rivers which drain the western side of
the Cariboo Mountains, such as the Cottonwood, Lightning,
Swift and Quesnel rivers, flow, in part, in their Tertiary chan-
nels, but depart significantly in other areas. Although this
author, amongst others (Johnston and Uglow, 1926; Rouse
and Mathews, 1979; Clague, 1989; Levson and Giles, 1991,
1994) has identified remnants of Tertiary-type sediments in
several areas of the Cariboo, it has not been possible to re-
construct the Tertiary regional drainage pattern due to a lack
of readily visible field evidence and other data. Such a re-
construction is basic to understanding the ancient geomor—
phology and distribution of gold placers.

During Quaternary glaciations, ice initially moved
down Tertiary valleys and then later across low divides ina
general northwesterly direction. Active subglacial erosion
incorporated auriferous gravels into the ice. During de-
glaciation, areas of thin ice, such as drainage divides and
hill tops, would have been the first to become ice free. In-
itially, meltwater streams would have flowed along the mar-
gins of ice filling the Tertiary valleys, cutting new channels
into underlying sediments. As meiting progressed, these
side streams were abandoned, forming cutoff meltwater
channels containing minor amounts of fine placer gold.
Main valleys locally became so filled with glacial debris that
drainage divides shifted, causing major stream diversions.

Through much of the Cariboo, meltwater channels oc-
cur on upper valley walls and in intermontane areas. Gold
occurs in varying amounts in these late glacial and early
postglacial valleys. Generally, the conceniration of placer
gold in meitwater channel deposits is too low to be eco-
nomic. The origin of these channels is largely related to suc-
cessive melting stages of thick glacial ice. Reworking and
reconcentration of auriferous gravels has continued
throughout the Holocene and is still active today.

TYPES OF GOLD PLACERS

Gold placers in the Cariboo area occur in three main
types of surficial deposits, including:

o Tertiary gravels and debris-flow sediments;
¢ Pleistocene preglacial gravels;
o Postglacial gravels.

Paystreaks in Tertiary deposits tend to be very rich.
Coarse nugget gold has mainly been retrieved from drifts
aleng bedrock driven by miners in the early part of the 20th
century or by hydraulicking machinery.

In Pleistocene deposits, gold is commonly concentrated
on ‘hardpans’ scattered irregularly throughout both glacial
and nonglacial sediments. During the Pleistocene most

preglacial valleys were occupied by streams which flowed
at higher elevations than present day streams. The reason
these valleys have survived glaciation is that part of their
path lies oblique to the main glacial flow direction and thus
they escaped erosion. These buried channels are filled with
Tertiary or interglacial gravels or combinations of the two.
Gold distribution in glacial deposits is highly variable, and
paystreaks are rare.

Where modern streams erode underlying auriferous de-
posits, reconcentration of placer gold may occur. Much of
the early mining in the 19th and early 20th centuries centred
on these materials, so that at present, locating ‘virgin’ post-
glacial stream gravels is difficult. Paystreaks in these depos-
its are discontinuous, commonly ranging from a few metres
to several hundred metres in length. For example, high vol-
ume mining in 1985 (250 yards/hour) of postglacial surface
gravels eroded from till on Lightning Creek recovered 405
milligrams of gold per cubic metre, whereas testing had in-
dicated only 265 milligrams per cubic metre. In the same
operation, gravels derived from the erosion of preglacial
gravels resulted in a recovery of 680 milligrams per cubic
metre, whereas testing indicated a value of 455 milligrams
per cubic metre. This demonstrates the variability of placer
gold concentrations in these types of deposits.

In summary, placer gold in the Cariboo occurs in a va-
riety of sediments of varying ages and at variable elevations.
Given the complexities of sediment reworking throughout
the Quaternary, a good understanding of the local stratigra-
phy is essential for exploration success. As most surface and
near-surface placers have been exhausted, attention should
focus on Pleistocene preglacial gravels. These deposits offer
the best opportunity for economic recovery of placer gold
in the Cariboo.

CASE HISTORY: LOCATING
PLEISTOCENE PREGLACIAL GRAVELS

BACKGROUND

The following case history is based on work performed
since 1972 (74 projects) by the author using a multispectral
scanner (MSS), both airborne and satellite sensor data and
aerial photographs. All research was augmented by exten-
sive fieldwork including drilling. Part of this work was pre-
sented in 1990 in a public forum at the RMS-ROSS
Conference, Vancouver (Reimchen, 1990).

The multispectral scanner data, which gathers spectral
data in the nonvisible and visible portion of the spectrum,
can prove useful to the exploration geologist. This is espe-
cially true given a good understanding of the local geology
prior to interpretation. For example, nonvisible infrared
spectral data can be assigned a specific colour and viewed
in conjunction with visible bands. The data can also be ra-
tioed to highlight specific features. Several commercial and
proprietary software programs are available which integrate
complex digital data to enhance geological features which
are not visible on black and white aerial photography, or
from the surface.

In early 1984, while processing several LANDSAT
scenes for vegetation classification in the Fraser
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River/Quesnel area of central British Columbia, the author
observed several broad linear features that were not glacial
lineamenits, cultura] features or known geological faults.
Previous experience suggested these features may represent
deeply buried preglacial valleys. In 1984 and 1985 surficial
geological investigations were initiated at 1:50 000 scale,
for map sheets NTS 93G/1 (Cottonwood), 93B/16 (Quesnel
River) and 93A/13 (Swift River; Figure 9-1). Air photo-
graphic interpretation relied on 1:20 600 and 1:30 0G0-scale
photographs. Two satellite computer-compatible tapes
(CCT) were obtained: an uncorrected August 1984 scene
and geometrically corrected April 1981 scene. For purposes
of regional mapping, a non-standard false-colour infrared
image (August image) was produced using Bands 4-5-6 and
printed at a scale of about 1:150 000 (Figure 9-2; see also
map in Figure 9-1),

Field mapping in 1985 was interrupted by the acciden-
tal discovery of auriferous gravels during excavation of a
tailings pond. The gravels, encountered on Lightning Creek
near Cottonwood, overlie bedrock below 6 metres of till.
Clast lithologies and stratigraphic position of the gravels
indicate that they are of interglacial age. At the end of the
field program, collected data were interpreted and final
maps prepared. Outcrops of preglacial and Tertiary gravels
were plotted on the image overlay, The broad linear features
identified on the satellite images, were used to link outcrops
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Figure 9-2. Satellite interpretation of ancient river systems in the
Cariboo region, B.C.

of what appeared to be a broad drainage system which
flowed to the west and north (Figure 9-2).

The April 1981 CCT (no leaves/snow) was the first im-
age to be processed, Using bands 4 and 7, a coniputer as-
sisted classification was performed on five trairing areas
where it was known that preglacial gravels underlie surface
glacial deposits. The resultant computer classification is
shown as irregular polygons on Figure 9-3. The darkest cir-
cular polygons are designated "prime exploration targets”
(PETS). This classification was superimposed on the Band
4-5-6 image so as to register the pictures to the landscape in
preparation for further field exploration.

In August of 1985, it was decided to test some of the
fieid and satellite intersections at several sites in the area
with the intent of focating a placer gold bearing chinnel. The
PETS were ranked in two levels--a "primary level priority”
{(PLP) where a geological and a satellite indicator was pre-
sent and a "second level priority" (SLP) which was defined
only by satellite indicators. Unfortunately, problems with
land access precluded work on the PLP targets. Delays re-
quired work to focus on three nearby SLP targefs on open
{unclaimed) ground, for which a Work Permit was obtained
on only one.

A test pit 23 metres deep was excavated in August,
1985 (Figures 9-1 and 9-4), in a meltwater channel eroded
7 metres into till. Samples averaging approXimately 40 cu-
bic metres were taken from each steatigraphic lay-r, washed
through the recovery plant and the recovered placer gold
was weighed. Squared-off logs were encountered 2 metres
below ground surface. According to the ‘locals’ this site was
the approximate area of an early prospector’s (Gagen) shaft.
The shaft extended down to till (2 m) at 907 melres eleva-
tion. A reddish "paleosol" horizon (at 901 m) was inter-

Alice Creek
zeagg‘x En

Switt River

Figure 9-3. Computer classification, darkest pelygons are prime
exploration targets. 1:50 000 (see Figure 9-1 for location)

Paper 1993-2

99



British Columbia

#16 m

o1 m ™
Surfoce 2580k,
s2otodnt, LA
Sueloce Grawsts, s5iesetant,

Shedt

-0 Post Glackel

Y- -
sArAdAALL
AdbbLbL AL N

Aﬁéﬁbﬂgﬁﬂ
m
y)m
7o A
pyrr Yy s L

Proglocial Bouldery Gravels,
Fe S!oinianclay Layers

Cemented Sand
Paltosot ? M0 m

Course Angular ond

Roundad Grovel with  join

Silt Lenses, Schist Pump h B m
Fragmenls

Figure 9-4, Meltwater-channel test hole, Auramet International Ltd., 93B/16E, August 12-16, 1585 (see Figure 9-1 for location).

0
4, =1 W ?’TL

Froser's
w Old Workings

x

Figure 9-5. Sketch of old workings along Sovereign Creek, reputedly by Fraser, one of the local prospectors.

160 Geological Survey Branch



Ministry of Energy, Mines and Petroleum Resources

sected below the till. The soil was underlain by a coarse
bouldery gravel layer at 898 metres elevation. The gravel is
lightly stained by iron oxide, 7 metres in thickness, and over-
lies a cemented sandy clay layer, 1 metre thick, which is also
heavily iron stained. Artesian conditions were encountered
under the cemented sand unit. The lowermost unit, below
the sandy clay, consists of pebbly gravels containing sub-
rounded to subangular clasts. The unit is heavily iron stained
and indurated.

A one-cubic yard (0.75 m?) sample with visible gold
was obtained from the bottom of a test pit at 886 metres
elevation. The pit was located in an area well removed from
all present-day river valleys, Analysis of additional samples
from all stratigraphic layers below the till recovered placer
gold.

SOVEREIGN CREEK

Additional field studies were undertaken on claims in
the Sovercign Creek valley, approximately 2 kilometres east
of the previous studies. Sovereign Creek is incised about 30
metres into the landscape and, in this location, flows at about
925 metres elevation. Bedrock is exposed in valley sides for
much of its length. Several terrace levels are present, each
capped with shallow gravels only a few metres in thickness.
One mining operation had encountered acceptable paying
gravel on terraces a few metres above the creek bottom. The
lowermost terrace or bed of the stream contains *dirty’ grav-
els, varying in thickness from 1 to 3 metres, but with a ran-
dom gold distribution (a variety of small-scale mining

s

operations have mined the creek-bottom gravels on several
occasions),

Some of the famous prospectors of the Carilioo settled
in this area building cabins along Sovereign Cree <. Old dig-
gings can be seen along the vailey, as well as on in old map
reputedly sketched by Fraser (Figure 9-5). Hand workers
before and after World War I1, such as Mason, Ga;zen, Chipp
and Fraser, worked in this area. Mechanical minijig was im-
plemented by Terry Toop in 1978, St. Moritz Gold and Plati-
num Ltd. (Vancouver) in 1987 and 1988 and Royal
Sovereign Resources {(Quesnel) in 1989. All of the above
recovered gold by working surface gravels. An interview
with one of the principals of S§t. Moritz Gold and Platinum
in October of 1989, resulted in a statement that in the area
"where the Sovereign Creek channel turns and -uns to the
northwest (just east of the Discovery star on Figures 9-1 and
9-2), ...on the final days of mining, the sluicebox ‘was [found
to be] covered with gold..."(personal communication, Fer-
dinand U. Vondruska, 1989).

Based on this information, the valley side at this loca-
tion on Sovereign Creek was cleaned with a bazkhoe. Ex-
cavation was extended several metres belov a line of
imbricated boulders in till (Photo 9-1). The composite stra-
tigraphy for section BS-9 (Figure 9-5) consists of the fol-
lowing (top to bottom): till (I metre), glaciclacustrine
sediments (2 metres), preglacial gravels (5 metres) and a
boulder pavement overlying volcanic bedrock at an eleva-
tion of 917 metres. A second, deeper test pit (38-12), lo-
cated 100 metres east from BS-9 revealed the following
{Photo 9-2, see also Figure 9-5): till (8 metres), glaciolacus-

S

Photo 9-1. Backhoe stripping along Sovercign Creek.
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Photo 9-2. Section in test pit BS-12 on Sovereign Creek.

trine sediments (1 metre), preglacial bouldery gravels (8 me-
tres), preglacial pebbly gravels (3 metres); the hole termi-
nated at 912 metres elevation.

In an attempt to establish the paleoflow direction of the
glacial ice which deposited the uppermost till, as well as the
preglacial river channel which deposited the buried gravels,
several pebble imbrications were measured. Fabric analysis
of 25 clasts in the till indicated a preferred long axis orien-
tation trending northwest and southeast (Figure 9-6a). This
orientation approximately parallels the present course Sov-
ercign Creek. Crossbedding structures in stratified materials
intercalated in the till were also measured. Assuming that
these features originated in subglacial streams flowing ap-
proximately parallel to ice movement, they also suggest gla-
cial flow from southeast to northwest (Figure 9-6b). Finally,
21 small-scale drag folds were measured in the uppermost
lacustrine sediments directly beneath the base of the till
(Figure 9-6¢). All of these measurements confirmed ice
from the last glaciation advanced from a southeasterly di-
rection.

Pebble fabric data from the preglacial gravels indicate
a paleoflow from southeast to northwest (Figure 9-6d) in
imbricated boulder gravels in the upper part of the sequence,

S,
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Figure 9-6. Rose diagrams in 20° divisions, on the orientation
direction of: (a) the long axis of 25 pebbles of the St. Moritz till
section (bulk sample 12); (b) the long axes of 15 beds of stratified
materials in the till of the St. Moritz section; (¢) 21 small-scale drag
folds in the lacustrine sediments below till of the §t. Moritz section;
(d) the long axes of 30 pebbles measured in the upper gravels of
‘preglacial’ Sovereign Creek; (¢) the long axes of 30 pebbles
measured in the lower gravels of ‘preglacial’ Sovereign Creek.

directly below the lacusfrine sediments. In contrast, fabric
analysis of the lower gravels, which contain 2 higher per-
centage of well rounded sand grains and pebbles, indicate a
paleoflow direction trending northeasterly (Figure 9-6e),
oblique to the upper sediments,

DRILLING

Given the above stratigraphic and sedimentological
evidence, a series of drill holes were collared along a trend
paralleling the presumed preglacial valley channel. Step-out
holes were drilled every 200 metres with infill where needed
(Figure 9-7). Drilling was done with both a truck-mounted
churn rig and a central-stem rotary {CSR) track-mounted
rig. The section was sampled continuously with sample in-
tervals of 1.5 metres. In the field, the materials were de-
scribed geologically and geotechnically, then washed and
processed using dulongs and conventional gold pans. Grav-
els and placer gold were sized and weighed. An example of
the drilling results is provided in Figure 9-8. Schematic
cross-sections through the buried valley, compiled from the
drilling data, are provided in Figures 9-9 and 9-10.

PREGLACIAL (TERTIARY) SOVEREIGN
CREEK - A SUMMARY

Thirty-six drill holes outline the remnant of a preglacial
Tertiary valley buried by till (Figure 9-7). The buricd Sov-
ereign Creek valley (base at 886 to 890 metres) contains
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Figure 9-7. Drill hole locations.

rounded pebbly gravel in a fine to medium sand matrix.
Based on pebble orientation and drill data, it appears that
the Tertiary valley trends in an approximate east-west direc-
ticn. The pebbly gravel section contains numerous sandy
clay lenses resembling overbank deposits. Placer gold oc-
curs throughout the section, but is concentrated near the top
of these lenses as well as in coarse boulder pavement near
the base of the valley.

Interglacial gravels trending northwest-southeast over-
lie the Tertiary sediments. The paleosol at the top of this unit
confirms a lengthy subaerial exposure. In places, the gravels
are overlain by glaciolacustrine sediments which indicate
local ponding conditions occurred as glacial ice advanced
into the area from the northwest. Till containing auriferous
sediment was subsequently deposited over the lacustrine
sediments.

During deglaciation, meltwater flowing along the edge
of the glacial ice began incising the existing valley of Sov-
ereign Creek which flows through a newly cut channel to
the northwest joining Swift River (Figure 9-2). Postglaciat
erosion was accompanied by at least 40 metres of
isostatic/tectonic uplift, as the Swift River now flows in a

bedrock channel at 850 metres elevation, well below the
base of the Tertiary valley.

CONCLUSIONS

Folklore + Science + Perseverance has resulted in the
discovery of a gold-bearing preglacial Tertiary valley infor-
mally termed the ‘buried valley of Sovereign Creek’, Cari-
boo goldfield of British Columbia.
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GLACIAL DISPERSAL OF INDICATOR BOULDERS; SOME
ASPECTS OF A CASE STUDY FROM THE LOWER SAINT
LAWRENCE REGION, QUEBEC

By Martin Rappol, Geological Consultant

INTRODUCTION

A characteristic feature of the glacial debris transport
system is that glacier ice, unlike most other geologic agents,
has virtually no wpper level of competency for the transpor-
tation of large particles (¢f. Shaw 1983). Glaciers can trans-
port huge boulders and at the same time incorporate material
from fine-grained unconsolidated sediments. Moreover,
boulders can be transported over very long distances (over
1000 km by Pleistocene ice sheets) without experiencing
much mechanical or chemical alteration.

Large masses of bedrock as well as unconsolidated
sediments may be transported over short distances by gla-
citectonic processes. If we exclude these, possibly the
world’s largest known glacial erratic is found near Tallinn
in Estonia, where a block of rapakivi granite from Finland
with a diameter of 56.5 metres is found over 100 kilometres
from its source (Viiding, 1981; cited in Donner, 1989). Well
known is ‘Big Rock’ near Okotoks, forming part of the Foot-
hills erratics train in southwestern Alberta, consisting of
three pieces considered to have been one block with dimen-
sions of 41 by 18 by 9 metres, with an estimated weight of
16 400 tonnes, and a transport distance of approximately
500 kilometres (Prest, 1983).

In practice, ice-flow directions may vary considerably
over time, resulting in indicator boulders from a given
source occurring in a fan or ribbon-shaped area, down-ice
from the source. This is well illustrated by the large-scale
dispersal patterns of the Fennoscandian ice sheet (Figure
10-1). Also evident is strong deviation of the transport path
from a straight line; ice movements in the southwestern sec-
tor of the ice sheet transported Aland rocks in a westerly and
northwesterly direction. Establishing such dispersal pat-
terns on large as well as local scales by means of systematic
observations of distinctive rock types provides valuable in-
formation on the glacial history. Boulder counting is a typi-
cal field method, providing a first approximation of the
directions of glacial transport. Where the opportunity exists,
the method is normally combined with an analysis of
erosional markings (glacial striations, rat-tails, etc.) and
other data (geochemistry).

The method depends entirely on the presence of distine-
tive bedrock bodies with a relatively small areal extent.
These bodies provide the glacially transported, so-called,
indicator boulders. The indicators should be easily recog-
nizable in the field, allowing a quantitative estimate of their
frequency at observation sites. Many of the methodological
procedures (e.g. boulder size limits, sample size, etc.), de-

Figure 10-1, Maximal extension of the Fennoscandian ice sheet in
northern Europe with dispersal fans of 1, Oslo area irdicators, 2.
Dalarna porphyries, 3. erratics from the Aland Island;, 4. Viborg
rapakivi, 5. Umptek nepheline syenite. See text for comment on
the peculiar distribution of Aland rocks. ‘

pend entirely on local circumstances and objectives of the
investigation (see also Hirvas and Nenonen 199 1),

FACTORS AFFECTING GLACJAL
TRANSPORT OF BOULDERS AND:
THEIR DISTRIBUTION IN TILL SHEETS

The contact of an ice sheet with its bed represents a
shear zone, where the highest strain normally occurs at the
contact of the ice and its substrate (Figure 10-2b). Above
and below this contact, the debris-rich ice and the subglacial
materials are subject to strong deformation. Boulders, be-
having as rigid bodies, tend to migrate away from the zone
of maximum shear; hence, they are either pressed into the
substrate or moved higher up into the ice. Several features
of till sheets are related to this process. For exaraple, some
boulder pavements may have formed in tills or at the base
of tills by this process. Secondly, the surface layers of till
are usually markedly enriched in boulders. Morzover, col-
lision among boulders transported in a debris-tich basal ice
zone also tends to move boulders up, towards hizher levels
within the ice. Essentially, the mechanism may be consid-
ered similar fo the shaking of a box filled with marbles of
different size; when shaken in a horizontal direction, the
larger marbles will eventually rise to the top.

Figure 10-2a shows that the velocity gradient in the ba-
sal debris-rich ice is very high. Material higher in the ice

Paper 1995-2

107



British Columbia

LU DIETO =T~ DO -

deforming subsoil

—

deformation rate ——

stable aubagil

direction and =
rate of ice movement

Figure 10-2. A. Flow velocity of ice through a vertical section of
an ice sheet; B, Deformation rate (strain} in the same section.

moves much faster than that closer to the base. In a vertical
section through the ice, material higher in the ice will, there-
fore, originate from farther up-ice. Consequently, the boul-
dery upper till zone tends to contain more far-travelled
material than the underlying till material. Generally, how-
ever, the vast majority of boulders in a till sample from areas
with shallow overburden reflect transportation over very
short distances, to the extent that surface boulders of glacial
deposits can often be used to map bedrock.

In large parts of Scandinavia and Canada, bedrock is
obscured by glacial deposits, and in many areas the ground
surface is strewn with boulders (Photo 10-1). These boul-
dery surface layers represent deposition during the final
stages of deglaciation. The origin of such boulder surfaces
may be variabie, including non-glacigenic processes, such
as till surfaces that have been washed by meltwater streams
(Bouchard and Salonen, 1991). For example, in Alpine re-
gions, where rockslopes extend above the glaciers, glaciers
may transport large amounts of supraglaciai debris (typi-
cally very angular), delivered by rock fall on top of the ice.

[+] 25 km

1 POINTE-AuX TREMBLES Fm
2 GABBRO SWLS
3 LA REDEMPTION SERPERTINITE
4 COASTAL ZONE VOLEANICS

A STE-BLANDINE

B §T-DONAT

C DUFAULTVILLE

Figure 10-3. Location map of study area.

Photo 10-1. Bouldery surface layer of till.

GEOLOGIC SETTING

The study area is located on the south shore of St.
Lawrence estuary (Figure 10-3), and comprises most of the
Lower St. Lawrence region (Bas-Saint-Laurent) and part of
adjacent Gaspésie, west of the Matapédia and iower Matane
valleys, as well as some parts of adjacent northwestern New
Brunswick. The St. Lawrence estuary lies along the contact
of igneous and metamorphic rocks of the Canadian Shield
and predominantly sedimentary Appalachian rocks of Pa-
leozoic age.

On the basis of stratigraphy, glacial erosional features
and dispersal patterns, the following sequence of events has
been reconstructed for the last glaciation (see Rappol, 1993,
for extensive reference to earlier work in the area). The first
major event during the Late Wisconsinan glaciation was the
invasion of Laurentide ice from across the St. Lawrence Val-
ley. In the western part of the area, ice moved in from the
west, originating in or moving across the area of Laurentide
Park, north of Québec City. In the northern part of the study
area, ice advanced from the north-northwest or northwest.
At this time, local ice caps covered some of the higher re-
gions of the Appalachians (e.g. central Gaspésie and the Mi-
ramichi Highlands of New Brunswick). Flow of Laurentide
ice, colliding with these local ice masses, was bifurcated:
towards the south and down the St. John River valley, and
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Figure 10-4. Main events of the Late Wisconsinan ice flow history
in the Lower St. Lawrence region. A. Invasion of Laurentide ice;
B. St. Lawrence Valley ice stream; C. Passing of calving bay.

eastward towards Chaleur Bay (Figure 10-4A). It is uncer-
tain, however, ¢xactly how far the influence of Laurentide
ice reached in these areas. A third flow was deflected down
the St, Lawrence Vailey by the highlands of central Gaspésie
and the ice cap which covered them.

The Guif of St. Lawrence area may have been largely
ice-free throughout the Late Wisconsinan (Dyke and Prest,
1987). With late glacial sea level rise, the topographic situ-
ation presented an ideal setting for the development of a
marine ice stream in the St. Lawrence Valley. Drawdown
caused by this ice stream resulted in the development of an
Appalachian ice divide from which ice moved north or
north-northeast over the study area (Figure 10-4B). On the
other side of the Appalachian divide, drawdown may have
occurred, to a lesser extent, towards the Gulf of Maine and
Chaieur Bay.

Due to a decrease of discharge by the ice siream (as a
result of diminishing ice thickness), and the risirg sea level
during the late glacial, a calving bay progressec up the St.
Lawrence Valley, passing the study area between 14 ka and
13 ka (Figure 10-4C). After passage of the calving bay, Ap-
palachian ice readvanced in the area near the town of Ri-
mouski. At present, the maximum age of this readvance is
dated at 12.3 ka, but it may well be as young 1s 11.8 ka,
which would make it synchronous with readvances in other
parts of the region. Laurentide ice readvanced from the west
into the Riviére-du-Loup area, probably around:11.8 ka.

Boulder counts were incorporated in this study to es-
tablish the distribution of far-travelled Precambrian erratics
and to define in relative time the transportation event re-
sponsible, and to see how the *erosional stratigraphy’, de-
rived from age relationships among erosional dtail forms,
relates to the main transport and depositional phases of ma-
terial from local Appalachian sources. The following is
summarized from Rappol and Russell (1989) and Rappol
(1993).

GLACIAL DISPERSAL OF INDICATOR
ROCKS

Glaci-crosional detail forms give valuable and essential
information for reconstructions of glacial history. However,
for such practical applications as prospecting /n glaciated
terrains, it is generally more important to establish dispersal
patterns of rocks and minerals, It is not uncommeon to find
that a youngest ice flow event may have effectively abraded
exposed rock surfaces and yet was rather inefiective with
respect to erosion and transportation of detectable amounts
of glacial debris.

METHOD

Over 500 boulder counts were carried ou: during the
1988 fieldwork, more than 60% of these counis contained
1000 boulders ard only three samples less than 500, The 10
to 30-centimetre fraction was chosen because it assured that
a sufficient number of boulders could be found at most ob-
servation sites. Sample sites included gravel pits and road
cuts, boulder piles in fields (Photo 10-2), surfzce boulders
in cleared forestry areas, and a few natural exposures. At
cach site, the numbers of Precambrian erratics from the Ca-
nadian Shield and selected Appalachian indicator rocks
were recorded.
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Photo 10-2. Inspection of pile of boulders cleared from a field.
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Figure 10-5. Disperal of volcanics from Pointe-aux-Trembles
Formation, Frequencies in number per 1000 bouiders.
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Figure 10-6. Dispersal from a small quartz diorite outcrop cast
of Lac Témiscouata (from Martineau, 1979).

DISPERSAL OF APPALACHIAN INDICATOR
ROCKS

Two examples will be discussed below:

o Andesitic components of the Pointe-aux-Trembles For-
mation (Lespérance and Greiner, 1969; David et al.,
1985),

e Gabbro sills in the area between Lac-des-Echoes and Lac
Mistigouéche (Béland, 1960; Lajoie, 1971).

Dispersal from the Pointe-aux-Trembles andesiie is
shown in Figure 10-5. It indicates a somewhat irregular train
in a well defined southeasterly direction. This train extends
into New Brunswick, at least to the Grand Falls area, well
over 100 kilometres from the source. Dispersal trends to-
wards the north and northwest decrease more rapidly than
the southeastward dispersal train. Because of the elongated
Qutcrop area, more ot less transverse to ice flow, northward
and northwestward dispersal, which is expected on the basis
of striation evidence, cannot be clearly separated. However,
both appear in the dispersal pattern from a nearby, more
equidimensional outcrop of diorite (Figure 10-6) analysed
by Martineau (1979). From the striations it follows that the
northward flow preceded the northwestward flow and that
both are younger than the southeastward flow event. The
latter represents invasion of Laurentide ice during the early
phase of the Late Wisconsinan.

Dispersal from gabbro sills exposed between Lac-des-
Echoes and Lac Mistigoudche is depicted in Figure 10-7. At
least four dispersal trains are apparent: east-southeast
(Chaleur Bay area), south-southeast, north and northwest.
These dispersal directions are supported by striation evi-
dence, although such evidence is rather sparse in the south-
eastern part of the area.

The southeasterly trains must correspond with flow of
Laurentide ice over the area. The presence of two distinct
trains may be due to slight changes in the intetaction be-
tween local ice and invading Laurentide ice (Rappol and
Russell, 1989). It has also been suggested that Laurentide
ice invading the area flowed first towards the southeast and
later towards east (Hughes et al., 1985).

Northward and northwestward dispersal of gabbro cor-
respond with that found for the Pointe-aux-Trembles an-
desite. The northwestward dispersal falls off rapidly, but the
northward flow event left a well defined dispersal train
reaching as far as the present coast.

DISTRIBUTION OF PRECAMBRIAN
ERRATICS

Figure 10-8 illustrates the frequency of Precambrian
indicators in surficial deposits of the study area; consider-
able variation is evident. These erratics are present through-
out the area and have been found close to the summit of
Mont St-Pierre (907 m a.s.1.), the highest point in the area.
Shield indicators comprise a wide variety of igneous and
metamorphic rock types, among which, anorthosite (Photo
10-3), mangerite, gneiss and granite gneiss of the Grenville
Province are most characteristic and distinctive, Precam-
brian erratics are most abundant in the southern part of the
study area. In the area of Lac Témiscouata, counts of 2.5%
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Figure 10-8. Distribution of Precambrian erratics in the study area.
Frequencies are given in number per 1000 boulders counted.

are common, with a maximum of 5.0%. Precambrian errat-
ics continue to be abundant farther to the southeast along
the Saint John Valley. A few counts in the area of Grand
Falls, New Brunswick, gave frequencies between 1 and 5%.
Toward the coastal zone, values generally decline. Ice-con-
tact deposits at and below matrine limit (St-Antonin moraine
and related deposits) contain generally less than 1% Pre-
cambrian erratics (see also, Dionne, 1971). A second area
where Precambrian erratics are abundant is located south of
Mont St-Pierre in western Gaspésie. In contrast, the area
directly north of Mont St-Pierre is among the areas where
these erratics are least abundant. In fact, in a broad coastal
zone north of Trois-Pistoles, Precambrian erratics are rare,
with the exception of an area near Mont-Joli. The latter area
coincides with the well preserved northerly dispersal train
from the gabbro sills.

Photo 10-3. Sheared anorthosite boulder; characteristic Shield
erratic.

In the southeastern part of the study area, Pracambrian
erratics are present, but generally rare. The limit of their
occurrence could not be established by mapping. Late gla-
cial flow from the Appalachian ice divide must have distrib-
uted Precambrian erratics over a large part of northern and
southwestern New Brunswick, even when Laurentide ice
senso stricto may not have reached these areas. Pr:cambrian
erratics may be less conspicuous in these regions, because
of the abundance of local igneous and occasicnally also
metamorphic rock types. A few Precambrian indicators
were found embedded in massive and dense til', but they
appear far more abundant in thin bouldery surfacz horizons
and in ice-contact deposits formed during deglaciation
(Dionne, 1971; Lebuis and David, 1977).

CONCLUSION

The pebble count distribution indicates that most Pre-
cambrian erratics were introduced to the study area during
the last glaciation and were deposited during a late phase of
till formation. It also indicates that the Precambrian material
was transported at relatively high englacial levels within the
ice. Because flow velocities in active glacier ice increase
rapidly from the base upwards, the Precambriar: debris in
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high-level transport positions represents the most mobile
clement of the glacial debris assemblage and was, therefore,
strongly affected and redistributed by late glacial flow from
Appalachian ice divides. This is reflected in the present dis-
tribution of frequencies of Precambrian erratics in surficial
deposits of the area.

Transport and erosion by late giacial Appalachian ice
flows did not affect all parts of the area equally. Notably in
the Appalachian ice divide zones, the effect of redistribution
of material brought in by the Laurentide ice invasion has
been minimal, and it is here that a high frequency of Pre-
cambrian erratics may be expected. Away from these ice
divides, Precambrian material became progressively more
diluted by Appalachian material as ice moved back towards
and down the St. Lawrence Valley. For example, north of
Mont St-Pierre, in the northeastern part of the study area,
late westward and northward flow events removed virtually
all evidence of an earlier Laurentide ice cover, whereas
south of the mountain, an area with a high frequency of Pre-
cambrian indicators is evident.
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LITHOLOGICAL ANALYSIS IN DRIFT
PROSPECTING STUDIES

By Peter T. Bobrowsky,
B.C. Geological Survey Branch

INTRODUCTION

The importance of detailed lithological analysis in the
discovery of buried ore deposits is well established. The use
of lithological analysis centres on the recognition that frag-
ments of bedrock can occur as scattered clasts within the
overlying or adjacent surficial sediments, or on the ground
surface. If these fragments are mineralized and traced back
to their provenance or source, and the deposit proves to be
of economic importance, then the methodology of drift ex-
ploration using indicator clast dispersal is successful. On
average the distance to source should be short, as Puranen
{1990) states that approximately half of the boulders ob-
served in a ‘typical till’ are derived from less than three
kilometres in distance.

The study of clast lithology in Quaternary research is a
common practice. In fact, geologists are quick to recognize
Pleistocene erratics of exotic origin when they are of promi-
nent size or significant transport distance (e.g. the 56.5 m
“Kabelikivi’ rapakivi block in northern Europe and the 2500
kilometres transport distances of some Canadian Shield er-
ratics; Donner,1989). Briefly, the purpose of clast dispersal
studies then, is to isolate the provenance of ore deposits by
mapping the distribution and concentration of distinct li-
thologies within the framework of clearly defined geologi-
cal contexts. The analysis of lithologically unique bedrock
fragments, which are often referred to as indicator clasts,
float, or mineralized erratics, typifies one often used ap-
proach to successful drift prospecting. Depending on the
specifics of the methodology, the approach includes a num-
ber of related practices such boulder tracing, ¢last indicator
tracing, pebble counts, or stone counts.

In contrast to geochemical methods, the use of li-
thological variations in surficial sediments. for exploration
purposes has a lengthy historical precedence. For instance,
in Scandinavia, the use of ore fragments to trace bedrock
sources dates as far back as 1740 (Strobel and Faure 1987).
In Canada, one of the earliest published examples is that of
Dreimanis (1958) who traced iron ore boulders at Steep
Rock Lake, Ontario. In British Columbia, Day et al. (1987)
provide a good case study of up-ice point source exploration
work in the Windy Craggy area using clast analysis. Broster
and Huntley (1995, this volume) illustrate the use of li-
thological work for regional mapping. Other good examples
of lithological analysis from elsewhere in Canada (e.g. Rap-
pol, 1995, this volume) and the rest of the world are well
known, and severai are referenced where appropriate in the
following discussion. Few studies emphasize the glaciated
alpine or mountain environment in drift exploration (¢f.
Evenson ef al., 1979), although such an environment is in-

herently unique when compared to the traditional rescarch
on continental areas glaciated by ice sheets.

This paper provides a detailed examination of li-
thologic indicator tracing with an emphasis on glzciated and
mountainous terrain. 1 review the background behind the
concept, discuss variations on the methodology and offer
relevant interpretations which will assist drift exploration
studies in the Canadian Cordillera. Many of the ¢ anclusions
and implications derived from this work have broad appli-
cability to other glaciated and mountainous terrains.

BACKGROUND

Clast lithological analysis in Quaternary studies is most
widely used to address one or more of the following
(Bridgland, 1986}:

e Describe a deposit;

o Determine the provenance of a deposit;

e Differentiate deposits with a different genesis;

e Differentiate deposits of similar genesis but different age;
o Delimit facies within a deposit.

All of the above are important questions that must be
answered in drift exploration studies. Fortunately, the po-
tential to use clast lithological analysis is good in the glaci-
ated mountainous terrain of British Columbia where the
percentage of clasts in tills and other diamictons is usually
high.

Clast lithological analysis in drift prospecting studies
involves the study of surface erratics (indicator fans, indi-
cator trains, efc.) or clasts derived from within the sampled
media (preferably till). Terminology varies from the generic
(e.g. clast indicator and stone count) to the size and shape
specific (e.g. boulder fan and pebble plume) in clast li-
thologic studies. Descriptive terms such as boulder, cobble
and pebble are often used inrespect to the Wentwrth (1922)
size class scheme for clasts less than 256 milliinetres, 64-
256 millimetres, and 4-64 millimetres respectively. Gravel
is also used to denote clasts less than 2 millime'zes in size.
Accompanying terms include fan for patterned accumula-
tions of erratics observed on the ground surface, plumes for
three-dimensional dispersal patterns from the source, and
trains for generic down-ice patterns. Float also is some-
times used to denote a rock fragment which is detached and
displaced from its source. Terms such as indicator clast and
stone count are frequently used to indicate provenance
study of materials coarser than silt, but without the conno-
tation of a dispersal pattern.

The distribution of clasts from original source to final
position on the ground surface is controlled by erosion, en-
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trainment, transportation and depositional mechanisms of
ice (Salonen and Palmu,1989); hence the phrase glacial dis-
persal (Shilts,1984). Figure 11-1 shows a hypothetical case
where a buried but distinct lithologic bed is fractured,
eroded, incorporated, transported and deposited by a glacier.

The abundance of any particular lithology is usually
expressed as a percentage of the total lithologic assemblage
and can be shown to be distributed in a patterned and pre-
dictable manner in glacial deposits. Krumbein (1937) was
one of the first to explore this relationship when he observed
that the maximum concentration of debris dispersed by a
glacier occurs near its provenance and subsequently de-
creases exponentially in the direction of glacial transport
(see section on Statistics). Shilts (1976) aptly generalized
this distribution as consisting of a head, tail and dispersal
curve to which a negative exponential function can be ap-
plied (Figure 11-2), whereas Salonen and Palmu (1989) di-
vide the distribution in two, recognizing a proximal rise and
distal decline (Figure 11-3) to which linear and lognormal
curves could be applied, respectively.

DESCRIPTIVE PARAMETERS

Dispersal plumes, fans and trains can be described by
a series of quantitative and qualitative parameters. For ex-
ample, Batterson (1989) notes that for one sample of disper-
sal trains, the angle of climb (o) from the provenance source
to the ground surface averages 1°50° but ranges from 0°30’
to 3°50’. However, climb angles as high as 10° have been
described in Quebec (DiLabio, 1990) and elsewhere (Sa-
lonen, 1992). On the surface documented fans and trains
display dispersal sector angles ranging from 1 to 90° (Sa-
lonen, 1986), but the majority average about 10° (Salonen
1987). The assumption that fan direction parallels paleo-ice
flow is not always the case, given examples of depositional
trains up to 15° off the regional paleo-flow (DiLabio, 1990).
Of 464 fans measured in Finland, most fans averaged 1-5
kilometres in length, but ranged in length from 0.2 to 600
kilometres (Salonen, 1986, 1992). The number of indicator
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Figure 11-1. Schematic cross-section through hypothetical indica-
tor plume summarizing descriptive parameters; all distances in km.,
Modified after Bouchard and Salonen (1990). K = distance from
proximal contact of indicator source to maximum concentration of
clasts, B = distance from proximal contact of indicator source and
farthest travelled clast, A = total length of the indicator train from
the apical clast to the 1% frequency limit, C = distance from
proximal contact of indicator source and apical clast on surface, o
= angle of plume climb from source to surface.

clasts comprising these fans tended to consist of some 20-30
boulders (Salonen, 1987).

As the plume reaches the ground surface, the nearest
indicator clast identified on the surface is referred to as the
proximal or apical clast (Figure 11-1). The distance between
this point and the proximal contact of the source (C) can be
determined through observation or estimated using the an-
gle of climb (Figure 11-1). Other surface measurements
from the proximal contact of the source include the distance
to the farthest travelled clast (B), the distance to the major
concentration of clasts (K), and the maximum distance at
which the frequency is greater than 1% (Bouchard and Sa-

'
Proximal] Distal
100 Rise Decline

1%

L4
<

DISPERSAL CURVE

TAIL

AbUNANCE (%) re——pn

m— | —J
Diglance (km) ————=

TProximal Contact

Figure 11-2. Generalized dispersal curve showing position of head
and tail, proximal rise and distal decline and descriptive parame-
ters; all distances in km. K = distance from proximal contact of
indicator source to maximum concentration of clasts, A = total
length of the indicator train from the apical clast to the 1%
frequency limit, E = the distance from the apical clast to where the
frequency reaches 50% of the total (rencwal distance); D1z = is
the distance where the frequency of an indicator clast declines to
50% of its value (half-distance).

Linear
Curve

-4+—— Lognomal Curve

Abundance ——
=

Distance —

Figure 11-3. Schematic figure showing estimation of parameter K
using proximal rise (linear function) and distal decline (lognormal
function) for theoretical dispersal curve. Modified after Salonen
and Palmu (1989).
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lonen, 1990; Figure 11-2). The total length of the train (A)
is measured from the apical ¢last fo the 1% frequency point.
The distance from the apical clast to where the frequency
reaches 50% ofthe total is referred to as the renewal distance
(E). Half-distance (D1/2) is the distance where the frequency
of an indicator clast declines to 50% of its initial value.

According to DiLabio (1990,) sinall dispersal trains are
all extremely thin relative to their width and length; they are
orders of magnitude larger than their bedrock sources and
display abrupt contacts (vertical and lateral) with the enclos-
ing sediments.

SAMPLES

A review of the literature indicates that the size and
number of clasts collected as part of a clast lithologicat pro-
gram Is inconsistent. A number of studies report using exact
counts ranging from 25 (Kerr and Sibbick, 1992) to 100
(Saarnisto and Taipale, 1985) to 200 (Aumo and Salonen,
1986). Other studies report ranges in sample size from 29 to
184 (Bouchard and Salonen, 1989) through 100 to 200 (Stea
et al., 1989; Shilts, 1981) and up to 385 (Alley and Slatt,
1976). To minimize proportional errors associated with
small sample sizes, a minimum of 250 to 300 clasts has been
recommended by Bridgland (1986) in traditional studies and
500 or more where rare lithologies are of interest. In lieu of
such large samples, nomograms can be consulted or count-
ing errors can be calculated (see section on Statistics). Error
values for proportions based on samples below 100 clasts
are so large that all attempts at interpretation are of little
value.

Similar variability exists in the size selection of clasts.
Moreover, such information is not always reported. In dis-
persal fan studies, the most common size used is boulder-
size although smaller sizes have been studied (e.g. Bouchard
and Salonen 1989). In deposit sampling, preferred clast size
ranges are 2 to 6 centimetres, 6 to 20 centimetres, or over
20 centimetres (Saarnisto and Taipale, 1985, Hirvas and
Nenonen, 1990). However, various sand and fine gravel
sizes have also been used and broader ranges than those
listed above have been examined (¢f. Pertunnen, 1991). Fi-
nally, thin section studies are sometimes used and these rely
on grains 1 to 2 miilimetres in size and counts of 50 to 100
(Hirvas and Nenonen, 1990). Clast size is of critical impor-
tance, as it can be shown that dispersal patterns vary con-
siderably in any one litholegical study depending on the size
of clasts collected (e.g. Saarnisto and Taipale, 1984). Sev-
eral implications of clast size are discussed below,

CONTROLLING FACTORS

Dispersal curves and trains tend to approach log nor-
mality in their frequency distribution along some linear dis-
tance, but significant differences exist in the values of the
descriptive parameters. In particular, variation in the maxi-
mum abundance or concentration, distance of transport, rate
of change (decay constant) and half-distance (Djs2). These
differences are the result of influences from a number of
factors.

Properties associated with the bedrock source influence
the measurable parameters of a dispersal train. Outcrop area

has been proposed by Peltoniemi (1985) as having some
contro] on down-ice clast concentration. Although Salonen
(1992) and Clark (1987) have both argued that the influence
of outcrop width (area) is negligible. Intuitively ¢ne should
expect the type of lithology to be a significant factor in the
length of glacial transport. Salonen (1992) suggests that
mica schists and gabbros should have short trarsport dis-
tances in contrast to limestones and quartzites wh'ch should
have longer transport distances. A convincing example from
New York is provided by Holmes (1952) who dccumented
total transport distances of 6.4 kilometres for sha.e and 130
kilometres for quartzites. Transport differences due to li-
thology have also been demonstrated by Hirvas and
Nenonen (1990). Clark (1987) believes that the relative
ranking of lithologies from most resistant to least {e.g. crys-
talline>sandstone>limestone>shale) has merit, but the in-
fluence of lithology on dispersal patterns remains poorly
understood in the absence of more empirical dat;.

Another observation regarding the bedrock source con-
cerns the impact of jointing and fracturing on the incorpo-
rated shape of the rock fragments. For example, Laitakari
(1989) believes that strongly jointed bedrock results in an-
guiar fragments, whereas rocks such as granites tend to be
rounded prior to glacial transport. Similarly, the topography
of'the bedrock source is seen as contributing to the dispersal
pattern by influencing basal ice conditions {velocity) which
affect the erosive and depositional capabilities of “he glacier.
In Gaspé, Québec, for instance, David and Bedard (1986)
observed greater erosion and longer transpor{ distances
from granite outcrops of high relief as compared to level
source areas. Although generally down played in continen-
tal ice sheet discussions, topography plays an extremely im-
portant role in the mountainous regions such as the
Cordillera. Topography controls the type of glacier ice
which can develop: icefields, valley glaciers, cirques and
variations of these in mountainous terrain. Eque lly critical
is the influence of relief on generation of compressive ver-
sus extending flow, the net effect being reduced (deposition)
versus accelerated (erosion) ice velocity, respectively (Sug-
den and John, 1976). In the mountainous terrairi of British
Columbia, fluctuations from compressive to extending flow
are expected to be a typical characteristic along any single
flow line.

Once incorporated into the ice, clast shaje (Drak,e
1972) and grain size (Dreimanis and Vagners, 1969) influ-
ence the dispersal pattern. In one study in southern Finland,
Pertunnen (1991) examined the dispersal pattzrn of five
grain sizes of granite (20-2 cm, 2-6 mm, 6-2 mm, 2-0.6 mm,
0.6-0.2 mm) and determined that D12 increascs with de-
creasing grain size. This trend was confirmed eli;ewhere by
Saarnisto and Taipale (1984) using three clast sizes (2-6 cm,
6-20 cm and 20 cm). More important is the obsejvation that
value of K is usually greater in clast lithology diita as com-
pared to geochemical data derived from the same matrix.
This is because particles l¢ss than 16 millimetres and 0.008
millimetres are not easily entrained by ice (Bouiton, 1975).
It follows then, that the silt to pebble-sized particles are the
most easily transported fractions.
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The most important factor controlling sediment disper-
sal is the behavior of the ice. In this regard, rates of erosion,
entrainment, transportation and deposition are all a reflec-
tion of glacier ice conditions (Figure 11-4). Clark (1987)
argues the most important control of sediment dispersal is
the basal ice velocity; where low sliding velocities can be
associated with shorter dispersal distances in contrast to
higher velocities which result in greater transport distances.
Strobel and Faure (1987) view the position of sediment
transport in the ice as the most important factor controlling
dispersal patterns. For any ice mass, they propose that basal
debris is deposited quickly whereas englacially transported
debris is transported much farther. Although not discussed
in detail, they imply also that supraglacial debris would re-
sult in still greater transport distances. Strobel and Faure’s
conclusions are based on their interpretation of Shilts’
(1976) description of a typical dispersal curve where the
head portion undergoes an exponential decrease and the tail
portion approximates a linear reduction. The transition from
head to tail in the curve is thought to reflect the transition in
transport position in the ice mass from basal to englacial,
The flat tail portion may also indicate convergent flow,
streaming or even surging of the ice (Bouchard and Salonen,
1989). As most discussions of clast transport centre on ice
sheet behavior, transport in the upper ice zone (supraglacial)
is rarely emphasized, but in mountainous terrain, a signifi-
cant portion of the debris transported by the ice is carried in
the supraglacial position (Dreimanis, 1990). If the su-
praglacially transported clasts are exogenous in derivation,
transport lengths are often considerable which contrasts
with basally derived debris which can be transported both
short (compressive flow) and long (extending flow) dis-
tances. Supraglacially transported debris can prove advan-
tageons for mineral prospecting in certain situations as
illustrated by Stephens ef al. (1983).

Another implicit consideration is position relative to
theice divide. Donner (1989) provides examples of ice sheet

DEPOSITION

WIDE-SPREAD, LOW-
INTENSITY ANOMALIES

TRANSPORTATION

EROSION >

Figure 11-4, Ternary plot of glacial processes indicating relation-
ship between erosion, transportation and deposition and effects on
indicator dispersal patterns. Modified after Salonen (1989).

flow noting rates of 3 metres per annum near the ice divide
and 135 metres per annum about 100 kilometres from the
divide. Since basal velocity in ice sheets increases with dis-
tance from the ice divide, it is expected that transport dis-
tances increase correspondingly. In mountainous terrain
ice-flow rates are different and significantly greater. The
greatest basal ice velocity is expected to occur at the equi-
librium line (Patterson, 1981), the position of which drops
progressively in elevation as individual glacial cycles reach
their maxima. Normal ice velocities as high as 1.2 metres
per day have been recorded for alpine glaciers and these can
increase by 10 to 100 times during surge events. The latter
are important in the Cordillera, 209 surging glaciers have
been recognized in western North America, (Patterson,
1981).

Several other complicating factor,s that are difficult to
empirically evaluate also negatively affect sediment disper-
sal patterns by lowering maximum concentrations and in-
creasing values of C, K, M, A and most importantly D12
(Figures 11-1 and 2). These factors include, but are not lim-
ited to, increasing overburden thickness and redeposition
(Drake, 1983}, successive flow stages and genetically com-
plex stratigraphy. The latter factors are particularly prob-
lematic in the interior of British Columbia where local
Quaternary stratigraphy and glacial history is poorly known
and is only inferred from air photograph interpretation and
shallow exposures.

As a product of the above factors, glacial sediments
most likely to be examined in an indicator-clast dispersal
study often display different transport distances. According
to Salonen (1989) increasing transport distances are evident
progressing from hummocky moraines to cover moraines
(till veneers) to drumlins and finally to ground moraines. As
expected, even greater tansport distances are observed in
glaciofluvial deposits such as eskers (Vallius, 1989). Aario
and Peuraniemi (1992) examine a larger suite of morainic
landforms for their drift prospecting potential. They provide
a detailed summary of several controlling properties and
conclude applicability to ore prospecting is good for cover
(veneer), Rogen and Sevetti moraines, moderate for ground
moraine and moderate to bad for drumlins, flutings, Pulju
and end moraines.

STATISTICS

The distribution of any type of lithology in a down-ice
direction from the source can be described mathematicaily
by a negative exponential curve (Shilts, 1976). Furthermore,
this description assumes that the proportions and percent-
ages representing a lthology are an accurate reflection of
some target population. Hence, there are two statistical com-
ponents that are important in ciast lithological analysis: pro-
portional distributions and proportional confidence. Both
aspects are briefly discussed below.

PROPORTIONAL DISTRIBUTIONS

Krumbein (1937) showed that in numerous sedimen-
tary situations the analytical elements under examination
conform to exponential laws. That is, dependent variables
(¥) tend to increase or decrease exponentially relative to an
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arithmetic increase in the independent variable {x}. In terms
of a frequency distribution, Krumbein showed that the de-
bris dispersed by a glacier will show its highest frequency
near the source and then decrease in abundance in an expo-
nential manner in the down-ice direction, He described this
distribution as follows:

Y =yoe'®

where:

Yo = frequency of y when x is zero (y intercept)

¢ = base of the natural logarithm (2.71828)

a = coefficient of x (particle distribution or transport

constant)

x = distance in kilometres from the source.

The above curvilinear distribution is often linearized
using a natural logarithm transformation of the y variable
and application of Model 1 least squares regression:

Iny = Iny, - ax (Strobel and Faure 1987).

Although never applied, confidence limits about the
specific regression equation must be determined. The value
of a can be shown to be related to the transport half-distance
(D112) using:

D1 =In2/a

The relationship between Dis2 and a is critical,as a de-
creases as a function of decreasing particle size and increas-
ing half-distance values (Salonen, 1992). D12 is important
to the mineral explorationist as it represents the measure
which best provides a guide to locating the provenance dis-
tance of a particular lithology, Clark (1987) generalized the
pattern of dispersal curves and the scale of dispersal by il-
lustrating that D1/ increases in value from local to conti-
nental scales (Figure 11-5). A similar generalization can be
developed for glacial landforms described earlier where
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Figure 11-5. Transport distance ranges for three scales (local,
regional and continental) of dispersal curves. Adapted from Clark
(1987).
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Figure 11-6. Schematic figure illustrating the relationship between
glacial landforms commonly sampled for clast-indicator studies
and expected transport distances. Data from Aario and Peuraniemi
(1992).
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Figure 11-7. Bivariate relationship predicting Dy frora transition
distance (km) based on data in Strobel and Faure (1987). The
function is highly significant with i = 0.987

Dy/z increases in value from hummocky moraine to ground
moraine (Figure 11-6). .

An ability to estimate D1/ in the field would assist ex-
plorationists in the search for mineralized bedrock. Strobel
and Faure (1987) showed there is a positive cotrelation be-
tween the transition distance (exponential to linea: transport
modes on distal decline of dispersal curve) and th: half-dis-
tance. Figure 11-7 is a plot of their data with the variables
reversed, so that Dy, can be estimated from knowledge of
the trasition distance using the equation:
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Dy =-2.58 + 0.367 (T)

where

D12 is the half distance measured in kilometres and
T is the transitional distance measured in kilometres.

PROPORTIONAL CONFIDENCE

All values of abundance and frequency in lithological
studies represent some characteristic proportion () out of a
total suite of characteristics (/-p). The value of p is esti-
mated (x) from a sample of clasts of size » which is less than
the total population of clasts N. Although the characteristic
observed as x/n is a good estimate of p, counting errors exist
because n<N (Howard, 1993). By definition, the sampling
distribution of x is approximately normal with a mean of p
and a standard deviation of | p(/-p)/n if the following con-
ditions are met: # is greather than or equal to 30 or np and
1(I-p) are larger than 5.

Probable error associated with the proportional counts
can be determined from nomographs or calculated using the
equation:

CE=t| p(l-p)n,
where
CE is confidence interval about the mean,

t is the value of Student’s t distribution (n-1 degrees of
freedom and confidence level a/2),

p is the observed proportion of a characteristic lithol-
ogy, and

n is the total number of clasts counted (Howard 1993).

CONCLUSIONS AND IMPLICATIONS

Lithological analysis is a successful method of drift
prospecting that compliments other data collected through
till geochemical sampling. The method involves the collec-
tion and interpretation of indicator-clast frequency data re-
trieved from a sampling medium (till) or on the ground
surface. Analysis consists of the recognition of glacial diper-
sal trains, delimiting the boundaries and establishing prove-
nance source areas. Clasts of any size and shape can be used,
but consistency in both clast size and shape must be main-
tained in a sampling design. Glacial landforms of any type
can be sampled but again consistency must be maintained
as certain deposits have greater applicability to successful
drift prospecting. Sample size is very important and when
possible, should consist of at least 250 clasts per sample.
Samples sizes consisting of less than 100 clasts are of no
utility to drift studies. Confidence estimates should be as-
signed to all frequency data regardless of the sample size.

A number of factors are known to controel the nature and
character of glacial indicator-clast dispersal trains in the
mountain environment including but not restricted to bed-
rock lithology and structure, outcrop area, relief, topogra-
phy, clast shape and size, glacier ice thickness, velocity,
distance from equilibrium line, style of sediment incorpora-
tion, transport position and history, redeposition and com-
plexity of underlying stratigraphy.

Glaciated mountainous terrain is fundamentally differ-
ent from the flat, rolling terrain which is typically consid-
ered in the evaluation of glacial dispersal under ice sheet
conditions. In the Cordillera of western Canada, confined
valleys, steep gradients, rugged high-relief topography and
rapidly changing landform deposits strongly influence the
expected and observed dispersal patterns of glacially trans-
ported debris. Many of the controlling factors recognized as
insignificant in the continental ice sheet environment as-
sume a more prominent role in influencing the clast disper-
sal pattern in the mountain glacier environment. Several
generalizations concerning drift prospecting in glaciated
mountainous terrain can be offered, including:

1. For a typical valley glacier the greatest velocity (least
deposition, greatest erosion and potential subglacial in-
put) occurs at the equilibrium line; slower velocities oc-
cur up and down-ice of this position.

2. Fluctuations between compressive (high velocity) and ex-
tending flow (low velocity) are expected to be more com-
mon because of the high relief.

3. Glacial debris is dispersed farther down valleys than
across intevening highlands and the compositional
isopleths often mimic the topography.

4. Supraglacial debris is an important component in the sedi-
ment load of glaciers.

5. Dispersal trends are usnally longer and narrower in valley
situations as compared to continental ice sheets.

6. Ice streaming, convergent and divergent ice-flow patterns
are expected to be greater.

7. Redeposition or dilution (‘inwash”) is more significant in
the alpine environment where tributary glaciers contrib-
ute to the main trunk systems.

8. Glacial landforms show considerable variability in their
potential utility for ore prospecting and certain morainal
deposits are more common in mountainous terrain,
whereas others are less common to absent when com-
pared to continental situations.
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EFFECTIVE LOW-COST RECONNAISSANCE DRIFT
PROSPECTING IN AREAS OF VARIABLE TERRAIN: AN
EXAMPLE FROM THE SOUTH-EAST TASEKO LAKES
AREA, CENTRAL BRITISH COLUMBIA

By Bruce E. Broster and David H. Huntley
University of New Brunswick

INTRODUCTION

For many, drift prospecting is the straightforward col-
lection of samples at locations defined by a grid drawn at a
predetermined scale on a base map. This is rarely a satisfac-
tory technique for the delineation of anomalies in areas of
alpine or subalpine glaciation. Such areas are characterized
by highly variable terrain that is the product of glaciation
associated with growth of individual cirque glaciers and
their coalescence into larger valley glaciers and/or complex
ice sheets. Subsequent drift deposits may represent deposi-
tion from a unique ice-stream that can be traced for some
distance to a (lithologically) unique source. More often, the
deposits are a mixture of material from several contributory
glaciers that defy source identification.

In this type of terrain, conventional sampling programs
can be time consuming and expensive. However, as a pre-
liminary study and with only a rudimentary uncerstanding
of glacigenic processes and up-ice lithologies, it is often
possible to delineate dispersal patterns and targetareas from
examination of physiography, directional landforms and se-
lected lithologies. Here we present an example of this low-
cost approach to drift prospecting from our field studies
(1991 and 1992) in central British Columbia.

STUDY AREA

The southeast Taseko Lakes area, British Columbia
(Figure 12-1) is an area of complex geology and variable
terrain. Although it has a long history of small-scale placer

>
Y
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7

Area discussed in this paper

Figure 12-1. Location of study area indicated by hatching, shown in greater detail in Figures 12-2, 3 and 4.
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and bedrock gold production, a systematic regional eco-
nomic evaluation of the Quaternary drift cover has yet to be
undertaken. Previous reconnaissance studies of the Quater-
nary drift precluded detailed investigation of sediments and
glacial dispersal patterns (Tipper, 1971; Heginbottom,
1972). Recent investigations have focused on glacial proc-
esses, detailed stratigraphy, glacier dispersal patterns and
glacial geomorphic history (Broster and Huntley, 1992,
1993: Huntley and Broster, 1993a, 1993b, 1993¢). Quater-
nary sediments have now been mapped at a scale of 1:50 000
(Huntley, 1994) and logged in vertical profiles (Broster and
Huntley, 1992). We emphasize the importance of these stud-
ies as a basic contribution to further prospecting within the
area. However, inexpensive cursory dispersal analysis as
described here, can be conducted within a few weeks by
examination of indicator clasts and physiography as deline-
ated by topographic maps and/or aerial photographs.

PHYSIOGRAPHIC AND GEOLOGIC SETTING

Three principal physiographic elements are recognized
in the study area upland and plateau areas, valleys, and
mountains (Figure 12-2). The northern two-thirds of the
study area is dominated by the Fraser Plateau. This is a gen-
tly undulating plateau between 920 metres and 1070 metres
elevation, with isolated hills rising above 1800 metres. To
the south are the Camelsfoot and eastern Chilcotin ranges;
an alpine landscape, with major peaks rising above 2400
metres ¢levation (Figure 12-2). These regions are dissected
to a maximum depth of approximately 700 metres by the
south-flowing Fraser River and its tributaries (Figure 12-
3a).

The bedrock geology of the plateau is complex. West
of the fault-controlled Fraser River, Eocene and Miocene
mineralized volcanic and sedimentary rocks, with inliers of
Jurassic granodiorites dominate (Figure 12-3b). East of the
Fraser River, Triassic and older metasedimentary, metavol-
canic as well as Permian limestone rocks outcrop and are
overlain unconformably by Miocene to Pleistocene plateau
basalts. In the Camelsfoot and eastern Chilcotin mountain
ranges, Lower Cretaceous clastic sediments (Jackass Moun-
tain Group) are the dominant rock type (Figure 12-3b).

In alpine areas, over the plateau, and upper reaches of
tributary valleys, the Quaternary cover varies in thickness
from | metre to approximately 50 metres. Between 150 and
300 metres of Quaternary sediments are exposed in vertical
sections along the Fraser River valley (Figure 12-2: location
F). Pre-Wisconsinan fluvial sediments and Early Wisconsi-
nan (deglacial) lacustrine sediments (Eyles and Clague,
1991) are preserved, overlying bedrock along sections of the
Fraser River and major tributaries.

Late Wisconsinan Fraser glaciation sequences are¢
found in all physiographic settings. In many valleys, ad-
vance stage glaciolacustrine sediments are truncated and
overlain by basal and ablation till and lacustrine sediments.
In alpine and plateau areas, Late Wisconsinan till overlies
bedrock or advance stage glaciofluvial sediments (Huntley
and Broster, 1993c¢). Holocene fluvial, eolian and lacustrine
deposits are restricted to major valleys and plateau areas.

Figure 12-2. Physiographic regions adjacent to the Fraser River
between latitudes 51°N (bottom) and 52°N (top): A - Camelsfoot
Range; B - Marble Range; C - Chilcotin Range; D - West Fraser
Plateau; E - East Fraser and Green Timber Plateau; F - area of thick
glacial sediments; Gang Ranch - open square; peaks - solid trian-
gles; accurate ground scales presented in Figures 12-3 and 4.

METHOD OF DISPERSAL ANALYSIS

Erosional glacial landforms, glacigenic sediments, till
fabrics and indicator clast provenances were examined to
determine glacial dispersal patterns (Figure 12-3a). Addi-
tional information was provided by mapping palacochan-
nels and glaciofluvial landforms. These fluviatile deposits
are, in their own right, important exploration targets for po-
tential placer mining (Levson et al., 1990; Levson and Giles,
1991). However, this report is concerned only with the im-
portance and use of clasts in till for drift prospecting.

Dispersal trains are formed by anomalous concentra-
tions of debris during glacier flow and are distinguished by
an enriched fan or ribbon-shaped zone in the resultant till
{Dreimanis, 1958; Shilts, 1976; Hicock, 1986; Coker and
DiLabio, 1989; Puranen, 1990; Hornibrook et al., 1992,
1993; Balzer and Broster, 1994). An elongated down-ice
dispersal pattern, or train (e.g. DiLabio, 1990), is recognized
by drawing concentration contours of distinctive compo-
nents of the till on a base map. The source of glacial entrain-
ment is expected to be under, or a short distance up-ice of,
the highest concentration (for ¢xamples see Kujansuu and
Saarnisto, 1990). The length of train defined by this spatial
plot is dependent upon a number of factors related to both
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Figure 12-3. (a) Glacial dispersal patterns. (b) Distribution of indicator lithologies and sample sites.

glacier dynamics and bedrock exposure {Broster, 1986;
Hornibrook et al., 1993; Balzer and Broster, 1994},

The examination of till-clast lithology was considered
the most economical and accurate approach to defining gla-
cial dispersal patterns in this part of the Canadian Cordillera
because of the following: studies in subalpine terrain with
variable physiography (Hornibrook ef al., 1992, 1993;
Balzer and Broster, 1994) suggest clast lithology delineates
larger dispersal trains than matrix components; clast trains
can often be defined by relatively fewer samples than com-
moniy needed for matrix component trains; and the only
expense for analysis is the time required for lithology iden-
tification, which could be done while still in the field.

DIRECTIONAL GLACIAL LANDFORMS AND
LITHOLOGIES
Ice-flow directions were initially determined by map-

ping drumlins, roches moutonnées and flutes observed on
1: 10 000 and 1: 60 000-scale air photos. These directions

were plotted on a base map so that subsequent ground trav-
erses could be directed to areas requiring further informa-
tion. At ground locations, glacial striae orientations were
measured on bedrock outcrops and depositional transport
paths were determined by measuring orieniaticns of long-
axes of 50 prolate clasts in basal ll.

Additional important dispersal data were derived from
the examination of source lithologies represented by clasts
in basal till. Approximately 150 tiil samples, renging from
2 to 5 kilograms each, were collected within the study area
at 102 sample locations (Figure 12-3b). The collection of
additional samples at some sites allowed us to examine ver-
tical mixing and lithological variability within “he till.

The samples were dried and passed through a 2-milli-
metre sieve. From each sample, a minimum of 100 clasts
more than 15 millimetres in diameter were id:ntified and
grouped according to lithology. Permian limestones, Juras-
sic grancdiorites and Creiaceous clastics were selected as
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Figure 12-4, Dispersal patterns of clast lithologies in till, for: (a) Jurassic granodiorite and Permian limestone, (b) Jackass Mountain
Group ciastic sediments. Note change in glacigenic directional indicators and paucity of clast dispersal due to an ice divide at the Fraser

River.

indicator lithologies, as published maps (Tipper, 1978) in-
dicate that these rock types have known and restricted geo-
graphic distribution (Figure 12-3b). Percentage
distributions of indicaiors were subsequently plotted on a
base map of the study area (Figure 12-4a, b).

RESULTS AND INTERPRETATIONS

Giaciation of the Fraser Plateau was typical of the proc-
ess in mouniainous areas of British Columbia (Clague,
1989) and elsewhere, involving formation of cirque glaciers
and their coalescence into valley glaciers and, eventually,
large ice sheets. Although glacier coalescence can produce
complex dispersal trains and interlayered ground moraine
(till deposits; ¢f. Broster and Dreimanis, 1981), subtle de-
viations and limits to individual glacier movements were
apparent by careful examination of glacigenic indicators,

Basal till showed a preferred fabric (clast alignment)
similar to ice-flow patterns determined from striae and di-
reciional landforms (Figure 12-3a). The till fabric data and
bedrock striae enabled identification of subtle deviations in
local ice flow. Although these data were important for our
detailed study, major ice-flow patterns were clearly identi-
fiable by recognition of directional glacial landforms on aer-
ial photographs.

During glaciation, ice accumulation occurred in the
Camelsfoot and eastern Chilcotin ranges (Figure 12-3a).
Major valley glaciers from these sources coalesced with
Cariboo Mountain ice along the Fraser River valley. In the
northwest quadrant of the study area, drumlins and flutes
indicate northward ice flow with crude radial dispersal as
ice advanced over the Fraser Plateau (Figure 12-3a). Relict
petiglacial landforms on peaks in the Camelsfoot and east-
ern Chilcotin ranges indicate 2 minimum limit of the Cor-
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dilleran ice sheet during the Fraser glaciation (Huntley and
Broster, 1993a).

Clast dispersal patterns support other ice-flow data
{Figures 12-4a, 4b). For example, a northeastward dispersal
pattern occurs in the northwest quadrant where grano-
diorites were eroded by ice flowing over the western Fraser
Plateau (Figure 12-4a). Here, a broad dispersal irain reflects
radiating flow associated with piedmont glacier lobes from
the eastern Chilcotin Range.

In general, there is an apparent conceniration of indica-
tor lithologies in drift deposited along valleys and homog-
enization of drift lithologies in till overlying plateau areas.
This was recognized both in replicate sample analysis and
plots of indicator lithology percentiles. For example, disper-
sal of clastic sediment lithologies reflects lobe-shaped con-
centrations associated with northwest transport of debris
along major valleys from the Camelsfoot Range in the south
(Figure 12-4b). Maximum concentrations occur over peaks
of the same lithology that were ice-free during glaciation.
Minimum concentrations occur in ice-free areas with con-
trasting geology, and in ice-distal settings along the Fraser
River. The maximum train observed in this area is over 30
kilometres in length and is associated with valley-controlled
flow along Churn Creek.

Unlike the granodiorite and ciastic sediment trains that
decrease to the north, the limestone content in the eastern
part of the area diminishes westward, to become rare or ab-
sent at the Fraser River (Figure 12-4a). The dispersal patiern
of Permian limestone indicates westerly transport over the
eastern plateau and along tributary valleys draining to the
Fraser valley (Figure 12-4a). Together, the dispersal patterns
of limestone and clastic sediments indicate that a major ice
divide occurred along the Fraser River valley in this area.

CONCLUDING REMARKS

Our research provides the first attempt at systematic
examination of glacial dispersal patterns in the southeast
Taseko Lakes area and provides essential bascline data for
subsequent mineral exploration. Here, ice flow and sedi-
mentation occurred in alpine and plateau terrains with com-
plex geclogy. Consequently, the area is a challenging
environment for conventional methods of drift prospecting.

However, the combination of landform and sediment
mapping with clast fabric and lithological analyses provides
an effective low-cost method of regional exploration. This
approach to preliminary drift prospecting involved:

o Identification of directional landforms from analysis of
aerial photographs.

e Identification of indicator lithologies for assessment of
spatial distribution of clasts.

e Ground reconnaissance to collect samples and on-site di-
rectional data (siriae and till fabrics),

o Identification of patterns and limits to spatial distribution
of indicator lithologies.

From these data we conclude that more detailed pros-
pecting surveys in this area must consider the effects of
greater mixing of drift during deposition on plateau areas,
contrary to the concentration of distinctive up-ice sources

in drifi along valleys, and the separation of ice bodies and
relative lack of transport across the Fraser River valley. We
further believe that this approach can be appliec! success-
fully in other regions of variable terrain and complex geol-

ORY.
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THE USE OF THE CHARACTERISTICS OF GOLD FOR
EXPLORATION IN GLACIATED MOUNTAINOUS AREAS,
WITH AN EXAMPLE FROM THE KOOTENAY DISTRICT,

SOUTHEASTERN BRITISH COLUMBIA

By John Knight, Geological Consultant

INTRODUCTION

Many exploration programs have been conducted in the
Kootenay district of southeastern British Columbia (Figure
13-1) since the discovery of placer gold in the 1870s.
Spurred on by the discovery of associated lode occurrences,
the search for additional sources continues today. As with
many gold exploration ventures conducted in glaciated,
mountainous areas where a number of lode showings occur,
the interpretation of results is one of the weakest links in the

exploration process. This study illustrates how the charac-
teristics of a limited number of gold particles recovered
from heavy mineral sampling programs can be used to re-
duce the interpretive uncertainty.

The characteristics of gold found in the surficial envi-
ronment are the product of inherited characteristics from the
tode and the post-depositional processes acting on the gold.
Gold particles from bedrock sources are commonly spheroi-
dal (equant) in shape with a specific composition related to
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Figure 13-1. Sample locations.
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conditions of formation (Morrison ef al., 1991). Weathering
liberates gold particles from the lode. In the surficial envi-
ronment, weathering and erosion alter both the chemistry
and morphology of the particles, Mercury, copper and silver
are removed from the surface of gold particles to form a thin
(up to 20 wm) coat or rim of pure gold around a core (Knight
and McTaggart, 1990; Knight et al., 1994). The core pre-
serves the original or bedrock source composition of the
gold (Knight and McTaggart, 1986, 1989, 1990, Knight et
al., 1993, Nelson er al., 1990). In the fluvial environment,
hydraulic reworking of sediment causes gold particles to
become flatter and rounder with time. Under certain condi-
tions the increase in flatness and roundness can be related
to distance of transport (Herail ef al., 1989; Knight ef al.,
1994). The chemical and physical characteristics of gold
can, therefore, be used to fingerprint the bedrock source of
the gold and make an estimate of the distance of transport
in the fluvial environment.

METHODS

The samples used in this study consist of gold recovered
from a regional heavy mineral sampling program, and, for
upper Moyie and Gold creeks (Figure 13-1), samples which
were specifically collected for a study of the characteristics

of gold. The objective, in both cases, was to locate the
source(s) of gold found in the creeks.

Only an outline of the data collection procedure is given
in this paper. For more details see Knight and McTaggart
(1986, 1989, 1990) and Knight ef al. (1994). Gold particles
were sized, and for samples in which the majority of the
particles were greater than 0.2 millimetre, were sorted into
flatness and roundness categories. The flatness was esti-
mated by visual inspection and the roundness by compari-
son to a standard chart. The particles in the sample were
mounted in plastic with their long axes perpendicular to the
sample mount surface in order to consistently expose the
short - intermediate axis plane when the mount is polished
(Douma and Knight, 1993). This procedure ensures that the
measurements made of the rim features accurately reflect
the rim characteristics and are consistent between samples.
Inclusions and the internal structure were studied using a
reflected Jight microscope. Each particle was then analyzed
by electron microprobe for gold [detection limit (D.L.) =
.019 wt%], silver (D.L. = .013 wi%), copper (D.L. = 0.025
wt%), and mercury (D.L. = 0.065 wt%). The detection limit
is calculated using three standard deviations of the back-
ground. Data are displayed as fineness versus mercury plots
(Figure 13-2), where fineness=1000 x (Av/(AutAg).
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GEOLOGY

The area to the west of the Rocky Mountain Trench is
underlain by limestone, quartzite, dolomite and sandstone
of the Proterozoic Putrcell Supergroup (Kitchener-Siyeh,
Creston, Aldridge and Fort Steele formations; H8y, 1989b).
Proterozoic Moyie intrusions, which comprise sills and
dikes of basaltic composition, intrude the Purcell Super-
group rocks. In the area enclosed within the bend of the
Moyie River, andesites and basalt lava flows of the Nicol
Creek Formation are interbedded with the sediments, At the
western edge of the study area, Purcell rocks are intruded
by Mesozoic (post-Triassic) granites and granodiorites
(Leech, 1958; Reesor, 1956, 1981; Hiy, 1984, 1989a; Rice,
1941). East of the Rocky Mountain Trench the major units
include limestones, quartzites, dolomites and siitstones of
the Precambrian Fairholme, Gateway and Reosville groups.

Known gold mineralization occurs as gold-silver quartz
veins hosted by Purcell Supergroup rocks. The David occur-
rence {MINFILE 082F 092), for example, is a gold-quartz
vein hosted by a northeast-striking shear zone. Sulphides
such as galena, pyrite and chalcopyrite are often significant
accessory minerals in the veins. The age of mineralization
is unknown. The Sullivan deposit and similar stratiform
massive sulphide deposits are found to the north. Quartz
veins carrying galena and silver minerals (including tetra-
hedrite and native silver} are also scattered throughout the
area.

RESULTS AND DISCUSSION

SAMPLE MORPHOLOGY

The distance of transport of the placer gold can be es-
timated by using the curves of Knight e al. (1994) which
relate the average flatness, roundness, rim thickness and
percentage of the particle which is rimmed, to the average
distance of transport (Figure 13-3). Estimates of the distance
of transport could only be made from Gold Creek and upper
Moyie River samples, as only these samples had a sufficient
number of particles in the required size range (0.2 to 1.5
mm). Results for the Gold Creek area are shown in Table

13-1. As Knight ef al. (1994) concluded that fl:itness is the
most reliable indicator of the distance of transpdrt it is these
values that are taken to represent the transport (istance for
Gold Creek gold. Rim characteristics are strcngly influ-
enced by the immediate past history of the gold barticle and
are therefore a less reliable indicator. Specifically, the rim
characteristics are thought to more accurately reflect the
time since the last active alluvial transport dur.ng the for-
mation of the host gravels of probable Holocen: age, abra-
sion of the gold and consequent preferential removal of the
rim, rather than the distance of transport (Knight ef ai.,
1994).

The presence of numerous indentations and, in section,
smearing of the gold at the edges of the particles, is consid-
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Figure 13-3. The relationship between gold particle flatness and
distance of transport from the lode source for the Klcndike. The
triangle represents a sample containing some gold which origi-
nated in the White Channel gravel paleoplacer (Knight ef al.,
1994).

TABLE 13-1
CHARACTERISTICS OF GOLD PARTICLES AS DETERMINED BY REFLECTED LIGHT MICROSCOPY AND
THE RESULTING PREDICTION OF DISTANCE TO SOURCE

Estimate of distance (k) using

Rim ;

Dralnage sz::: inie:l Sn;TZH:St T::::::::::r Flalness Roundness Rim% Thickness Flatness Roundness Rim% Thl,:l‘(:]l‘,ms

imicrens: :
David 92 ND N 14 452 £9.0 0.0 0. 4.0 0.5 0.0 0.0
Moyle 90 0.2 0.5 27 47.5 38.9 0.0 0.00 6.0 20 0.0 0.0
Moyle 3] Q2 08 48 625 274 45 Q.50 180 50 0.5 o6
Gold a8 0.2 0.5 15 B33 6.7 28.0 2.45 35.0 >30.0 4.0 20
Gold 84 0.2 1.0 28 76.2 19.0 35.6 2.54 30,0 20.0 7.0 20
Gold 93 1.0 1.0 1 ND ND ND ND ND ND ND ND
Gold 85 ND ND 13 83.3 244 55.0 2.93 35.0 10 18.0 3.0
Golkd 87 ND ND 16 81.2 8.8 a1.3 227 34.0 25.0 10.0 2.0
Gotd B& 0.2 0.5 78 8i.2 20.5 66.2 3.74 34.0 10,0 30,0 5.0
Wiidhorse 89 0.2 0.5 58 68.4 37.9 7.2 0.79 24.0 2.0 1.0 05

NC = not determined

In addition:

Sample number 89 was seen tc be contarminated with mes¢ury on the surface.

Most contaminated paricles were removed during sample preparation and the remainder did not aflect the results.
Inclusions of chalcopyrite and galena were seen,

Sample number 80 has inclusions of pyrite and galena.
Two compositions of gold in a single parlicle were present in samples 84, 85, 86, 87, B3 and 90.
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ered to support this conclusion. A similar situation exists in
the Cassiar area where the gold is associated with gravels
formed during the last deglaciation of the area (Nelson ef
al., 1990). Higher roundness values are more suited to an
estimate of short distances of transport (<10 km; Knight ef
al., 1994). Large errors associated with estimates of longer
distances based on roundness are thought to be, at least in
part, responsible for the discrepancy between the estimates
of distance based on roundness and flatness. A final com-
plication in this study is the relatively small number of par-
ticles in each sample.

The gold from the David (MINFILE 82G (92} bedrock
occurrence (sample 92} has a significant primary flatness
possibly related to its origin in a shear zone. The curves of
Knight ef al. (1994) are based on gold in the bedrock source
which had a near spheroidal or equant shape. This primary
flatness accounts for the distance of 4 kilometres to the
source predicted for this sample rather than the expected 0
kilometres. Despite these complications, the flatness of goid
from Gold Creek indicates a minimum transport distance
of 30 to 35 kilometres from the projected lode source.

SAMPLE COMPOSITION

The copper content is low and shows an increase in
concentration with increased fineness. The data fall within
the range reported by Knight ef al. (1994) and Knight and
McTaggart (1990) as representing the expected normal in-
crease in copper content with increased fineness for lode
deposits. Except for the pure gold (fineness = 1000) particles
with no copper or mercury (see below), all particles recov-
ered are considered to be weathered from a bedrock source.
The chemical compositions of the particles, as illusirated by
the plots in Figure 13-2, are therefore a chemical signature
of the bedrock source.

The most striking feature of the data is the fact that,
despite the regional glaciation (Clague, 1975), gold particles
in creeks separated by major divides have a distinct chemi-
cal signature (Figures 13-1 and 2; Table 13-2). Therefore,
as dispersion of the gold from the lode source was confined
to those parts of a drainage with a well defined watershed,
the dominant source for the placer gold lies within the drain-
age basin of that stream.

The gold compositions in this area are unusual for Brit-
ish Columbia in that they report a consistently high (>900)

TABLE 13-2
GENERALIZED CHARACTERISTICS OF GOLD FOR
EACH CREEK
Drainage Number of  Fineness Hg
Particles
Moyie 92 929 Below detection lirmit.
Gold 121 910 Below detection limit.
Upper Gold 26 922 Below detection limit.
Lower Gold g5 908 Below detection limit.
Perry 13 950 Below detection limil.
Helircaring 13 895 0.080
Hellroaring 12 330 0.070 *
Wildhorse 58 B85 0.065 "
Goal 22 821 0.060 b

* One particle at 478 fine not used in the average.
** Around detection limit, significant numbrer of two phase particles.
*** Around datection limit.

fineness. High fineness values are reported from other gold
producing areas of Canada with Precambrian hostrocks
{Guindon and Nichol, 1982). Based on the work of Morrison
et al. (1991) these fineness values are most compatible with
slate belt, Archean age and plutonic-hosted deposits. The
gold is also unusual because of the common occurrence of
zones of low fineness (<800fine) within the gold particles.
These zones vary in shape from irregular to vein-like. Their
presence implies that the gold composition in the source
lodes varied over time. Further, it suggests that the signature
from gold in the fluvial envirorment will show a wider vari-
ation than if the lode had a restricted composition range.
This common heterogeneity also suggests that larger sam-
ples may be needed to resolve some of the uncertainties in
the data presented in this paper.

The Moyie placers [sample numbers 90 and 91, Aver-
age fineness (avg.) =929, Hg detection limit, (D.L.)] reflect
the composition of the David lode source (92, avg. = 933,
Hg D.L.). Distance to the lode source of the gold in sample
90 is predicted to be 6 kilometres, suggesting that the David
showing (92) or an arca a few kilometres upstream may be
the source. An estimated distance to source of 18 kilometres
for the sample 91 is in agreement with this conclusion. Al-
though the lode source may have gold with a flattened mor-
phology, the possibility of a source farther up the Moyie
River cannot be ruled out (see Figure 13-2; Tables 13-2 and
3). It is significant that the single particle recovered from
sample 211 (Figures 13-1 and 2) predicts the characteristics
of the David showing.

Some of the gold particles in the Gold Creek samples
have a fineness near 1000, with no copper or mercury pre-
sent. Based on the work of Knight and McTaggart (1990),
this composition indicates that the original particie has been
completely transformed to rim composition by the removal
of silver, copper and mercury. These particles and the five
particles with significant mercury are removed from the

TABLE 13-3
RESULTS OF THE MICROPROBE ANALYSIS OF GOLD
PARTICLES. THE DETECTION LIMIT FOR MERCURY IS
0.065 WT% AND FOR COPPER 1§ 0.025 WT%

Drainage Sample Particles  Average  Average  Total Hoes
Number Fineness  Hgwi%
Dawd 92 \7 §33.0 <DL 99.77
Moyie 80 46 831 ¢ <DL 9697 A D
Mayie LA 46 §28.3 <DL §99.45 B
Gold 88 13 919.4 <DL 99.78 A
Gold 84 12 9249 < D.L. 99.75 ABD
Gold 82 1 883.2 < L. 99.22
Gold as 13 §03.1 <DL, 99.51 AD
Gold a7 4 9158 <DL, 99.44 B
Gold a8 67 905.0 <DL 99.45 B, D
Wildhotse ag 68 265.1 0.088 100.02 D
Moyie-Lamb 197-198, 203 5 8445 0.14 96.63
Goat 200-202, 210-216 22 8214 <DL 99.92
Helroaring 208-209 13 895.3 .08 99.91
208-209 12 9301 0.07 96.94 G
Parry 205-206 13 9478 <0L 100.08
Soig 195-196 S 969.7 Q.11 99.94

NOTES:

A) Parbdes with compositon of rims ramoved

8) Partidas with Hg>0.5 removed (<2 partcles per sample)

C} Onre parkdde ol 478.0 & . Hg 0128, & pefors Ging.
D) Second phazses of the lollowing fineness wate seen in these samples

Sampie Fineness
90 835, 899
84 759
as 875
-0 541
ag 776. 514, 692, 787.
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compilation of the averages given in Tables 13-2 and 3. The
complete data set is presented in Figure 13-2,

The upper Gold Creek samples (84 and 88, avg, 922,
Hg D.L.) are similar in composition to the Moyie samples
suggesting that they have a similar source in the upper
Movie drainage. Conversely, the lower Gold Creek samples
(85, 86, 87, avg. 906.0, Hg D.L.) have a lower fineness than
both the Moyie and upper Gold Creck samples (see Figure
13-2; Tables 13-2 and 3). The following discusses potential
sources of the gold and possible explanations for the com-
positional differences between the gold from the upper and
lower Gold Creek samples.

A significant proportion of the gold in the lower Gold
Creek samples may have been transported from the Wild-
horse Creek area (89, avg. = 885, Hg = .065) to the lower
Gold Creek area by glaciation. Topographically this seems
reasonable. For the Wildhorse area, the flatness of the gold
in sample089 suggests that it has been transported about 24
kilometres, which is in keeping with a lode source up Wild-
horse Creek in the area of the known gold-bearing lodes (see
Figare 13-1; Table 13-1). The limited variation in composi-
tion supports this conclusion. For the gold from Wildhorse
Creek to reach lower Gold Creek, it must cross the Rocky
Mountain Trench. Clague (1975), and Broster and Drei-
manis (1981) concluded that during the last glaciation the
debris from tributary glaciers was confined to the same side
of the Rocky Mountain Trench as the tributary source. In
addition, the topography of the Gold Creek - Columbia
River watershed suggests that gold from the Wildhorse side
of the Columbia valley would not be added to Gold Creek
by postglacial fluvial reworking of the glacial debris. It is
therefore unlikely that gold from the Wildhorse watershed
reached the lower Gold Creek drainage.

Undiscovered or unsampled sources contributed gold
of a lower fineness to lower Gold Creek. The data in Figure
13-2 and the change in composition at Bloom Creek suggest
that a source in the Bloom - Caven drainage is possible. The
average distance-of-transport estimates from Table 13-1
provide part of the answer. Accepted transport-distance es-
timates, based on the flatness of the particles, of 30 to 35
kilometres, are less than the expected 45 to 65 kilometres,
if the David area or upper Moyi¢ drainage is the source of
the gold. In addition, the predicted distances are quite simi-
lar to one another and do not reflect the 20-kilometre dis-
tance between the samples at the head and mouth of Gold
Creek. Although a second source may account for the dif-
ference, it is felt that a more significant cause has to do with
the mechanism of transport. Material which is moved
englacially can be transported long distances without being
deformed (Strobel and Faure, 1987). Gold from lode sources
in the the upper Moyie and Perry - Hellroaring Creek areas
were transported alluvially and glacially down their respec-
tive valleys. Once the transporting glaciers left the tributary
valleys and merged with the main Rocky Mountain glacier,
the debris were transported englacially rather than basalty.
This process would limit the deformation of the gold parti-
cles. The 30 to 35-kilometre distance of transport given in
Table 1 would then represent the distance of transport from
the source to the point at which englacial transport com-

menced. It is implied in this argument that pregl: cial placer
or placers existed up to 30 to 35 kilometres from the lode
source. Rims form slowly in the surficial environment,
therefore, the presence in the Gold Creek samplzs of parti-
cles of the order of 50 microns in thickness wit the com-
position of rims (inferred rim thickness of the ¢rder of 25
m) supports the conclusion that at least some of the gold
weathered in a preglacial environment. If the Devid area is
considered the likely lode source, 30 to 35 kilometres of
transport would place the maximum distance of placer de-
velopment in the area where the Moyie River changed slope
as it left the mountains to enter the Rocky Mountain Trench.
This is a reasonable location to propose a limit of placer
formation. Finally, the presence of two-phase particles in the
Moyie and Gold Creek sample supports the idea that the
upper Moyie is the source of Gold River gold.

Differences between the average composition of the
upper and lower Gold Creek gold would result from each of
these areas being dominated by different englazial debris
trains. Clague {1975) invoked a similar mechanism to ex-
plain the distribution of mafic pebbles from the St. Mary
watershed and the distribution (from a more general source)
of garnet and staurolite in the coalesced ice steet which
filled the Rocky Mountain Trench. Distribution patterns, de-
fined by Clague for mafic pebbles from the St. Mary River
watershed, support the idea that the gold from above the
Perry - Hellroaring area would dominate in lower Gold
Creek around the Bloom - Caven Creek confluence. His data
also suggest that the change in ice direction reported by
Broster and Dreimanis (1981) along the Moyie River near
Moyie Lake would not affect this conclusion. There is,
therefore, no need to predict a nearby source of old in the
Bloom - Caven Creek drainage in order to lower tae average
distance of transport and fineness for the gold in lawer Gold
Creek. The larger spread in the data for the samples in lower
Gold Creek as compared to upper Moyie (Figure 13-2) can
be taken as evidence to support the argument of some mix-
ing of sources.

The Perry Creek samples (205 and 206 in Figures 13-1
and 2, avg, = 950, Hg D.L) and Hellroaring Creck samples
(207, 208, 209, avg. = 930, Hg 0.07) have a diffejent signa-
ture to Moyie River (avg. = 929, Hg D.L.} and o one an-
other (Figure 13-2; Tables 13-2 and 3) indicating; that each
creek has a unique source. However some similarities in the
signatures suggest that the sources might be related, The
tight clustering of points forming the signatures also sug-
gests that either the samples are near source ¢r that the
source has a limited composition range (or both). Mineral
occurrences in the vicinity suggest that the samples are close
to source. It is concluded that the gold in each of the upper
Moyie, Perry and Hellroaring watersheds has been eroded
from a different source, of which the David occurrence
(sample 92} is but one example. Similarities in composition
suggest a genetic link between the sources. It is possible that
Perry and Hellroaring creeks could have contribuied gold to
Gold Creek, but it is expected that if these creeks had been
major contributors, then the distance estimate would be
larger and the average fineness higher than reported. The
limited dispersion of glacially transported debris also sug-
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gests that gold from Hellroaring and Perry creeks is to the
east of Gold Creek.

The Goat Creek signature (avg. = 821, Hg .<D.L.) is
distinctly different from the other creeks. Because the num-
ber of particles in each sample is small and the size of the
particles is also small, it is not possible to subdivide the area
based on gold characteristics. As no samples were available
from above the Kianuko - Goat Creek confluence, it is not
clear if the lode source is above this location. The source
may lic anywhere within the Goat Creek watershed. Sam-
ples 215 and 210 suggest that the most probable location is
on the west side of the Cooper Lake - Richmond Lake seg-
ment of the divide. Gold with a fineness of 861 has been
reported from Lavola Creek (Holland, 1950}, if verified, this
conclusion would change slightly. The Goat Creek source
does not seem to be represented in the samples from rivers
flowing to the east of the divide.

The predicted location for the lode sources for Goat,
Perry and Hellroaring Creek gold all lie in the same area; it
would be natural to propose a genetic connection. Skryabin
{1978) has shown, for one area of eastern Russia, that gra-
nitic bodies involved in mineralization are outlined by con-
touring the fineness of gold from placers and their quartz
vein sources. In these examples, fineness decreases towards
the intrusion. Although the data from this study are incom-
plete, the inferred location of the 900 fineness contour (Fig-
ure 13-1) suggests that the Mesozoic granitic and
granodioritic plutons to the west, and the small intrusions
near Hellroaring Creek provide a genetic link between the
lode sources in this area and the variation in gold fineness.
The implication of this conclusion is that the mineralization
is of plutonic origin. The fineness range is in agreement with
the plutonic type deposits of Morrison ef al., (1991).

The Moyie-Lamb sample (197, 199, 203, 211, 198) is
too small for a definite statement to be made about the origin
ofthe gold. Variation in ice-flow direction near Moyie Lake
(Broster and Dreimanis, 1981) complicates the interpreta-
tion. The possibility (based on topography) that the Moyie
River near Moyie Lake has changed direction as a result of
a drainage reversal is an added complication. The composi-
tion range is consistent with other samples from the area,
but the average is considerably lower (Figure 13-2; Table
13-3). Four of the six particles are less than 900 fineness,
and the two particles exceeding 900 fineness are from sam-
ple 197, about 9 kilometres below sample 91 and 6 kilome-
tres above sample 211. Gold particles in samples 197 and
211 probably come from a David-type source in the upper
Moyie area. There are, from the data at hand, at least two
possible sources for the particles less than 900 fine. The gold
may have come from the Goat-Moyie divide. Alternatively,
there is the possibility of a source on the Gold Creek - lower
Moyie divide in the vicinity of Mount Joseph and Mount
Connell (Figure 13-1) which, if true, could account for the
differences seen in the Gold Creek samples. Gold-bearing
mineralization near Moyie Lake, such as the Midway and
St. Eugene deposits, are also possible sources. The thick til}
cover in the vicinity of Cranbrook, the variation in transport
direction of the glaciers in this area, the possibility of drain-
age reversal and the small number of particles for the

Moyie-Lamb area make further discussion about the source
of the particles and the possibility of undiscovered sources
in this area speculative,

CONCLUSIONS

Gold in the upper segments of each major drainage in
the study has a unique signature suggesting that the source
of the gold in each creek lies within its drainage basin. Gla-
cial dispersion of the gold in the upper segments of the
creeks was controlled by topography.

The most likely source for most of the gold in the dis-
trict lies in an area of approximately 20 kilometres radius
centred on Richmond Lake (Figure 13-1). The David gold-
quartz vein occurrence exemplifies the type of source to be
expected for the Moyie placer gold and perhaps, based on
the similar compositions, for the other placer deposits in this
area. The evidence to date suggests a Mesozoic plutonic
affinity for the gold sources. The second phases present in
most samples support the idea of a relationship between the
lode sources and the evolution of the lode source with time.
Not ali the lode gold sources for the placers in the area have
been discovered.

The gold in the Wildhorse Creek has its source within
that watershed. Gold from this creek is not thought to have
contributed to Gold Creck. However, the composition range
and presence of second phases suggest that the lodes may
be genetically related to those in the Moyie watershed. Gold
in the Gold Creek drainage basin is thought to have come
from the upper Moyie and Perry - Hellroaring Creek areas.
The David occurrence is one source for this gold. The gold
was probably transported, in patt, englacially into the Gold
Creek area. This mode of transport explains both the simi-
larity in the distance of transport predictions for all the sam-
ples and the consistently low distance to source predictions
based on the morphology. The downstream variance in com-
position is thought to be caused by different debris trains
supplying gold from different sources to parts of Gold
Creek. A study of the characteristics of gold, even in the
small quantities recovered from heavy mineral sampling
programs, can provide data which are useful in the search
for lode deposits.
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SAMPLE REPRESENTIVITY AND GOLD
DETERMINATION IN SOILS AT THE FISH LAKE
PROPERTY, BRITISH COLUMBIA

T.A. Delaney, B.C. Geological Survey Branch and
W.K. Fletcher, University of British Columbia

INTRODUCTION

The particulate nature of gold often causeg difficulties
in obtaining representative samples for exploration (Clifton
et al., 1969; Harris, 1982; Nichol er al., 1987). Although
increasing sample size can resolve many of these problems,
the size of sample that can be analyzed efficiently is often
limited (for example, to 30 grams for fire assays). Recently,
the use of the bulk leach extractable gold technique has al-
lowed larger samples to be processed. This technique uses
cyanide to leach gold from bulk (5 to 10 kg) soil and stream
sediment samples. The cyanide solution is then analyzed for
gold, often following concentration of the gold by solvent
extraction. Cyanidation is a partial extraction technique de-
pendent upon the accessibility of gold to the cyanide solu-
tion. Moreover, solution of gold by cyanide may be inhibited
by certain components of the sample, such as organic matter
and sulphides (Hedley and Tabachnick, 1968).

Elsewhere, we compared the size distribution of gold
in C-horizons (Delaney, 1993; Delaney and Fletcher, 1993)
and results of cyanidation (Delaney and Fletcher, in prepa-
ration) for six different areas of gold mineralization in North
America. For one of these areas, Fish Lake, British Colum-
bia, we present the size distribution of gold in B-horizons
and one A-horizon, and the results of cyanidation analysis.

PROPERTY DESCRIPTION, GEOLOGY
AND PHYSIOGRAPHY

Fish Lake is a porphyry copper-gold deposit located
128 kilometres south-southwest of Williams Lake, British
Columbia, in the subalpine area east of the Coast Mountains
(Figure 14-1). Access to the area is via the Bella Coola High-
way (Highway 20} from Williams Lake, west to Hanceville,
then southeast about 90 kilometres. The deposit is located
approximately 800 metres north of Fish Lake,

The Fish Lake deposit is in the Tyaughton Trough, a
narrow, northeast-trending subsidence basin which was ac-
tive from the mid-Jurassic to mid-Cretaceous (Jeletzky and
Tipper, 1968). The area is underlain by marine sediments
and volcanic rocks of the Kingsvale Group which are ex-
posed along a north-south window, 3 kilometres wide and
20 kilometres long, in the overlying Miocene plateau ba-
salts. The deposit, which is roughly 900 metres in diameter,
is centred on a calcalkalic intrusive complex underlain and
flanked by andesitic tuffs and debris flows (D. Piroshco,
personal communication, 1992). Crosscutting, coarse-
grained quartz diorite porphyry and quartz feldspar por-

phyry dikes predate mineralization, but constitute only a
small portion of the deposit. Approximately 60% cf the min-
eralization is hosted in the tuffs and debris flows.

During the Late Wisconsinan, glacier ice advanced
from the southwest and deposited 1 to 2 metres of glacial
till over the property. Soils developed on these glacial de-
paosits, or on subcrop, are primarily orthic dystric srunisols,
although orthic humo-ferric podzols are present in areas
with more organic matter, and orthic grey luvisols have de-
veloped where the soils are pootly drained.

SAMPLE COLLECTION, PREPARA‘:I‘ION
AND ANALYSIS

Sample sites were selected on the basis of a previous
B-horizon survey for gold, and were located generally
within 10 metres of carlier sample sites. Five pits were dug
near anomalous gold concentrations and two in background
areas. Ten to fifteen kilogram samples of A and B-horizon
soils were collected from each site. Splits of the field sam-
ples {(approximately 2.5 kg each) were wet sieved to four
size fractions (-2000 +212um, -212+106um, -106+53pm
and -53um). Material from the three finest fractions was
then split into 30-gram and 200-gram analytical subsam-

Figure 14-1. Location of Fish Lake property, British Columbia.
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ples. The 30-gram subsample was analyzed, unground, for
gold using cyanide - atomic absorption spectrometry (CN-
AAS). The 200-gram split was pulverized to approximately
74 microns (200 mesh ASTM) in a steel ring mill. A 30-
gram subsample of the ground material was analyzed for
gold by fire assay - atomic absorption spectrometry (FA-
AAS). All analyses were conducted by Chemex Labs in
North Vancouver, British Columbia. The cyanidation tech-
nique used is described in Delaney and Fletcher (in prepa-
ration). Analytical precision, estimated using duplicate
analyses of approximately 10% of the samples, was gener-
ally better than 20%.

RESULTS

On average, more than 42% of the A and B-horizon
material resides in the -53-micron fraction (Table 14-1).
Gold concentrations determined by FA-AAS are listed in
Table 14-2. Samples representing background sites have
gold concentrations below the 5 ppb detection limit. How-
ever, samples 32-106, 32-107 and 36-125, collected from
sites anomalous in gold, also have analytical results at or
below the detection limit. Gold concentrations in the re-
maining B-horizons range from 5 to 2320 ppb, with values
distributed erratically across size fractions. For example,
sample 33-110 has its highest gold concentration in the -
212+106 micron fraction, whereas samples 32-106, 32-102,
35-118 and 37-128 have their highest gold concentrations
inthe -106+53 micron fraction. The single Ae-horizon sam-
pled {32-105) has its highest gold content in the -212+106
micron fraction. The proportion of gold contributed by each
size fraction, calculated from gold concentrations (Table 14-
2)and sample weights (Table 14-1), is shown in Figure 14-2.
Generally, more than 58% of the total gold content resides
in the -53 micron fraction, although samples 31-102, 32-
106, 35-118 and 37-128 also have high proportions of goid
in the -106+53 micron fraction.

TABLE 14-1
GRAIN SIZE DISTRIBUTION, IN WEIGHT PERCENT, OF
THE -2000pm FRACTION OF A AND B-HORIZON SOILS

31-102 B 43.73 10.46 12.26 33.54
32-105 Ae 32,01 11,19 12.40 44.40
32-106 Bt 3295 11.8% 10.12 45.03
32-107 Bt 28.08 9.24 7.54 55.13
33-110 B 52,33 8.99 8.94 2974
34-113b B 29.95 11.27 10.98 47.80
34-114b Bt 3190 10.40 9.35 4835
35-118 Bht 32.594 14,02 15.09 3795
35-119 B2 3647 1591 13.67 3395
36-125 Bt 2117 12.16 13,17 53,51
37-128 Bf 3131 15.06 11.56 42,06
Mean 339 iL9 114 429
Standard Deviation 22 2.3 2.3 83
b=background

Au (%)

TABLE 14-2
CONCENTRATION OF GOLD (ppb) IN EACH SIZE
FRACTION OF A AND B-HORIZON SOILS AS
DETERMINED BY FA-AAS

Sample Num} Hori Size Fraction (um)

=212+106 ~196+53 -53
31102 B 5 95 30
32-105 Ac 200 <5 10
32.106 Bt <§ s 5
32-107 Bt <5 <5 5
33-110 B 2320 1490 505
34-113b B <5 <5 <5
34-114b Bt <5 <5 <5
35-1i8 Bhf <5 190 80
35-119 B2 81 130 200
36-125 Bt <5 <5 10
37128 __ Bf ___ &) 300 155
b=background
TABLE 14-3

CONCENTRATION (ppb) OF GOLD IN EACH SIZE
FRACTION OF A AND B-HORIZON SOILS AS
DETERMINED BY CN-AAS.

Sample Nember _ Hori Size Fruction ()

2124106 106+ )
31-102 B 20 50 20
32.105 Ae 5 <5 <§
32.106 Bt <5 <5 15
32.107 Bt 5 10 20
33-110 B 530 1150 335
34-113b B <5 <5 S
34-114b Bt 5 <5 25
35-118 Bhf 75 75 10
35.119 B2 35 145 95
35-125 Bt i0 40 20
37-128 Bf 20 75 65

. Jidia)
31-102 32-305 32-106 32107 33-110 24.113 34-114 35118 35-119 36135 57-128
Sample number

W z12+106pm 06+53pm ] -53pm

Figure 14-2. Proportion of gold in the -212+106pum, -106+53um

and -53pum fractions of A and B-horizons
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Figure 14-3. Comparison of analyses by CN-AAS and FA-AAS
for each size fraction. Samples with gold values <10 ppb are
excluded. For both figures the solid line represents the x=y line.
(a) Data shown on a logarithmic scale. Dashed lines represent 20%
limits. (b) Data shown on an arithmetic scale. Results of regression
analysis (dashed line and equation) conducted at the .05% confi-
dence level.

To determine the efficiency of cyanidation, results of
gold determinations by CN-AAS (Table 14-3) are compared
to corresponding FA-AAS analyses (Table 14-2) in Figure
14-3a. FA-AAS values are assumed to represent total gold
concentrations. Values less than 10 ppb have been excluded,
because of analytical errors in both methods occurring near
the detection limit. On average, gold recovery by CN-AAS
is 44% (ranging from 13 to 77%) of the total (FA-AAS) gold
present in each size fraction. Recovery by CN-AAS shows

the same concentration trends, generally increasing with in-
creased total gold concentration. Figure 3b shows the same
data with results of linear regression analysis. Stetistically,
both the slope and intercept of this regression line: were in-
distinguishable from the x=y line, although the slope of the
line (.370) is much less than 1. Acceptance of th null hy-
pothesis probably results from the wide scatter in the data.

DISCUSSION

SAMPLE REPRESENTIVITY

To study the distribution of gold in C-horizions (De-
laney and Fletcher, 1993), we separated samples iato heavy
and light mineral fractions prior to analysis for gold. Esti-
mates of gold particle numbers were then mace for the
heavy mineral concentrates of the -212+106-micron and -
106+53-micron fractions of C-horizons, based on ;ield sam-
ple weights. These estimates were made assuming that the
gold particles occur as spheres with diameter equal to the
geometric mean of the bounding mesh sizes. Bzcause of
possible variation of gold concentrations and particle shapes
these calculations can vary by a factor of 5 in eitier direc-
tion. However, they serve to illustrate the trends in the pos-
sible number of gold particles.

Estimates showed that for the -212-+106-micron frac-
tion, all but one concentrate contained insufficient gold to
form one particle. This suggests that anomalous 20ld con-
centrations in these samples cannot result from the presence
of free gold. Although the possibility of free gol¢ particles
is more likely in the -106-53 micron range, thes; calcula-
tions show that much of the gold is present as inc usions in
the heavy minerals rather than as free particles. Moreover,
light mineral fractions of the C-horizons were found to con-
tain up to 22% of the total gold content of the samples. Be-
cause free gold particles would partition to tae heavy
mineral concentrates, gold in this fraction must te present
as inclusions.

Examination of the distribution of gold across size frac-
tions in the A and B-horizons indicates that the highest pro-
portion of gold exists as particles less than 53 microns in
diameter (Figure 14-2). This indicates that, as with C-hori-
zons, much of the gold is present as inclusions. On this basis,
numbers of ideal gold particles in 30 grams of all three size
fractions of A and B-horizons have been modele«| with the
assumption that they behave as spheres 50 microns in di-
ameter (Table 14-4). This assumption results in a very con-
servative (minimum) estimate for the numbe: of gold
particles in the -53 micron fraction.

Based on the requirement of 20 particles of gald to ob-
tain a representative sample (Clifton ef af,, 1969). our esti-
mates indicate that, except for sample 33-110, |00-gram
subsamples of the -106+53-micron and -53-micron frac-
tions would be necessary to insure representativity in sam-
ples containing anomalous gold concentrations. Larger
samples would be required if the -212+106 micron fraction
wetre to be used, and nearly 2 kilograms of material would
be needed if all samples having gold concentraticns above
the detection limit were to be representative. Therefore,
some of the erratic gold values obtained in this study prob-
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TABLE 14-4
ESTIMATED NUMBER OF GOLD PARTICLES WITH
DIAMETER EQUAL TO 50um IN EACH SIZE FRACTION
OF A AND B-HORIZON SOILS

Sample i Total in
212+ -106+ - - i

31-102 B 0.15 290 0.92 121
32.105 Ae 6.11 0.09 0.31 1.22
32-106 Bt 0,09 0.46 0.15 0.19
32.107 Bt 0.09 0.09 0.15 0.14
33-110 B 7093 45,55 15.44 31.55
34.113b B 0,09 0.09 0.09 0,09
34-114b Bt 0,09 0.09 .09 0.09
35-118 Bhf 0.09 5.81 2.45 27
35-119 B2 248 397 6.11 4,74
36-125 Bi 0.09 0.09 031 0,24
37-128 Bf 1.83 917 4.74 4.85

Based on a 30 gram-subsample.

ably result from analysis of subsamples that are too small to
be representative.

Also listed in Table 14-4 is the estimated number of
ideal gold particles in the -212 micron fraction. Obtaining
material in this size fraction requires less effort than deoes
sieving to the -106+53 or ~53-micron fractions and similari-
ties in numbers of gold particles in all three size fractions
indicate that samples will remain representative if the
coarser size fraction is used. However, the possibility of er-
rant gold values resulting from the presence of free gold
particles would increase in the -212-micron fraction.

RECOVERY OF GOLD BY CYANIDATION

Gold concentrations in A and B-horizons as determined
by CN-AAS are about half the corresponding FA-AAS
value, indicating that much of the gold is inaccessible to
cyanide solutions or is inhibited from entering the solution
by some component of the samples, Although CN-AAS val-
ues are lower than the FA-AAS values, results of cyanida-
tion reflect the relative levels of gold in the samples.
Furthermore, results of cyanidation adequately distinguish
background samples from anomalous samples.

Cyanidation generally recovered more than 80% of the
gold in the light mineral fractions of C-horizons (Delaney
and Fletcher, 1994). Unlike the C-horizons, A and B-hori-
zons were not separated into density fractions. One would
expect, therefore, that because free gold is generally associ-
ated with heavy minerals, gold recovery by cyanide would
be higher in the A and B-horizons than in the light mineral
fractions of C-horizons. In fact, gold recovery was lower in
the upper horizons. Possible explanations for the lower gold
recovery include: inhibition of cyanide resulting from the
presence of organic matter; encapsulation of gold in secon-
dary minerals such as iron oxides; or encapsulation of gold
in primary minerals that have a source other than the C-ho-
rizons, such as eolian deposits. However, lower gold recov-
ery in the A and B-horizons was found in a variety of soil

types developed over gold deposits, in climates varying
from the deserts of Nevada to the humid lowland of southern
Ontario (Delaney and Fletcher, 1993), The most likely ex-
planation, therefore, is that gold is encapsulated in heavy
minerals. This interpretation is the reverse of the common
assumption that most gold associated with heavy minerals
exists as free particles.

CONCLUSIONS

At Fish Lake, although anomalous gold values were
detected by FA-AAS in all size fractions using 30-gram sub-
samples, estimates of the number of gold particles in the
subsamples suggest that they are too small to be repre-
sentative and would suffer from the nugget effect. To
achieve representativity, samples larger than 100 grams
would be required. Such samples are too large to be ana-
lyzed efficiently by standard FA-AAS but could be proc-
essed using cyanidation. Although results of CN-AAS
analysis are generally lower than the corresponding results
of FA-AAS, values show the same concentration trends.
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RESIDENCE SITES OF TRACE ELEMENTS
IN OXIDIZED TILL

R.N.W. DiL.abio, Geological Survey of Canada
{Geological Survey of Canada Contribution No. 36893)

INTRODUCTION

A common problem in the geochemical analysis of till,
and soils developed on till is the choice of a representative
and geologically meaningful grain-size fraction for analy-
sis. For each specific set of source rocks and ore minerals,
enough data should be available so that one can choose an
optimum size fraction for analysis. Analysis of this size frac-
tion should detect subtle anomalies and should not be biased
by sample-to-sample variations in the abundance of "inert"
rock-forming minerals. The size range must include the spe-
cific size fraction to which ore minerals are glacially com-
minuted and may include the size fraction where trace
elements accumulate during weathering; two considerations
that are often neglected in routine orientation surveys.

Dreimanis and Vagners (1971), Lindén (1975) and Hal-
dorsen (1977) investigated the glacial comminution of com-
mon rock-forming minerals, identifying the "terminal
grades" for several of them. Recently, more emphasis has
been placed on the comminution behaviour of ore minerals
and the effects of weathering on trace metal levels versus
grain size (Kauranne, 1967; Eriksson, 1973; Shilts, 1973,
1984; Smith and Gallagher, 1975; Ayras, 1977; Klassen and
Shilts, 1977, DiLabio, 1979, 1981). The amount of publish-
ed information on the residence sites of trace elements in till
is still quite small, including gold, which has drawn the most
attention (DiLabio, 1982a, 1985, 1988; Sopuck ef al., 1986;
Shelp and Nichol, 1987). There are essentially no data on
platinum group elements.

No samples were collected specifically for this study;
they have come mainly from Geological Survey of Canada
archival material collected from drift prospectirg research
by the author (Table 15-1). The variety of ore deposit types
that is represented by the sample suite, and the amount of
analytical work that could be performed, are limited by the
variety and size of the remnant samples in the archives. A
few samples were donated by exploration geologists who
have been supporting this research.

No attempt has been made in this study to evaluate the
effects of till type on residence sites. Presumably, the trans-
port of debris in a subglacial versus supraglacial position
may affect the process of comminution. All the t:1l samples
used in this study are assumed to have been transpiorted sub-
glacially.

METHODS

A wide range of grain sizes finer than 4 millimetres has
been subdivided into as many as ten fractions reoresenting
the variety of components of till; from rock fragnent domi-
nated (4-1 mm), through silicate mineral domirated {1.0-
0.02 mm), to phyllosilicate dominated { <0.02 ram). Each
original sample of til] was dry sieved to recover the -4-mil-
limetres matrix portion. The -4-millimetres material was
then dry sieved to obtain samples of fines in fractions such
as-0.037 or -0.063 millimetre. The oversized sediment from
this operation was wet sieved to wash away adhering fines,
dried, and dry sieved at 1 phi intervals using staialess steel

TABLE 15-1
SUMMARY OF RESIDENCE SITES OF TRACE ELEMENTS

Locality Type of soure ~ ElementSemple Type Distance fom Source | Residence Sites of Trace Elements (Grain Comments
(metres) Size Fractions) .
Waverley, N.S. Coarse visible gold in vein Awoxidized tll 15010 350 <{),(63 mm, varies with distance See diagram
Onamsn R, Ont Auin chaloopyrite Awloxidized till <50 €037 mm, Soil profile
Cufomidized W) <0 a4 fractions Winlschite in all frs tions
Ol Creek Ming, Ont, Au n pyrite, rare visible gold Avfunoxidized till <3 0.125 10 0.063 mm Auin pyrite this size
Awloxidized till <$ all (kpctions analyzed Au in Emoniie-goethite in all sizes
Darling Tp, Ont. Auln pyrite? Awloxidized il NA <0063 tom Only two samp'es.
Yathkyed L., N.W.T. Au in pyrite, arsenopyritc, rare fine visible Awoxidized till <3 4102 mm, <0.125 inm '
gold, Coarse visible gold in vein.
Ferguson L., N.W.T. N-Cu sulphides, Au in Awpossan L] <0,063 am. Au in Iimonite-go hite
chaloopyrite Ni, Cooxidized till <30 <0,002 ram Background and anom kous sites
Pt/gossan ] <0,063 sm Noisy data .
Pd/gossan 0 <0063 mm Pdin limonite-gox thite
Pdioxidized dll <20 <0.063 mm
Wavetley, NS, oarse scheelite in vein W/oxidized till 350 201005 mm, <0.002 mm Soil profile
Strange L, Mild. Teralkaline granile, several exotic minerals,] Sr, Nb, Th, Be, Y/oxidized Till fiom mudbx ils
ostly soarse tll )
50010 6500 4101 mm, <0.037 mm
Lioxidized till 500 10 6500 d2mn
Pb, Ufoxidizad till 300 10 6500 <0037 mm
Kazan Falls, N.W.T. Vein-type U-Cu-Pb Cu, Pbloxidized tilt 3040 160 <0602 mm Till from mudbx ils
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sieves of the following sizes: 2.0, 1.0, 0.5,0.25,0.125, 0.063
and 0.037 millimetres. Fractions coarser than 0.063 milli-
metres were ground to powder prior to analysis. When the
samples were adequately large, a -0.002-millimetre frac-
tionwas recovered by centrifuging and decantation of a
separate portion of each original sample.

Heavy minerals were recovered from the 0.25 to 0.063-
millimetre fraction of selected samples using methylene io-
dide (s.g. = 3.3) as the heavy liquid. These separates were
examined with a scanning electron microscope (SEM) using
displays of both secondary and backscatter electron images
to guide the examination and photography. Qualitative
analyses of grains observed in the displays were obtained
using energy dispersive X-ray spectrometry.

Gold analyses were performed on most samples by the
fire assay - atomic absorption (FA-AA) technique. Ten to
fifteen grams of sample were analyzed, except for the -
0.002-millimetre fraction, of which only 1.0 to 2.5 grams
were available for analysis. Analyzed weights were 5 to 10
grams for a few small samples. Some aberrant results may
have resulted from analysis of such small samples. A num-
ber of the gold analyses and all the platinum group analyses
were performed by the fire assay - inductively coupled
plasma - atomic fluorescence spectroscopy method, follow-
ing sample digestion in aqua regia. Tungsten analyses were
performed by colorimetry after sintering. Analyses for zir-
conium, niobium, thorium, beryllium and yttrium were by
X-ray fluorescence. Lithium, copper, nickel and lead analy-
ses were carried out by atomic absorption after aqua regia
digestion.

OBSERVATIONS
GOLD

In determining the residence sites of gold in till, con-
sideration must be given to the original form of the gold
(Table 15-1). Although base metals are held normally in sul-
phide and silicate minerals (Shilts, 1984), gold may have
originally been native or tied up in oxide, sulphide or silicate
minerals. Consideration must also be given to the possibility
of remobilization and reprecipitation of gold during weath-
ering.

At Waverley, Nova Scotia, quartz-carbonate veins in
Meguma Group greywackes contain coarse-grained native
gold, scheelite and arsenopyrite. Oxidized till was collected
from shallow test pits (<1 m) at several distances down-ice
from the deposit (Figure 15-1). Close to the deposit, most
of the grain-size fractions are gold-rich. Down-ice from the
deposit, the overall gold content of the till declines sharply,
with some exceptions, and the finer fractions (<0.063 mm)
are the most consistently auriferous grain sizes. Only in the
most gold-rich sample was particulate gold evident in an
SEM search of sand-sized heavy minerals. Grains of gold
were not found in searches of finer fractions of this sample.
Based on the SEM studies, it appears that most of the gold
in these weathered samples is present in an adsorbed form
on secondary iron and manganese oxides and hydroxides,
and on phyllosilicates. It also appears that a fine fraction
such as -0.063 millimetre (-230 mesh) would be the most

suitable for analysis of samples collected in the Meguma
Terrane, coupled with panning or tabling of large samples,
which has been shown by MacEachern and Stea (1985) to
be an effective addition to geochemical analyses in this ter-
rane.

At Onaman River, near Beardmore, Ontario, copper-
silver-gold mineralization carried its gold in chalcopyrite
and pyrite. In six exploration trenches through the dispersal
train derived from this deposit, gold content was found to
vary with the copper and silver contents of the till (DiLabie,
1982b). Results of detailed sampling of a soil profile in the
dispersal train are shown in Figure 15-2. Generally, gold
levels in the six samples increase up the soil profile, and in
the majority, the most auriferous fractions are the finest;
however, gold is also enriched in coarser grain-size frac-
tions, which consist predominantly of locally derived rock
fragments. Regardless of the gold content or the depth of the
samples in the soil profile, the fractionation curves have
roughly the same shape and they all display gold enrichment
in fine fractions, presumably because the gold released dur-
ing weathering of the sulphides is very fine grained (native)
or is absorbed on fine-grained phases. This gold enrichment
in fine sizes is characteristic of the behaviour of chalcophile
elements (mainly released from weathering sulphides) in
oxidized till (DiLabio, 1979, 1981; Shilts, 1984), lending
support to the idea that gold is remobilized in the soil profile
and may behave like some base metals during weathering.

Waverley, Till

/’\ _ I50m
g

1000

Au (ppb)

4 | 25 083 <.063 <.002
Grain size (mm)
Figure 15-1. Abundance of gold versus grain size of analyzed

fraction of oxidized till at several distances down-ice from the gold
deposit at Waverley, Nova Scotia.
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Figure 15-2. Abundance of gold versus grain size of analyzed
fraction of oxidized till at varying depths below surface in a
dispersal train at Onaman River, Ontario.

At the base of the thick Quaternary sequence overlying
the Owl Creek gold depositnear Timmins, Ontario, an unox-
idized, green, muddy till is preserved. Within this till, dis-
crete decimetre-sized cigar-shaped lenses of its oxidized
equivalent are present. The unoxidized green till contains
abundant fresh pyrite (the host for gold in the ore deposit)
and Paleozoic carbonate pebbles and granules; pyrite and
carbonate clasts within the oxidized lenses are decomposed.
Fractionation curves for the two types of till (Figure 15-3)
show the oxidized till is much more auriferous in all size
fractions than the unoxidized till, where strong gold enrich-
ment is present in the fine sand and silt fractions of the unox-
idized till. The extra gold in the oxidized till cannot be
accounted for only by the volume loss caused by the decom-
position of the pyrite and carbonates. It appears that the till
has been oxidized by groundwater flowing along the till-
bedrock interface while at the same time gold has been
added to the oxidized till. Because the oxidized till is not
part of a paleosol, ancient surficial weathering is probably
not the cause of the oxidation. It is not known how long this
process may have operated, but it may have been a short
period {since deglaciation) or a long period, because the se-
quence at the Owl Creek mine spans the entire duration of
the last glaciation (Bird and Coker, 1987; DiLabio ef al.,
1988).
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Figure 15-3. Abundance of gold versus grain size of analyzed
fraction of a sample of unoxidized till and its oxidized cquivalent
at the Owl Creek mine, Timmins, Ontario.

Scanning electron microscopy indicated that *he sand-
sized heavy minerals in the unoxidized tili at the Owl Creek
mine are dominated by euhedral pyrite, which explains the
peak in gold content in the fine sand fraction. Gold grains
were not observed, although they may be present because
the ore contains only a small amount of free gold. Heavy
minerals in the oxidized till are dominated by earthy limo-
nite-goethite grains and corroded pyrite remnants. Again,
no gold grains were evident. Most likely the gold in the oxi-
dized till is tied up in the secondary iron oxides anc hydrox-
ides. These secondary iron-rich grains were observed in all
grain-size ranges, and appear to have acted as traps for gold
released from oxidizing pyrite and for gold transported in
groundwater through the oxidized till.

In studies in the Grenville metasedimentar belt of
southeastern Ontario, Gleeson ef al. (1989) have shown that
the -0.063-millimetre fraction of the C-horizon of soil de-
veloped on till is an effective fraction for analysis in this
region. Fractionation of an anomalous and a near-back-
ground sample from their study (Figure 15-4) supports their
results. The enrichment of gold in the finer grain sizes rela-
tive to the coarse sizes reflects the compiete decomposition
of the gold-bearing pyrite in the soil in this area. It is not
known in what form the gold was held in the pyrits, before
weathering.
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Figure 15-4. Abundance of gold versus grain size of analyzed
fraction of oxidized anomalous (upper curve) and near-back-
ground (lower curve) till in Darling Township, Ontario.

A small number of till samples collected near gold oc-
currences in periglacial terrain were also used for this study.
Samples were collected from mudboils in tundra near
Yathkyed Lake, District of Keewatin. Two deposits are rep-
resented on Figure 15-5. The first is a quartz vein containing
abundant coarse, visible gold. One sample of till from this
site shows wildly divergent gold levels ranging from over
6000 ppb in the 4 to 2-millimetre fraction down to 6 to 8 ppb
in the next three finer fractions. This must result from the
"nugget effect” in the coarser fraction in which the presence
or absence of a few gold grains can lower reproducibility of
results from subsample to subsample. Anomalous, but er-
ratic gold levels were found in the three finest fractions ana-
lyzed. This site would require more sampling overlying and
down-ice from the deposit to determine if consistent pat-
terns exist in the fractionation curves. Larger weights (e.g.,
30 g) for analysis would help overcome the nugget effect.

At the second site in this district, four samples were
collected overlying gold mineralization in the form of fine
blebs in arsenopyrite and as free gold along grain bounda-
ries. Consistently, fractionation curves for these samples
(Figure 15-5) show gold enrichment in all grain size ranges.
The highest values occur mainly in the coarser sizes (>0.5
mm) and in the finer sizes ( <0.125 mm), with lowest values
in the medium sand range. The coarse peak for gold prob-
ably represents gold-rich rock fragments and surviving
arsenopyrite fragments and the fine peak represents gold
released during the weathering of the arsenopyrite as well
as silt-sized free gold grains.

It has previously been shown that the gossan developed
on the nickel-copper massive sulphide occurrence at Fer-
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Figure 15-5. Abundance of gold versus grain size of analyzed
fraction of oxidized till from near a quartz vein (one sample) and
from near a stratiform deposit (four samples) near Yathkyed Lake,
District of Keewatin, N.-W.T. Curves were drawn with different
patterns for clarity.

guson Lake, District of Keewatin, is depleted in nickel and
copper (DiLabio, 1979). Analysis of mineralized samples
showed that small concentrations of gold (20 to 200 ppb)
are contained in the primary sulphide minerals. Reanalysis
of the gossan samples shows that significant amounts of
gold (Figure 15-6) have remained in the gossan during post-
glacial weathering (about 7000 years in this area). During
this time, the sulphide-rich rock has decomposed to a depth
of at least 2 metres and the resultant gossan is an iron-rich
mud retaining little of its original textures. Gold levels in
the samples increase in the finer grain sizes and four out of
five samples have their maximum gold content in the finest
fraction. This probably reflects adsorption of the gold on or
within the fine-grained secondary iron phases.

Table 15-1 summarizes the data on gold residence sites
discussed in this study. Only one sample of unoxidized till
was available (Owl Creek). In that sample, gold is most
abundant in the grain-size range that contains abundant
auriferous pyrite, 0.125 to 0.063 mitlimetre. More work is
required on unweathered till from a variety of sources before
generalizations can be made about residence sites. In oxi-
dized till, gold seems to be most abundant in fine size ranges,
usually the £0.063-millimetre fraction. This agrees with the
findings of Averill (1988) in a Canada-wide study, with
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Figure 15-6. Abundance of gold versus grain size of analyzed
fraction of five samples of gossancus sediment from the Ferguson
Lake nickel-copper occurrence, District of Keewatin, N.W.T.

Shelp and Nichol (1987) for till associated with the Owl
Creek mine and the Hemlo, Ontario deposits, and with the
findings of Sopuck ef al. (1986) for till derived from gold
deposits in the L.a Ronge arca of northern Saskatchewan. At
most sites in the present study, free gold was originally fine-
grained, gold liberated from sulphides during weathering
was probably fine grained, and gold adsorbers such as sec-
ondary iron oxides were also fine grained. At every site,
analysis of the -80 mesh (-0.177 mm} fraction used tradi-
tionally in geochemical surveys would have resuited in
lower gold values than analysis of a finer fraction, because
of the presence of a high proportion of geochemically "in-
ert” minerals {(e.g, quartz and feldspar, in the fine sand frac-
tion; Dreimanis and Vagners, 1971}. Because an adequate
volume of sample in the -0.063-millimetre or -0.037 milli-
metre-range can be recovered simply and inexpensively by
dry steving, it is recommended that either of these fractions
be used for geochemical analysis of oxidized till. Table 15-1
shows that most samples were collected close to the miner-
alized source. Further work is planned to fractionate sam-
ples at increasing distances down-ice from their sources 1o
test the persistence of the residence sites as well as sampling
additional sites. Sequential leaching could be used to deter-
mine which phases are hosting the gold.

PLATINUM GROUP ELEMENTS

The only available set of data on the residence sites of
platinum group elements (PGE) comes from the gossan
samples from Ferguson Lake described previously with re-
spect to gold content. In addition, one till sample was also
found to contain significant palladium levels. In this area,
sulphide-rich rock was found to contain up to 650 ppb plati-
num and 2600 ppb palladium (author’s data and those of
Jonasson et al., 1987). In the gossan samples, there is a strik-
ing difference between the distributions of platinum and pal-
ladium (Figure 15-7), Platinum levels are wildly divergent,

ranging from less than 10 ppb to 100 to 1000 ppb ir. adjacent
fractions of the same samples. In contrast, palladium levels
in the gossan are more uniform, with several sample levels
near 1000 ppb in most fractions. The maximum palladium
content of all samples occurs in the finest fraction (-0.063
mm). Because of the highly decomposed nature o the gos-
sanous mud, the pailadium pattern is interpreted lo reflect
palladium residence in fine-grained secondary iron oxide
and hydroxide phases which coat grains of all sizes, occur
as earthy grains, or as free powder in the finest griin sizes.
The platinum pattern, on the other hand, may ind:cate that
platinum occurs as randomly distributed micronuggets
hosted in coarser grains and present as fine free grains. The
till sample shows maximum palladium levels in the finest
fraction. Together with the data on the gossan samples, this
implies that a fine fraction (i.e.,<0.063 mm) is the raost suit-
able for palladium analysis in geochemical exploration.
Analysis of this fraction for platinum is also indicated (Fig-
ure 15-7). A number of new sample suites will beitested to
widen the PGE database. Scanning electron rnicroscope ex-
amination of the samples will be carried out to attempt to
isolate a platinum-bearing phase.

LITHOPHILE ELEMENTS

The distribution of tungsten in till samples vollected
from a section at Waverley, Nova Scotia, follows a similar
pattern from sample to sample (Figure 15-8). Tungsten is
most abundant in the 2 to 0.25-millimetre and -0.002-milli-
metre size ranges. Originally, this bimodal distribution of
residence sites was thought to represent the presence of
sand-sized scheelite grains and scheelite powder from gla-
cial abrasion of this relatively soft, cleavable mineral, to
produce the second mode in the -0.002-millimetre fraction
(DiLabio, 1982a). Recently, however, Johansson ef al.
(1986) have described a site in Finland where scheelite is
broken down by acidic soil water, a process that may also
have taken place at Waverley, where the soil is strongly
acidic. Very large volumes of arsenopyrite are decomposing
and acidifying the soil, as indicated by arsenic conitents of
1000 to 10 000 ppm, in the -0.063-millimetre fraction. No
scheelite grains are present in samples collecied within 135
centimetres of the surface, although small amounts of tung-
sten are detected in the -0.002-millimetre fraction. Dissolu-
tion of the scheelite is supported by the heavily corroded
appearance of scheelite observed in SEM imagery on the
deeper samples. The tungsten released during the weather-
ing process has apparently been translocated down wards in
the section and adsorbed onto the fines in the lower part of
the section, probably as iron-rich phases in grain coatings
and in very fine mud,

Because the -0.002-millimetre fraction is usyaily en-
riched in tungsten, this fraction should be considzred the
most suitable for geochemical analysis. If the sample prepa-
ration laboratory is not equipped to recover very fine
grained fractions by centrifugation and decantation, a coarse
fraction that can be recovered by simple sieving inethods
could be substituted (e.g. , 0.05 mm at Waverley). However,
coarse fractions are prone to the nugget effect because of the
small number of grains they contain per sample. Tterefore,
the 0.05 to 0.25-millimetre fraction is recommended for
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Figure 15-7 . Abundance of platinum (in 5 samples) and palladium (in 7 samples) versus grain size of analyzed fraction of gossanous
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Figure 15-8 . Abundance of tungsten versus grain size of analyzed
fraction of oxidized till at varying depths below surface at Waver-
ley, Nova Scotia,

analysis (Figure 15-8). Coker ef al. (1988) have shown that
most fractions of till at the Great Gull scheelite prospect in
Newfoundland are adequate for analysis. Snow and Coker
(1987) also found that all fractions of till were equally
anomalous in tungsten levels at the Sisson Brook deposit,
New Brunswick. Clearly, more work is required on defining
the residence sites of scheelite in till.

At the Strange Lake alkalic complex, Labrador, the li-
thophile elements niobium, yttrium, beryllium, zirconium,
thorium and lithium are present as coarse-grained exotic
minerals such as gittinsite, pyrochlore, zircon, thorite,
elpidite and armstrongite in a late-stage differentiate at the
top of the pluton (Miller, 1986). Glaciation of the mineral-
ized part of this pluton has given rise to a classic dispersal
train over 40 kilometres long (Batterson et. al., 1985; Bat-
terson, 1989). Because the area is in the tundra, relatively
fresh oxidized till samples were collected from the active
centres of mudboils, which consist of periglacially churned
till. Samples from background and anomalous sites were
chosen for this study (Figure 15-9). All of the elements with
the exception of lithium, lead and uranium show similarly
shaped curves of metal abundance versus the analyzed
grain-size range.
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Figure 15-9. Abundance of Nb, Y, Be, Zr, Th, Li, Pb and U versus grain size of analyzed fraction of seven samples of oxidized till in
the Strange Lake dispersal train, Labrador.

Curves of abundance for niobium, yttrium, beryllivm,
zirconium and thorium (Figure 15-9) show peaks in the
coarsest (rock fragments) and finest sizes (mainly silt-sized
mineral grains), and all show lower metal levels in the in-
tervening sizes. The fact that the exotic minerals are chemi-
cally stable is evident from SEM observations which show
a lack of corrosion on pyrochlore and zircon grains despite
the fact that they have been exposed to weathering for about
7000 years. It is possible that glacial comminution ground
some of the coarse minerals directly to fine sizes without
leaving much in the intervening sizes. It is also possible that
there are coarse and fine primary grain size ranges of the
exotic minerals in the alkalic complex.

Curves for lithium abundance are highest in the coars-
est sizes and decline into the fine sizes, It is not known which
minerais contain the lithium and why its pattern deviates
from the other elements. In contrast to the other elements,
lead and uranium show patterns of preferential metal resi-
dence in the finest grain sizes (Figure 15-9), regardless of
whether the sample had an overall high or low metal content.
This pattern is similar to that observed for base and ferrous
metals and uranium in other regions (DiLabio, 1979; Shilts,
1984). The trace elements were originally contained in un-
stable minerals, such as sulphides or uraninite, which broke
down in the solum, as a result of postglacial weathering, to
produce secondary phases that are fine grained and/or re-
lease the trace elements for adsorption on other fine-grained
phases.

Based on the Strange Lake example, analysis of the fin-
est fraction that can be recovered in sufficient quantity is

recommended for the lithophile elements. No tests have
been performed on the clay (-0.002 mm) fracticn of these
samples because of the large sample weights (15 g) that were
required for analysis. However, testing of the cliy fraction
could be useful because it is known to be applicasle in geo-
chemical surveys for base metals and uranium. As the analy-
sis of the -0.037-millimetre or -0.063-millimetie fraction
wauld be adequate to map the dispersal train, the extra ex-
pense of recovering clays from till is not warranted in this
particular case.

BASE METALS

The six till samples from Onaman River, discussed
above in terms of their gold content (Figure 15-2), were also
analyzed for copper (Figure 15-10). Although no ‘chalcopy-
rite survives in the tiil, all fractions of the six semples are
copper rich because of secondary malachite graing and coat-
ings evident in every size range. The gentle methods used
in wet sieving the samples did not destroy the nalachite.
There is no preferential enrichment or depletion ir: the finest
fraction (-0.037 mm). This example illustrates how the pres-
ence of secondary minerals can distort primary (detrital} dis-
tributions of trace elements in till.

At the Ferguson Lake occurrence, four till samples
were analyzed, representing sites both inside and cutside the
dispersal train. The residence site of copper and nickel (Fig-
ure 15-11) is clearly in the finest size range analyz:d (-0.002
mm). Metal levels in this fraction are orders of rnagnitude
higher than in all the coarser fractions. Because: sulphide
grains in till are broken down by weathering proc esses, the
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Figure 15-10. Abundance of copper versus grain size of analyzed
fraction of oxidized till at varying depths below surface in a
dispersal train at Onaman River, Ontario.

trace metals are most likely adsorbed on the phyllosilicate
minerals present in the fine fraction.

Accessory base metal sulphides are present in vein-type
uranium mineralization at Kazan Falls, ou the Kazan River,
Northwest Territories. Copper and lead contents of the min-
eralized rock samples reach 0.12% copper and 0.64% lead
{DiLabio, 1979). Results from four till samples from within
the dispersal train show that copper and lead (Figure 15-12)
are at their highest levels in the finest fraction (-0.002 mm).
This pattern is also interpreted as a reflection of metal ad-
sorption on phyllosilicates in the finest fraction,

CONCLUSIONS

Fractionation experiments of this type are relatively
easy to perform and can provide valuable information in the
initia} stage of a geochemical exploration program. The
choice of optimum grain-size fractions for analyses of till in
a given area should be made on the basis of such experi-
ments, conducted as part of an orientation survey. The re-
sults have the additional value of indicating the original
residence sites of trace elements prior to recycling of the till
itself and the adsorbed trace elements it holds into modern
stream or lake sediments.

Research is now in progress to identify some of the pri-
mary and secondary mineral phases that are the preferential
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Figure 15-11. Abundance of nickel and copper versus grain size
of analyzed fraction of oxidized till at Ferguson Lake, N.-W.T.
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Figure 15-12. Abundance of copper and lead versus grain size of analyzed fraction of oxidized till at the Kazan Falls uranium
occurrence, Kazan River, NW.T,

residence sites of the trace elements, particularly in weath-
ered samples. Future work should also recalculate trace ele-
ment data to take into account variations in grain size
distribution of the till samples, as was done by Dreimanis
and Vagners (1971), DiLabio (1981), Sopuck ei al. (1986)
and Shelp and Nichol {1987). This approach permits the
identification of fractions that may hold the bulk of the metal
or mineral in a sample, but because the fractions contain
much inert sediment they may be overlooked. This becomes
important when one attempts to recover a particular mineral
using sluice, shaking table or heavy liquid separation meth-
ods.
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GEOCHEMICAL PARTITIONING IN TILL

W.W. Shilts, Geclogical Survey of Canada

INTRODUCTION

It has long been known that the various processes asso-
ciated with glacial crushing and abrasion of bedrock, and of
clasts undergoing glacial transport, reduce minerals to char-
acteristic sizes, determined largely by their original grain
size, hardness, cleavage, and the cementation or metamor-
phic and igneous history of their source rocks. Dreimanis
and Vagners (1971, 1972) expressed this pheriomenon ele-
gantly by introducing the concept of "terminal mode" for
the optimum grain size to which a mineral can be reduced,
given the force and energy typically available in the glacial
environment. Thus, hard, uncleaved or poorly cleaved min-
erals such as quartz, fcldspar, garnet, pyrite and magnetite
dominate either the medium or the fine sand fraction of gla-
cial sediments, depending on their grain size in the source
rocks; calcite, dolomite and gypsum have their terminal
modes in the silt sizes because of their softness or good
cleavage; clay minerals, micas and other phyllosilicates,
serpentine, and hematite, because of their excellent cleav-
age, fine original grain size, and extreme sofiness, dominate
the sub-10-micron sizes, particularly the clay-sized fraction
below 4 microns. Quartz, because of its ubiquity and its high
concentration in crustal bedrock and glacial sediments de-
rived from it, is found as discrete, monomineralic particles
in all grain sizes from decimetres to microns. Nevertheless,
quartz is, as the terminal mode theory would predict, most
common in the fine sand fraction where it comprises, with
feldspar, typically more than 95% of all grains.

Because different minerals are characteristic of differ-
ent size fractions of till, it follows that minerals’ individually
differing chemistry will be reflected by a typical geochemi-
cal signature for each grain size, depending on the dominant
mineral(s) in that grain size. In analyzing tills, because of
their typically wide range of grain sizes, samples are neces-
sarily truncated at some upper size limit, and, unless special
sieving, centrifuging, filtering, or heavy liquid technigues
are employed, the sample analyzed comprises a wide range
of grain sizes. If a wide range of grain sizes is used, then one
or another size may dominate the chemistry of the fraction
chosen for analysis. If the proportion by weight of a particu-
lar size fraction varies for sedimentological reasons, that is
varying processes of deposition, post-depositional rework-
ing etc., it is possible that compositional variations, and
therefore geochemical variations, may not represent the
provenance of the samples. In the case of varying grain-size
distributions related to varying sedimentary processes, the
geochemical analyses may actually represent nothing more
than textural variations (Figure 16-1; Shilts, 1971). As the
objective of geochemical sampling programs, whatever
their ultimate goal (exploration, environmental), is to reflect
provenance of glacial sediments, this uncontrolled facies
and process-related variation is not always desirable. The

[~ O

Wt% <2umin <64 um

Zn (ppm) In <64 pm

Figure 16-1. Maps comparing patterns of areal variation of Zn in
silt + clay fractions with weight percentage of clay-sized particles
in silt + clay fractions of till from Carr Lake area, District of
Keewatin. Note how partitioning of Zn into clay fractions over-
whelms provenance signal from zinc mineralization shown by
crossed picks (modified from Shilts, 1971).
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author and colleagues have pointed this out in a series of
papers written in response to difficulty in interpreting tex-
ture-generated geochemical anomalies in regional drift geo-
chemical sampling programs on the Canadian Shield and in
the Appalachian Mountains of Québec (Shilts, 1971, 1973,
1975, 1584, 1991, 1993; DiLabio, 1982: Ridler and Shilts
1974; Klassen and Shilts, 1977).

Among the most difficult minerals to accommodate in
an analytical and sample processing scheme are those that
dominate the fraction of till finer than about 10 microns.
These minerals are dominated by phyllosilicates by virtue
of the originally fine crystallite size and their exceilent
cleavage. Because of the distinctive physico-chemical char-
acteristics of phyllosilicates, that is large internal surface or
reaction area, high exchange capacity, and ‘loose” lattice
structure that may accommodate cations with a wide range
of ionic radii, they can dominate the chemistry of a sample
that has been artificially truncated at coarser grain sizes by
sieving or other physical separation techniques. In fact, it
has been my experience that most metal derived from till
samples containing a wide range of grain sizes usually re-
sides predominantly in the sub-4-micron fraction, As it is
possible to irace geochemical signatures of orebodies in dis-
persal trains by analyzing separates that include this chemi-
cally dominant fraction, there must be some signal in the
fraction that is related to provenance.

Even though exploration targets may be composed of
sulphide minerals, fragments of which are almost never
found in the sub-4-micron fraction, the phyliosilicate frac-
tion is commonly a useful source of geochemical informa-
tion of sufficient coherence to generate recognizable
dispersal patterns (Shilts, 1975, 1984). If high metal levels
associated with the finest fractions of oxidized till in disper-
sal trains were due solely to destruction of transported sul-
phide minerals (or other labile minerals) by
post-depositional weathering processes and subsequent ad-
sorption of their cations onto clay particles or into finely
divided secondary iron and manganese oxyhydroxides
{(Shilts and Kettles, 1990), the "mystery" of high metal con-
centrations in the clay fraction would be solved. However,
high metal levels also are observed in unweathered tills,
either permanently frozen or permanently below the
groundwater table (Shilts, 1980). Also, many weathered,
sulphide-free samples of till that was rich in sulphide min-
erals in its unweathered state, show no secondary enrich-
ment of metal in clay-sized fractions (Shilts and Kettles,
1990). Furthermore, cations occurring in mineral phases
that are relatively stable in the weathering environment (Sn,
W, some Zn) are enriched in the clay fraction (Tables 16-1,
2,3,4,5,6,7.

A striking example of the dominant influence of the
chemistry ofthe clay (<2 |tm) fraction over that of the coarse

TABLE 16-1
ANALYSES OF TILLS RICH IN ULTRAMAFIC DEBRIS

Cr (ppm) Ni (ppm) As (ppm)
Size fraction/element A B C A B C A B C
Bulk Sample - 284 1744 - 500 1600 . 8 4
2,0-6.0 mm 3320 400 1780 1050 880 1600 160 5 2
0.25-2.0 mm 3220 294 1852 970 556 1500 157 13 2
0.044-0.25 mm 2520 200 1980 745 267 970 162 4 3
0.004-0.044 mm 1856 236 1424 210 403 1020 245 16 5
0.001-0.004 mm 3560 274 1148 1200 743 2300 553 10 11
< 0,001 mm - 256 1468 - 913 4100 770 13 12

(A) Basal till near an Archaean komatiite, central District of Keewatin
{B) Basal till near Paleozoic ophiolite complex, Québec Appalachian Mountains
(C) Flow till forming lateral moraine of modern glacier, on Mesozoic ophiolite complex, Swiss Alps near Zermatt,

Explanation for Table 16-1

Bulk Sample: total sample finer than 6 mm,

2.0-6.0 mm fraction almost wholly composed of rock fragments.

0.25-2.0 mm fraction composed of mixture of rock fragments and mineral grains.
0.044-0.25 mm

and feldspar (usuvally >90%).
0.004-0.044 mm
0.001-0.004 mm

<0.001 mm Clay and colloidal particles.

sand and coarse silt; fraction composed almost wholly of mineral grains, dominated by quartz

Silt; mineral grains dominated by quartz and feldspar.
Clay; mineral grains dominated by phyllosilicates and other soft minerals.

Note: multiply mm by 1000 to obtain (im as in fext and in other tables and figures.
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TABLE 16-2
SAMPLE 858K 22263; OXIDIZED, SANDY,
GRANITE-RICH TILL, NEAR TANGIER LAKE,

TABLE 16-5
SAMPLE 85TR-041: TILL, COMPOSED MOSTLY OF

WEATHERED, TIN-BEARING GRANITE, NEAF. ROCKY

NOVA SCOTIA BROOK, NEW BRUNSWICK
* Size fraction/ W Cu As * Size fraction/ Sn U Mn Fe As
clement (ppm) (ppm) (ppm) clement (ppm) (ppm) (ppm) (%)  (ppm)
Bulk Sample 500 106 8 Bulk Sample 20 52 175 1.0 <2
2.0-6.0 mm 60 31 2 2.0-6,0 mm 21 1.9 83 0.3 <2
0.25-2.0 mm 360 53 3 0.25-2.0 mm 20 35 169 1.0 <2
0.044-0.25 mm 500 90 6 0.044-0.25 mm 4] 43 400 1.4 2
0,004-0.044 mm 550 167 13 0.004.0.044 mm - 133 893 28 10
0.001-0.004 mm 1800 500 45 0.001-0.004 mm 82 118 1255 3.4 25
<{0.001 mm > 2000 609 80 <0.001 mm - 113 1528 3.2 30
TABLE 16-3
SAMPLE 90KAL-001: OXIDIZED, SLATE-RICH BASAL TABLE 16-6
TILL OVERLYING GOLD-BEARING QUARTZ VEIN IN SAMPLE 80SMA-192: NEAR-SURFACE BASA. TILL,
GABBRO, NEAR ST-MAGLOIRE, QUEBEC CENTRAL DISTRICT OF KEEWATIN
APPALACHIANS
* Qize fraction/ Au As Sh * Size fraction/ Pb 14 Mo l As
clement (pph) (ppm) (ppm) clement (ppm) {ppm) {(ppm) (ppm)
<0.06¢ mm 624 207 0.6 Bulk Sample 136 17 8 23
0.064-2,0 mm 399 120 0.5 2.0-6.0 mm 168 0.9 8 5
0.002-0.064 mm 838 215 0.7 0.25-2.0 mm 74 LI 4 7
<0.002 mm 83 341 1.6 0.044-0.25 mm 44 1.2 6 8
0.004-0.044 mm 102 5.5 6 25
0.001-0.004 mm 570 8.0 15 76
<0.001 mm 1300 26 26 112
TABLE 16-7 :
TABLE 16-4 SAMPLE 8-AR-0109: OXIDIZED, ICE-CONTACT,
SAMPLE 80AR-0772: SANDY, CLAY-POOR, PEBBLY TILL, GRAVEL, POORLY SORTED, GRENVILLE OF
GRENVILLE OF EAST ONTARIO EAST ONTARIO '
* Size fraction/ As Zn Cu * Size fraction/ Cu Ni Cr
clement (ppm) (ppm) (ppm) element (ppm) (ppm) (pp)
Bulk Sample 42 56 15 Bulk Sample 56 326 933
2.0-6.0 mm 2 40 7 2.0-6.0 mm 36 387 . 1116
0.25-2.0 mm 21 38 8 0.25-2.0 mm ' 27 213 690
0.044-0.25 mm 12 42 8 0.044-0.25 mm 27 221 - 1093
0.004-0.44 mm 189 65 16 0.004-0.44 mm 152 661 1284
0.001-0.004 mm 630 385 165 0.001-0.004 mm 267 982 1212
<0.001 mm - 830 440 <0.001 mm 434 1228 © 1ilt
*See Table 16-1 for explanation.
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Figure 16-2. Profile of nickel concentrations in three size fractions of till along the axis of a dispersal train extending southeastward
from ultramafic source outcrops near Thetford Mines, Quebec (modified from Shilts, 1991).

silt sizes is illustrated by Figure 16-2, which depicts the ac-
tual long profile {dispersal curve) of a nickel dispersal train
from the ultramafic outcrops (serpentinized peridotite, py-
roxenite) near Thetford Mines, Québec. In this example,
nickel-bearing serpentine group minerals were preferen-
tially concentrated in the clay fraction because of their soft-
ness. The coarse silt sizes (44-64um) also contain
serpentine, but its nickel signal is mostly obscured by the
high concentrations of quartz and feldspar in this fraction,
so that its geochemical dispersal signature is detectable only
near the source outcrops. The signature of the -64-micron
fraction falls between the clay and silt curves and refiects
clearly the influence of the nickel concentration in its -2-mi-
cron component. The coarse silt accounts for only 17% of
the nickel signal in the most nickel-rich samples. Though
not depicted here, some clay separates from till down-ice
from the ultramafic outcrops contained as much as 2800
ppm nickel, a concentration higher than that in the bulk
analyses of the source rocks. In the source rocks, nickel-
bearing phases are presumably diluted by other silicates.

PROCEDURE

Once the importance of understanding the relationship
of the chemistry of the "clay” fraction (henceforth taken to
mean <4pm or <2um fraction) to till provenance was rec-
ognized, a program to study geochemical partitioning of till
samples was undertaken in 1980, based on the analysis of a
large number of clay separates from tills from diverse geo-
logical settings throughout Canada completed in the 1970s
(Lindsay and Shilts, 1995, this volume). At about the same
time, a group in Finland, recognizing the same phenome-

non, undertook a similar partitioning study. The preliminary
results of both of these studies were coincidentally publish-
ed in a special issue of the Journal of Geochemical Explo-
ration in 1984 (Shilts, 1984; Nikkarinen ef al., 1984). The
present paper expands on those results and on a further dis-
cussion of them published in 1991 (Shilts, 1991).

In 1980, a suite of 30 glacial sediment samples and one
gossan sample that had been processed in the Drift Sedimen-
tology Laboratory of the Geological Survey of Canada was
selected for partitioning studies on the basis of chemical
compositions. Samples were chosen to represent anomal-
ously high concentrations of most of the elements that were
commonly determined at that time (Cu, Ph, Zn, Ni, Co, As,
Ag, Cd, U, Hg); a number of samples with "normal” or back-
ground metal concentrations of these elements were also
selected. The sediment samples came from a variety of geo-
logical terranes, Archean greenstone belts of central and
northern Keewatin, Precambrian Grenville metasedimen-
tary belts of eastern Ontario, the ophiolite belt of the Appa-
lachian Mountains of southeastern Québec, and from
modern till in the lateral moraine of Findeln Glacier in the
ophiolite belt of the high Swiss Alps, near Zermatt. Over the
years these samples were supplemented by flow till from
near the zinc mines at Franklin Furnace, New Jersey, till
overlying platinum group and nickel mineralization in
northern Ungava and till overlying tin and tungsten pros-
pects in New Brunswick and Nova Scotia, respectively. The
samples as a whole inciuded a few ice-contact gravel sam-
ples and a gossan, but were primarily of tills with a variety
of textures. The tills and gravels inciuded both obviously
weathered and unaltered examples. The alieration status and
facies of the samples are indicated on Figures 16-3 and 4.
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Each sample was suspended in a weak sodium hex-
ametaphosphate solution and disaggregated in a stainless
steel milkshake mixer with a Nalgene blade. The sediment
ieft in suspension after a few seconds of settling following
this vigorous agitation was decanted into a 1000-millilitre
vessel in a centrifuge, Through a series of centrifagations,
the material finer than 4 microns was separated from coarser
particles, and the -4-micron sediment was further split into
a 1 to 4-micron fraction and a - 1-micron fraction.

The particles coarser than 4 microns were dried and
sieved through a 44-micron screen, producing a 4 to 44-mi-
cron fraction. Because it is virtually impossible to remove
all clay-sized particles from suspension of silt and clay
(Jackson, 1956, p. 139), some are inevitably trapped with
the fine silt. Although it is estimated that over 90% of the
clay in the sample was removed by three resuspensions of
the silt-clay mixture, the lack of control on the amount of
clay remaining in the silt separate may be a source of some
error in estimating the silt’s true geochemical composition.
Moreaver, this error is likely to be more serious in samples
with higher original clay contents; this must be borne in
mind when evaluating the results presented below.

The coarse material remaining after decantation of sus-
pended silt and clay was dried and was split further into
several grain-size fractions using stainless steel sieves. The
fine sand - coarse silt fraction (250-44pum) was added to
coarser particles that failed to pass the 44-micron sieve dur-
ing silt separation. Finally, a bulk sample was split from the
original sample and dried, disaggregated, and passed
through a 6-millimetre sieve.

After these procedures, the following seven fractions
were available for analysis: a bulk sample, with less than 6
millimetre (6000)Lm) maximum particle size; a 6000 to 2000
micron fraction; a 2000 to 250 micron fraction; a 250 to 44
micron fraction; a 44 to 4 micron fraction; a 4 to 1 micron
fraction; and a less than 1 micron fraction were available for
analysis.

After drying, each fraction was crushed to a fine
{<63um) powder using a ceramic rather than a tungsten car-
bide ball mill to minimize the potential for tungsten and
cobalt contamination. Throughout the sample preparation
procadure, each step was carefully monitored to ensure that
fractionation was complete and that each fraction was un-
contaminated by coarser or finer particles. Only distilled,
deionized water and reagent-grade sodium hexametaphos-
phate were used for washing and centrifugation. Chemical
analyses of the metaphosphate indicated that all metals dis-
cussed here were present in amounts below detection limits
of the analytical procedures applied to the fractions.

Each of the fractions was subjected to a variety of ana-
Iytical techniques {see Table 16-8). Selected 1 to 4-micron
fractions were also leached with hot aqua regia
(HNQ3/HCl), and ammonium citrate and sodium dithionate
leaches were used to remove loosely held metal from the
clay and oxide phases, respectively. The latter data are not
presented here, but are pertinent to later discussions and
were discussed briefly by Shilts (1984).

TABLE 16-8
ANALYTICAL TECHNIQUES
Analytical Element Detection Extraction Method
Lab Limit Multiple Acid,
Taotal Digestion
BC Pb 2 ppm HF-HCI04-HNG3-HC AAS
BC Zn 1ppm " b
BC Co L ppo * "
BC Ni 2 ppm "
BC Cr 2 ppm "
BC Mo 1ppm "
BC Mn 1 ppm " "
BC Fe 0.1% h
BC Cd 0.2 ppm -
BC As 2ppm HNO3-HCI04 colorimetric
BC Hg 5ppb HNO3-H2804-HCI-HCIO4  Cold vapour AAS
EBC U 0.1 ppm HNO3 fuorcmeny
BC W 2 ppn Carbonzte sinter colorimetric
BC Sn 1ppm - XRF
EC Sb* 0,05 ppm - INAA
BC Aur 0.5 pob -
BC As* 0.2 ppm - *
c Pd** 2ppb Tota) ICP digestion FA-ICP-AFS
C Ay 2ppb " "
c Pr#+ 5 ppb " b
c Niw* 1 pprn - ICP-AES
C Co** 1 ppm " "
c Cr*+ 1 ppm " "
C Cu** 1 ppm i

. Samples from St.Magloire (see Table 3)
** Samples from Ungava (see Table 16-10)

Abbreviations:

BC Bondar-Clegg and Company, Lid.
[ Chemex Labs, Ld.

AAS atomic absotrpticn spectrometry
Fa fire assay

ICP inductively coupled plasma

AFS atomic fluorescence spectrometry

AES atomic emission spectrometry
INAA instrumental peutron activation analysis
XRF X-ray fluorescence

RESULTS AND DISCUSSION

Because some of the separations (44um particles) re-
quired suspension in distilled water and centrifugation,
there was some concern that loosely held metal could be lost
from the phyllosilicate phases, particularly for weathered
samples. To evaluate this phenomenon, a method of com-
paring the cation contribution of each size fraction to the
bulk composition of a sample was devised. By determining
the size distribution of each sample using standard sieve and
pipette techniques, it was possible to calculate or estimate
the weight percent of each geochemically analyzed size
fraction, assuming that the total sample would pass a 6-mil-
limetre sieve. Multiplying the weight percent in grade by
the trace element concentration in grade permitted deriva-
tion of a contribution of metal from each fraction, assuming
100% efficiency of the extractions. Summing these contri-
butions yielded a concentration that could be compared di-
rectly to the "total" metal derived from analysis of the
pulverized bulk sample (Table 16-9). In most cases the re-
constituted analyses match the bulk analyses fairly closely
(Figure 16-3), indicating that, for these samples, the physi-
cal partitioning procedure is giving an adequate picture of
the true trace element distribution by size.

Only mercury and arsenic show significant variability,
with few reconstituted samples approximating the original
bulk analysis (Figare 16-3). This probably reflects a number
of analytical and sample processing problems unique to
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TABLE 16-9

CALCULATIONS FOR COMPARING
RECONSTITUTED TILL TO BULK ANALYSES

Sample 80SAR009: oxidized till, Grenville Terrane, E. Ontario

* Grain Size Wt % Cu Cux Pb Ph Zn Inx Co Cox
inGrade (ppm) % in Grade (ppm) ingrade (ppm) % ingrade {ppm) % in grade
Bulk Sample 109 36 36 18 18 230 230 15 15
2.0-6.0 mm 0.48 6 0.0 2 0.0 26 0.1 3 0.0
0.25-2.0 mm 23.5 23 54 4 33 145 34.1 15 3.5
0.044-0.25 mm 36 19 6.0 12 3.8 125 39.5 8 25
0.004-0.044 mm 35.1 35 12.3 18 6.3 196 68.8 12 42 .
0.001-0.004 mm 4.6 110 5.1 32 1.5 540 25.1 31 1.4
<0001 sam 4.6 156 7.2 44 2.0 910 42.2 45 2.1
Total Reconstituted 36 17 210 14
* Grain Size Wit% Ni Nix Cr Crx Mo Mo x Mn Mn x Fe Fe x
in Grade (ppm) % in (ppm) %in (ppm) %in (ppm) %in (%) % in
grade grade grade grade grajc_l_e
Bulk Sample 100 26 26 54 54 5 5 680 680 3.6 3.6
2.0-6.0 mm (.48 4 0.0 18 0.t 4 0.0 172 0.8 0.5 0.00
0.25-2.0 mm 235 20 4.7 38 8.9 5 L2 700 1647 2.5 0.6
0.044-0.25 mm 36 14 4.4 48 152 2 1.0 550 173.7 2.6 0.8
(.004-0.044 mm 35.1 30 10.5 70 24.6 6 2.1 595 209 4.0 1.4
0.001-0.004 mm 4.6 76 3.5 110 5.1 8 0.4 860 35.9 5.5 0.3
< 0.001 mm 4.6 134 6.2 110 5.1 12 0.6 1420 65.9 6.4 0.3
Total Reconstituted 29 59 5 654 34
Sample SOLAAMEK-025: unoxidized till, Archean volcanic terrain, central District of Keewatin
* Grain Size % Cu Cux Ph Ph x Zn Znx Co Cox
in {ppm) % in {ppm) % in (ppm) % in (ppm) % in
Grade Grade Grade rade Grade_
Bulk Sample 100 145 143 665 665 54 54 7 7
2.0-6.0 mm [0.04 74 7.4 450 45,2 70 7 18 1.8
0.25-2.0 mm 2447 50 12.2 330 80.8 46 11.3 10 2.5
0.044-0.25 mm 27.6 43 11.9 250 69 37 10.2 3 0.8 .
0,004-0.044 mm 25.87 124 32.1 490 126.8 50 i2.9 4 1.0
0.001-0.004 mm 6.01 gl6 49 2600 156.3 120 72 13 0.8
<0.001 mm 6.01 1390 83.5 4000 240.4 192 11.5 16 1.0
Total Reconstituted 196 718 60 7.9
* Grain Size % Ni Nix Cr Crx U Ux Mn Mn x Fe Fe
in {ppm) % in (ppm) % in  (ppm) % in (ppm} %in % % in
Grade Grade Grade Grade Grade Gra([g_
Bulk Sample 160 31 31 78 78 8.5 85 260 260 2.1 2.1
2.0-6.0 mm 10.04 72 7.2 200 20.1 8 0.8 450 452 34 0.34
0.25-2.0 mm 24.47 25 6.1 70 17 3.9 1.0 278 68.0 22 0.54
0.044-0.25 mm 27.6 18 5.0 56 15.5 37 1.0 180 49.7 14 0.3
0.004-0.044 mm 25.87 20 5.2 78 20.2 g 21 190 49.2 2.0 0.52
0.001-0.004 mm 6.01 52 3.1 175 105 44 2.6 344 20.7 43 0.2¢
<0.0601 mm 6.01 72 4.3 228 13.7 11 0.7 400 24.0 5.5 031
Total Reconstituted 31 97 8.2 257 2.4

*See Table 16-1 for explanation
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these two elements: analyticaily, the cold vapour AAS tech-
nique for mercury and the colorimetric technique for arsenic
are notoriously prone to operator and other errors, leading
to lack of precision and accuracy; the volatile nature of mer-
cury probably magnifies errors associated both with various
lengths of time that samples were stored, and with physical
processes associated with disaggregation of a sample in
water.

For some exceptionally anomalous samples, the recon-
stituted analysis is significantly lower than the bulk analysis
(see Cuand Pb, for example}, probably because a significant
amount of metal stays in the solution that is decanted after
the finest clay ( <lum) is sedimented by centrifuging (see
Lindsay and Shilts, 1995, this volume). Colloids and parti-
cles finer than about 0.3 microns ate virtually impossible to
remove by centrifuging, and were discarded (see Lindsay
and Shilts, 1995, this volume), indicating that the fraction
identified as " micron" actually has a size range of 0.3 to 1
micron. In fact, all clay separations carried out on samples
prepared in the Drift Sedimentology Laboratory have a
lower size limit at about 0.3 micron.

In addition to the test of accuracy in partitioning analy-
ses of the various grain-size fractions, experiments with se-
lective or partial leaches were carried out (Shilts, 1984).
Among these, concentrations derived from "total" extrac-
tions from the 1 to 4-micron (clay) fractions were compared
to the hot, aqua regia extraction commonly employed for
drift geochemical analysis. It can be seen (Figure 16-4) that
in this phyllosilicate-dominated size fraction, copper, zinc
and, to a lesser extent, manganese are essentially totaily re-
moved from the clay fraction by either leach, indicating that
the routinely used aqua regia leaches are essentially total
extractions for these three metals. More iron and chromium,

however, are extracted by the total leach than by aqua regia,
a gossanous sample being the sole exception. Aqua regia
appears to be leaving 25 to 50% of the iron and a lesser
amount of chromium in the clay, an empirical observation
that cannot be adequately explained at this time. Perhaps the
clay fraction of tills and derived sediments contains "back-
ground" concentrations of crystalline iron oxides (Hall ef
al., 1993) such as hematite, which is known to concentrate
in sub-4-micron sizes because of its soft nature, and can only
be broken down by submitting sampies to a strongly reduc-
ing attack. Possibly chromium may be held in magnetite or
other micro-inclusions in clay-sized grains, but no such in-
clusions were seen in scans with an electron microscope.
Limonitic iron oxides that reside in the clay fraction of
weathered sediments because of their fine crystalline size
also may be resistant to aqua regia attack.

The results of the partitioning analyses are represented
by the arithmetic and logarithmic plots of grade size against
concentration for the initial 30 samples culled from our 1980
programs (Figures 16-5 and 6). Although there is consider-
able vertical scatter of concentrations within each grade size
cell, it can be seen that for most of the elements, concentra-
tions increase in the finest, phyllosilicate-dominated sizes.
The concentrations in the most anomalous samples exceed
those derived from bulk analyses by a factor of 10 or more
for seven of the eleven elements analysed.

The significance of this enrichment is apparent on the
arithmetic plots of copper, arsenic and uranium (Figure 16-
5), which have been broken down into background and
anomalous groups. Tables 16-1 to 7 and 10 demonstrate, by
listing actual concentrations, just how significant geochemi-
cal partitioning can be by grain size for some of the elements
shown graphically by Figures 16-5 and 6 and for other ele-
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Figure 16-5. Arithmetic plot of arsenic, uranjum, and copper in various grain sizes of glacial sediments with background (left side
figures) and anomalous (right side figures) concentrations (modified from Shilts, 1984).
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TABLE i16-10
PARTITIONING IN TILL OVER ULTRAMAFIC BEDROCK,
NORTHERN UNGAVA, QUEBEC

Raglan 3** Pd Pt Ni Co Cr Cu Au
(ppb)  (ppb)  (ppm) (ppm) (ppm) (ppm) {ppb)
Bulk Sample (< 6.0 mm) 1100 330 2966 91 1305 4460 120
<(.063 mm {silt + clay} 980 210 3466 84 669 5400 160
2.0- 6.0 mm 2100 500 2579 91 2360 4230 . 620
0.25-2.0 mm 1400 490 3249 117 1760 4430 230
0.063-0.025 mm 1160 220 2306 79 904 3380 130
0.045-0.063 mm 900 180 2164 62 913 3300 160
0.002-0.045 mm 720 3060 2418 72 629 3620 210
<0.002 mm 2300 110 6355 118 882 =>10000 60
Raglan 5*** Pd Pt Ni Co Cr Cu Au
(ppb) _ {ppb)  (ppm) (ppm) {ppm) (ppm) {pph)
Bulk Sample (< 6.0 mm) 130 60 679 53 845 477 20
< 0,063 mm (silt + clay) 100 96 592 41 407 433 44
2.0-6.0 mm 130 85 727 60 1440 411 4
0.25-2.0 mm 140 75 674 64 1010 436 6
0.063-0.025 mm 1o 50 446 40 538 346 g
0.045-0.063 mm 68 100 406 34 469 291 34
0.002-0.045 mm 78 70 490 37 445 344 26
<0.002 mm 390 70 1601 104 1045 1405 10

¢ Samples collected and donated by Michel Bouchard, Université de Montréal
**  Sample of strongly altered till collected from a mudboil 8 m down-ice from PGE/sulphide

mineralization

**% Sample of apparently unaltered till collected frem till plain 179 m down-ice and doewnslope

from gossan near Raglan 3

ments not included in the original analysis (W, Cd, Au, Sb,
Sn, Pd and Pt). Each element appears to have a particular
*fingerprint” of concentration ranges through various grain
sizes, a further confirmation that the terminal modes of min-
erals hosting these elements vary. Furthermore, the tables
indicate the significant influence that the finest fractions of
glacial sediments have on their overall chemistry.

CONCLUSIONS

The conclusions drawn from this study of the geo-
chemical ramifications of physical partitioning of mineral
phases into various grain sizes by glacial abrasion and
crushing are empirically straightforward, but conceptually
in need of further study and explanation:

(1)1t is obvious that for most trace elements, concentrations
are lowest in the quartz-dominated medium sand to fine
silt ranges and significantly elevated in the fine silt and
clay fractions. Because the samples analyzed were a mix
of depositional facies and ranged from samples strongly
altered by weathering to samples that are virtually unal-
tered, the consistency of trends must be related largely to
primary mineralogical characteristics of the original gla-
cial sediment. Though most of the cation exchange ca-
pacity (CEC) of glacial sediments resides in their
clay-sized fraction because of the dominance of phyl-
losilicate minerals, secondary adsorption does not affect
samples from the near-surface weathering environment
noticeably more than those that are virtually unaltered
(Shilts, 1984; Shilts and Kettles, 1990). Thus, increased
concentration of metals in phyllosilicates probably re-
flects the ability of their lattices to accept stray cations

into their structure at some phase of their evolution, evi-
dently before they were ripped from their hostrocks by
glacial grinding. Further selective leaching of these frac-
tions, described by Shilts (1984), and extensive searching
through anomalously metal-rich 0.3 to 2-micron sepa-
rates with a scanning electron microscope with backscat-
tering capabilities, failed to show either any evidence of
loosely held cations on clay particles or of micro-inclu-
sions or of other finely divided primary mineral phases,
such as sulphides. Evidently, in the samples examined
here, metal enrichment in the clay fraction can be a pri-
mary phenomenon related to syngenetic geochemical
processes, such as the enrichment of metals in clays
around sea-bottom volcanic vents or ion migration by a
variety of processes during hydrothermal activity or
metamorphism. This problem will be solved only by car-
rying out similar partitioning studies that focus on min-
erals that physically reduce ¢asily to clay sizes, in source
rocks in the vicinity of various types of mineral deposits.

(2)Geochemical samples containing significant amounts of
high exchange capacity components (organic com-
pounds, iron and manganese oxyhydroxides, efc.) are
chemically rationalized to remove uneven adsorption ef-
fects. Likewise, because fine fractions commonly contain
metal-poor and metal-rich phases in varying proportions,
conventional sieve-separation of these fractions must
also be rationalized in some way. This can be done by
simple grain-size analysis of the fraction analyzed
(Shilts, 1971) or by analyzing for aluminum, which oc-
curs preferentially, but not exclusively, in the phyllosili-
cate phases of the clay fraction. An alternative technique
is to separate the clay fractions by centrifugation and ana-
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lyze them directly (Shilts, 1975). This latter method has
been widely and routinely used by the Geological Survey
of Canada and its contract clients since 1973 (see Lindsay
and Shilts, 19935, this volume), but it is expensive, re-
quires careful quality control, and is not appropriate for
exploration for metals that tend to occur in phases that
have their terminal modes in coarser grain-size fractions,
such as chromium {chromite) or gold. For environmental
studies, direct analyses of the clay fraction are particu-
larly useful, because this fraction not only preferentially
adsorbs pollutants due to its high exchange capacity, but
it is the first to yield anthropogenically derived or natu-
rally occurring trace elements as a result of soil or sedi-
ment disturbance by natural or anthropogenic physical
(erosion, excavation, dredging) or chemical (acid rain,
reservoir-filling, chemical disposal) processes.

(3)Further research combining physical partitioning tech-
niques similar to those described here with chemical par-
titioning techniques, such as sequential leaching (Hall e¢
al., 1993), should help explain many of the compositional
phenomena revealed by this and similar studies, It is par-
ticularly important to understand processes controlling
partitioning when evaluating the significance of the mag-
nitude of anomalies generated by exploration geochemi-
cal sampling or in setting permissible metal levels for
remediation of contaminated glacial soils in environmen-
tally degraded terrains in urban areas and around various
types of mines.
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A STANDARD LABORATORY PROCEDURE FOR

SEPARATING CLAY-SIZED DETRITUS FROM

UNCONSOLIDATED GLACIAL SEDIMENTS AND
THEIR DERIVATIVES

By P.J. Lindsay and W.W, Shilts
Geological Survey of Canada

INTRODUCTION

The following procedure for separating clay-sized par-
ticles from glacial sediments has been employed in the Drift
Prospecting Laboratory of the Terrain Sciences Division of
the Geological Survey of Canada since 1973. It is important
to recognize, when interpreting geochemical results from
projects carried out by members or associates of this divi-
sion, that the clay analyses yield significantly different re-
sults from those obtained from dry-sieved silt and clay
(<250 mesh or <64pm) samples. Using this method suffi-
cient clay-sized material for geochemical and X-ray diffrac-
tion analyses has been obtained from esker gravels (Shilts
and Wyatt, 1989}, till, glaciolacustrine sediments and
glaciomarine sediments.

Equipment

o Centrifuge; International Centrifuge (IEC), Model DPR-
6000, 6-place head with 1000-millilitre capacity and Nal-
gene bottles.

o Milkshake mixer; modified by replacing steel blade with
Nalgene blades cut from heavy gauge labware,

o Stainless steel mixer buckets; baffles removed.

¢ Sodium hexametaphosphate; 5 grams per litre in distilled,
deionized water,

e Nalgene cups; 100 millilitres (for drying clay).

e Stainless steel, long-handled spatula.

» Drying oven, low temperature.

o Beakers; 250-miliilitre (for washing and drying sand and
granule oversize).

e Apgate pestle or mortar and pestle for disaggregating dried
clay.

PROCEDURE

Three hundred to five hundred-gram samples are re-
moved from plastic bags, preferably in fragments or chunks
representing the sample as it occurred in outcrop, and placed
in a stainless steel milkshake mixer vessel, wet. It is neither
necessary nor desirable to dry the sample. Pebbles larger
than 1 centimetre in diameter are removed if possible, and
before adding about 200 millilitres of distilled, deionized
water to which a small amount of dispersant has been added
(5 g/l of reagent grade sodium hexametaphosphate is good
unless phosphorus is a metal of interest; trace element "pu-
rity" of whatever dispersant is used must be confirmed).

More dispersant can be added if problems with flocculation
persist, but a minimum and constant amount is desirable as
some dispersant is inevitably precipitated with the clay dur-
ing the final drying step.

The normal stainless steel blade that is screwed on to
the end of the milkshake mixing rod is replaced by a blade
cut from discarded Nalgene labware. After considerable
testing, it was found that no metal blade survived'long when
disaggregating till, with the result that considerable metal
contamination could be found in sand-sized heavy minerals
derived from the disaggregation process. Th: Nalgenc
blades wear rapidly, but are very cheap, and the easily rec-
ognized Nalgene residue is rarely found in the materials
separated for analysis.

The sample and water slurry is mixed on the milkshake
mixer machine for approximately 30 seconds and the slurry
is allowed to sit for 5 to 10 seconds to allow sand yund coarser
grains and aggregates to settle. The slurry is then decanted
into a 1000-millititre centrifuge vessel. Another 200 milli-
litres of metaphosphate solution is added and the process
repeated. After the second decantation, the prccess is re-
peated once more and the decanted, supernatant solution is,
by this time, fairly clean. The granule-sand residue remain-
ing in the milkshake mixer is removed and set aside to dry
for further examination of pebble lithology (. to 6 mm
sizes), heavy and light mineral analysis of the sand fraction
by petrographic, scanning ¢lectron microscobe or geo-
chemical techniques, and bulk magnetic susceptibility
measurements of the sand fraction,

The slurry from the three decantations is now in the
1000-millilitre centrifuge vessel which is "topped up"” with
metaphosphate solution to 750 to 800 millilitres, depending
on sediment concentration. Once six samples have been pre-
pared this way, the vessels that are inserted on opposite sides
of the centrifuge head are weighed, and metaphosphate so-
lution is added until their weights are within 1 gram of each
other, so that the six-place centrifuge will be balanced.

The next procedure is critical for adequate clay-silt
separation, and lab staff should be trained to carry it out in
a consistent and careful manner. The six vessels, each of
which is closed with a screwtop, must be shaken briefly and
vigourously so that all sediment is suspendec. Then, as
quickly as possible, the vessels should be placed in the cen-
trifuge and the centrifugation process begun. To cause the
silt (particles 2 to 64pum in diameter) to settle, the DPR-6000
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centrifuge must be accelerated to 750 rpm as rapidly and
smoothly as possible and must be held at 750 rpm for 3
minutes, after which it is decelerated rapidly and smoothly
to a stop. The supernatant suspensions are poured carefully
into six more 1000-millilitre centrifuge vessels, being care-
ful not to resuspend the silt sedimented by the first centrifu-
gation. Jackson (1956) estimates that about 75% of the
-2-micron fraction is removed from the silt/clay suspension
by this first centrifugation. If the original sample is clay-
poor or too small to recover adequate clay, the settled silt
and clay may be resuspended and the centrifugation separa-
tion repeated. In most cases this is not necessary, and in any
case, after the second or third centrifugation, very little of
the remaining approximately 10% of clay can be recovered.
The silt with its included clay component is discarded in our
procedure.

After the clay suspensions in the second set of vessels
are topped up and the vessels carefidly balanced, the sus-
pensions are centrifuged at 2800 rpm for a further 14 min-
utes. After this time, some clay and colloids remain in
suspension, but further centrifuging will cause little of this
very fine sediment to settle. Electron microscope scans of
clay particles separated using this procedure show that more
than 99% of the particles range from 0.3 to 2 microns in true
maximum dimension and, furthermore, that they consist
predominantly of plate or disc-shaped aluminosilicates.

The final supernatant solution is discarded, again being
careful not to resuspend any of the sedimented material on
the bottom of the vessel during decantation. At this point the
colour of the sediment surface and colours of any banding
in the centrifuged sediment should be noted. These colours
and bandings may have mineralogical and geochemical sig-
nificance (Shilts, 1978). The sedimented clay is removed
using a long-handled stainless steel spatula. Removal of the
sticky, sedimented clay ‘cake’ may be facilitated by adding
a very small amount of distilled, deionized water to the cen-
trifuge vessel while it is vibrated at high frequency on the
rubber pad of a vortex mixer. At this point, if clay minera-
logical analysis is to be carried out in addition to geochemi-
cal analysis, the wet sample can be subsampled, and smear
or other suitable mount(s) can be prepared for further chemi-
cal treatment and X-ray diffraction analysis. The portion of
the sample to be used for geochemical analysis is placed in
a small, disposable weigh boat and dried at less than 75°C
(<40°C if Hg analyses are to be done). The dried sample is
then disaggregated using an agate mortar and pestle or any
convenient, noncontaminating technique (the dried clay can
be quite hard and difficult to pulverize). The powdered sam-
ple is submitted for geochemical analysis.

The procedure described above is used routinely at the
Geological Survey of Canada to process till samples. It has

been transferred to the private sector where a variety of cen-
trifuge types are used. The centrifuge speeds and concen-
trating procedures have to be modified to obtain the
appropriate size distribution, and this should be carefully
monitored among laboratories. Also, if smaller centrifuges
are used, the clay-silt fraction can be preconcentrated by dry
sieving, a procedure we followed in our early application of
this method. Tests of the wet and dry methods of precentri-
fuge disaggregation showed, however, that considerable
disparity in trace element concentrations was evident in the
same sample (e.g. for uranjum; Klassen and Shilts, 1977).
Thus, it is not recommended that preconcentration tech-
niques involving drying be employed. Finally, although cen-
trifuges have been used to increase the value of g and,
therefore, decrease the time to settle a set distance from
Stoke’s Law of settling, similar results could be obtained in
settling columns or calibrated beakers, but the time required
for each sample is greater. In other words, the separations
can be done: using various types of centrifuge to increase g
(centrifuge heads capable of accepting 1000-miililitre ves-
sels are the best); by a combination of settling (to remove
silt) and centrifugation (to remove clay); or totally by set-
tling, processing many samples in sequence, so that eventu-
ally those for which the clay has settled (in days) are being
dried at the same rate as new samples are being suspended.
This technique requires considerable space and organiza-
tion.

If a procedure were followed where the large amount
of liquid resulting from the high liquid/solid ratio in the clay
suspensions could be evaporated in a reasonable length of
iime, the fine clay particles and colloids could also be added
to the analyzed clay sample. However, practical and chemi-
cal problems arising from the concentration of deflocculants
and adherence of colloidal materials to vessel walls prob-
ably obviate the need for the total evaporation method.
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TILL GEOCHEMISTRY OF THE MOUNT MILLIGAN AREA,
NORTH-CENTRAL BRITISH COLUMBIA;
RECOMMENDATIONS FOR DRIFT EXPLORATION FOR
PORPHYRY COPPER-GOLD MINERALIZATION

By S.J. Sibbick, B.C. Geological Survey Branch
and D.E. Kerr, Geological Survey of Canada

INTRODUCTION

The successful design and interpretation of a regional
drift exploration survey requires information regarding the
geochemical response of the drift to the type of mineral de-
posit being sought. Key factors to determine include: the
elements which reliably indicate the deposit type (path-
finder elements); residence sites of the pathfinder elements;
and their characteristic style(s) of dispersal and dispersion.
These factors can then be assessed to develop guidelines for
selecting the most appropriate size fraction, sampling den-
sity and analytical techniques. Moreover, this information
is essential for interpreting existing data, including path-
finder elements, their anomalous thresholds, and charac-
teristic spatial patterns and length of dispersal trains.

Till is the preferred sample medium for regional geo-
chemical drift exploration surveys. As the first derivative of
bedrock (Shilts, 1993), till represents comminuted bedrock
debris or older surficial sediments entrained, transported
and deposited by active glacial ice. Till, of all glacial sedi-
ments, most commonly reflects the composition of its
source area. Further, although it may have undergone more
than one glacial episode, its location can often be directly
related to interpreted ice-flow patterns and history.

Porphyry-style mineralization is particularly suited to
regional-scale till surveys, given the large size of the min-
eralization-alteration systems involved. The Interior Plateau
of British Columbia has received considerable interest as an
area of high mineral potential for porphyry-style minerali-
zation. For instance, the Mount Milligan porphyry copper-
gold deposit and swrounding region has attracted an array
of geological, geochemical and geophysical studies by in-
dustry, government and university scientists. In addition to
numerous industry exploration programs, these include bed-
rock mapping by Nelson ef al. (1991) and Struik (1992),
mineral deposit studies by DeLong ef al. (1991), surficial
geological mapping by Kerr {1991) and Plouffe (1991,
1992}, geochemical studies by Gravel and Sibbick (1991)
and geophysical mapping by Shives and Holman (1992).
Preliminary results of a regional till geochemical survey in
the adjoining Manson River and Fort Fraser map arcas (NTS
93K and 93N) have recently been released by Plouffe and
Ballantyne (1993). In order to improve the design and inter-

pretation of regional till surveys for porphyry cepper-gold
exploration, a detailed geochemical orientation sarvey was
conducted in the vicinity of the Mount Milligan deposit
(Kerr and Sibbick, 1992). '

DESCRIPTION OF THE STUDY AREA

The Mount Milligan study area, centred at latitude
55°07'N and longitude 124°00'W, is located approximately
150 kilometres northwest of Prince George in north-central
British Columbia (Figure 18-1). The area is accassible by
logging roads from Fort St. James and from Windy Point on
Highway 97. Access within the study area is limitzd, Explo-
ration roads network the western third of the area near the
Mount Milligan deposit, but access to the eastern “wo-thirds
of the area is restricted to a few roads of limited extent.

Located on the Nechako Plateau, the study atea is char-
acterised by a relatively flat to hummocky plain at 1000
metres elevation, bounded on the west and east by north--
trending ridges of 1300 to 1500 metres elevation. Mount
Milligan, 5 kilometres north of the Mount Millig:n deposit,
rises to an elevation of 1508 metres.

¥ Vancouver

Figure 18-1. Location of the Mount Milligan study area.
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REGIONAL GEOLOGY AND
MINERALIZATION

Takla Group rocks of the Quesnel Terrane underlie the
Mount Milligan area (Nelson e al., 1991}. The Quesnel Ter-
rane is an early Mesozoic island-are sequence bounded on
the west by oceanic rocks of the Cache Creek Terrane and
on the east by oceanic rocks the Slide Mountain Terrane.
Metamorphic rocks of the Wolverine Complex are also in
contact with the eastern boundary of the Takla Group/Ques-
nel Terrane (Struik, 1992). Takla Group rocks consist of Up-
per Triassic sediments, volcanics, pyroclastics and
epiclastic sediments. Numerous coeval plutons, up fo early
Jurassic age, intrude the Takla Group.

The Mount Milligan deposit (Figure 18-2) is centred on
Early Jurassic crowded plagioclase-porphyritic monzonite
intrusions known as the MBX and Southern Star stocks
(Nelson et al., 1991). These, and numerous smaller stocks,
intrude Upper Triassic Takla Group augite (tplagioclase)
porphyry agglomerate, trachyte breccias and flows, and
bedded epiclastic sediments of the Witch Lake formation.
Directly east of the intrusions, the Great Eastern fault jux-
taposes Takla Group rocks against Eocene continental sedi-
ments within an extensional basin (Nelson et al., 1991). The
eastern half of the study area is underlain by Witch Lake
formation, as well as basalts and diorite of the Philip Creek
succession (Struik, 1992). Quartzofeldspathic gneiss, schist

MBX orebody p
Soulharn Star orebody |
. Sampls site

o S5 ym
—,

55" 00

Geologicat Legend
Crelaceous-Terliary

S goesmemse  ESE b

Ehasat It
Upper Triassic (-Jurassic?) Intrusives - Early Jurassic

J:I Chuchs Lake succeseon ) sﬁﬁf et gy sined

[ wieehLate, Phip Lake Pl Fault/ Conmct
sucoassions and comelitivas

Upper Triassic {~Jurassic?)

Rainbow Crank sicoassion

Figure 18-2. Geology and sample locations, Mount Milligan study
area. Geology modified from Nelson ef al.,, (1991) and Struik
(1992).

and granite pegmatite of the Wolverine Metamorphic Com-
plex outcrop in the east and northeast (Struik, 1992).

Alteration asociated with the deposit comprises a
crudely zoned potassic core centred on the intrusions (De-
Long et al., 1991) and surrounded by an east-west elongate
3.0 by 4.5 kilometre propylitic alteration halo. Mineraliza-
tion consists primarily of disseminated and fracture-filling
chalcopyrite and pyrite. Lesser quantities of bornite are pre-
sent within the potassic alteration zone. Approximately 70%
of the mineralization is hosted by the Witch Lake volcanics
with the remaining 30% in the monzonite intrusions. Gold
is associated with chalcopyrite, pyrite and bornite as small
grains up to 100 microns in diameter along sulphide grain
boundaries and microfractures in pyrite (Faulkner ef al.,
1990). Both gold and chalcopyrite correlate directly with the
potassic alteration zone (DeLong ef al., 1991). Reserves of
the deposit are estimated at 298.4 million tonnes grading
0.45 gram per tonne gold and 0.22% copper (Schroeter,
1994).

Series of subparallel polymetallic sulphide veins con-
taining disseminated to massive pyrite and chalcopyrite ra-
diate outwards from the MBX stock in the propylitic
alteration zone. The best-developed veins range from 0.3 to
3.0 metres thick and contain 3 to 100 grams per tonne gold,
0.2 to 10% copper, | to 3% sphalerite, and traces of
arsenopyrite and galena (Faulkner et al., 1990).

SURFICIAL GEOLOGY

The last glacial event in the Mount Milligan region oc-
curred during the Late Wisconsinan (Fraser Glaciation) be-

Mount Milligan
Dapoait

124°00° 123°45"
E] Coluvium veneer
aver bedrock / Drumkin / Striae
D Glaclofluvial outwash
o 5% 5 m
Morainal (till) banket i ——

Figure 18-3. Simplified surficial geology of the Mount Milligan
area, from Kerr and Sibbick (1992).
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tween 25 9401380 years B.P. (GSC-573) and 10 100490
years B.P. (GSC-2036). Regional ice movement during this
event was primarily to the northeast, as interpreted from ice-
flow indicators such as well developed striae scoured into
bedrock and drumlinoid features developed in unconsoli-
dated sediments. This observation of regional flow is in ac-
cordance with earlier studies by Armstrong (1949) to the
north, west and south of the Milligan area, and more recently
by Plouffe (1991, 1992) in the Stuart and Fraser fakes area
to the southwest. In the McLeod Lake region to the south-
east, Struik and Fuller (1988) mapped the extent of glacial
lake deposits and noted the presence of mineralized clasts
in morainal deposits.

Surficial sediments of the study area include till,
glaciofluvial and fluvial sand and gravel, glaciolacustrine
sand, silt and clay, colluvium and organic materials (Kerr,
1991). Two surficial units predominate: an extensive morai-
nal (till) blanket and large glaciofluvial outwash complexes
(Figure 18-3). Till was deposited during the last glacial epi-
sode and is commonly hummocky and drumlinized. It con-
sists of a dense matrix-supported diamicton composed of
very poorly sorted, angular to well rounded pebbies to cob-
bles in a sand-silt-clay matrix. These sediments are more
continuous in the east half of the map area, from south of
Philip Lakes to north of Nation River. Flow was towards the
northeast during full glacial conditions. South of Nation
River, a gradual change in flow direction towards the east
is indicated by drumlinoid features.

Large concentrations of glaciofluvial sand and gravel
dominate the central part of the study area along the axis of
Rainbow Creek, Nation River valley to the north and to the
west of the Mount Milligan deposit. These outwash-sedi-
ment complexes consist of sinuous esker ridges up to 10
kilometres long, kame deposits and a series of broad over-
lapping outwash fans deposited by glacial meltwater during
ice retreat. They represent the end product of a long period
of glacial and fluvial erosion, transportation and reworking
of many types of surficial sediments. Within the narrow Na-
tion River valley, glaciofluvial sediments are locally over-
lain by up to 20 metres of glaciolacustrine silt and clay.
These sediments were deposited during ice retieat in a gla-
cial lake with an elevation of approximately 850 metres.
Colluvial sediments derived from till and weathered bed-
rock form a veneer over steep hillsides and valley walls in
the highlands north and south of the Mount Milligan deposit.
Highlands to the northeast of the Philip Lakes are also man-
tled by colluvial sediment.

Drift thickness is highly variable, ranging from less
than 1 metre on rocky highlands to over 80 metres in the
Rainbow Creek area (Kerr and Sibbick, 1992). Thicknesses
in excess of 100 metres are common directly east of the
Mount Milligan deposit (Kerr and Bobrowsky, 1991). Ron-
ning (1989) has reported overburden depths in excess of 200
metres in the Nation Lakes area to the west.

Humo-ferric podzols are the main soil type of the re-
gion. Modifications of the original till substrate by soil-
forming processes extend to an average depth of
approximately 0.5 metre. Oxidation of the parent materials
generally extends to a depth of 2 metres.

METHODS
SAMPLE COLLECTION

Till samples were collected down-ice from the Mount
Milligan deposit for a distance of 20 kilometres t¢ the east-
northeast (Figure 18-2). A total of 121 till samples, includ-
ing field duplicates, was collected from 108 hand-dug pits
within a 150 square kilometre area. Sampling wa;; concen-
trated in two distinct areas where till is the predomnant sur-
ficial sediment: in the vicinity of the deposit, and in the
region east of Rainbow Creek. The intervening erea, con-
sisting of glaciofluvial outwash, was not sampled, in order
to maintain media consistency. Samples were collected on
a 1-kilometre grid spacing. Additional sites were sampled
in the vicinity ofthe deposit where exposures of til} are more
common. The oxdized C-horizon was preferentially sam-
pled at depths of 0.5 to 1.5 metres. Field samples weighed
from 2 to 5 kilograms. Samples were air dried in the field
and sent to the British Columbia Geological Survey Branch
Analytical Sciences Laboratory in Victoria for furher proc-
essing.

SAMPLE PREPARATION AND ANALYSIS

At the Iaboratory, the samples were removed {rom their
plastic bags and thoroughly air dried at room temperature.
Each sample was coned and quartered to obtain a
representative subsample which was then dry sieved to three
size fractions corresponding to the fine sand
(-250+125 um), very fine sand (-125+62.5 um) ard the silt-
clay (-62.5 um) fractions. The two coarsest fractions
(-250+125and -125+62.5 jim) were then wet sieved to re-
move any fines adhering to the grains. After redrying, a
20-gram split of the -250+125micron fraction was pulver-
ized in a tungsten carbide mili to approximately 74 micron
(200 mesh ASTM). Following this, the three fractions were
split to acquire representative analytical subsamplas. Instro-
mental neutron activation analysis (INAA) for 1hirty ele-
ments was performed on 5 to 10-gram subsamples, whereas
0.5-gram subsamples were analysed for thirty elements by
an aqua regia digestion followed by inductively coupled
plasma emission spectroscopy (ICP-ES) analysis. Table
18-1 lists the analytical methods and detection linits for the
elements discussed in this study.

RESULTS AND DISCUSSION

DATA QUALITY

Data quality was determined using duplicate field sam-
ples (13 pairs) and analytical duplicates (6 pairs). Duplicate
field samples provide an estimate of the total: variation
within a sampling program, including within site, within
sample and analytical variation. Analytical duplizates esti-
mate the variation within a subsample and variation inherent
to the analytical method. These variations can te used to
estimate the precision of the data. Precision was d:termined
by calculating the average precision of a group of duplicate
pairs for each element and size fraction. However, the lim-
ited number of duplicate pairs reduces the reliability of the
precision estimates. Table 18-2 shows the total precision of
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TABLE 18-1
ANALYTICAL METHODS AND DETECTION LIMITS FOR
ELEMENTS USED IN THIS STUDY

Element Method D.L. Element Method D, L,
Al 1ce 0.01% Mn ICP 1
As INAA 0.5 Na ICP 0.01%
Au INAA 2 ppb Nd INAA 5
Ba INAA 50 Ni ICP 1
Ca ICP 0.01% Pb ICP 2
Ce INAA 3 Rb INAA 5
Co INAA 1 Sb INAA 0.1
Cr INAA 5 Sm INAA 0.1
Cu ICP 1 Tb INAA 0.5
Eu INAA 02 Th INAA 0.2
Fe INAA 0.01% u INAA 0.5
K ICP 1.01% v ICP 2
La INAA 0.5 Yb INAA 0.2
Lu INAA 0.05 Zn ICP 1
Mg ICP 0.01%

(Detection limits (D.L.) in pprm unless otherwisce noted)

TABLE 18-2
TOTAL PRECISION (FIELD PLUS ANALYTICAL) BY SIZE
FRACTION FOR TEN SELECTED ELEMENTS

Size Fraction / Precision

Element |-250+125 -125463 -63
Cu 32.5 40.3 42,1
Au 94.7 143.6 116.3
As 36.3 454 38.9
Sb 21.2 25.6 31.8
K 24.9 41.8 38.0
Fe 13.0 24.5 21.6
Mn 31.6 40.0 46.0
Ni 17.4 20.0 279
Co 16.2 297 243
Cr 26.5 36.0 30.1

Precision estimated at 95% confidence level
All values in percent and based on 13 duplicate pairs

ten elements from each size fraction. Total precision for
each element is reasonable, ranging from +13%
(iron, -250+125 pm fraction) to +45% (arsenic, -125+62.5
um fraction). The notable exception is gold with preci-
sion ranging from +95% (-250+125um fraction) to +144%
(-125+62.5 pm fraction). Expectedly, analytical precision
(Table 18-3) is less than the total precision for most ele-
ments, varying from +4% (antimony, -250+125 umfraction)
to +42% (potassium, -125+62.5um fraction). Again, gold
is an exception, with precision ranging from +70%

TABLE 18-3
ANALYTICAL PRECISION BY SIZE FRACTION FOR TEN
SELECTED ELEMENTS

Size Fraction (microns)
Element -250+125 -125+62.5 -62.5
Cu 14.83 15.53 11.80
Au 106.3 69.58 183.76
As 26.91 15.84 14.67
Sh 3.94 14.12 8.57
K 20.29 41.69 27.40
Fe 19.17 10.48 9.52
Mn 13.88 9.13 496
Ni 17.47 18.74 7.87
Co 20.57 15.12 13.30
Cr 12.45 13.46 925

Precision estimated at 95% confidence level
Values expressed as percent relative standard deviation
{%RSD) and based on & analytical duplicates

(-125+62.5 um fraction) to +184% (-62.5um fraction).
Analytical precision estimates are lowest in the -62.5um
fraction for seven of the ten elements (Cu, As, Fe, Mn, Ni,
Co and Cr). Precision estimates for gold are lowest in the
-125+62.5 um fraction and highest in the -62.5—micron frac-
tion, This suggests that grinding of the coarse (=250+125
pm fraction) or the use of a finer (-62.5 |um fraction) does
not reduce sample variability when small (5 to 10 g) samples
are analysed. The high variability of gold results from the
occurrence of gold within the sample matrix as rare, discrete
grains, resulting in the ‘nugget effect’ (Harris, 1982). Gold
particles up to 100 microns in diameter are reported from
the Mount Milligan deposit (Faulkner et al., 1990). To pro-
vide 2 representative analysis of a sample containing gold
grains of this size, analytical subsample sizes weighing 100
to 1000 grams are required, depending on the concentration
of gold in the sample and the size fraction analysed (Clifton
et al., 1969). Sample weights used for gold analysis in this
study (5 to 10 g) are not considered representative. Use of
larger sample sizes or the analysis of heavy minerals from
the two coarse fractions are possible methods of improving
the reproducibility of the gold analyses. However, the pres-
ence of anomalous gold concentrations can be considered a
reasonable indication of the presence of anomalous gold
within the till. Background concentrations of gold, however,
should not exclude the possibility that anomalous gold con-
centrations may be present.

CONCENTRATION OF ELEMENTS

Twenty-nine elements were selected for study (Cu, Au,
Pb, Zn, As, Ba, Fe, Mn, Sb, Na, Ca, Mg, K, Al, Ni, Co, Cr,
V,Rb, U, Th, La, Ce, Tb, Yb, Lu, Eu, Nd and Sm). Elements
excluded from this study had an excess of values at or below
analytical detection limits. Summary statistics for the se-
lected elements are listed by size fraction in Table 18-4.

Overall, median element values are highest in the -62.5um
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TABLE 184
SUMMARY STATISTICS FOR THE 29 ELEMENTS CONSIDERED IN THIS STUDY

-250+125 micron fraction

Element Al As  Ap Ba Ca Ce Co O Ey Fe K ILa 1w Mg Mn Na Nd Ni PP Rb S Sm T Th U Vv Yb Zn
Minimum 088 05 2 730 039 19 17 57 16 07 219 006 10 014 036 233 142 5 14 2 3 04 18 05 14 05 29 11 23
Maximum 379 7O 5% 1500 193 % 7 330 652 19 &N 093 31 070 226 1315 317 prd A n 170 14 60 14 68 62 170 41 176
Mean 154 10 20 1232 07 286 276 1407 T49 092 462 012 139 029 08 5289 249 117 253 48 6638 2 287 056 279 115 Bl4 179 459
Median 143 79 5 1100 067 2% 25 130 53 09 432 010 13 027 078 453 251 1 24 4 65 ls 27 05 25 1 8 7 37
Mode 148 11 2 1w 07 2% 25 120 3% 09 353 008 12 020 071 34 273 1 3 2 62 1 27 05 24 05 & 14 29
StDev 053 878 6087 13211 02 716 815 4822 7873 018 LI 010 3% 008 032 2245 036 37 858 23] 1833 12 068 015 098 084 2176 048 2505
CV. 0343 0878 3037 0l18 0289 (251 029 0343 1051 0194 0255 0850 0284 0271 0375 0424 0.143 0316 0339 0486 0274 0601 0235 0263 035 0727 0267 0267 0546
-125+62.5 micron fraction

Element Al As A Ba €C G Co O Cu Eu Fe K Iz Lau Mg Mn ™a N4 Ni PP Rb S Sm To Th U ¥ Yo  ZIn
Minimum 068 14 2 680 031 19 6 T 12 05 185 003 1 Q17 030 187 139 7 14 2 5 03 20 05 18 05 2% 12 20
Maximum 393 89 12 1600 185 g2 40 370 0 22 716 078 47 060 218 1224 275 30 73 17 130 72 65 14 13 68 162 36 152
Mean 127 976 455 10058 062 295 177 1136 73 091 424 008 153 029 073 4673 221 13 251 52 566 211 309 058 327 131 836 192 419
Median 1o 73 g 1000 059 27 6 170 30 03 428 006 14 028 066 3M4 228 12 24 5 % 17 29 05 29 12 83 19 36
Mode 106 11 2 1100 054 2% 13 1% 24 09 284 005 14 025 044 206 213 12 24 6 51 14 3 05 22 05 83 18 29
StDev 053 989 173 13552 019 875 746 5374 8578 019 104 Q10 S06 006 031 2276 029 4 819 25 1897 122 075 018 15 0% 281 041 2097
Ccv. 0418 1014 3805 0135 0309 0297 0421 031 1176 0207 0245 1211 033 0198 0418 0487 013 0308 0326 0499 0335 0578 0242 0309 048 0714 0271 0214 0524
~62.5 micron fraction

Element Al As A Ba Ca C ©Co G Cu B Fe K La [u Mg Mn Na N Ni P Rb S Sm  Tv Th U V Yb 7n
Mirime L1334 2 580 038 7 10 7 20 08 272 003 4 024 037 238 135 3 18 2 5 05 26 05 27T 05 43 17 27
Maximum 403 180 732 1400 231 116 48 2% 2182 25 824 126 2063 232 245 259 50 ” 35 140 8 9l 13 19 96 143 48 191
Mean 197 17.14 455 934 076 426 139 1576 1358 113 485 0J2 225 038 088 5564 203 182 354 85 572 229 395 059 498 172 849 231 583
Median 136 i2 17 930 075 40 1% 156 7% 11 466 008 2 036 076 483 207 17 33 7 % 18 37 05 45 17 8 23 4
Mode 162 11 3 100 071 k) 15 150 20 11 398 007 18 03 065 264 201 15 ¥ [3 5 12 36 05 39 05 s 2 33
Range 29 166 730 820 193 8 33 183 2162 1T 552 123 58 039 195 2007 124 45 61 33 135 75 65 08 163 91 100 31 164
StDev 055 2015 8301 13922 023 1245 732 3703 2288 021 12 014 739 008 038 2816 025 595 1114 526 2363 153 091 Q19 204 119 1857 044 2874
C.V. 0279 1175 1933 Q149 0305 0292 0368 0235 1685 0185 0247 1195 0329 0222 0426 0506 0121 0327 0315 0622 0413 067 0231 0329 041 069 0219 019 0493
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fraction, accounting for 21 of the 29 elements. Maximum
element abundances also occur most frequently (20 of 29
clements) in the -62.5 pm fraction. Box plots (Figure 18-4)
for eight selected elements highlight the range and distribu-
tion of element concentrations for the three size fractions.

TABLE 18-5
CORRELATIONS BETWEEN SIZE FRACTIONS FOR TEN
SELECTED ELEMENTS

Correlation between fractions

-250+128 -250+125 -125+63

Element | vs-125+62.5 vs-62.5 vs -62.5
Cu 0.988 0.936 0911
Au 0.619 0.562 0.836
As 0.973 0.921 0.898
Sb 0.855 0.904 0.793
K 0,927 0.870 0.755
Fe 0,762 0.790 0.691
Mn 0.534 0.800 0.623
Ni 0.891 0.803 0.796
Co 0.671 0.837 0.532
Cr 0.649 0.753 0.615

N=108 Rsig(.95)=0.159

Ministry of Energy, Mines and Petroleun Resources

Concentration ranges for each size fraction generally over-
lap one another. Median values for copper, gold, ersenic and
nickel in the -62.5-micron fraction and potassium in the
-250+125 micron fraction either equal or exceed the 75th
percentile value of the two other fractions, In the -62.5-mi-
cron fraction, less than 10% of the gold value are at or
below detection limit. Detection limit concent:ations for
gold in the -125+62.5 and -250+125 micron fractions, how-
ever, constitute 30 and 40% of the data respectively.

Four elements, arsenic, gold, copper and potassium,
have coefficients of variation (C.V.) which exceed 0.70 in
all three size fractions (Table 18-4). Garrett ef al. (1980)
showed that elements with coefficients of variaticn less than
0.70 provide little geochemical indication of mineralization.
Significant correlations for all elements betweer size frac-
tions (Table 18-5) suggest a similar origin for thi: sediment
of each size fraction.

PATHFINDER ELEMENTS

Symbol plots based on thresholds derived from prob-
ability plots were used to determine which elements re-
ported higher concentrations in the vicinity of the Mount
Milligan deposit. Based on this estimate, poteatial path-
finder elements for each size fraction were selected from the
original group of twenty-nine. Table 18-6 lists the selected

TABLE 18-6
POPULATION DISTRIBUTIONS AND ANOMALY THRESHOLDS FOR PATHFINDER ELEMENTS
-250+125 micron fraction ~125+62.5 micron fraction 625 micron fractio
% Popin % Popl'n %  Pofin
Element | N Trans! Popfn ofData Mean Thresh] N Transf Popl'n ofData  Mean Thresh] N Transf Popln of Date Mean Thrash
Cu 107 Arith 1 .0 419 13 107 Log 1 47.0 217 43 107 Arith 1 700 615 118
2 19.0 98.0 114 2 530 85.1 2 5.5 18).0 148
3 100 180.0 3 145 201.0
Au 80 Log 1 80.0 78 18 75 Log 1 12.0 3z 4 83 Log 1 85.0 148 40
2 31.0 278 G5 2 73.0 1.7 a2 3L 912
3 80 t135 3 150 1023
As 107 Log 1 61.0 58 89 107 Log 1 71.0 59 1041 108 Log 1 40.0 3.3 107
2 31.0 118 186 2 225 128 176 30 128 142
3 8.0 238 3 8.5 28.2 3 250 32
Sb 106 Log 1 800 127 20 | 108 Log 1 g0 170 38 | 108 Log 1 870 168 32
2 32.0 285 37 2 8.0 5.08 2 130 518
3 8.0 4.83
3 .
K 104 Asith 1 700 0083 oM 108 Asith 1 860 0.045 007 J 105 Log t 920 0483 0.15
2 240 0123 0.14 2 280 0082 011 2 0.0 0:i24
3 60 01T 3 50 0.150 ’
Co 108 Log i 940 254 345 § 107 Log 1 55.0 122 167 | 108 Log 1 450 134 173
2 8.0 304 2 450 24.0 2 450 221 259
3 100 338
e 108 Log % 44.0 334 435 | 108 Log 1 850 441 S5%0
48.0 4.70 545 2 160 700
3 8.0 8.46
Mn 108 Log 1 470 281 382 85 Log 1 83.0 15)4 1837
2 240 441 501 2 17.0 2037
3 20 137
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elements for each size fraction and corresponding values
calculated from probability plots. Two or three population
maodels were defined for each element. Two population
models were defined as background (population 1) and
anomalous (population 2) populations. Elements displaying
three populations were subdivided into background (popu-
lation 1), intermediate (population 2) and anomalous (popu-
lation 3) populations. Those elements not included as
pathfinders showed either unimodal distributions or higher
concentrations in the eastern half of the study area underlain
by Wolverine Complex metamorphic rocks.

-250+125 MICRON FRACTION

Anomalous populations of the elements copper, gold,
arsenic, antimony, potassium and cobalt in the -250+125-
micron fraction occur above and in the immediate vicinity
of the Mount Milligan deposit (Figure 18-5). Three popula-
tions are observed for copper, gold, arsenic, antimony and
potassium whereas cobalt is represented by two popula-
tions. In general, copper, gold, arsenic, antimony and potas-
sium show mixtures of populations 2 and 3 in the vicinity
of the deposit. Tight groupings of anomalous (pepulation 3)
copper, gold and arsenic concentrations lie directly above
the Southern Star deposit. A mixture of population 2 and 3
concentrations for arsenic and antimony are found in the
northeast corner of the study area. A coincident group of
copper, potassium, arsenic and antimony population 2 and
3 concentration sites are present in the southeast corner of
the study area, near the northern end of the Philip Lakes.

-125+62.5 MICRON FRACTION

Eight elements in the -125+62.5-micron fraction, cop-
per, gold, arsenic, antimony, potassium, cobalt, iron and
manganese, arc anomalous in tills overlying and in the vi-
cinity of the deposit (Figure 18-6). Three populations are
defined for gold, arsenic, potassium, iron and manganese,
A two-population model was applied to copper, antimony
and cobalt. Most of the sample sites west of Rainbow Creek
are anomalous in copper and cobalt. Population 2 gold val-
ues occur throughout the study area, whereas anomalous
(population 3) gold concentrations are found overlying the
Southern Star deposit. North and east of Philip Lakes, a
similar group of anomalous (population 3) values are pre-
sent for copper, cobalt, iron and manganese. Population 2
and 3 concentrations of potassium overlie the MBX deposit,
but are conspicuously absent over the Southern $tar deposit.
Broad areas of population 2 values for gold, manganese and
potassium are observed in the northeast quadrant of the
study area. Anomalous manganese concentrations are found
throughout the study area, but appear to be prevalent near
the deposit. Antimony anomalies are rare in this fraction
except for two small, adjacent areas over the deposit.

-62.5 MICRON FRACTION

The elements copper, gold, arsenic, antimony, potas-
sium, cobalt, iron and chromium provide anomalous values
in the -62.5-micron fraction of samples overlying and sur-
rounding the deposit (Figure 18-7). Three populations of
data are observed for copper, arsenic and cobalt whereas
gold, antimony, potassium, iron and chromium are repre-

sented by a two-population model. Copper, arsenic, anti-
mony and iron are anomalous above the Southern Star zone.
Intermediate and/or anomalous populations of arsenic and
cobalt are present in the northeast quadrant of the stidy area.
An east-west linear group of intermediate and aromalous
concentrations of copper, arsenic, cobalt and iron is present
east of Philip Lakes. With the exception of three sites,
anomalous gold concentrations are restricted to the area
west of Rainbow Creek. As in the -125+62.5-micron frac-
tion, anomalous potassium values are found overlying the
MBX zone but not over the Southern Star zone. Aromalous
chromium values are present along the southern edge of the
Southern Star zone and above the MBX zone.

CLUSTER ANALYSIS

The elevated concentrations of these elemerts in the
vicinity of the deposit may be a result of differences in rock
types between the Mount Milligan area and the ar¢a east of
Rainbow Creek. To test this possibility, samples underlain
by the Witch Lake formation, a primary host for the Mount
Milligan deposits, were analysed by cluster analysis to de-
termine associations between the selected elements. An as-
sumption of this test is that the sediment of each site is
derived locally. Figure 18-8 shows the results of Pearson
cluster analysis on the data for 66 samples underlain by
Witch Lake rocks. In the -250+125 fraction, close groupings
between copper-antimony-arsenic and cobalt-potasisium are
observed whereas gold shows a weaker associatior. with the
other elements. In the -125+62.5-micron fractioa, strong
clustering is evident within and between the group: copper-
cobalt-manganese-iron and arsenic-antimony. Assgociations
between gold and potassium with the remaining elements
are less developed. Element correlations in the -62. 3-micron
fraction fall into two groups, gold-antimony-arsenic and
copper-iron-cobalt, which also associate closely vith each
other. The remaining elements, potassium and ckromium,
are not strongly associated with either of these two groups.

Observed element clusters for each size fracticn appear
to be a result of primary bedrock relationships and “he effect
of differential weathering of the till size-fractions, Associa-
tions in the coarse fraction (-250+125 pm) indicate a group-
ing between mineralization (copper-antimony-arsenic) and
lithology/alteration (cobalt-potassium) elements. In
the -125+62.5 pm fraction, the clustering of copper-cobalt-
manganese-iron and arsenic-antimony suggests that iron
{(*manganese) oxides are present and have adsorbed copper,
arsenic and antimony [iberated from oxidized silphides.
Strong associations between cobalt, iron and manganese are
either the result of cobalt in the crystal lattice of pritnary iron
minerals or the result of the preferential adsorption'of cobalt
by iron or manganese oxides in soils (Kabata-Peridias and
Pendias, 1991). Closer grouping of cobalt-iron-copper and
arsenic-antimony-gold in the -62.5-micron fraction further
suggests that these elements have become bound t¢ iron ox-
ides. The poor association of gold with other ¢lements in the
two coarsest fractions, and its stronger association with co-
balt-iron-copper and arsenic-antimony in the -62. 3-micron
fraction, probably represents the liberation of fine-grained
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Figure 18-6. Spatial distribution of selected elements, -125+62.5 um fraction.
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by Witch Lake formation rocks.

gold from sulphides during weathering and incorporation
into iron oxides.

Based on spatial distributions and inter-element asso-
ciations, copper, gold, arsenic, antimony and potassium are
considered pathfinders for the Mount Milligan deposit in all
three size fractions. Iron is a pathfinder element in the
~125+62.5 and -62.5 pum fractions. The mineralogy of the
deposit suggests that anomalous concentrations of copper
and gold originate primarily from the porphyry deposit,
whereas anomalous arsenic and antimony are probably de-

rived from polymetallic veins, such as the Esker vein, pe-
ripheral to the porphyry mineralization. Anomalous iron
concentrations are & product of both the porphyry/vein min-
eralization and the extensive pyrite halo surrounding the de-
posit. The remaining elements, cobalt, manganese and
chromium, reflect secondary weathering processes or vari-
ations in source lithology. Weak, but significant associations
between potassium and the pathfinder elements are appar-
ent. DeLong ef al. (1991) observed a direct correlation be-
tween bedrock concentrations of copper and goid and the
intensity of potassic alteration in the deposit. The weak as-
sociation of potassium with the other pathfinders reflects the
difference in mineral phases hosting copper, gold, arsenic,
antimony (sulphides) and potassium (silicates) and the ana-
Iytical methods used. Aqua regia decomposes silicates (eg.
potassium feldspar} incompletely, whereas sulphides are al-
most completely dissolved. Insirumental neutron activation
analysis, used for the determination of goid, arsenic and an-
timony, provide total element concentrations. Therefore, de-
termination of potassium by aqua regia - ICP may only
partially represent the actual potassium content of a sample,
whereas copper, gold, arsenic and antimony values repre-
sent the total concentration, Clays, which contain significant
potassium, are readily decomposed by aqua regia. It is pos-
sible that the source of potassium anomalies associated with
the deposit originate from potassic or propyltically altered
bedrock weathered to produce clays amenable to digestion
by aqua regia.

THRESHOLDS AND CONTRASTS

Summary information on the population distributions
estimated from probability plots and the resultant thresholds
for the pathfinder elements are listed in Table 18-6. Table
18-7 reports contrast ratios calculated for these elements.
Contrast ratios are a2 measure of the difference between
anomalous and background values, indicating the ability of
a sample medium to distinguish between mineralized and
uatineralized bedrock sources. The ratios were derived by
dividing the mean of the anomalous population by the mean
of the background population. Ratios for the elements, cop-
per, arsenic, antimony, iron and potassium range from ap-
proximately 1.5 to 5, whereas gold contrasts are higher,
varying from 6 to 15. With the exception of gold, differences
in contrast ratios between size fractions are relatively low,
not exceeding 65%. For gold, contrast ratios decrease with
decreasing size fraction. However, poor reproducibility due
to the nugget effect makes the gold contrast ratios strongly
suspect.

TABLE 18-7
CONTRAST RATIOS CALCULATED FOR
PATHFINDER ELEMENTS

Size Fraction (microns)
Element 250125 -125+62.5  -62.5
Cu 4.30 3.07 4.73
An 14.55 8.71 6.16
As 4,08 4.82 4.79
Sb 3.65 5,06 3.07
K 2.06 333 2.70
Fe 1.84 1.37 1.59
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The similarity in contrast ratios suggests that there is
little difference in the ability of the size fractions to distin-
guish between mineralized bedrock and background bed-
rock sources. Although threshold values differ between
fractions, each fraction provides a similar definition be-
tween anomalous and background sources. Corresponding
copper, gold, arsenic, antimony and potassium anomaly pat-
terns for each size fraction support this interpretation (Fig-
ures [8-5, 6 and 7).

DISPERSAL LENGTH AND SAMPLING
DENSITY

Estimation of dispersal distances from Mount Milligan
is complicated by the presence of a wide band of glacioflu-
vial sediment, 3 to 5 kilometres wide, infilling the valley of
Rainbow Creek. A broad zone of anomalous multi-element
concentrations centred over the Mount Milligan deposit has
an approximate dimension of 3 by 3 kilometres (Figures
18-5, 6 and 7). Clusters of elevated and/or anomalous con-
centrations of arsenic and antimony occur in all three size
fractions up to 15 kilometres northeast (down-ice) from the
deposit (Figures 18-5, 6 and 7). Anomalous or elevated cop-
per, gold and potassium values in the -125+62.5-micron
fraction are also observed in the northeast quadrant of the
study area as far as 15 kilometres from the deposit. How-
ever, the patterns exhibited by these elements east of Rain-
bow Creek suggest they reflectlocal lithological differences
(eg. Witch Lake formation versus Wolverine Complex) and
not down-ice dispersal from Mount Milligan.

Northeast of Philip Lakes, coincident anomalous
and/or elevated concentrations of copper in all three frac-
tions form an east-west elongate pattern perpendicular to
ice-flow direction (Figures 18-5, 6 and 7). Similar patterns,
albeit less well defined, are also observed for arsenic and
potassium. Elevated patterns for gold and antimony are not
evident, Mineralized boulders and limited exposures of
sheared, altered and weakly mineralized volcanic rocks
have been reported along the north shore of the Philip Lakes
{Cooke, 198%; 1991}, Struik (1992) has mapped a north-
west-trending fault which parallels the north shore of the
Philip Lakes (Figure 18-2), to which the mineralization is
probably related. It is highly likely that the east-west elon-
gate pattern of elevated element concentrations results from
the glacial dispersal of altered or mineralized bedrock local-
ized along this fault. Background concentrations in till sam-
ples from adjacent to the eastern arm of the Philip Lakes
(Figures 18-5, 6 and 7) imply that these samples are up-ice
of the fault zone. Using this as a limit to the up-ice extent of
mineralization, a maximum dispersal distance of 4 to 6 kil-
omeires can be estimated for this area, based on element
distribution patterns. Interestingly, distinct dispersal pat-
terns are observed for iron, manganese and cobalt in the
-125+62.5-micron fraction and iron and cobalt in the -62.5-
micron fraction. This may reflect the concentration of iron
oxides in the finer fractions of the till resuiting from the
weathering of sulphides.

Dispersal distances of approximately 5 kilometres and
probably not more than 10 kilometres place constraints on
the necessary sampling density required to detect the Mount

Milligan deposit. Sinclair (1975) has demonstrated that to
maximize the detection of elliptical-shaped anomalies (such
asribbon or fan—sh‘e}ped anomalies in till) a sampling density
corresponding tov2/2 times the length and width of the
anomaly is required. Assuming an anomaly width of 3 kil-
ometres (the width of the Mount Milligan anomaly) and a
dispersal length of 5 kilometres, till samples coljected on a
3.5 by 2-kilometre grid (long axis parallel to ice-Slow direc-
tion) should intersect dispersal trains from porphyry miner-
alization similar to Mount Milligan. Changes in the
alignment of the grid, resuiting from variations n ice-flow
direction, could be eliminated by reducing the grid spacing
to 2 by 2 kilometres. Lower sampling densities could be
used, but the probability of detecting mineralization would
decrease.

SELECTION OF BEST SIZE FRACTION

Selection of the best size fraction for use in regional
till surveys should provide a fraction with the best data qual-
ity, highest overall anomaly contrast and the most diagnostic
dispersal patterns which indicate the source of inineraliza-
tion. Results of this study indicate that there are few differ-
ences between the three size fractions in the Mount Milligan
area. Similar pathfinder elements and contrast rafios exist in
each fraction, The limited number of field and analytical
duplicates suggest that no increase in data quality is pro-
vided by prefering one fraction over another. Relationships
between elements in each fraction suggest that the products
of weathered sulphides are preferentially concentrated in
the finer fractions, probably associated with iron oxides.
Median element concentrations are higher in thi -62.5-mi-
cron fraction, most notably for gold, where det¢ction limit
values comprise less than 10% of the data. Shilts (1984) has
noted that most metals preferentially concentrate in the fine
fractions of till, specifically in the clay fraction. Dilabio
(1985} has noted that gold concentrations are higher in the
finer fractions of weathered till, reflecting the original grain
size of gold in the deposit and the grain size of gbld adsorb-
ing phases. Based on these observations, the -62.5-micron
till fraction is recommended as the best size fraction for de-
fining the presence of the Mount Milligan deposit. Although
similar results would also be achieved using the'two coarse
fractions, the -62.5-micron fraction provides the advantage
of significantly fewer detection limit values for gold.

CONCLUSIONS

Based on the foregoing, the following conclusions re-
garding the till geochemistry ofthe Mount Milligan ar¢a and
recommendations for regional geochemical drift explora-
tion surveys may be drawn: :

e Pathfinder elements for the Mount Milligan deposit in-
clude copper, gold, arsenic, antimony and potassium. Iron
may also be a suitable indicator of pyrite alteration halos
often associated with mineral deposits of this type.

e There is very little difference in the geocliemical re-
sponses of the three media. Analysis of ¢ither the -
250+125, -125+62.5 or -62.5-micron size fraction of
weathered till provides similar patterns which indicate the
presence of the Mount Milligan deposit.
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e Analysis of the -62.5-micron fraction is preferred, how-
ever, due to its higher element concentrations; especially
in the case of gold,

¢ Dispersal lengths of approximately 5 kilometres from the
deposits are observed. Longer dispersal distances, on the
order of 10 to 15 kilometres, are not readily apparent.

e Sampling densities for regional till surveys of one sample
per 4 square kilometres (2 by 2 kilometre grid spacing)
are recommended for porphyry copper-gold exploration.
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LAKE SEDIMENT VERSUS STREAM SEDIMENT
GEOCHEMISTRY FOR REGIONAL MINERAL
EXPLORATION IN THE INTERIOR PLATEAU OF
BRITISH COLUMBIA

By Steven Earle, Grasswood Geoscience

INTRODUCTION

Regional geochemical programs are carried out with
the objective of evaluating large areas of land effectively
and efficiently, and experience has shown that the sediments
from drainage systems, either stream sediments or lake sedi-
ments, are the most useful media for regional surveys in
many parts of the world (Rose ef al., 1979). Drainage sur-
veys are particularly applicable to regional exploration be-
cause a single sample can provide information about the
geochemistry of a relatively large area. The usefulness of
that information will depend on a variety of different factors,
such as the size of the drainage basin, the relative mobility
of elements within the drainage system, the characteristics
of the sample material available, and the consistency of the
geochemistry at sampling sites.

Stream sediment geochemistry has been applied in
many different terrains, and under both wetand dry climatic
conditions. Lake sediment geochemistry has been applied
most commonly in low-relief areas where stream drainage
systems are not well developed and where the climate and
topography are such that lakes are abundant.

The choice between using lakes and streams for sam-
pling has been largely based on the criterion of finding
enough sample sites for adequate regional coverage. If lakes
are few and far between there is little point in trying to use
lake sediment geochemistry. If streams are poorly devel-
oped or difficult to reach, there is little point in trying to use
stream sediment geochemistry. In areas where both lake and
stream sampling sites are well distributed, a choice between
the two media should be based on a consideration of which
provides the most useful exploration data.

One important factor controiling the quality of a re-
gional sampling survey is the consistency of the mechanical
and chemical composition of the sample medium, in par-
ticular the proportions of clay-sized material, iron and man-
ganese oxides and hydroxides, and organic matter. Another
critical factor is the consistency of geochemical conditions
at the sample sites, that is the degree of variability in pa-
rameters such as pH and oxidation potential.

In most high-relief areas streams are rich in sediment,
and the sediment is predominantly clastic in composition,
with [ittle organic matter. As a result, it is possible to collect
relatively consistent samples over large areas. An exception
to this observation is in the rain forest of the Pacific Coast
of British Columbia, where stream sediment contents are
commonly quite low. Here fine-grained sediments trapped

within mosses have been found to provide a consistent sam-
pling medium (Matysek and Day, 1988).

In low-relief areas streams are typically characterized
by low levels of clastic sediment, with highly variable or-
ganic matter compositions. In many such areas lakes are
well distributed, and in comparison with the st:eam sedi-
ments, iake-centre sediments and lake-bottom environ-
ments are physically and chemically consistent. [t has been
shown that sediments from the deeper basins of lakes can
be sampled quickly and inexpensively (Coker et.al., 1979).

Due to the relatively steep topography of the Cordillera,
stream sediment geochemistry has been the sanipling me-
dium of choice throughout much of British Columbia. This
is not necessarily because of a scarcity of lakes, ¢s lakes are
quite common even in some of the most mountainous ter-
rains, but because stream sediment geochemistry has been
shown to be an effective exploration method in many areas,
and there has been some reluctance to experiment with other
techniques. ‘

In contrast to the adjacent mountain belts, the Interior
Plateau region of British Columbia is characterized by rela-
tively subdued topography. In many paris of “his region
stream drainage systems are not well developec, but lakes
are abundant. As shown on Figure 19-1, the Interior Plateau
extends through the central part of the provines, from the

—

=1 GE'?D!‘QB

Figure 19-1. Physiographic regions of British Coluinbia {afler
Farley, 1979).
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United States border to the Yukon border, and reaches a
maximum width of approximately 400 kilometres in the
Prince George area.

The objective in this paper is to compare the effective-
ness of stream sediment versus lake sediment geochemistry
in the Interior Plateau region. Previous work in the applica-
tion of lake sediment geochemistry in this environment is
reviewed, and comparative results of stream sediment and
lake sediment sampling programs are described and dis-
cussed.

PREVIOUS WORK

Although several reports have been published concern-
ing the application of lake sediment geochemistry to explo-
ration in British Columbia, very little attention has been
focused on the issue of the relative effectiveness of lake
sediments versus stream sediments, either in British Colum-
bia or elsewhere.

A lake sediment sampling program in the Salmon and
Muskeg rivers area (NTS 93J) was reported by Spilsbury
and Fletcher (1974). Near-shore clastic lake sediments were
collected, and although it was noted that copper and zinc
contents were related to iron and sand contents, the authors
concluded that the drift cover in the area had the effect of
masking geochemical differences which might have been
related to bedrock variations,

Hoffiman (1976) and Hoffman and Fletcher (1976) re-
ported the results of a 500-sample lake sediment program
carried out in the Nechako River drainage basin (NTS 93F
and 93G). In this case organic-rich samples were coilected
from the centres of the lake basins, and it was shown that
lake sediment geochemistry reflects regional variations in
bedrock lithology, and that lake sediment anomalies are as-
sociated with all known mineral occurrences. In detailed
geochemical studies around areas of copper and molybde-
num mineralization at Capoose Lake, Hoffman and Fletcher
(1981) showed the strong response of copper and molybde-
num in lake sediments, but pointed out that within-lake geo-
chemical variations can be considerable. Positive results
were also obtained by Mehrtens ef af. (1973), Mehrtens
(1975) and Hoffman and Fletcher (1981} in the Chutanli
area. In this case there is some evidence that molybdenum
anomalies in lake sediments provide a larger exploration
target than those in stream sediments. The geochemistry of
stream sediments, soils, bogs, surface water and vegetation
in the Capoose area has also been studied by Boyle and
Troup (1975).

The resuits of a 2797-sample lake sediment survey car-
ried out in the western part of the Nechako Plateau (NTS
93E, 93F, 93K and 93L)} were described by Gintautas (1984)
and Gintautas and Levinson (1984). Again, a close relation-
ship between lake geochemistry and that of the drainage-ba-
sin rock type was observed. Gintautas also pointed cut the
relatively high degree of limnological variability in this
area,

.

An assessment of the applicability of lake sediments for
regional geochemical surveys within NTS sheet 93C, 93F
and 93K of the Nechako Platean was carried out by Earle

(1993). It was concluded that regional lake sediment sur-
veys would be feasible within this area, although the lake
density is relatively low in some parts of the region. Thisg
study included a comparison of the Regional Geochemical
Survey (RGS) lake and stream sediment data from the east-
ern part of map sheet 931, which showed that, around min-
eralized areas, the response in lake sediments is equivalent
to or more pronounced than that for stream sediments. The
importance of considering limnological variability in inter-
preting iake sediment geochemistry in the Nechako region
was stressed.

A field study of lake sediment geochemistry in the
Nechako Plateau area was recently carried out by the British
Columbia Geological Survey Branch (Cook, 1993).

COMPARISON OF LAKE SEDIMENT
AND STREAM SEDIMENT DATA SETS

Lake and stream sediment data sets from the Bulkiey
River area (93L), and from the Gibraltar mine area (93B)
have been compared, with the objective of determining
which type of data most clearly reflects the known mineral
deposits in these regions. The study areas are shown on Fig-
ure 19-2.

BULKLEY RIVER AREA

Both stream and lake sediment samples were collected
from the eastern part of map sheet 93L, as part of a 1987
RGS program (Johnson et al., 1987). Within this area,
stream sediments were collected at 353 sites, while lake
sediments were collected at 218 sites. In order to compen-
sate for the discrepancy in numbers of samples, the distri-
butions have been smoothed to a 2500-metre square grid,
using 1500-metre radius circular smoothing windows, and
inverse distance weighting. Inter-clement relationships
have also been examined and, where appropriate, a linear
regression procedure has been used to compensate for ap-
parent dependencies on organic matter and iron and manga-
nese levels. The smoothed distributions for gold, silver and

a3 CENA

Fr. St Jomes

Prince
George
a3 Yanderhoof

AF 925
930 PP Quesnel

Gibraltar ||
area ‘ 1

Figure 19-2. Location of the study areas.
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zinc are included here as Figures 19-3, 4 and 5. Spatial vari-
ations in the data are portrayed using differing symbol sizes,
where the cutoff levels are based on percentiles. The 70, 80,
90 and 95th percentiles have been used where practical, al-
though in some cases, there is too little variability in the data
for this to be feasible. Gold, silver and zinc mineral occur-
rences, taken from the MINFILE map for 93L, are also
shown on these figures.

Smoothed distributions of gold in stream and lake sedi-
ments are shown on Figure 19-3. In the stream sediments
there are strong anomalies around Dome Mountain, Cronin
and Equity Silver, but there are also numerous anomalies in
the western part of the study area, distant from any known
mineral occurrences. In the lake sediments there are strong
anomalies at Cronin, to the west of Dome Mountain, to the
south of Grouse Mountain, to the west of Equity Silver, and
at Silver Queen. There are numerous gold anomalies along
the western shore of Babine Lake and in the area south of

Silver Queen, both areas where no significant gold miner-
alization is known. The range of gold concentrations in lake
sediments is much lower than that for stream sediments. In
both cases the background is around 3 ppb. The 37th per-
centile is 25 ppb for stream sediments, and only 7 ppb for
Iake sediments.

Smoothed distributions of silver in stream and lake
sediments are shown on Figure 19-4. In this case the silver
residual, as determined from regression with manganese,
iron and LOI as the independent variables, is plotted for the
lake sediments, The silver distribution in stream fediments
is very irregular, and although there are anomalies in some
of the mineralized areas, there are many other ancmalies in
presumed background areas. The lake sediment silver dis-
tribution is more clearly defined. There are strong ¢énomalies
around the silver-zinc mineralization at Grouse Mountain
and at Silver Queen, and also to the east of Richficld Creek.
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Figure 19-3. Regional distribution of gold in lake and stream sediments in the Buikley River area ($3L).
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There are isolated silver anomalies near Equity Silver,
Dome Mountain and Cronin.

The zinc distributions are shown on Figure 19-5, and in
this case residuals are plotted for both stream and [ake sedi-
ments, following regression against iron and manganese for
the lake sediments and against iron, manganese and erganic
matter for the stream sediments. The stream sediment zinc
distribution is again quite irregular. There are strong anoma-
lies in the Cronin area and to the west of Silver Queen, but
there is also an extensive anomaly southwest of the Bulkley
River, within what is presumed to be a background area. In
the lake sediments there are strong and well defined zinc
anomalies associated with the silver-zinc mineralization at
Silver Queen and Grouse Mountain, and there are several
other anomalies scattered around the study area.

A more detailed look at the lake and stream sediment
gold distributions in the Dome Mountain and Grouse Moun-
tain areas is given on Figure 19-6. The Dome Mountain area
is characterized by quartz veins within Hazelton Group tuff
and andesite. The veins are mineralized with galena,

arsenopyrite, pyrite and sphalerite (MINFILE 93L 022).
The Dome Mountain or Forks deposit is one of several simi-
lar occurrences in this area, which have been known since
1914 (McIntyre, 1985). Ore was shipped from the deposit
in 1938 and 1940, and again during 1992 and 1993, Produc-
tion ceased in June of 1993, but resumption is planned
{Northern Miner, 1993b), Reserves are currently estimated
at 325 000 tons grading 12.3 grams gold per tonne (Northern
Miner, 1993a). At Grouse Mountain, silver, zine, copper and
gold-bearing veins are also hosted by Hazelton Group vol-
canic rocks.

There are several very strong gold anomalies in stream
sediments draining the eastern side of the Dome Mountain
area, but there is only one strong lake sediment gold anom-
aly. On the other hand, there are several moderate lake sedi-
ment gold anomalies in the Grouse Mountain area, but the
only significant stream sediment gold anomaly is in one
sample collected from approximately 5 kilometres to the
north of the showings. To some extent these discrepancies
can be attributed to the sampling pattern. At Dome Moun-
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Figure 19-4. Regional distribution of silver in lake and stream sediments in the Bulkley River area (93L).
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tain, for example, only one lake sediment sample was col-
lected on the eastern side of the area of mineral occurrences,
while at Grouse Mountain the nearest stream sediment sam-
ple was collected 2 kilometres to the west of the area of the
showings.

Silver and zinc data from the Silver Queen area are also
shown in more detail on Figures 19-7 and 8. The Silver
Queen area is underlain by Endako Group rocks, primarily
of dacitic composition, and the dacite is intruded by a mi-
crodiorite sill. Both the dacite and microdiorite are intruded
by felsite porphyry and basalt dikes and sills, and all of these
rocks are cut by quartz vein systems mineralized with
sphalerite, chalcopyrite, galena, tetrahedrite, tennanite and
pyrite. The deposit is located on the eastern side of Owen
Lake, and was mined in the early 1970s. Current estimated
reserves are 1 730 000 tonnes grading 328 grams per tonne
silver, 2.74 grams per tonne gold and 6.2% zinc (MINFILE
931 002). Several other similar deposits occur in the area
east of Owen Lake, including the Cole deposit, which has

reserves of 145 152 tonnes grading 302 grams per tonne
silver (MINFILE 931. 162).

There are moderate and strong lake sediment silver
anomalies within Owen Lake (Figure 19-7). Most other
lakes show background levels, although one lake:8 kilome-
tres to the east and another 7 kilometres to the southwest are
also anomalous in silver. There is only one weak stream
sediment silver anomaly in the area of the mineral occur-
rences, while there are three strong anomalies in a drainage
system about 6 kilometres to the northwest of the area. In
this case the area of mineral occurrences was sampled quite
adequately by both stream and lake sediment sarples.

There are five strong and moderately strong zinc
anomalies in Owen Lake and in two smaller lakes within the
mineralized area, but there are only weak zinc anomalies in
the stream sediments of this area (Figure 19-8). The strong-
est stream sediment zinc anomalies are 6 kilometres to the
northwest,
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Figure 19-5. Regional distribution of zinc in lake and stream sediments in the Bulkley River area (93L).
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GIBRALTAR MINE AREA a 326 million tonne porphyry copper-molybdenum deposit,

During the early 1970s an extensive lake sediment sam-
pling program was carried out in central British Columbia
by Rio Tinto Canadian Exploration Ltd. The area around
what is now the Gibraltar mine was sampled in some detail
as part of this program. The sampling was completed after
the ore deposit was discovered, but before mining or any
other work which may have led to contamination of the lake
sediments had commenced (Coker ef al., 1979). Gibraltar is

with average copper and molybdenum grades of 0.37% and
0.01%, respectively.

Stream sediment data for this area are available from
an RGS program conducted in 1980 (MEMPR, 1980). The
stream sediment sampling was carried out after commence-
ment of mining.
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Figure 19-8. Zinc in lake and stream sediments in the Silver Queen area (93L).

The data for 40 lake-centre sediment samples and 22
stream sediment samples for the area around the Gibraltar
mine are shown on Figures 19-9 and 10. Again, symbols of
different sizes have been used to represent the metal con-
centrations. In this case the symbol-size intervals are based
on the 80, 90, 95 and 97th percentiles determined from all
40 of the lake sediment samples and from 102 stream sedi-
ment samples collected from a 40 by 50 kilometre area
around the mine, Relatively few stream sediments were col-
lected in the immediate mine area, and this limits the rele-
vance of a direct comparison of the geochemical
distributions.

There are moderate and strong lake sediment copper
anomalies throughout a 10 by 15 kilometre area surrounding
the mine, but levels are particularly high within a few kilo-
metres of the ore zones, where three samples have in excess
of 300 ppm copper (Figure 19-9). On the other hand, several
stream sediment samples collected from near the mine have
relatively low copper concentrations, and the only samples
with significant copper enrichment { 80 ppm) were collected
at least 6 kilometres away.

There is a 7 by 7 kilometre area of moderate to strong
molybdenum anomalies around the Gibraltar mine, includ-
ing three samples with levels in ¢xcess of 26 ppm (Figure
19-10). As indicated on the map shown by Coker et al.
(1979), the lake sediment molybdenum background in this
arca is in the range of | to 2 ppm, which is similar to that of
the Capoose and Fish lakes area (¢f Hoffman and Fletcher,
1981). Lake sediment samples collected from as much as 10
kilometres away from the mine in several directions have
greater than 12 ppm molybdenum. In contrast, none of the
stream sediments collected from the vicinity of the deposit
have significant molybdenum enrichment, and the only

sample with more than 5 ppm molybdenum is approxi-
mately 6 kilometres away from the orebodies. Of "he twelve
samples collected from within 10 kilometres of the mine,
only two have more than 1 ppm molybdenum,.

It must be reiterated that this comparison of lake and
stream sediment data from Gibraltar is not entirely fair be-
cause of the differences in the sampling patterns. Neverthe-
less, there are strong and extensive copper and mclybdenum
anomalies in lake sediments in the Gibraltar arca, and al-
though the sampling is sparse, the evidence suggests that the
stream sediment anomalies are neither as extensive nor as
strong as those seen in the lake sediments.

DISCUSSION

Lake sediment and stream sediment geochemical data
from various mineralized areas within the Nechako Platcau
area of central British Columbia have been compiired. In the
vicinity of silver-zinc deposits at Silver Queen @nd araund
copper-molybdenum orebodies at Gibraltar it is evident that
lake sediment geochemistry is more useful for ¢xploration
than stream sediment geochemistry. At Silver Queen, for
example, there are strong silver and zinc laki: sediment
anomalies associated with the known deposits, ut there is
almost no enrichment of silver and zine in streamisediments.
At Gibraltar there are strong and extensive anomalies of
both copper and molybdenum in lake sediments, but rela-
tively weak and sporadic anomalies in stream sgdiments.

The results for gold in the vicinity of gold-silver depos-
its at Dome Mountain and around silver-zinc occurrences at
Grouse Mountain are less conclusive. At Dome Mountain
the stream sediment anomalies appear to be betier defined,
while at Grouse Mountain the lake sediment anomalies ap-
pear to be more definitive. In both cases the differences
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Figure 19-9. Copper in lake and stream sediments in the Gibraltar mine area (93B).

could be ascribed to differences in the sampling patterns,
however the anomaly contrast in stream sediments is higher
than that for lake sediments.

Based on the evidence from these three areas it appears
that, in this plateau region of central British Columbia, lake
sediment sampling is a more effective tool for regional geo-
chemical exploration than stream sediment sampling. There
are several reasons why this might be so, but the relative
consistency of the sampling medium and the sampling en-
vironments is probably a major factor. As noted above, lake-
centre sediments are generally consistent both mechanically
and chemically. They are rich in organic matter, and they
are consistently fine grained, with high clay contents. The
lake-bottom environment is also relatively consistent. Even
in oligotrophic lakes the degree of oxygenation within the
organic-rich sediments is low (¢f. Coker et al., 1979).

In contrast, stream sediments are quite inconsistent,
both mechanically and chemically, and stream environ-
ments are highly variable. This is particularly true in this
area of diverse topography and drainage conditions. Stream
sediments can range from very fine grained material domi-
nated by clay, to coarse sandy and gravelly material with
iittle or no clay component. Although samples are sieved
prior to analysis, normal sieving procedures do not neces-

sarily standardize the ratio between sand, silt and clay-sized
material. An 80-mesh sieve (0.18 mm), for example, will
exclude material larger than fine sand, but this gives no con-
trol over the proportions of fine sand, silt and clay. Even a
-200-mesh sieve {(0.074 mm) does not separate silt from
clay. Sieved material from some stream sediment samples
may be comprised almost entirely of clay, while that from
others may contain virtually no clay at all. Considering the
importance of clay minerals and clay-sized material in ad-
sorbing trace-metals (Rose ef al., 1979), this is can be a sig-
nificant factor.

Under most conditions fine-grained organic matter is a
more important adsorbing substrate than clay (Rose erf al,
1979; Coker ef al. 1979; Stumm and Morgan, {971), and in
this environment stream sediments may have quite large
variations in organic content. The stream sediment samples
collected as part of the RGS survey in the eastern half of
map sheet 93L have an organic content range (as LOI) of
0.5 to 42%. The levels are generaily low. Only 3% of the
samples have more than 15% organic matter, while 85% of
the samples have between [ and 10% organic matter. The
lake sediments collected in this same area have an LOI range
of 0.5 to 83%, but in this case the levels are generally high,
Over 85% of the samples have more than 15% organic mat-
ter. Studies of metal - organic matter relationships in lake
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Figure 19-10. Molybdenum in lake and stream sediments in the Gibraltar mine area (93B).

environments have shown that, in general, metals are
strongly contrelled by organic levels up to approximately
15% LOI, and that beyond that level increascs in organic
matter do not significantly effect metal concentrations (Gar-
ret and Hornbrook, 1976; Coker et al., 1979).

Variability within stream sediments is a particular prob-
lem for elements such as gold, which are partly or entirely
transported as particles (Matysck and Saxby, 1987; Fletcher
and Day, 1988; Day and Fletcher, 1989; Fletcher, 1990}). In
studies of the spatial and temporal variability of gold within
high-energy stream beds Fletcher (1990} has shown that
there can be variations of up to three orders of magnitude
{less than 1 ppb to nearly 1000 ppb gold in the fine fraction
of sediment samples) within a distance of only a few tens of
metres. The main factor contributing to these discrepancies
is the choice of sample location with respect to fluvial fea-
tures such as bars. Temporal differences of similar magni-
tude were also noted, and these are ascribed to the effects of
major flooding events.

In addition to the variabilitics in the nature of stream
sediment, streams are also much more variable than lake-

bottom environments in terms of their overall geochemistry.
For example, under turbulent conditions stream wraters will
always be saturated with oxygen. Oxidizing cond tions will
prevail in the water, and even within the sedimen; pore wa-
ters as long as organic matter levels are low. Where stream
flow rates are low and the sediments are clay-rich and partly
organic, dissolved oxygen levels will be lower, and reducing
conditions may prevail within the sediments,

These factors of variability in sediment composition
and environment may be partly responsible for the relatively
low correlation between stream sediment anomalgcs and the
incidence of mineral occurrences in this area. Another im-
portant factor is that in lake sediments the anomraly levels
of many constituents (excluding gold) are higher, and show
greater contrast with background than those for stzeam sedi-
ments. The resuit is that lake sediment anomalies are easier
to detect analytically. This is particularly importent for ele-
ments such as molybdenum, lead and silver, whiih are pre-
sent at levels quite close to the analytical detection limits.
Furthermore, the higher contrast lake sediment anomalies
are easier to recognize in data interpretation.
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CONCLUSIONS

A comparison of lake sediment and stream sediment
geochemical data from three different types of mineral de-
posits in two arcas of the Interior Plateau has shown that, in
general, lake sediments provide more effective exploration
information in this environment.

Lake sediment copper and molybdenum data clearly
define the location of the Gibraltar copper-molybdenum de-
posits, and lake sediment silver and zine data clearly define
the location of the Silver Queen and adjacent silver-zine
deposits. Stream sediment geochemistry is effective at Gi-
braltar, however, the anomaly levels are relatively low and
the patterns inconsistent, but stream sediments are quite in-
cffective at Silver Queen. The Dome Mountain area gold-
silver deposits are delineated by both stream and lake
sediment gold data, although the anomaly to background
contrast is higher in the stream sediments.

It is postulated that the observed differences in the geo-
chemical responses are partly due to the inconsistency of
stream sediment compositions and stream geochernical en-
vironments in this area of relatively low relief.

Lake sediment geochemistry could be used effectively
in reglonal exploration programs in any parts of the Cordil-
lera characterized by relatively subdued topography. These
include most of the Interior Platcau, most of the Queen
Charlotte Islands, much of Vancouver Island and most of
the central and northern parts of the Yukon. Most of western
Alaska could also be effectively explored using lake sedi-
ment geochemistry. Although regional stream sediment sur-
veys have already been carried out in many of these regions,
it is likely that lake scdiment geochemicai data would yield
uscful new exploration information.
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GOLD DISTRIBUTION IN LAKE SEDIMENTS NEAR
EPITHERMAL GOLD OCCURRENCES IN THE
NORTHERN INTERIOR PLATEAU, BRITISH COLUMBIA

By Stephen J. Cook,
British Columbia Geological Survey Branch

INTRODUCTION

Stream sediments are the preferred sampling medium
for reconnaissance-scale Regional Geochemical Surveys
(RGS) over most of British Columbia. However, the sub-
dued topography, abundance of lakes and relatively poor
drainage of the Nechako Plateau in the northern Interior sug-
gest that lake sediments may be a more appropriate medium
in this area. Mineral exploration in the region has been lim-
ited by extensive drift cover, poor bedrock exposure and a
young volcanic cover. Epithermal precious metal deposits
are presently the most important exploration target, and lake
sediment peochemistry is a potentially highly effective tool
to delineate both regional geochemical patterns and anoma-
lous metal concentrations related to these deposits, Most
Canadian lake sediment geochemistry studies have focused
on the Shield and Appalachian environments of eastern and
northern Canada, where there are considerable differences
in climate, physiography and surficial geology relative to
central British Columbia. Subsequently there is a paucity of
case histories upon which to build Cordilleran interpretive
models. This study addresses geochemical controls on metal
distributions for three lakes adjacent to epithermal gold-sil-
ver occurrences in the northern Interior Plateau. These, Wolf
Pond, Clisbako Lake and Bentzi Lake, are hosted by Eocene
Ootsa Lake Group felsic voleanic rocks in NTS map areas
93C (Anahim Lake} and 93F (Nechako River). The study
presents and interprets data for the content and distribution
of gold and other clements in lake sediments. The lakes,
which represent a cross-section of limnological types, were
sampled as part of a broader study of the relation of lake
sediment geochemistry to various mineral deposit types in
the northern Interior (Cook, 1993a, b). Results presented
here are preliminary, and additional work will appear else-
where.

PROGRAM OBJECTIVES

Lake sediments have been used successfully as an ex-
ploration medium for base metal deposits in the northern
Interior Plateau for almost 25 years. Sediment geochemistry
reflects the presence of weathering sulphide minerals from
a bulk silver prospect near Capoose Lake (Hoffman, 1976;
Hoffman and Fietcher, 1981), porphyry molybdenum-cop-
per mineralization near Chutanli Lake {Mehrtens ef al.,
1973; Mehrtens, 1975) and epithermal/skarn mineralization
near Square Lake (Hoffman and Smith, 1982). Lake sedi-
ment geochemistry has also been successful in locating
gold-silver mineralization at the Wolf occurrence (Andrew,

1988), but studies of gold in lake sediment {Schmitt e/ al.,
1993; Friske, 1991; Davenport and Nolan, 1989; Rogers,
1988; Fox et al., 1987; Coker et al., 1982) have teen largely
restricted to Shield or Appalachian environments. Accord-
ingly, the objectives of this study are to determiae the:

e ¢xtent to which lake sediment geochemistry reflects the
presence of nearby epithermal precious metal occur-
rences;

s distribution patterns of gold and other elements in lake
sediments;

o effectiveness of lake sediments as an exploration medinm
for gold; and ‘

o most effective sampling, analytical and interpretive tech-
niques for gold exploration in the northern Interior.

Ongoing studies are also evaluating field sample sizes,
sampling and analytical variability, effective regional sam-
pling densities, comparative analytical methods, the useful-
ness of sequential extractions, water geochemisiry, and the
effect of limnological variations on sediment gejochemistry
of lakes within and between different geologicsl units. An
important objective of the program is the development of

Cordilleran models for the transport and accuraulation of

gold and other elements {e.g. Timperley and Allan, 1974)

under a range of geological and limnological conditions.

SCOPE OF FIELD STUDIES

Orientation studies were carried out during the period
late July to mid-September, 1992. The programjcentred on
lakes characteristic of eutrophic, mesotrophic, oligotrophic
and unstratified limnological environments abcve each of
two rock units: Eocene Ootsa Lake Group felsic volcanic
rocks hosting epithermal gold-silver occurrences, and vari-
ous plutonic rocks hosting porphyry copper-malybdenum
deposits and occurrences. Lakes were chosen@largely on
documented trophic status (Balkwill, 1991) an¢ proximity
to known mineral occurrences in the MINFILE database.
Further details of the program, based partly on recommen-
dations of Earle (1993), are provided by Cook (1793a); only
results from three lakes adjacent to epithermal .gold-silver
prospects (Wolf, Clishako, Holy Cross) are discussed here.
A total of 149 sediment samples were collected at 105 sites
on the three Iakes (Table 20-1),
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TABLE 20-1
SUMMARY SAMPLING, PHYSICAL AND WATER
GEOCHEMISTRY DATA ON WOLF, CLISBAKQO AND

BENTZI LAKES
Lake Wolf Clisbako Bentzi
NTS 93F/03 93C/R9 93F/15
Elevation (m) ~1173 ~1280 ~855
Trophic Status Eutrophic - Mesotrophic
Lake Arca (km2) Pond (<.25) 25101 1.82
Maximum Depth (m) b 10.5 35
Sediment Sites 7 40 58
Sediment Samples 12 57 80
Temp/Oxygen Profiles 1 3 5
pH (surface) 6.02 7.30 7.60
pH {bottom} 6.09 7.30 7.39
Sulphate (ppm; surlace) 4 5 1
Sulphate (ppm; bottom) 2 4 1
Mineral Oceurrence Wolf Clisbako Holy Cross
Commodities (Au, Ag) (Au, Ag) (Au, Ag, Cu, Zn)

Note: Bentzi Lake clevation and surface arca from Walsh and

Philip (1977). Maximum depth shown is sample depth, not

lake depih. Lake-bottom waters were collected approximately

| metre above the sediment-water interface at Wolf {3 metres) and
Ciisbako (7.5 metres); Bentzi Lake measurement was made at 28 metres.

DESCRIPTION OF THE STUDY AREAS

LOCATION AND PHYSIOGRAPHY

The study area (Figure 20-1) is bounded east and west
by Vanderhoof and Burns Lake, respectively, and extends
northward from the Clisbako River to the Francois Lake
arca. Most of the area lies on the Nechako Plateau, the north-
ernmost subdivision of the Interior Plateau (Holland, 1976),
although its southern limit extends onto the Fraser Plateau,
The low and rolling terrain generally lies between 1000 to
1500 metres elevation. The area is thickly forested and bed-
rock is obscured by extensive drift cover. Over 50% of the
Nechako River map area is drift covered (Tipper, 1963),
with till and glaciofluvial outwash the predominant materi-
als.

REGIONAL GEOLOGY AND 00TSA LAKE
GROUP METALLOGENY

The study area is within the Intermontane Belt. Here,
voleanic and sedimentary rocks of the Lower to Middle Ju-
rassic Hazelton Group are intruded by Late Jurassic, Late
Cretaceous and Tertiary felsic plutonic rocks. These are
overlain by continental Eocene Ootsa Lake Group vol-
canics, Oligocene and Miocene Endako Group volcanics,
and Miocene-Pliocene basalt flows. Areas underlain by
Qotsa Lake Group volcanics (approximately 50 Ma,
Diakow and Koyanagi, 1988) are the focus of this study, and
these areas are exposed in two general regions. The first

®  Study Areas o § Qotsa .Lake Group
Ct L volcanic rocks
1 Wolf Pond
2 Clisbake Lake
3 Bentzi Lake

Plutonic rocks

)

o] km &0

Figure 20-1, Generalized geology and locations of lake sediment
orientation studies in the northern Interior of British Columbia,
showing their relation to Eocene Ootsa Lake Group volcanic rocks
{geology modified from Tipper et al., 1979).

extends from the Nechako River to the west side of Francois
Lake (Figure 20-1); the second is west of Quesnel, between
the Chilcotin and West Road rivers (Duffell, 1959; Tipper,
1963). Diakow and Mihalynuk (1987) recognized six li-
thologic divisions in the Ootsa Lake Group, which com-
prises a differentiated succession of andesitic to rhyolitic
flows and pyroclastic rocks. Sedimentary rocks, although
not common, are interspersed throughout the sequence. In-
terest in the precious metal potential of the Qotsa Lake
Group has increased in recent years. The Wolf and Clisbako
prospects are epithermal gold-silver occurrences currently
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or recently under exploration. The Wolf prospect is hosted
by felsic flows, tuffs and subvoleanic porphyries, whercas
the Clisbako prospect is hosted by basaltic to rhyolitic tuffs,
flows and volcanic breccias. Gold mineralization in both
areas is associated with low-sulphide quartz stockwork
Zones,

DESCRIPTIONS OF INDIVIDUAL STUDY
AREAS

WOLF POND (NTS 93F/03)

Wolf Pond (elevation: ~1173 m) is located approxi-
mately 100 kilometres south-southwest of Fraser Lake and
about 5 kilometres southeast of Entiako Lake. It can be
reached by either the Holy Cross and Kluskus-Natalkuz
(500} forestry roads from Fraser Lake, or the Kluskus for-
estry road from Vanderhoof, and then via the Kluskus-Ootsa
and Kluskus-Malaput forestry roads to a spur road leading
to the Wolf property. Wolf Pond is a small eutrophic pond,
approximately 60 by 35 metres, with a maximum depth of
about 4.5 metres (Photo 20-1}. One temperature and oxygen
profile recorded in the centre of the pond shows dissolved
oxygen content decreasing from 6.1 ppm at the surface to
0.4 ppm at a depth of 5 metres (Figure 20-2). Bottom-water
pH (6.09} is the lowest of the three lakes (Table 20-1),

SURFICIAL GEOLOGY AND PHYSIOGRAPHY

Wolf Pond is situated within a narrow intermontane bog
(Figure 20-3) in the rugged uplands of the Entiako Spur of
the Fawnie Range, where relief is moderate. The area is
heavily forested, and no logging has occurred in the imme-
diate area. Prominent drumlins and striae indicate that ice
flowed in a northeasterly direction across the Wolf property
(Giles and Levson, 1994; Ryder, 1993), A discontinuous till
mantle, up to 2 metres thick, covers rolling to hummocky
outcrop on the two hills adjacent to Wolf Pond, while
glaciofluvial sands and gravels are exposed at lower eleva-
tions along the Entiako Spur. The Wolf Pond watershed is
small, with drainage restricted to adjacent hillsides to the
east and west, and is largely underlain by quartz feldspar
porphyry and rhyolite. The Lookout zone occurs within the

Photo 20-1. Wolf Pond, looking to the southwest,
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Figure 20-2. Temperature and dissolved oxygen profiles of pro-
fundal basin water columns in A) Wolf Pond; B) Clishako Lake;
and C) Bentzi Lake.
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Figure 20-3. Location and geology of the Wolf prospect, showing location of Wolf Pond relative to zones of known epithermal
mineralization. Geology generalized after Schroeter and Lane (1994). The dashed line defines the approximate limit of the Wolf Pond

drainage basin. Contour interval: 50 metres.

watershed on the hillside just east of the lake. The other
mineralized zones are outside the drainage basin.

BEDROCK GEOLOGY AND MINERAL DEPOSITS

Wolf Pond overlies an inferred contact of rhyolite
flows, tuffs and breccias (unit 4) and maroon quartz feldspar
porphyry (unit 5). The flows and tuffs, together with
younger subvolcanic rhyolite porphyries, are host to the
Wolf gold-silver prospect {Minfile 093F 045). The prospect
is a low-sulphidation adularia-sericite epithermal deposit
(Schroeter and Lane, 1994). It comprises five mineralized
zones, one of which (Lookout zone) lies within the Wolf
Pond watershed. Mineralization within the Lookout zone is
structurally controlled and occurs in northerly trending
quartz-carbonate veins in maroon quartz feldspar porphyry;
other zones occur as siliceous stockworks and hydrothermal
breccias (Schroeter and Lane, 1994), Overall, mineraliza-
tion is micron-sized and occurs as electrum, native silver,
silver sulphides and sulphosalts (Andrew, 1988). Some of

the highest gold concentrations occur in repeatedly brecci-
ated and silicified zones within the rhyolite (Schroeter and
Lane, 1994; Andrew et al., 1986), which are typically bor-
dered by zones of argillic or sericitic alteration. The Wolf
claims were staked by Rio Algom Exploration Inc. in 1982
following the discovery of anomalous silver, zinc, arsenic
and molybdenum concentrations in Wolf Pond sediments
(Dawson, 1988).

CLISBAKO LAKE (NTS 93C/09)

Clisbako Lake (elevation: ~1280 m) is located about
100 kilometres west of Quesnel and about 40 kilometres
southwest of Nazko. Access from Quesnel is by the Ques-
nel-Nazko Highway to Marmot Lake, and then via the
Michelle Creek (3900) and Michelle Creek - Canyon Moun-
tain {4200) forestry roads to a spur logging road leading to
the lake. Clisbako Lake is about 700 metres long and has a
maximum depth of about 9 metres within a single basin
(Photo 20-2). Surface and bottom waters exhibit a neutral
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Photo 20-2. East side of Clisbako Lake, looking to the
southwest,

pH (Table 20-1). Surface-water dissolved oxygen concen-
trations of 7.7 ppm decreased to a low of 4.8 ppm in the
deepest part of the lake, and temperature profiles were rela-
tively constant (Figure 20-2). Trophic status is unknown;
unstratified temperature and oxygen profiles at three sites

may have resulted from water column turnover with the on-
set of cold weather in mid-September 1992.

SURFICIAL GEOLOGY AND PHYSIOGRAPHY

The Clisbako area has low to moderate relief (Figure
20-4) and drift cover is extensive. Bedrock exposures cover
only about 4% of the property, and are generaliy confined
to gulleys and incised stream drainages (Dawson, 1991).
Logging in the immediate area is most extensive on the
north side of the lake, where a clearcut extends'to within a
few metres of the shore. Late Wisconsinan glacial move-
ment was in a north-northeasterly direction acro’ss the east-
ern part of the Clusko River map area (Proudfoot and
Allison, 1993), Canyon Mountain and Mount Dent rise to
elevations of 1464 metres and 1676 metres, réspectively,
south and southwest of the lake. Slopes are till covered, with
exposed bedrock on higher ground partially cavered by a
locally derived till and colluvium veneer. Huminocky mo-
raine and the Clisbako River lowlands cover much of the
area east and north of Clisbako Lake. Glaciofluvial sand and
gravel deposited from a northeast-flowing meltsvater chan-
nel cover much of the area south of the lake. Minor meltwa-
ter channels and eskers also occur at high elevaions in the
western part of the watershed. Clisbako Lake drains north

Clisbako
hake

2
orth zone ~y 7

A

Recent: Hot spring (tufa) deposi:s

1 Qligocene-Miocene: Basalt flows and breccias;
minor dacite

Oligocene: Felsic tuffs; minor andesite flows
and sedimentary rock:

Eocene: Basaltic, andesitic and hyolitic
flows and tufis

. Mineralized showings

Zone of argillic alteration and/or:
epithermal veins\stockwork

km

Clisbako L.ake drainage basin

L
0

Figure 20-4. Location and geology of the Clisbako prospect, showing location of Clisbako lake relative to zones of epithermal alteration
and mineralization. Geology after Dawson (1991). The dashed line defines the approximate limit of the Clisbake Lake dranage basin,

Contour intervai; 200 feet.
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through the Nazko, Blackwater and Fraser rivers. The lake
watershed covers an area of about 14 square kilometres, and
drainage into Clisbako Lake is predominantly from the
west, Two unnamed streams enter the lake, one from the
west and a smaller one from the south.

BEDROCK GEOLOGY AND MINERAL DEPOSITS

Oligocene-Miocene basalt flows and pyroclastic rocks
of the Endako Group outcrop on Canyon Mountain south-
east of the lake. They also underlie the adjacent Clisbako
River plain, but are not exposed within the watershed of
Clisbako Lake. Felsic to intermediate subaerial flows and
pyroclastic rocks of the Eocene Ootsa Lake Group underlie
Clisbako Lake and the surrounding area (Figure 20-4). Here,
the Clisbake gold-silver prospect (MINFILE 093C (16) is
hosted by basaltic to rhyolitic tuffs, flows and volcanic brec-
cias exhibiting intense silicification and argillic alteration.
Several alteration zones have been identified, although not
all lie within the Clisbako Lake watershed (Figure 20-4).
The largest, the South, Central and North zones, have ex-
posed strike lengths of up to 450 metres (Schroeter and
Lane, 1992). Gold mineralization is associated with low-
sulphide quartz stockwork zones. Gold concentrations up to
1076 ppb and silver concentrations up to 73 ppm, as well as
elevated concentrations of mercury, arsenic, antimony and
barium, were reported by Dawson (1991). The Clisbako

ii:1:1Y Pleistocene and Recent
-..1] Unconsclidated deposits

Qligocene and Miocene
Endako Greup: andesite and basalt

3 Paleocene-Oligocene
~ 1 Ootsa Lake Group: rhyolite, dacite, associated tuffs and breccias

claims were staked in 1990 by Eighty-Eight Resources Lid.
and optioned by Minnova Inc. in 1991, The prospect has
been interpreted to be a high-level volcanic-hosted epither-
mal system similar to those in the western United States
{Dawson, 1991; Schroeter and Lane, 1992).

BENTZI LAKE (NTS 93F/15)

Bentzi Lake (elevation: 855 m) is located 9 kilometres
east of Holy Cross Mountain approximately 30 kilometres
south of Fraser Lake. The Holy Cross forestry road passes
just west of the lake, which can be accessed through an ad-
jacent hunting camp south of Targe Creek. The lake is ap-
proximately 2.5 kilometres long and has a maximum depth
of 31.5 metres. It is the only lake in this study for which a
bathymetric map is available (Walsh and Philip, 1977). The
lake contains two sub-basins; a major profundal basin in the
central part of the lake, where the maximum depth was re-
corded, and a lesser sub-basin within the northwestern arm
of the lake. A large shoal in the central part of the lake rises
to within 1.5 meftres of the surface, paralleling a narrow
subaqueous channel (24 m) leading into the profundal basin.
Surface and bottom waters exhibit a neutral pH (Table 20-1).
Temperature and oxygen profiles recorded at five sites in
Bentzi Lake show it to be mesotrophic (almost eutrophic);
surface-water dissolved oxygen measurements of 8.6 to 8.8

Upper Cretaceous-Paleocene
Qotsa Lake Group: basalt, andesite, refated tuffs and breccias

Lower Jurassic
Hazelton Group: andesitic to rhyolitic tuff, breccia, flows, sediments

Bentzi Lake drainage basin
Lithogeochemistry grids of Donaldson (1988)

Figure 20-5. Location and geology of the Holy Cross prospect, showing location of Bentzi Lake in relation to areas of epithermal alteration
{lines denote approximate shape of lithogeochemistry grids of Donaldson, 1988). Geology after Tipper (1963) and Tipper ef al. (1979).
The dashed line defines the approximate limit of the Bentzi Lake drainage basin. Contour interval: 500 feet,
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ppm decrease to a low of 2.3 ppm near maximum depth
(Figure 20-2).

SURFICIAL GEOLOGY AND PHYSIOGRAPHY
The area around Bentzi Lake (Figure 20-5) is heavily
forested and largely drift covered; outcrop is exposed on
only 5% of the HC claim group (Donaldson, 1988). To the
north, south and east, the area is overlain by a veneer to
blanket of till with a northeast-striking drumlin topography.
Much of the area west of the lake is covered with fluvial
sand and gravel, with lesser amounts of till and organic sedi-
ments. Higher elevations on Holy Cross Mountain (eleva-
tion: 1411 m) have hummocky topography and bedrock
outcrops with a colluvial veneer, while lower slopes are
overlain by veneers to blankets of till. There is no logging
activity immediately around Bentzi Lake, but there has been
considerable logging in the Holy Cross Mountain area.

Bentzi Lake drains to the northeast through the Ta-
hultzu Creek - Nechako River drainage system. Drainage
into Bentzi Lake is predominantly from the west through
two major inlets, the Targe Creek inlet and the Northwest
inlet. The Targe Creek watershed flows into the main basin,
draining a considerably larger region than the Northwest
inlet watershed. However, much of Targe Creek drains
through a swampy lowland area, whereas the Northwest in-
let drains an area of greater relief. Up to 80 ppb gold in
stream sediments and up to 380 ppb gold in panned heavy
mineral concentrates were reported from the creek draining
into Northwest inlet by Donaldson (1988).

BEDROCK GEOLOGY AND MINERAL DEPOSITS

Bentzi Lake is situated above Endako Group volcanic
rocks, but volcanics of the Ootsa Lake Group are exposed
to the west and southeast. These rocks host the Holy Cross
epithermal gold-silver-copper-zinc occurrence (MINFILE
093F 029) and comprise three units of altered and unaltered
andesite, rhyolite and tuff (Donaldson, 1988). The first unit
consists of massive maroon to grey andesite, porphyritic an-
desite and massive basalt, and the second unit consists of
pervasively silicified flow-banded rhyolite and rhyolite
breecia, The third and least abundant unit comprises andesi-
tic to dacitic tuff, felsic lapilli and crystal tuff. Areas of per-
vasive quartz-chalcedony veining in the rhyolite unit
contain gold concentrations up to 310 ppb, and zones of
kaolinite alteration in the two lower units contain elevated
copper-lecad-zinc-silver concentrations. Specular hematite
and pyrite occur in all units. The occurrence was originally
staked (HC claims) by Noranda in 1987,

FIELD AND LABORATORY
METHODOLOGY

SAMPLE COLLECTION

Lake sediments were collected from a zodiac or canoe
with a Hornbrook-type torpedo sampler using standard sam-
pling procedures of Friske (1991). Samples were stored in
kraft paper bags and sample depth, colour, composition and
odour were recorded at each site. Sites were located along
profiles traversing deep and shallow-water parts of main ba-
sins and sub-basins, and at all stream inflows. The number

of sites on each lake ranged from a minimum of seven in
small Wolf Pond to a maximum of fifty-eight in Bentzi Lake
(Table 20-1). Sites were chosen to evaluate the refationship
between trace element patterns and mineral occuirence lo-
cation, bathymetry, organic matter content, drainage inflow
and outflow and sediment texture. ‘

Two water samples were collected in 250-millilitre
polyethylene bottles from the centre of each lake: a surface
sample and a near-bottom sample. The first sample was
taken approximately 15 centimetres beneath the surface, to
minimize collection of surface scum, and the second was
collected with a Van Dorn sampler 1 to 2 metres above the
lake bottom. Bottles were rinsed in the water to be: sampled
priorto collection, and observations of water colour and sus-
pended matter were recorded. The boat was anchored in
place during both water sampling and temperature/oxygen
profiling to prevent movement. Water samples were stored
in a cooler and refrigerated prior to analysis.

DISSOLVED OXYGEN AND TEMPERATURE
PROFILING

Dissolved oxygen and temperature measurements were
made to verify pre-existing Fisheries Branch (B.C Ministry
of Environment, Lands and Parks) data, to determine the
trophic status of smaller lakes for which data are lacking,
and to investigate the variability of these measurements
within separate sub-basins of individual lakes. Vater col-
umn profiles were measured at one to five sites on cach lake,

Photo 20-3. Measurement of lake water temperanu{'e and
dissolved oxygen content. ‘
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Figure 20-6. Typical sample collection scheme. The modified
20-sample collection block incorporates twelve routine samples
and five field duplicates. Two blind duplicates and a control
reference standard are inserted in prep laboratory prior to analysis.
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using a YSI Model 57 oxygen meter with cable probe (Photo
20-3). Measurements were generally made, at 1-mefre in-
tervals, in the centre of all major sub-basins and at two near-
shore sites to a maximum depth of 29 metres. The
instrument was calibrated for lake elevation and air tem-
perature prior to measurement at each lake, and data were
collected only during the afternoon period to standardize
measurement conditions. Prevailing weather conditions
were alsorecorded at the start of each profile. Measurements
generally corraborated earlier Fisheries Branch data at most
lakes, although considerable within-lake variations were en-
countered. Measurements at Clisbako Lake were inconclu-
sive due to the onset of cold weather in mid-September,
1992. A total of nine profiles were surveyed in the three
lakes; profiles from the deepest part of each lake are shown
in Figure 20-2,

SAMPLE PREPARATION AND ANALYSIS

Lake sediment samples were initially field dried and
then shipped to Rossbacher Laboratory, Burnaby, for final
drying at 60°C. Sample preparation was performed at Bon-
dar-Clegg and Company, North Vancouver. Dry sediment
samples were weighed, and disaggregated inside a plastic
bag using a rubber mallet, The entire sample, to a maximum
of 250 grams, was pulverized to approximately -150 mesh
in a ceramic ring mill. Two analytical splits were taken from
the pulverized material. The first 30-gram subsample was
submitted to Activation Laboratories, Mississauga, for de-
termination of gold and 34 additional elements by instru-
mental neutron activation analysis (INAA). The second was
analyzed for zinc, copper, lead, silver, arsenic, molybde-
num, iron, manganese and 22 additional elements, plus loss
on ignition, by inductively coupled plasma - atomic emis-

100
| B Field Duplicates: As 2
N=44 a
sl ( }
a0 2 .
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Figure 20-7. Log scatterplot of field duplicate A) gold determinations (ppb; INAA) and; B) arsenic determinations (ppm; ICP) from
samples from Wolf (n=5), Clisbako {(n=17) and Bentzi (n=22) Lakes.
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sion spectrometry (ICP-AES) following an aqua regia di-
gestion.

Water samples were filtered through 0.45-micron filters
at the Analytical Sciences Laboratory of the Geological Sur-
vey Branch, Victoria, and submitted to Eco-Tech Laborato-
ries, Kamloops. Samples were acidified and analyzed for 30
elements by inductively coupled plasma - atomic emission
spectrometry (ICP-AES). Sulphate and pH values were also
determined. Standards and distilled water blanks were in-
cluded in the sample suite to monitor analytical accuracy.
Only sulphate and pH data are included in this paper.

QUALITY CONTROL PROCEDURES

SAMPLING DESIGN

An unbalanced nested sampling design similar to that
described by Garrett {1979) was used to assess sampling and
analytical variation. The sampling scheme is a modified ver-
sion of that used for the Regional Geochemical Survey
(RGS). Each block of twenty samples (Figure 20-6) com-
prises twelve routine samples and:

e five field duplicate samples, to assess sampling variabil-
ity;

e two analytical duplicate samples, inserted after sample
preparation to determine analytical precision; and

¢ one control reference standard, to monitor analytical ac-
curacy.

EVALUATION OF SAMPLING VARIABILITY,
ANALYTICAL PRECISION AND ACCURACY

A total of 44 field duplicate samples were collected at
sites in the three lakes. Results of gold and arsenic determi-
nations on the field duplicates are shown in Figure 20-7.
Two of the five field duplicates in each block of samples
were randomly selected for further use as analytical dupli-
cate splits, and inserted as blind duplicates into the analyti-
cal suites to monitor analytical precision. Appropriate
ranges of copper and gold-bearing standards, together with
silica blanks, were inserted into the analytical suites to

monitor analytical accuracy. Complete quality control re-
sults will be reported elsewhere, but up to eleven replicate
analyses of each of three gold standards (medians: i, 14, and
38 ppb Au) returned relative standard deviations (RSD) of
43.2, 24.2 and 19.6%, respectively.

RESULTS
BASIC STATISTICS

Summary statistics for gold and other elenients are
shown in Table 20-2, with selected data listings for al! three
lakes given in Tables 20-3, 4 and 5. Concentrations below
the stated detection limits (gold: 2 ppb) are reported as a
value equivalent to one-half the detection limit. Elevated
gold concentrations, relative to regional backgrouid, occur
in sediments of each lake, with Wolf Pond exhibiting the
greatest concentrations of the three (Figure 20-8). Median
concentrations of 43 ppb gold (range: 11 to 56 ppb) occur
at seven sites in Wolf Pond, while median concentrations of
9 ppb gold (range: 1 to 16 ppb) oceur in forty sites in Clis-
bako Lake. The median gold concentration at Bentzi Lake
{1 ppb} is below detection limit at 58 sites draining the Holy
Cross prospect; nevertheless, elevated gold concentrations
up to 9 ppb occur locally in the sediments.

Concentrations of other ¢lements differ considerably
among the three lakes, with the greatest number of anoma-
lous elements occurring in Wolf Pond. Here, elevated con-
centrations of several elements including silver (median: 2.2
ppm), arsenic (median: 47 ppm), zinc (median: 36 ppm),
molybdenum (median: 18 ppm) and antimony (median: 2
ppm INAA) occur in sediments of the small pond. Clisbako
and Bentzi Lake sediments exhibit fewer elements with
anomalous concentrations. Elevated median concentrations
of 24 ppm arsenic and 3.1 ppm antimony occur in Clisbako
sediments, with maximum values of 46 ppm and 6.2 ppm,
respectively. Analysis of several Clisbako Lake samples for
mercury (atomic absorption spectrometry), as part of a sepa-
rate study by the author, returned a maximum valie of 170
ppb mercury. There are no elevated median element concen-

TABLE 20-2
LAKE SEDIMENT GEOCHEMISTRY: SUMMARY
STATISTICS FOR SELECTED ELEMENTS

Au 8h Mo Cu Pb Zn Ag Co cé As cr Ni Mn Fe LG
(ppb)  (ppm)  (ppm)  {ppm)  (ppm}  (ppm)  {ppm) (ppm}  (ppm}  {ppm)  (ppm}  (ppm} {ppm) (%) (%)
INAA INAA
WOLF Median 43 2 18 71 5 306 2.2 14 0.5 47 21 21 302 3.37 523
(N=T) Mean 32.57 1.60 1586 54.29 .86 23043 161 9.43 0.53 3557 1629  15.71 262.71 2.41 51.07
8.0, 18.55 0.99 5.27 26.48 481 13118 0.99 7.35 0.26 31.68 8.44 10.24  157.28 1.83 7.9
Range | (11-56) {0.4-2.7) (5-23} (22-81} (2-16) (90-372) (G.5-26) (1-17) (D.2-0.9) (2-83) (7-24) (2-26) (B7-511) (0.4-4.73) (40.7-54.1)
CLISBAKO  Median k] 3.1 3 35.5 2 99.5 0.1 12 0.2 24 275 52 745 2.685 5025
(N=40} Mean 8.88 3.47 3.03 33.55 363 88.20 .12 11.43 0.25 24.45 26.05 50.50 785.80 2.64 46.04
5.D. 3.77 1.18 1.35 11.76 3.18 22.24 0.05 2.53 0.10 7.21 6.14 13.37  279.26 0.89 16.93
Range {1-18)  (21-6.2}  (1-6)  (8-69)  (2:20) {54-130) {0.1-0.4) (8-16) (0.2-0.8) (7-46) (16-35) (22-74) (369-1745) (0.95-4.88) (7.1-70.5)
BENTZI Median 1 1.7 4 53 4 93.5 0.2 9 0.2 8.5 17.5 14.5 549.5 2.165 359
(N=58) Mean 2.59 1.77 3.41 51.31 4.16 $5.86 D.21 9.34 0.28 10.10 16.31 14.26 1561.81 2.83 31.37
5.0. 208 0.55 1.88 2543 1.71 25.21 0.13 222 018 7.92 4.01 446 352771 2.27 13.25
Range (1-9)  (0.5-3.4)  (1-8)  (9:100) (27)  {39-143) {0.4-0.8) (5-15) (0.2-1.3) (2:35)  (5-23)  (5-23) (257-18752(1.56:11.64) {4.2-.9.2)
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TABLE 20-3
LAKE SEDIMENT GEOCHEMISTRY DATA
FOR SELECTED ELEMENTS: WOLF POND

Lake NT3 Sample Depth Rep An As Sb Ba Mo Cu Pb  Zn Ag As Co cd Cr Ni Man Fe LOI

(m) Status | (ppd} (ppm) (ppm) (ppm) (ppm} (ppm) (ppm) (ppm) (ppm) (ppm} (ppm) (ppm) (ppm) (ppm} (ppm) (%) (%)
INAA INAA INAA INAA

WOLF 93F 923602 7.5 0 15 64 06 <50 9 26 2 95 0.6 2 2 0.5 7 6 156 040 6&4.1
93F 923603 8 10 43 550 23 280 18 72 8 316 23 54 14 0.6 21 26 353 352 523
93F 923605 8 20 4 610 22 240 19 T6 6 331 23 59 14 0.9 22 25 368 376 536
93F 923606 & 10 46 BOO 25 20 23 41 12 ¥z 22 a3 17 0.4 24 24 511 473 494
93F 923607 8 20 45§20 24 230 24 77 14 374 21 S0 20 0.3 25 20 504 498 504

8

93F 923608 10 43 470 20 270 18 71 8 306 26 47 14 0.8 23 21 302 337 551
93F 923600 75 20 23 190 131 170 14 54 7 191 1.7 18 4 0.6 13 9 163 140 65.8
93F 923610 5 10 11 67 04 <50 10 22 6 90 0.5 4 1 0.2 7 7 92 047 436
93F 923612 5 20 5 47 04 <30 10 12 6 76 0.2 4 1 0.2 6 6 72 020 359
93F 923613 6.5 10 14 61 07 <50 13 31 3 91 0.6 6 2 0.3 8 2 87  0.66 407
93F 923614 5 20 4 44 04 <50 13 12 3 66 0.2 6 1 0.2 4 5 56 019 303
93F 923615 8 0 56 600 27 290 20 77 16 343 25 53 16 0.9 24 24 338 370 523

Note: Rep status of 0 indicates a routine sample; rep status of 10 and 20 indicate the first and second samples of a field duplicate pair,
respectively.
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Figure 21-8. Boxplots showing variations in A) gold (ppb); and B) loss on ignition (%) among sediments of Bentzi (n=58), Clisbako
{n=40) and Wolf (n=7) lakes. Median concentrations are denoted by the bold line in each box; 50% of the data for each lake lies within
the box,
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TABLE 20-4
LAKE SEDIMENT GEOCHEMISTRY DATA FOR
SELECTED ELEMENTS: CLISBAKO LAKE

Lake NTS  Sample Depth Rep Au As Sb Ba Mo (u ] Zn Ag Az Co Cd Cr Ni Mn Fe LI
(m)  Status | (ppd) (ppm) (ppm) (ppm) (ppm) {ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm} (ppm) (%) (%)
INAA INAA TNAA INAA
CLISBAKO 93C 925002 35 L] it 210 46 430 z 37 [ 9 .1 17 i 0.2 28 63 369 1% 445
93¢ 925003 4 10 6 330 62 480 2 41 3 100 01 2% 13 0.2 30 63 422 231 408
ac 925004 4 20 12 300 67 540 2 36 4 98 0.1 25 i2 0.2 30 57 436 243 350
93C 925005 5 0 1 M0 62 600 2 33 2 Mt 01 32 16 02 27 48 145 311 368
93 925006 5 3] 6 250 61 790 2 17 3 97 0.1 25 13 0.2 23 35 T 310 185
¥C 925007 8 1 12 300 30 320 3 30 2 122 0 36 13 02 30 55 550 252 503
93¢ 925008 8 20 6 250 34 210 4 M 7 112 01 24 13 02 2 57 4655 231 531
93¢ 025009 9 ¢ 9 260 26 330 3 3 4 10 01 21 12 02 32 56 8B4 366 S04
9a3c 92500 g 10 11 236 30 200 4 33 [ 130 01 8 1 0.z 33 67 738 331 5258
93C 925012 8 20 8 0 33 20 4 37 2 11 61 22 15 02 33 S8 666 295 547
93C 925013 z5 0 1 a3 49 870 1 8 3 54 0.1 7 8 02 20 22 448 205 71
g3C L5015 5 10 £ 200 39 510 2 32 20 F ad 25 13 0.2 32z 53 645 326 199
9a3c 925016 5 20 8 220 38 470 2 32 8 101 01 17 13 0.2 31 53 63F 318 414
93C 925017 5 0 10 490 56 430 4 5 3 103 01 46 15 02 28 64 103 274 499
93C 925018 4 3 200 22 790 1 0 2 59 0.1 ) 11 0.2 13 px) 919 313 78
93C 925019 1.5 10 10 230 32 410 3 5 2 w0 01 21 14 02 kx) 62 647 305 3N7
93¢ 925020 1.5 20 1 180 40 420 2 23 9 85 01 21 12 02 25 46 593 203 523
93 023022 4 0 5 210 21 760 1 13 8 66 0.1 23 11 0.2 23 31 09 224 111
93c 925023 2 ] 1 160 S 360 2 19 8 77 (18] 13 1 0.2 24 42 584 132 314
a3c 925024 6 10 6 240 53 610 1 17 2 9 0.1 26 1z 0.2 20 26 1289 289 178
93¢ 925028 5 20 i3 30 356 460 5 44 4 12060 0.3 36 i4 04 31 .1} 682 2463 457
93¢ 923026 10.5 10 4 389 23 -50 3 29 2 18 01 40 11 04 27 47 1378 486 458
93C 925027 10.5 20 I 400 23 100 1 22 2 73 0.2 29 9 0.2 21 M 109 397 469
93C 925028 9.5 0 5 30 26 270 3 35 2 104 01 3 12 03 3 52 %4 355 502
BC 925029 7 10 8 330 38 300 3 41 2 111 01 31 16 0.5 33 62 6IE 283 497
93C 925030 7 20 -1 300 34 50 3 b3 4 95 13} 3 15 02 29 47 483 236 316
93C 925032 9 o 7 20 27 250 3 31 2 101 01 26 13 05 29 49 019 446 499
aa3C 525033 10 ] 2 1o 25 110 1 17 2 58 01 2 1 02 17 0 58T 223 426
93C 925034 1 o 9 1m0 25 40 4 W 3 6 01 B3 T 02 17 43 IMs 1M 61l
o3C 925035 1 ] 12 130 28 23 5 30 2 5 01 15 & 2 19 42 312 095 612
930 925036 1.5 10 14 19¢ 36 210 6 37 2 57 0.1 A 7 02 19 43 688 115 6.7
930 925038 L5 20 § 13 060 40 200 6 ¥ 6 6 0z 2A & 06 19 06 58 125 689
93¢ 925039 2 10 8 270 32 18 6 38 3 T5 01 W 8 03 16 48 1% 122 05
930 925040 2 20 f 1z 200 4t 140 7T 30 2 4 01 3 g 02 13 I 660 088 23
030 o204z 2 0 7 1406 31 W0 4 B 6 5 01 17 8 03 23 48 763 131 568
%ic 925043 4 10 9 2406 22 420 5 29 6 7 0.1 24 12 02 26 39 708 212 337
93C 925044 4 20 & 226 21 30 5 29 5 75 0.1 25 13 02 21 38 73 236 301
93C 25045 2 10 10 160 26 340 4 32 ri 54 0.4 18 9 0.5 21 42 997 157 471
93C 025046 2 20 5 130 25 3% 4 5 2 60 0.1 14 9 0.2 24 » 856 147 382
93C G504 3 1] 11 2540 36 190 4 44 2 63 (151 30 9 0.2 21 33 938 186 6352
93C 925048 3.5 13 370 4D 180 6 48 2 78 D! 3% I 02 16 S 1083 200 700
9C 935049 3 10 |10 20 30 240 3 4 2 8 01 19 11 02 17 4 %5 215 ¥
93C 925052 3 20 4 210 31 3 3 41 2 il ol 17 12 02 [ £:9 46 1013 228 53.5:
93C 925053 7 10 10 200 25 190 3 38 2 165 01 18 12 0.2 30 % Te1 309 55.83
93C 925054 7 20 6 220 25 280 3 33 2 99 03 20 13 0.2 32 62 634 2m 56.5;
93C 95055 5 0 16 360 37 30 3 5 5 W6 04 4 14 03 33 4 I 263 B
93C 925056 5 L4 5 170 21 680G 2 20 4 73 13} 15 14 0.2 0 34 42 230 155
9C  wsesT 7 10 |10 230 26 2720 2 ®» 6 w2 01 21 12 02 33 65 632 297 561
93C 925058 65 20 |10 260 30 199 2 43 2 95 01 24 13 b2 32 65 485 238 555
93C 025050 5 0 16 320 39 310 3 ST 3 15 02 28 13 D4 32 68 752 247 S4S
9C 95060 95 0 8 0o 26 W 3 36 2 95 B1 24 10 02 28 52 832 AT SId
93C 925062 8.5 10 4 220 25 220 3 3% 2 4 Ot 26 10 03 30 33 T4 399 Jt.f
93C 925063 95 2 |1 40 41 W0 3 3 2 88 03 M 1 02 27 2 698 3N Sl
9c 925064 1 10 6 260 32 310 3 39 3 110 01 20 13 0.2 33 62 786 318 53
93C 925065 8 0 9 250 30 230 3 4 2 106 02 24 14 02 34 6 740 208 54
93C 925066 4.5 0 13 260 31 340 2 46 2 4 0z 24 12 0.2 35 0 6% 319 5l
93¢ 925067 8 1] 1z 300 35 280 4 45 2 102 03 % 14 02 s 67 680 299 Séf
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TABLE 20-5
LAKE SEDIMENT GEOCHEMISTRY DATA FOR
SELECTED ELEMENTS: BENTZI LAKE

Jake NYS Sample Deph Rep | Au As Sb Ba Mo Cr Pb Zn Ag As Co €4 C Ni Mn Fe LOI
(m)  Status | (ppb} {ppm) (ppm} (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm} {fpm) (ppm) (ppm) (ppm) (ppm) (%) (%)
INAA INAA TNAA INAA

BENTZI 93F 923202 125 10 7 10 26 910 2 2% 6 % o0l 10 ¢ 02 18 14 347 229 154
9IF 923203 12 20 5 94 20 1000 1 4 2 8 01 7T 11 03 5 % 337 249 43
9IF 92324 95 0 I 36 L7 930 L 9 4 € of 9 &8 02 14 5 301 265 42
93F 923205  10.5 [ 1 8% 16 100 2 26 3 6 01 3 8 02 16 11 257 158 178
93F 923206 [ 10 1 150 29 %0 1 17 3 W el 9 11 02 13 11 367 248 94
WF 923208 9 0§ WO 31 0 1T 2 4 B4 0F 1Y 92 11 % 33193 144
93F 923209 143 0 4 120 17 840 4 32 6 B3 02 13 13 45 16 14 646 278 178
93F 9310 165 10 2 120 21 TG 5 72 2 109 02 13 [0 02 19 19 494 208 399
9IF 92321 165 20 1 Mo 21 MO 5 M 4 109 03 11 10 02 20 18 551 213 401
93F 923213 155 ] 2 100 20 70 4 72 05 113 02 10 10 02 23 1§ 539 213 486
93F 923214 12 0 1 76 19 0 1 14 2 % ol S5 T 0z 11 8 458 176 113
9IF 923215 h 4 170 18 610 6 82 6 136 03 17 12 02 20 1§ 1255 275 443
93F 923216 0 10 1 M40 23 TIO 4 73 7 1Ml 03 12 10 02 20 18 685 213 430
9F 923217 20 20 1 130 26 60 4 6 2 126 03 9§ 10 062 20 17 657 215 409
93F 923218 205 0 4 190 23 T0 S T3 3 127 03 23 M 02 19 1% 8% 23 428
L3 T ¢ 1 160 28 6% 4 4 2 8 03 15 10 02 13 14 5715 208 134
9IF 92330 7 [} 9 130 22 580 6 85 2 M3 03 12 12 02 18 19 1035 201 469
oIF 923223 19 10 6 220 23 70 7 77T 3 127 03 2% 13 04 23 23 995 289 347
93 92314 19 20 3 200 22 80 6 T4 4 121 03 20 M 02 21 19 817 266 370
93F 923225 28 0 1 170 23 720 6 8 6 140 04 15 12 06 18 20 1199 237 462
93F 923226 12 10 4 10 22 6% 4 6 5 110 03 13 10 02 20 17 480 221 301
9IF 023227 12 20 6 140 21 80 5 6 6 124 03 17 16 02 21 16 500 225 386
9IF 923228 19 0 5 140 23 WO 4 5 5 130 02 M4 10 02 20 16 87 25 350
93F 923229 20 10 1 190 20 70 6 7 7 142 @3 22 It 02 20 20 1075 267 399
93F 923230 20 20 ? 170 19 800 S5 6 4 132 02 2 Il 02 2 15 8% 267 313
IR 22 245 o 5 240 24 60 % 8 3 130 04 27 4 o6 20 21 1330 280 453
93F 923233 208 0 Poo130 23 %0 5 73 4 113 03 16 10 02 22 2 76l 229 414
93F 523234 10.5 10 4 160 1.7 830 3 41 2 100 ©2 21 10 03 19 12 400 257 222
93F 923235 105 20 8 170 18 80 4 5 9 102 03 14 10 02 20 16 46 234 212
93P 923236 35 [ | 240 16 670 2 45 3 92 03 32 15 07 9 10 12484 1053 373
93F 923237 17 10 1 120 18 80 4 52 3 106 01 M4 11 02 18 16 00 260 207
9IF 923238 16 20 1 10 15 90 3 40 5 9% 02 10 10 02 18 4 414 268 224
93F 523239 35 0 7 250 15 6% 2z 44 2 8 03 35 15 13 & 10 12360 1164 36D
93F 923240 [ S 170 25 70 5 85 3 122 03 16 11 02 19 1T 17 220 433
93F 923242 12 10 6 93 1§ B 3 45 2 W0 o0l 1 % 03 19 13 415 202 313
93F 923243 1 20 1096 15 90 3 3% 2 %4 02 & & 02 18 17 3% 19t 274
9IF 923244 IS 0 1 10 17 6% 4 61 T S 04 3 9 04 17 17T 432 188 428
9P 523246 10 10 5 88 15 60 3 58 3 8 0l 2 % 03 17 6 294 199 399
93P 923247 105 20 4 100 15 70 3 55 4 8 03 S 9 02 17 17 294 196 399
9IF 923248 15 0 4 99 16 80 2 37 2z B 0z 3 8 03 14 13 283 200 283
93P 92349 4 0 2 58 0% 80 1 11 4 3% or 2 6 02 5 6 315 200 161
9IF 923250 7 10 5 72 15 $0 2 37 4 & 01 2 6 02 14 13 268 178 264
DP9 7 20 2 76 14 B 2 3®/ 4 6 03 2 6 D02 15 1T 20 135 270
93P 923253 7 0 4 49 12 940 1 13 2 6 0@ 2 6 02 12 8 352 280 S2
9IF 923254 6 0 1 72 16 90 1 15 4 6 0l 2 7T @2 11 7T 42 255 122
9 923288 9 0 1 &1 14 9m 1 2 4 W 03 2 T 43 17 10 294 240 111
93F 923286 17 10 1 10 17 4% 4 6 5 9 05 4 7T 02 16 14 633 L7 366
93F 923257 17 2 3 130 18 S0 5 67 5 181 02 3 & 03 15 16 67 177 30
93F 923258 17 10 1 120 17 520 4 6 5 9 04 5 T @3 15 13 753 L1 M0
9IF 923259 17 20 S e 18 500 4 6 7 97 03 4 7 04 15 M4 TV L77 350
93F 92320 05 0 2 B9 34 90 1 37 4 8 O0F 2 & 02 15 it 330 237 158
93F 923262 17 10 1 120 22 50 5 4 5 02 01 4 9 03 18 16 560 179 394
9IF 923263 16 20 4 1D 1% 0 5 77 B 11 03 05 %Y D4 1p 18 542 198 M98
93F 923264 1 [\ 1 120 18 80 3 s 6 13 01 3 10 o2 18 16 388 230 251
93F 823265 15 10 1 1306 20 700 6 8 6 126 06 5 9 03 18 18 628 184 406
9aIF s 18 % 7 130 20 40 6 77 6 116§ 01 4 9 04 18 18 605 180 405
9IF 923267 14 0 1 130 22 60 $ 100 4 123 01 3 11 04 20 20 594 204 408
93F 923268 ts 0 3 120 25 500 6 S 4 12 02 2 11 04 20 20 507 31 415
9IF 923269 28 10 1 130 18 60 5 79 7 133 or 5 9 03 18 13 800 201 438
9IF o270 29 20 1 140 16 790 5 79 6 125 01 6 % 03 18 19 &6 201 42
9F W} M o 1 230 14 60 2 S 2 B84 03 8 6 02 8 10 12505 1041 358
93¢ 923273 18 0 1 110 12 910 2z 3% 5 %4 04 5 9 03 12 10 662 293 208
93F 9324 35 0 1 270 13 W00 Y a2 M 02 7 7 02 79 18752 1129 356
WF 923275 35 20 1 180 14 300 2 63 2 108 04 S 7 02 12 13 7543 967 388
93F  92327%6 32 0 6 160 13 50 S 6 2 109 04 10 7 02 12 15 3446 392 386
uF  wMT N [ 1 40 14 60 5 & T 18 ol 6 9 0z 19 18 671 213 424
o3P 923279 18 10 4 85 15 75 4 8 7 n2 o0l 2 & 0z 18 17 427 191 362
93F 923280 17 20 1 %7 14 610 4 51 4 ¢4 01 ¢ 8 02 20 17 423 L0 383
9IF 923282 255 [\ 3 150 16 720 S 75 7T 124 02 19 11 02 21 2 87 194 413
9F 923283 22 10 1 120 15 s 5 6 4 168 01 10 10 02 20 17 584 185 424
9F 9234 21 20 2 120 14 620 S5 57 4 9l 02 Il 10 03 19 15 588 188 407
SIF 923285 12 0 1 84 0% 1000 1 12 7 4 01 7 9% o2 12 5 313 258 81
93F 923286 125 10 3 85 12 30 3 4 5 8 01 W 9% 02z 1B 15 343 156 483
93F 923287 13 20 6 12 12 40 3 S0 4 8 01 3 9 02 18 19 35 156 484
9IF 923288 12 9 1 66 0% 80 1 18 5 ¥ 01 7 & 02 17 12 3t 24 206
I gy 10 o 1025 085 40 1 9 3 52 01 B € 02 15 9 34 242 47
9IF 923280 10 0 1 729 11 %0 2 2 2z B o1 7 8 02 17 12 233 171 150
9IF 923293 ¢ 10 3 06?7 12 60 2 34 5 8 01 10 § 02 16 11 38 179 492
3R 923254 10 20 2 87 10 60 2 34 3 75 01 9 6 02 16 14 365 134 479
93IF 923295 5 [} 1 7t 69 60 1 16 3 59 01 5 5 02 13 9 512 187 306
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trations present in Bentzi Lake, with the possible exception
of antimony (median: 1.7 ppm). Nevertheless, clevated ar-
senic, antimony and copper concentrations up to 35 ppm,
3.4 ppm and 100 ppm, respectively occur locally.

Median organic matter content, expressed as loss on
ignition (%), increases with decreasing size of the three
lakes studied, ranging from a high of 52.3% at Wolf Pond
to a low of 35.9% in Bentzi Lake sediments (Figure 20-8).
The highest individual LOI values occur in sediments at
Clisbako Lake, where values reach 70.5% in samples con-
taining significant undecomposed organic matter. Wolf
Pond sediments contain elevated iron concentrations (me-
dian: 3.37%), whereas Clishako sediments contain elevated
manganese concentrations (median: 745 ppm).

CORRELATION ANALYSIS

Pearson log correlation matrices for twelve selected
variables and elements from Bentzi and Clisbako Lakes are
shown in Figure 20-9. Gold, arsenic and antimony were de-
termined by INAA; remaining elements are ICP determina-
tions. Data for both INAA and ICP arsenic determinations
are included. No correlation matrix is given for Wolf Pond,
as too few samples were collected to permit meaningful cor-
relations. Significant inter-element correlations, defined as
those exceeding the critical value above which they are sig-

CLISBAKO LAKE
As(ID As(@) SbN) Cv Zs Pb Mo As Fe  Mp LOI Deph

Auv (INAA) 100

As (INAA) 0.4 100

Sb(INAA) 002 013 1K

.03 1.00

Cu 073 0%

Zn 027 063 015 056 1.00

b 016 025 005 011 006 1.00

Mo 048 D015 010 97¢ 010 -£a5 100

As 046 089 14 053 053 015 030 100

Fe HI11 052 010 003 073 008 032 037 109

Mn 003 009 015 005 011 940 032 029 CO3 100

LOI 065 037 005 088 032 016 0.77 643 014 025 100
Depth. 001 657 -02% 010 064 022 025 0M 083 001 010  LOO
BENTZI LAKE

Au{N) As(D} SbN) Cu Zn Pb Mo As Fe  Man LOI Depth
Au(INAA) 1.00

As (INAA) 0t6 100

§b (INAA) 017 o857 1.00

Cu 024 048 0.5 100

Zn 024 b6S 8.5 0388 1,00

Pt 424 006 004 020 028 L00

Mo 027 055 052 690 087 024 100

As 624 661 022 030 048 -0.12 048 1.00

Fe 00z 652 009 002 002 635 020 036 100

Mn 004 072 007 634 028 025 016 048 038 100

Lol 022 86 037 080 069 018 076 030 001 @38 100
Depth 011 075 020 057 058 005 0.46 056 061 087 054 100

Figure 20-9, Pearson log correlation matrices for selected elements
from Clisbako (n=40) and Bentzi (n=58) lakes. All data except
sample depth logged. Significant correlations (Clisbako: r 0.264;
Bentzi: r 0.218; 95% confidence level) shown in bold type. Au
(IN), As (IN) and Sb (IN)} data are INAA results; remainder are
ICP determinations.

nificantly different from zero at the 95% confidence level
(Clisbako: r 0.264; Bentzi: r 0.218), are more numerous in
Bentzi Lake sediment (47 significant correlations) than in
Clisbako Lake sediment (31 significant correlaticns). Most
significant correlations are positive; there are only three sig-
nificant negative correlations for each lake.

A number of significant correlations are cominon to the
sediment geochemistry of both lakes. Gold correlates with
copper, zinc, molybdenum, arsenic and LOI (Figure 20-10),
with most correlations stronger in Clisbako as opposed to
Bentzi sediments. Copper, molybdenum, zinc and arsenic
also correlate with LOI. Copper also exhibits significant
correlations with molybdenum, zinc and arseni;. Sarple
depth correlates with arsenic, zinc and iron in c:ach lake.
Lead and manganese exhibit significant negative correla-
tions.

There are differences in correlation patterns between
the two lakes for some elements. In particular, there are nu-
merous significant correlations in Bentzi sediments which
are not present in the Clisbako data. These inclucle correla-
tions with depth (Cu, Mo, Mn, LOI), LOI (Sb, Mn), anti-
mony (As, Cu, Zn, Mo, LOI) and molybdenum (As (INAA),
Sb, Zn, Pb, depth). As an example of the foregoing, LOI
increases with depth in Bentzi Lake and Wolf Pond, but
shows no relation to depth in Clisbako Lake (Figure 20-11).
Notably, iron and manganese exhibit few significant posi-
tive correlations, other than with depth and arseniz, in either
of the two lakes. Manganese correlates with copper, zine,
LOI and depth in Bentzi Lake only, while iron:correlates
with zinc in Clisbako Lake only. Iron and manganese cor-
relate significantly with each other in Bentzi Lale, but not
in Clisbako Lake.

SPATIAL DISTRIBUTION OF GOLD AND
OTHER SELECTED ELEMENTS

Frequency distributions of gold in lake sediments (Fig-
ure 20-12) show considerable variation among, the three
lakes. Clisbako Lake gold concentrations show an approxi-
mately normal distribution, whereas those of Bientzi Lake
are a more typical positively skewed distribution. Element
distribution maps for gold (ppb), arsenic (ppm) ar.d LOI (%)
for Wolf Pond, Clisbako and Bentzi lake sediments are
given in Figures 20-13 through 15. Site location : nd sample
depth (metres) maps are also shown. Several ¢lements [no-
tably gold, arsenic (Figure 20-13), silver, zinc, iron and
manganese] exhibit very similar geochemical patterns in
Wolf Pond sediments. High element concentrations occur
throughout the pond, but the greatest occur at four sites
along a southwest trend in the central part of the bisin. These
sites occur roughly within the bounds of the 8-metre sample
depth contour; lower element concentrations occur in sedi-
ment near the pond margins. Molybdenum patterns differ in
that anomalous concentrations are much more. uniformly
distributed throughout the pond, but the highest concentra-
tions, nevertheless, occur in the basin centre. There are no
apparent correlations of high element concentrations with
LOI in Wolf Pond, although anomalous samples do exhibit
a rather narrow range of LOI values between 49.4 and
55.1%. The similarity of anomalous element con:entrations
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Figure 20-10. Scatterplots of gold (ppb) versus: A) loss on ignition (%); and B) copper (ppm) for Wolf, Clisbako and Bentzi Lakes
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Figure 20-11. Scatterplot of loss on ignition (%) versus depth (m) for Wolf, Clisbako and Bentzi Lakes (N=105).
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Figure 20-12. Frequency distributions of gold in sediment of
Wolf (n=7), Clisbako {n=40) and Bentzi (n=58) lakes.

indicates that metals are relatively uniformly distributed
throughout the sediment, both between and within {(field du-
plicates) site locations.

Clisbake Lake (Figure 20-14) has the most complex
gold geochemistry patterns of the three lakes studied. As
with Bentzi Lake, gold has little correlation with depth, and
the highest values are not located in the deepest part of the
lake. Although elevated gold concentrations occur through-
out Clisbako Lake, there are three proupings of high gold
values ( 10 ppb), each with different characteristics and po-
tentially different sources. The first comprises four sites
along the southwest side of the lake, where sediment sam-
pled on the profundal slope at depths of 4.5 to 8 metres con-

Au

1-1‘Oppb
¢ 11-20ppb
e 21-40ppb
@ 41-€0ppb

W S ot —
0 m

As

1-:0ppm
o 11-30 ppm
& 31-50 ppm
© >51ppm

Site Locations

Sample Depth

5m contour

8m contour

LO.L

< 26 %
»  25-45%
® 45-55%
P >5%
A — x e
N 0 m 5

Figure 20-13. Wolf Pond, showing distribution of g'old (ppb),
arsenic (ppm) and loss on ignition (%), and site locations and
sample depths (m).
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Figure 20-14. Clisbako Lake, showing distribution of gold (ppb), ~ F18ure 20-15. Bentzi Lake, showing distribution of gold (ppb),
i ignition (% d site locati d arsenic (ppm) and loss on ignition (%), and site locations and lake
arsenic (ppm) and loss on ignition (%), and site locations and 3o /11" hepth contours after Walsh and Philip (1977).

satple depths (m).
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tains 12 to 16 ppb gold. A fifth site nearer the shore (depth:
3 metres) contains 10 ppb gold. Sites at greater depths in the
profundal basin itself contain less gold. The second group
of four sites is located near the stream inflow on the south-
east side of the lake, where sediment contains 11 to 16 ppb
gold at a depth of 3.5 to 8 metres. Unlike the first group,
which are of a typical gyttja compaosition, the latter samples
range in composition from organic to sandy organic. The
third group is located near the stream inflow in the northwest
corner of the lake. Here, several sites with up to 14 ppb gold
occur on a shallow shelf at depths of 1 to 3.5 metres. Sedi-
ment from these shallow-water sites contains a large com-
ponent of poorly decomposed organic matter and has the
highest LOI values in the lake. Gold concentrations de-
crease eastward down the profundal slope and basin. The
highest iron concentrations (up to 4.86%) occur in the pro-
fundal basin where gold values are low. Although some of
the lowest gold concentrations in Clisbako Lake occur in
parts of the profundal basin, none of these sites contains less
than 4 ppb gold. The few sites containing less than 4 ppb are
within a deep, narrow subaqueous channel ( 24 m) parallel-
ing the southeast side of the lake. However, elcvated gold
values do not oceur at all locations near this channel. With
two exceptions, the highest gold values are either in, or on
the northwest bank of, the channel at sample depths of 19
to 35 metres. None of the three nearby sites on the southeast
side of the channe} contain detectible gold concentrations.
Elevated gold values (4-5 ppb} also occur in sediment at
shallower depths between the channel and the northwestern
arm of the lake, but there is no detectible gold at a number
of sites in the deepest part of the profundal basin, in the
southwest centre of the lake. Interestingly, gold-poor sedi-
ments of the deep profundal basin have higher manganese
contents (max: 18 752 ppm) and lower LOI values (range:
35-39%) than do sediments from the channel, where man-
ganese and LOI values are (with one exception) in the 1000
to 1400 ppm and 46 to 49% range, respectively. The four
channel sites with anomalous gold concentrations, although
not the deepest, are those with four of the highest L.OI values
in Bentzi Lake.

Neither iron nor manganese correlates with gold (Fig-
ure 20-9), and only two sediment sites with elevated gold
concentrations contain appreciable manganese. Among
trace elements, arsenic has a similar distribution pattern to
gold, with the highest arsenic concentrations also occurring
in the channel. However, elevated arsenic concentrations
are somewhat more widely distributed and extend to sedi-
ment in deeper parts of the profundal basin, where they are
more closely associated with high iron and manganese con-
centrations than is gold.

DISCUSSION

Lake sediments consist of organic gels, organic sedi-
ments and inorganic sediments (Jonasson, 1976). Organic
gels, or gyttja, are mixtures of particulate organic matter,
inorganic precipitates and mineral matter (Wetzel, 1983),
and are mature green-grey to black homogenous sediments
characteristic of deep-water basins. Organic sediments are
immature mixtures of organic gels, organic debris and min-

eral matter occurring in shallow water and near drainage
inflows (Jonasson, 1976). Inorganic sediments, by contrast,
are clastic-rich mixtures of mineral particles witk little or-
ganic matter. Of the three varieties of lake sedinients, or-
ganic gels are the most suitable geochemical exploration
medium; deep-water basins where they accumulate have
been favoured as ideal sites for regional geocherdical sam-
pling (Friske, 1991). Sediment composition is inflienced by
bedrock geology, surficial geology, climate, soili, vegeta-
tion, mineral occurrences and limnological factors. Sedi-
ment geochemistry in the Nechako Plateau, as in other areas
of Canada, generally reflects bedrock variations (Hoffman,
1976; Gintautas, 1984}. This study shows that sedinent geo-
chemistry also reflects the presence of nearby epithermal
gold occurrences, and provides preliminary eviderice for the
hydromorphic mobility of gold in the Cordillera; Elevated
gold concentrations occur in sediments of all three lakes
surveyed adjacent to epithermal gold prospects, with differ-
ences being primarily related to: the median concentrations
of gold present; variations in the gold distributios patterns;
and variations in the suvite of anomalous elements.

GOLD CONTENT OF LAKE SEDIMENTS

There are no regional lake sediment genchenyistry data
currently available for the NTS 93F (Nechako River) or 93C
(Anahim Lake) map areas with which to compare o element
concentrations from Wolf, Clisbako and Bentzi lakes. How-
ever, median values of selected elements from R(3S centre-
lake sediment data (N = 445) for adjacent NTS map areas
93E and 93L (Johnson er al., 1987a,b) to the wes(: provide a
useful estimate of regional background levels (Tible 20-6).
Por example, background gold (1 ppb) and arsenic (4 ppm)
concentrations are far less than those detecfed in'sediments
adjacent to epithermal mineralization in this study. Region-
ally, sediments in only 22 of 421 sites contain m¢re than 10
ppb gold. Element concentrations reported here .sre greater
than regional background even when underlying bedrock
variations are considered. Mean gold (1.8 - 2.¢ ppb) and
arsenic (4 - 5.1 ppm) concentrations in lake sediiments over
rhyolite, tuff and volcanic breccia lithologies reported by
Earle (1993) are considerably less than those in; sediments
from this study. More appropriate estimates ¢f regional
background concentrations will be available whe results of
regional lake sediment surveys in parts of NTS map areas
93F/2, 3,6, 11, 12, 13 and 14 (Cook and Jackaraan, 1994)
are released. .

TABLE 20-6 ‘
MEDIAN AND RANGE OF SELECTED ELEMENTS IN RGS
CENTRE-LAKE SEDIMENTS (N=445) OF NTS MAP AREA
93E (WHITESAIL LAKE) AND 931. (SMITHERS)

M T & % P | A | Fe | Mn
{peb) | (ppm) | (pom) | (ppm) | (ppm) | (ppm)} | (ppm) | (%) [ (ppm)

Median 1 4 34 1 ] 118 0.1 252 | 380
Minimum 1 1 8 1 1 13 o1 0.2 50
Maximum | 55 74 840 70 497 1 1730 | 82 144 |20000
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DISTRIBUTION AND SOURCE OF GOLD IN
LAKE SEDIMENTS

Gold distribution patterns in sediments reflect not only
the presence of mineralization, but also the general direction
toward its source. The gold distribution in the Wolf Pond
basin is very uniform, and the small size of the watershed
makes the source area relatively easy to discern. The Clis-
bako and Bentzi Lake watersheds are considerably larger,
but nevertheless the location of alteration and mineralized
zones is revealed by gold distribution patterns. For example,
gold distribution patterns at stream inflows of Clisbako
Lake clearly reflect gold in alteration zones both south and
northwest of the lake (Figure 20-3). The source of gold in
sediments on the southwest side of the lake is unknown.
Interestingly, the area adjacent to and upslope from the lake
margin has been mapped as a colluvium veneer over till
(Proudfoot and Allison, 1993), suggesting the possibility
that its source and composition may differ from that of the
underlying till, High gold concentrations in Bentzi Lake do
not have such a direct spatial relationship to stream inflows
as exists at Clisbako. However, both the shape of the goid
pattern and the distribution of gold on the northwest side of
the deep channel suggest that gold entered the main basin
from the northwest, probably through the Northwest inlet
where anomalous gold concentrations occur in stream sedi-
ments (Donaldson, 1988), and concomitantly dispersed to-
ward the northeast part of the lake with the regional
hydrologic flow. Reasons for the low gold concentrations in
sediment of the Northwest arm basin on Bentzi Lake are
unknown, but may not involve limnological factors; oxygen
and temperature profiles indicate that similar relatively oxy-
gen-rich mesotrophic regimes occur in both basins, The
more widespread distribution of other elements, such as ar-
senic, seems to render these less useful in determining
anomaly source.

EVIDENCE FOR HYDROMORPHIC ORIGIN
FOR GOLD IN LAKE SEDIMENTS

Preliminary evidence indicates a hydromorphic, rather
than clastic, origin for the high gold concentrations in sedi-
ments of the three lakes. These include the close association
of gold with organic matter, the similarity of gold concen-
trations in field duplicate samples, the uniformity of gold
concentrations at similar sediment depths, and the absence
of significant clastic input into the lake basins, particularly
at Wolf Pond. Schmitt e a. (1993) have recently summa-
rized studies relating to the mobility of gold in surface wa-
ters. It may form the hydroxide complex AuOH(H20)? in
neutral sulphur-poor lake waters, as well as gold-humic
complexes in suspended matter, permiting a limited degree
of down-drainage hydromorphic dispersion. Hydromorphic
gold dispersion distances of 200 to 300 metres were sug-
gested by Fox et al. {1987) for lakes in the Canadian Shield,
but results of this study suggest considerably greater dis-
tances are Jikely. Perhaps the most interesting finding is the
close association between gold and organic matter, whether
in deep-water gyttja (Bentzi Lake) or shallow near-shore
organic sediments (Clisbako Lake). At Clisbako, there is a
gradual decrease in sediment gold concentrations toward

the centre of the profundal basin from three separate sides
of the lake: stream inflow areas on the south and northwest
side, and the margin sites on the southwest side. Similarly,
gold concentrations in Bentzi Lake decrease toward the cen-
tre of the profundal basin, where organic matter decreases
and iron content increases.

The association of gold and organic matter in lake sedi-
ments from Shield regions is well known. Several studies in
Saskatchewan and Ontario (Schmitt e al., 1993; Fox et al.,
1987, Coker et al., 1982) have reported the presence of ele-
vated gold concentrations in organic-rich sediments. As in-
dicated in this study, near-shore organic sediments may
scavenge gold before it disperses to deeper parts of the lake.
Both Coker et gl. (1982) and Fox et al. (1987) noted that
organic-rich sediments with highest gold values may be
near-shore sediments as wel] as those of the profundal basin.
Results are mixed regarding the relationship between gold,
and iron and manganese. There is little relation between ele-
vated gold concentrations and those of iron or manganese
in either Clisbako or Bentzi Lake, suggesting scavenging of
gold by iron or manganese oxides is relatively unimportant.
Considerably higher iron concentrations are associated with
anomalous concentrations of gold and other elements at eu-
trophic Wolf Pond, however, indicating the need for addi-
tional work in determining the form of iron in this basin.

FACTORS CONTROLLING THE ABUNDANCE
AND DISTRIBUTION OF RELATED
ELEMENTS

Sediments of lakes adjacent to epithermal precious
metal occurrences may exhibit multi-element geochemical
signatures. Elevated concentrations of gold, silver, arsenic,
zinc, molybdenum and antimony occur in sediments drain-
ing the Wolf occurrence. However, lake sediments at the
Clisbako and Holy Cross occurrences contain elevated con-
centrations of only gold, arsenic and, to a Jesser extent an-
timony. Variations in the suite of anomalous elements in the
sediments probably reflect the level of the hydrothermal
system. Base metal distributions increase with depth in epi-
thermal systems, while near-surface arsenic and antimony
may indicate potential precious metal deposits at deeper lev-
els (Panteleyev, 1986). Consequently, elevated levels of
gold, arsenic and antimony alone in sediments, such as at
Clisbako, may reflect the geochemistry of near-surface sys-
tems; a wider variety of precious and base metals, such as
the elevated gold, silver, zinc and molybdenum in Wolf
Pond sediments, may indicate a deeper position within the
system. Molybdenum concentrations of up 10 23 ppm in the
centre basin of Wolf Pond are, for comparison, equivalent
to the highest molybdenum concentrations obtained by the
author from sediment of Tatin Lake, adjacent to the Ken
porphyry molybdenum-copper occurrence north of Endako
(Cook and Jackaman, 1994).

The element content of near-surface hydrothermal al-
teration zones, as well as limnological factors related to
scavenging by iron-manganese oxides, may also affect the
suite of anomalous elements in lake sediments. Alteration
zones at the Wolf occurrence have a greater areal extent than
mineralized stockwork zones, and comprise zones of ad-
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vanced argillic aiteration within broader areas of argillic al-
teration {Andrew, 1988). Kaolinite is the dominant mineral
of the argillic alteration zones, with lesser illite and mont-
morillonite (Schroeter and Lane, 1994; Andrew, 1988),
Such argiilic alteration zones commonly contain elevated
levels of gold, arsenic and lead, although in lower concen-
trations than found in silicified zones (Panteleyev, 1986).
The clay alteration zones provide larger exploration targets
than the auriferous stockworks themselves, but the relative
importance of their weathering product contribution to lake
sediment metal content is not clear.

EXPLORATION RECOMMENDATIONS

Studies in other parts of Canada (Fox ef al., [987; Day-
enport and McConnell, 1988; Rogers, 1988) have deter-
mined lake sediment geochemistry to be an effective gold
exploration method, However, results of some studies in the
Canadian Shield (Fox et al., 1987, Coker et al., 1982) con-
cluded reconnaissance-scale (i.e. 1 site per 6 to 13 k=) lake
sediment exploration for gold to be inadeguate for locating
anomalous areas, and suggested that 1 to 3 samples per lake
be collected. Results of this study support the detailed sam-
pling (i.e. every lake} approach. No site density or field sam-
ple size recommendations are given here, as comparative
studies of various regional sampling densities (1 to 7.5 km?
versus | to 13 km?) and sample sizes are currently in pro-
gress. The following preliminary recommendations are
given for geochemical exploration for epithermal gold de-
posits in the northern Interior Plateau,

SAMPLE MEDIA AND SAMPLING
STRATEGIES

Lake sediment geochemistry is most effective for gold
exploration if every lake in the survey area is sampled. The
gold content of Wolf Pond sediment illustrates the impor-
tance of sampling even very small drainages. This strategy
has been applied to regional lake sediment surveys con-
ducted by the Geological Survey Branch in the northern In-
terior during 1993 (Cook and Jackaman, 1994).

A single centre-lake sample should be collected from
the profundal basin in small Jakes, and additional samples
should be taken from the centres of all other major basins in
multi-basin lakes. Although the lakes of this study do not,
with the exception of Bentzi Lake, have more than one ma-
jor basin, 2 wide range of copper and molybdenum concen-
trations occurs between different sub-basins of lakes
adjacent to porphyry molybdenum-copper occurrences
{Cook, 1993a) in the Interior Plateau.

Collection of centre-lake gyttja samples is the most ef~
fective sampling method for trace elements such as copper
and zinc, but evidence from this and other studies (Coker et
al., 1982; Fox et al., 1987) suggests that gold may also be
concentrated in near-shore organic-rich sediments, particu-
larly near drainage inflows. Collection of samples from
these areas, in addition to centre-lake sediment, is recom-
mended for detailed surveys.

SAMPLE PREPARATION AND ANALYSIS

The low concentrations of gold within lake sediments
demand the use of an analytical technique with a lo'wv detee-
tion limit of 1 or 2 ppb. No comparisons of INAA with either
fire assay/GF-AAS or ICP-MS were conducted in this study.
If using fire assay techniques, however, low gold detection
limits require a greater vigilance about sediment ¢ontami-
nation (P.W. Friske, personal communication, 1993).

A rigourous quality control program is a recessity
when using lake sediments for gold exploration. Inclusion
of abundant standards, field duplicates and analytical dupli-
cates is recommended due to the very low concentrations
occurring in lake sediments and the particle sparcity effect.

Analysis for additional elements is recommerded. Ar-
senic and antimony are useful pathfinder elements in this
study. Elevated concentrations of base metals such as zinc
and molybdenum are more likely to be present in lakes ad-
jacent to the erosional remnants of lower-level hiydrother-
mal systems, "

FOLLOW-UP OF ANOMALQUS SITES

Results of this study indicate that gold concintrations
of 4 ppb or greater in centre-lake sediments reflect the pres-
ence of adjacent gold occurrences. Similar conclusions were
reported from Newfoundland by Davenport and McConnell
(1988). The very subtle level of gold anomalies in lake sedi-
ment cannot be overemphasized. For example, sediment in
a lake adjacent to the large Hemio deposits in northern On-
tario was reported by Friske (1991) to contain oaly 6 ppb
gold in an area with a background of less than 1 jipb.

Follow-up of anomalous lakes, involving both verifica-
tion of the original anomaly and determination of i\ potential
source direction, should include re-sampling of the centre-
lake site, as well as sampling of near-shore sediment from
all sides of the lake. Organic sediments near inflowing
drainages are particularly important to sample. The collec-
tion of duplicate field samples is recommended. -

CONCLUSIONS

Lake sediments at Wolf Pond, Clisbako and Bentzi
lakes reflect the presence of nearby epithermal precious
metal occurrences, containing maximum gold concentra-
tions of 56 ppb, 16 ppb and 9 ppb, respectively. These con-
centrations are far in excess of the regional background of
1 ppb gold in lake sediments of adjacent map areas. Centre-
lake sediments may, but do not necessarily, contain the high-
est gold concentrations. Instead, distinctive gold
distribution patterns in Clisbako and Bentzi lakes are more
strongly influenced by high organic matter content and
bathymetry than by basin depth, and their shapes and loca-
tions clearly indicate the positions of stream and groundwa-
ter inflows draining upslope epithermal mineralization and
alteration zones. Preliminary results indicate a hydromor-
phic rather than mechanical origin for the gold in the sedi-
ments. The suite of anomalous elements in sediment of the
three lakes may be related to the level of the adjacent hy-
drothermal system, with elevated concentratiors of a wide
variety of base and precious metals in Wolf Pond reflecting
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the geochemisiry of lower level systems. In contrast,
anomalous levels of only gold, arsenic and antimony in Clis-
bako and Bentzi Lakes are probably derived from the weath-
ering of higher level systerns. For exploration, sampling of
each lake and sub-basin during regional lake sediment sur-
veys is recommended, In follow-up surveys, near-shore or-
ganic sediments adjacent to drainage inflows should also be
sampled.
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ANALYTICAL METHODS FOR DRIFT

By R.E. Lett
B.C. Geological Survey Branch

INTRODUCTION

The evoelution of drift sample analysis in Canada re-
flects the development of improved exploration technology
in glaciated regions, largely stimulated by the search for
gold in concert with a greater understanding of the character
and genesis of glacially transported materials. Before 1970,
drift surveys commonly used the same methodology as soil
geochemical surveys, where the -80 mesh (<0.177 mm) size
fraction of the sample was analyzed for a small number of
metals (e.g. Cu, Pb and Zn), using a mineral acid digestion
and atomic absorption spectrometry or colorimetric meth-
ods. This approach was relatively successful in regions of
high relief, where the drift cover is relatively shallow, but
often failed to detect mineralization in terrain typical of the
Canadian Shield because of the greater thickness and stra-
tigraphic complexity of drift. Improved deep overburden
sampling methods, the concentration of specific minerals
into different density and grain-size fractions and the appli-
cation of more sensitive analytical methods has enhanced
the ability of drift exploration techniques to detect con-
cealed mineralization.

Sample preparation and analytical methods typical of
drift prospecting programs in Canada before 1980 are sum-
marized in Table 21-1. Early surveys used potassium pyro-
sulphate fusion and colorimetric analysis of the -80 mesh
fraction to analyze till samples (Ermengen, 1957a). Heavy
minerals (>2.9 8G) were recognized by Lee (1963) as an
appropriate medium for improving gold anomaly contrast
in drift samples collected in the Kirkiand Lake area. Re-
verse-circulation rotary drilling was introduced in 1971 as
a more efficient method for obtaining deep overburden ma-
terial in northern Ontario (Thompson, 1979). In the
Kanamack Lake area, Northwest Territories, Shilts (1972)
separated till and esker samples into the <0.063-millimetre
and <0.002-millimetre grain-size fractions; the >3.3 spe-
cific gravity (SG) density fraction of the <0.250-millimetre
grain size; the >2.85 SG of the 1 - 0.250-millimetre grain
size, a magnetic fraction and a bromoform separate. These
fractions were analyzed by an acid digestion and atomic ab-
sorption spectrometry for copper, lead, zine, nickel, cobalt,
silver and molybdenum. The sample preparation procedure
developed for the Kanamack Lake samples formed the basis
for many later regional drift geochemical surveys.

Contemporary work in Sweden compared copper, lead
and zinc values produced by aquaregia digestion and atomic
absorption analysis, and spectrographic analysis of four dif-
ferent size fractions from till profiles. Results showed that
the greatest geochemical background to anomaly contrast
was obtained using the finest (<0.053mm} fraction
(Eriksson, 1975). In Canada, at the same time, coarser size

fractions were found to be effective, as illustrated by the lead
and zinc analysis of -10+270 mesh size material from till
and fluvial deposits over the Anvil, Yukon base metal de-
posit (Morten and Fletcher, 1975). Increased interest in ex-
ploration for uranium during the late 1970s stimulated
further orientation studies, which resulted in the greater use
of neutron activation analysis to measure uranjum in the
clay (<0.002 mm) size fraction of drift samples. Analysis of
the clay fraction combined with lower detection limits using
neutron activation and were found to dramatically improve
uranium anomaly contrast as well as the ability to detect
concealed uranium mineralization (DiLabio, 1979). Multi-
element analysis using different mineral acid digestions and
inductively coupled plasma emission spectroscopy also as-
sisted mineral exploration by providing data for element
patterns characteristic of different types of uraniim depos-
its.

Examples of methods commeonly used from 1980 to
1989 are summarized in Table 21-2. Much of thz informa-
tion presented is based on data originally gathered by Coker
and DiLabio (1987). High gold prices in the 1980s encour-
aged exploration throughout Canada and especially in the
Shield, where the thick drift challenged those seeking new
precious metal deposits to improve the existing cverburden
sampling and analytical methods. Heavy mineral concen-
trates of drift samples, recovered by reverse-circulation ro-
tary drilling and analyzed by neutron activarion, were
instrumental in the discovery of significant geldi minerali-
zation in Ontario, Québec and Saskatchewan (Routledge ef
al., 1981; Sauerbrei ef al., 1987; Averill and Zimmerman,
1986).

The introduction of non-destructive neutron activation
analysis, originally by Lee in 1986, enabled an examination
of the sample mineralogy to be made afier the analysis,
thereby retaining the integrity of original till m neral con-
centrate (Bloom, 1987; Bird and Coker, 1987). While a
small number of drift geochemical surveys (e.g. James and
Perkins, 1981) continued to use the -80 mesh ( <).177 mm)
fraction of the sample for analysis, most of the re:zional drift
sampling programs carried out by the Geologica! Survey of
Canada and provincial counterparts after 1980° employed
muti-element analysis of the <0.002-millimetrz, <0.063-
millimetre and heavy mineral (SG 2.9) fractions, (Rogers ef
al., 1984; Dredge and Nielson, 1986; Hicock, 1986). The
analytical methods most commonly used for the fractions
were aqua regia digestion:atomic absorption ((f?u, Pb, Zn,
Mn, Fe, Zn), nitric-perchloric acid digestion - atomic ab-
sorption (As), fusion-colorimetric analysis (W) and nitric
acid digestion - fluorimetric analysis (U) and ncutron acti-
vation (U, Au). The extensive application of driit prospect-
ing for gold exploration stimulated several detailed
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TABLE 21-1
EXAMPLES OF DRIFT SAMPLE PREPARATION AND

ANALYTICAL METHODS USED IN CANADA: PRE-1980

Location Sample Preparation Elements Method Reference
Type Analyzed
South Mountain Tid <0.002 mm and heavy As, Au, B, Cr INAA Stea and Fowler, 1979
Batholith, mineral fractions Ni, Zn, Sb, S¢
Nova Scotia Ta, U W
Cu, Pk, Zn, Mn Aqua regia-AAS
Louvem Deposit)] Owveburden <(.188 mm fraction Cu, Zn potassium Gamett, 1971
Quebec drill-hole (basal tilt and pyrosulphate
samples lacustrine clay) fusion-colorimetry.
Val d'Cr, Piston-type <(.188 mm fraction Zn, Ag Not stated Gleeson and Cormier, 1971
Quebec drill core '
samples
Chibougamau, drift profile <0.188 mm fraction Cu, Zn Cold and hot Ermmengen, 1957a, b
Quebec samples extraclable metal-
colorimetry.
Kirkland Lake, | Till (backhoe <0.063 mm fraction Cu, Pb. Zn, Ni, Mo HNO3-HCIO-FAAS | Thompson and Guindon , 1978
Onrtario auger and heavy minerals Ag
RCD samples} As Colorimetry
Au, U INAA
Kirkland Lake, | Till excavated heavy mineral fraction Au Neutron activation Lee, 1963
Onrtario bising explosives| fraction of 0.5-1.23 mm
size fraction Cu, Pb, Zn Wet chemistry
Curtie-Bowman | Rolary drill < 2 mm fraction Cu, Pb, Zn, Ag HCIHNO3-FAAS Thompson,1979
Townships, RC samples heavy mineral fraction Au Fire assay-FAAS
Ontaric sediments <0.188 mim fraction Sb, Ba XRF
As, W Colorimetry
Beardmore- | B-soil horizon <(.188 mm fraction Ag. As, Cu, Cr HCIFHNO,-FAAS Closs and Sado, 1979
Geraldton Area, Tilt <0.063 mm fraction Zn, Pb
Ontario heavy minerals Sn, B Emission spec.
Au FA-AAS
Kaminak Lake, Till from <0.002 mm
NWT mudboils <0.063 mm Ali fractions for HNG3-HCI {2 hr)- Shilts, 1972
and esker- | Heavy mineral (»3.35 SG} Cu, Zn, Pb, Ni FAAS
base samples of 0.25mm-0.125mm Co, Ag, Mo
Heavy mingral (>2.85 SG})
of 1 to 0.26mm fraction.
Magnetic 0.25 mm to
0.083 mm fraction.
0.125 mm to 0.25 mm
hromoferm fraction.
Anvil Depoesit, Till and 2 mm to 0.083 mm Cu, Zn, Pk HNOs-HCLO-FAAS Morton & Fletcher, 1975
Yukon fluvioglacial
samples
Legend

FAA-Flarme Afomic Absorption Spectrometry
INAA Neutron Activation
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TABLE 21-2
EXAMPLES OF DRIFT SAMPLE PREPARATION AND ANALYTICAL
METHODS USED IN CANADA: 1980-]1989

Location Sample Praparation Elements Methed Reference
Type Analyzed
Buchans Area, { B-horizon soif <().188 mm fraction Cu, Zn HNO;-FAAS James and Pearkins, 19¢ 1
Newfoundland and till
East-central Till <0.002 mm fraction Cu, Pb, Zn, Ni, Fe Lafort agqua regia- Klassen and Bolduc, 1936
Labrador and Mn FAAS. .
<0.002 mm fraction u INAA
>0.002 mm<0.063 mm Y, Zr. Ce, 81, Th XRF
Strange Lake, Tilf from <0.063 mm fraction Cu, Pb, Zn, Cu, HNO3-HCI digest-
Labradaor mudboils Cu, Ni, Cd and Fe and FAAS .
F lon select+electrode, McConnell and Batterson, 1987
u Flucrimedry.
Sr, Rb, La, Cr, Ce XRF
Forest Hil, Till profiles <0.063 mm fraction Ag, Cu, Ni, Cr Lefort aqua regia- .
Guysborough and heavy Mn, Fe, Hg, As FAAS MacEacherm and Stea, 1985
County, minerals Ph. Zn. W
Nova Scotia Au Fire assay-AAS
W, As Colorimetry
Au Mingral counting
Eastern Shore, | Till and lake <0.002 mm fraction Cu, Pb, Zn Lefort aqua regia- Regers and Lombard, 1590
Nova Scotia sediments Ni, Co, Fe, Mn FAAS
Mg, Ca, Hg. As
Mo, Ag, Cd
Sn, W Colorimetry
heavy mingrals U HNO;-flucrimetry
Oldham, Till <0.0683 mm fraction Au, As Fire assay-FAAS DilLabio , 1982
Nova Scotia | C-horizon soils and FAAS (As}
Nova Scotia Tills <(),063 mm fraction Cd, Ag. Cu, Pb Hot HNQa-HCI-FAAS )
(Meguma Zone Zn, Co, Ni, Fe Stea and Grant, 1987
Drift) <0.002 mm fraction Mn, Ca, Mg, Mo Stea and O'Reilky, 19£2
As HNO;-HCLO-FAAS
U HNO,-fluorimetry Stea 1982
Heavy mineral fraction Sn, W Fusion-colorimetry
Cd, Ag. Cy, Pb Lafort aqua regia-~
North-Central Bedrock and <0.002 mm fraction Zn, Co, Ni, Fe FAAS Stea et a/.,1986
Nova Scotia till Mn, Ca, Mg, Mo
<0063 mm fraction AS Cotorimetry.
U HNO, leach-fluorimelry
Heavy mineral fraction Sh. W Fusion-colorimetry
Sr, Cr, Ba pcpP
St George B- horizon -B0 mesh 7 fraction Cu, Pb, Zn, Ag Acid digesion-FAAS Rampton ef af., 19815
Bathelith, Co, Mo, U, Sb
New Brunswick | C-horizon {till) Heavy mineraj fraction w Colorimetry.
Sb, Sn XRF
U INAA
Au FA-GFAAS
Sisson Brook, Tilt -10+80 mesh fraction Cu, Pb, Zn, Ni HNO;-HCI-FAAS Snow and Coker , 1967
New Brunswick -§0+200 mash fraction Ag. Mo, Fe ‘
-200 maesh fraction Sn XRF
-10 mesh ground to As Colorimetry
-200 mesh fraction F lon Electrode
Heavy mineraj fraction w Fusion-colorimetry
Bi HNO,-FAAS .
Woest-Central Tiil <0.002 mm fraction Cr, Fe, Co, Ni HNO,;-HCH-FAAS Lamothe, 1986
New Brunswick Mn, Cu, Zn, Mo
Ag, Cd, Pb, W
3n XRF
As Colorimetry
F jon Select. electrode
w Fusion-colorimetry
U HNO,-fluorimetry.

Continued on next page
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Table 21-2 continued

Location Sample Preparation Elements Method Reference
Type Analyzed
West-Central Till <0.002 mm fracticn Cr, Fe, Co, Ni HNO;-HCI-FAAS
New Brunswick Mn, Cu, Zn, Ko
Ag, Cd, Pb, W
Sn XRF
AS Colorimetry
F ion electiode
w Fusion-colorimetry
U HNO3-Fluorimetty.
Eastern Till Heavy mineral Fe, Ni, Gu, Zn Aqua regia-FAAS
Townships, Stream seds. fraction Ag, Pb, Co Maurice, 1986
Quebec Co, Sb,
As Colorimetry
Ta, Cr, Ba, Nb, Sn XRF
Au Fire assay-FAAS
U HNO,-fluorimetric
Casa-Berardi Till Heavy mineral fraction AuAs Not stated Sauerbrei ef af., 1987
Area, Quebec | Sand-gravel Au grain counts
from RC drifl
holes
Bousquet Area Humus, Till <0.150 mm fraction Cu, Pb, Zn, Ag HCI-HNOs-FAAS Gleeson and Sheehan,1987
Malartic, Quebec
Heavy minerals Au Fire assay-FAAS
Hopetown, Ontarig C-Horizon (Tiliy| <0.002 and <0.188 mm Zn, Cd, Hg Aqua regia-FAAS DiLabio, 1982
fractions Zn (partial) Na citrate-FAAS Sinclair, 1986
l.anark County, | Humus, B soil <0.075 mm fraction Au Aqua Tegia-GFAAS Gleeson ef af,, 1984
Ontario horjzon, Till Heavy mineral fraction Au Fire assay-FAAS Rampton et al. ,1988
Heavy minerals
Kitkland Lake, [ Till {packhoe <0.063 mm fraction Cu, Pb, Zn, Ni, Mo |  HNQs-HCLO;-FAAS Routledge of af., 1981
Ontario auger and Heavy mineral fraction Ag INAA Averill and Thompson, 1981
RCD samples) As Colorimefry
Au, U INAA Fortescue and Lourim, 1982
Kirkland Lake , Till <0.059 mm fraction Au Aqua regia-GFAAS Gleeson and Rampton, 1987
Ontario Fire assay-FAAS
Matheson Lake | Till {rotasonic <0.059 mm and heavy Au, As, Sb, Mo INAA Averill ef af.,1986
Abitibi Area, NE | and backhoe mineral fractions Cr, U, W, REEs Bloom ,1987
Ontario (BRiM) samples) Ag, Cu, Pb. Zn, Ni {  Acid digestion -DCP
Ti, Zr XRF
Puiverised <2 mm Au, As, 5b, Mo INAA
fraction to <0.075 mm Cr, U, W, REEs
Ag, Cu, Ph, Zn, Ni | Acid digestion -DCP
Ti, Zx XRF
Major oxides, 5 XRF
Lol lgnition
COS Combustion-IR
Macklem RCD Samples <2 mm of heavy Au, Cu, Zn, Ni, As Aqua regia-FAAS (Gray,1983
Township, of glaciat minerals pulversized
Cntario sediments to <0.075 mm
Hovyle Township, | RCD Samples < 2 mm fraction Au IMAA Bird and Coker, 1987
Ontario of glacial heavy minerals
sediments
Hoyle Township, | RCD Samples < 2 mm fraction ' Harron et af.,1987
QOntario of glacial heavy minerals Au, Cu, I, As Aqua regia-FAAS
sediments
Hemlo Area, preussion-B130d Heavy mineral Cu, Pb, Zn, Ag HCFHNC,-FAAS Gleeson and Sheehan, 1987
Ontario Fnd ﬂow—througr] fractions and detailed Fe, Mn, Mo, Sb
samples. B soil grain size Ba, W XRF
horizon. analysis As HNO,-HCLOL-FAAS
Au Fire assay-FAAS
Onaman River, Till {C-soil < 0.002 mm fraction Cu, Zn, Ag, Bi Acid digest:FASS Dilabio, 1982
Ontario horizon) Ni, Co, Mn, Fe
As
<0.063 mm fraction Au, Carbonate Leco combustion
Heavy mineral fraction Mineralogy SEM Analysis
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Table 21-2 continued

Location Sample Preparation Elements Method Reference ]
Type Analyzed
NW Manitoba Till < (1.002 mm fraction Cu, Pb, Zn, Ni Adqua regia-FAAS Kaszycki and Dilabio, 1986
Cr, Mo, Fe, Mn
As Colorimetry n
Lynn Lake, Till < 0.002 mm fraction Cu, Pb, Zn, Co Hot HNO;-HCI-FAAS
Manitoba Ni, Cr, Mn, Fe
Hg, Ag
As HNQ,-HCLO,-FAAS Fedikow,1984
Heavy mineral fraction Au Aqua regia-GFAAS A
Farely Lake, Tilk < 0.002 mm fraction Cu, Pb, Zn, Co Hot HNO3-HCYHFAAS Nielsen and Graham, 1984
Manitoba Ni, Cr, Mn, Fe
Hg, Ag
As Colorimetry
Heavy mineral fraction Au Aqua regia-GFAAS -
Minton Lake- Till < (.002 mm fraction Cu, Pb, Zn, Co Hot HNCG,-HCI-FAAS :
Nickel Lake Ni, Cr, Mn, Fe Nislsen and Fedikow, 1986 .
(L.ynn Lake), Hy, Ag '
Manitoba As Colorimetry
Heavy mineral fraction Au Agua regia-GFAAS
Waddy Lake, Sonic drill heayy minerai Au Au grain counts Averill and Zimmerman, 198¢
Saskatchewan till samples fraction (>3.35G) and fire assay-FAAS
<0.188 mm fraction Au Fire assay-FAAS
<0.002 mm fraction Au Aqua regia-GFAAS )
Waddy Lake Till <0.002 mm fraction Au Agua regia-GFAAS Sopuck et af., 1986a, b -
area, <0.188 mm fraction Au grain counts
Saskatchewan heavy mineral Au Fire assay-FAAS
fraction, .
Mahon Lake, [Precussion ﬂowT <0.188 t0>0.059 mm, Cu, Ni, Ce, Zn HCIFHNO;-FAAS Simpsen and Sopuck, 1982
Saskatchewan through bit <0.058 mm , <0.002 mm | Ag, Mg, V., Fe, Mo
collected and heavy mineral U HNOy-fluorimetry
till samples fractions, As, Se Hydride-FAAS
Whole sample Major oxides Not stated
Buttle Valley, Tilk <(.002 mm fraction Cu, Zn, Pb HF-HNO4-HCIO,- Hicock, 1986
Vancouver FAAS
Island, BC
St Elias Pulverized <0.059 mm fraction Co,Cu, Zn, Pb HF-HNO;-HCIO,- Day et af., 1967
Mountains, BC | glacial erratics Ni, Cd. Mo, Ag FAAS
Legend
GFAAS-Graphife furmace atomic absorplion spectrometry
XRF-X-rary flucrescence

DCP-DC Plasma ernission spectroscopy

orientation studies to assess the distribution of metals in till
(Shelp and Nichol, 1987; DiLabio, 1985).

Examples of methods used in recent drift sampling pro-
grams are summarized in Table 21-3. Regional drift sam-
pling surveys in eastern Canada continued to use acid
digestion - atomic absorption analysis of the <0.002 and
<0.063-millimetre fractions (Kettles, 1993). However, other
studies and geochemical orientation work have employed a
more rigorous hydrofluoric acid digestion of the heavy min-
eral fraction combined with inductively coupled plasma
emission spectroscopy for determining the elements (Mac-
Donald and Bonar, 1993), or have examined the distribution
of other metals such as platinum in till samples (Cook and
Fletcher, 1993). Most recently, mineralogical examination
of heavy mineral concentrates from drift samples for diag-

nostic minerals has become extremely important in diamond
exploration in northern Canada.

This paper reviews the different methods usad for drift
sample preparation and analysis in Canada, with:an empha-
sis on mineral exploration applications. Ques:ions com-
monly raised about the reliability of various techniques are
discussed and the direction for future research is considered.

SAMPLE PREPARATION .
The aims of preparing a drift sample for anaf—.ysis are to:
s reduce a large amount of material to a small. but repre-
sentative sample by a process which minimizes the ‘nug-
get effect’ commonly observed when minerals and native
metals are present as rare grains;
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TABLE 21-3
EXAMPLES OF DRIFT SAMPLE PREPARATION AND ANALYTICAL
METHODS USED IN CANADA: POST- 1990

Location Sample Preparation Elements Method Reference
Type Analyzed
Cape Breton, Shallow drift <0,083 mim fraction 38elements  |Lefor aqua regia-ICP|{ MacDonald and Bener, 1993
Nova Scotia <0.063 mm non-magnetic 25 elements HCIO +HCHHNO -
heayy mireral fraction ICP
Manitouwadge, | Shallow drift <0.002 and <0.063mm | Ag, Al As, Ba, Bi Agqua regia-iCP Ketties, 1893
Ontario fractions Ca, Cd, Co, Cr,Cu
Fe, K, La, Mg, Mn
Mo, Na, Ni, Pb, Sb
Sc, S1,5n, Te, V
W.Y,Zn
<0.063 mm fraction Au, Pi, Pd Fire assay-DCP
Clyde Forks - Shaliowdrift | <0002 and <0.083 mm Cuy,Pb,Zn,Co Agua regia-FAAS Kettles, 1992
Westport, fractions Ni, Ag, Cr, Mo
Ontario Mn, Fe, Cd, Hg
u Fluorimetry.
As Colorimetry
<0,063 mm fraction Au, Pt Pd Fire: assay-DCP
South-central Shallowdrift | <0.002 mm and <0.063 Cu, Pb, Zn,Co | Hot HCFHNO3-FAAS Kettles ef af,, 1591
Canadian Shield fractions Ni, Ag,Cr, Cd
County, Mn, Fe
Ontario U Fluorimetry.
As Celorimetry
Carbonale Lece Combustion
Tutameen C soil horizon | Wet sieve to <0,212 mm Pt, Pd Fire assay-ICP Cook ard Fletcher, 1993
Complex sediments and pulverize t¢ <0.075 Maior oxides LiBO, fusion-ICP
British Columbia mm Fe HNOsHCLO - HF-
Fe HNO,-HCLO -HF-
Nickel Plate Ming, | Till profiles 02120420 mim A Fire assay-FAAS Sibbick and Fletcher,1993
British Colurnbia 0.106-0.212 mm
0.053-0.106 mm
and heavy (>3.3 §G)
fractions

o concentrate metal and/or indicator mineral grains into
specific density fractions to improve the reliability of mi-
croscopic identification and to provide an accurate esti-
mation of abundance; and

s concentrate metals into specific grain-size fractions,
thereby reducing the effects of dilution and increasing the
geochemical background to anomaly contrast.

One of the problems of devising a "standard method"
for processing drift samples is that the behaviour of metals,
especially gold in glacial deposits, can vary considerably
depending on the mechanism of transport from bedrock
source, style of sediment deposition and post-depositional
weathering of the transported materials, Consequently, dif-
ferent schemes have generally been specifically developed
for exploration in different glaciated terrains or to detect
specific metals. In Canada, Lee (1963) developed one of the
first drift-sample treatment schemes for gold exploration by
separating minerals from till samples in the Kirkland Lake
area of Ontario. The aims of his study were to identify and
count the mineral grains, including gold, determine the size
of down-ice glacial dispersion fans and seek evidence of
altered bedrock associated with gold in the till. The sample
treatment scheme designed to assess these factors com-
prised simple and mobile equipment capable of processing
up 10 0.2 cubic metre of material daily. Two grain-size frac-
tions (1.23-3.35 mm and 0.5-1.23 mm) and a heavy mineral
concentrate were recovered using sieves and a sluice box.
Samples were analyzed for gold and other metals by a com-

bination of neutron activation, emission spectroscopy and
wet chemical methods.

Elements of Lee’s procedure were used for processing
reverse-circulation rotary-driil samples, also collected in the
Kirkland lake area, by major mining companies during the
early 1970s (Thompson, 1979). The sample recovery
scheme, shown in Figure 21-1, involved separating the -10-
mesh size fraction of the reverse circulation discharge into
<0.0177-millimetre grain-size and SG >3.28 density frac-
tion, which were then analyzed for a range of metals, includ-
ing gold. The original scheme was refined for application to
regional deep-overburden sampling programs forming part
of the Kirkland Lake Initiatives Program (KLIP; Routledge
etal., 1981; Averill and Thompson, 1981). Preparation (Fig-
ure 21-2) involved treating a 4 to 8-kilogram bulk reverse-
circulation drill-discharge sample by a combination of
sieving, shaking (Wiffley) table and heavy liquid separation
to produce a <0.063-millimetre fraction, SG>3.3 and SG 2.8
to 3.3 density concentrates. The density fractions were fur-
ther separated into >0.125-millimetre and <0.125-millime-
tre size, magnetic heavy mineral concentrates. The purpose
of separating sediment into these fractions was to determine
the existence of postglacial hydromorphic anomalies
(analysis of the <0.063-millimetre grain-size fraction); es-
tablish transport distance (mineralogy and chemistry of the
>0.125-millimetre and <0.125-millimetre size heavy min-
eral concentrates) and determine the presence of gangue
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Gverburdan SILT AND CLAY ANALYSIS

Sample {2-3 kg)

Seve through

0.388 mm {80
mesh}
1
¢ =0,188 mm =0.188 mm

mfll

Wet Sigve

Analysis for Cu, Zn

Wet Tabling

HEAVY MINERAL ANALYSIS
Heavy
Fraclion

[
“T
b

Light Fraction —  Methylene lodide (SG 3.3)
separation

Eraction

Magnetic Separation 1. ! Examine Magnetic
Fraction and Store

Store Geochemical Analysis
for Gu. Pb, Zn. Ag, Au

Figure 21-1. Processing and analysis of overburden samples
from Ontario (Thompson, 1979).

minerals in the glacial material (mineralogy of the 8G 2.8
to 3.3 density concentrate).

Modified versions of the sample preparation method
have been uscd extensively across the Canadian Shield. A
similar procedure to that used for the XLIP program was
employed in the BRiM regional overburden surveys in the
Matheson area (Averill et al.,, 1986). Averill and Zimmer-
man (1986) carried out till orientation surveys over gold
zones in the Waddy Lake area in Saskatchewan (Figure 21-
3) splitting the original bulk till into a sample processed for
heavy minerals (8G>3.3), a sample wet sieved to <0.180-
millimetre grain size and a sample centrifuged to recover
the <0.002-millimetre (clay) fraction, Analysis of the frac-
tions revealed that gold content of the <0,180-millimetre
and clay-sized fractions was not a reliable guide to the
source of gold. However, gold grain counts in the heavy
mineral fraction provided a direct indication of the bedrock
source of the gold and its size. The success of overburden
drilling and the careful interpretation of mineralogical data
for heavy mineral concentrations is emphasized by success-
ful exploration through thick drift in Casa-Berardi Town-
ship, Québec which resulted in the discovery a new major
gold deposit (Sauerbrei ef /., 1987).

HEAVY MINERAL ANALYSIS

Oveiburden

1o {4-8 ke
Sample (48 ka) SILT ARD CLAY \NALYSIS

Oy S
Spore 0 083 mm
4 2
T L
=1 ;_' mm l l
Analysis for Cu, Zn, Storg
Po, Ni, Mo As, Ag,

Wat Tabling Au, U
beavy.
Fractgn

Metiyiene lodice (SG 3 5
Separanon

[ilule Matbylene
Ixdoe {SG28)
separaton

D:y Sieve © 125 mm
=0 12; me =025 o / \
Magretc Magaet & p1zs 0125
Separation Separalien mm om

Spht Microscopy Exam Spht \
and Store

Migre scopse Fxam
ard itrore
\ Geachenical Analyss
tor Cu.Pb, Zn Ag Au

Ory Swove 0.125 nun

Pulvenze o
<0 125mm in
cerame mill

Figure 21-2, Processing and analysis of KLIP overburden
samples (Routledge ef al., 1979).

Early overburden sampling schemes used in Ontario
resemble the procedure developed by the Geological Survey
of Sweden (Brundin and Bergstrom, 1977). The first stage
of the mincral separation (Figure 21-4) was carried out in
the field using a suction dredge and slhiice box, fellowed by
heavy liquid concentration of the <0.5-millimetre size frac-
tion to produce SG 2.95 to 3.31 and SG 3.31 deasity frac-
tions. The density fractions were then separated into weakly
magnetic and nonmagnetic fractions for chemical and min-
cralogical analysis. However, no grain-size fractions were
separated from the drift samples. Differences bétween the
Canadian and Scandanavian approach to drift exploration
and till sample processing are discussed in detail by Shilts,
1984, }

A major disadvantage of overburden samples collected
by reverse-circulation rotary drilling is that the fisie fraction
of the material is dispersed in the return water flow and may
be lost during sample recovery. This may not be a severe
limitation for the reliable detection of mineralization when
gold is present in the till predominantly as coafse grains.
However, oricntation studies by DiLabio (198%) in Nova
Scotia and Shelp and Nichol (1987), have revealfcd that the
gold in drift does not necessarily reside in the heavy mineral
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HEAVY MINERAL ANALYSIS
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Figure 21-3. Processing and analysis of overburden samples
from Waddy Lake, Saskatchewan (Averill and Zimmerman,
1986).

concentrate, but in fact, may be abundant in the fine { <0.063
mm) fraction. Consequently, other schemes have been de-
veloped to detect gold, uranium and other metals in whole
drift samples rather than in material recovered by rotary
drilling. For exampie, the preparation technique introduced
by Shilts (1972) involved separating the <0.002-millimetre
size fraction from bulk drift samples for analysis. This ap-
proach has been used extensively for regional drift geo-
chemical surveys, where the aim of the survey has been to
detect a range of metals. The rationale for analyzing the
clay-size fraction, which has been found to consist predomi-
nantly of phyllosilicate minerals, is that the more geochemi-
cally mobile metals (e.g. Cu, Zn, Fe, Mn, U) are released by
oxidation of sulphide and other mineral grains in weathered
tifl and are adsorbed onto the phyllosilicates. This process
explaing the large background to anomaly contrast for met-
als in the clay-sized fraction, compared to that for coarser
fractions,and the relatively strong association of the metals
as revealed by results of partial extraction analysis of clay
samples (Shilts, 1984). Another advantage of the clay-sized
fraction is that the distribution of the metals within the frac-
tion is most uniform (hence sampling variations are mini-
mal) and the chemistry of the phylosilicate minerals may
vary comparably to that of the source material. However, a
practical limitation of using the clay-sized fraction is the
comparatively slow and costly preparation involving the
dispersion of the sample in Calgon and recovery of the frac-

HEAVY MINERAL AMALYSIS

Datt Sample
10 hires

m
Discard
1’"
- Suction dredge
and Sluice Box

Discard
Dry and Sieve 0.5
mmm

g_&ﬁ_T Tetrabromoeethang

(5G 2.96) separation
Discard Heavy

raGlio

Magnetc Separation
with hand magnet

‘yieaky and aon

Il fragti

»0.5<5 mm

Stare far later study

Dimethyhodide
(SC 3.31) separation

§G <2 96 »3.31 Franz,
separation al 1.3 amp

3G =331 Franz
separaton 0.7 amp.
¥

Magnretite (Sub Nan magnetic Weakly magnetic
Traction 5}

{sub Irachion 4) sub fraction 3

Weakly magnatic MNon magnetic
sub frachon 1 sub fraction 2

Chemical and Mineratogical Analysis

Figure 21-4. Processing and analytical scheme of drift samples
from Sweden (Brundin and Bergstom, 1981).

tion by repeated centrifuging. Alternatively, the <0.063-
millimetre fraction can be economically recovered by dry
sieving the sample. The background to geochemical anom-
aly contrast for mobile metals is still sufficiently enhanced
by analysis of this fraction. Also, the geochemical patterns
it reveals are consistent in samples collected over large ar-
eas, provided that the proportion of the <0.063 to <(0.002-
millimetre fractions remains relatively constant (Shilts,
1975).

A typical scheme for processing regional drift samples
(Figure 21-5) consists of splitting the original material into
two components which are then processed to a <0.002-mil-
limetre fraction and a heavy mineral (>8G 2.96) fraction.
The heavy mineral separation is typically performed on the
<0.3 to >0.063-millimetre fraction, because orientation
studies have demonstrated that during glacial comminution
of till the more dense minerals are concentrated into smaller
grain-size fractions (Thompsen and Guindon, 1979). Exam-
ples of regional surveys where the <0.002-millimetre and
<0.3 to >0.063-millimetre heavy mineral and/or the <0.063-
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CLAY ANALYSIS HEAVY MINERAL ANALYSIS
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Figure 21-5. Processing and analysis for reversed drift samples
from Eastern and Central Canada {Stea ef al., 1986).

millimetre grain-size fraction were used are Labracor (Klas-
sen and Bolduc, 1986), Nova Scotia (MacEachern and Stea,
1985) and Ontarie (Kettles, 1993). Efforts have been made
to improve the efficiency of heavy mineral separations by
reducing the dependency of the process on expensive and
highly toxic heavy liquids such as bromofarm and
methylene iodide. A device to concentrate minerals based
on elutriation in a water stream has been developed and used
for drift sampling in Nova Scotia (Smith and Rogers, 1993),
This system can be used in the field and in the laboratory to
separate a single mineral grain or multiple graing. The ef-
fective separation into density fractions depends o material
of uniform grain-size; therefore samples must be screened
into a number of size fractions before elutriation.

SAMPLE ANALYSIS

Drift samples may be analyzed physically (¢.g. using
mineralogical identification, X-ray diffraction) to establish
the mineralogy of the sample, or chemically to mes sure con-
centrations of economic or pathfinder elements.

A summary of the different methods and their particular
application is shown in Table 21-4. Aqua regia .digestion
followed by flame atomic absorption spectrometry, fire as-
say - flame atomic absorption spectrometry (Au) and instru-
mental neutron activation (Au, U) are the most c-bmm(mly
used techniques for determining trace and mino: element
concentrations in density and grain-size fraction's of drift

TABLE 21-4
SUMMARY OF METHODS USED FOR DRIFT
SAMPLE ANALYSIS
Digestion/Fusion Analytical Elements commonly Examples of
method Technique determined Applications
Lefort aquaregla | Flome atomic absorption | Cu, Pb, 2n. Ag. Mo | Rogers and Lombard, 1990,
spoctometry Mn, Cr, NI, Co. Mg Maurlce, 1986
Ca, Cd
Nitric-perchioric acids| Flame atomic absorption Cu, Pb, Zn, Ni. Mo Averill and
spoectomelry As, Ag Thompson, 1981
Prepared sarmple Thermal neutron Au, As, Sb, Mo, Cr, Bloom, 1987
activation Co, U. W, Hf. La,
Lu, 8¢, Sm, Ta, Ba
Th, So, Yb, Eu, Ce.
Hydrofluoric-sulphuricd  Direct current plasma Mo, Cu, Pb, Zn.Ni Bloomn, 1987
nitrc acids emission spectroscopy
Aqua regia Direct clinrent plasmao Ag. Cu. Pb, NI Bloom, 1987
emission speciroscopy
Pressed pellets X-ray fluorescence Sn.W.Y.Zr. Ce, 5r Kiassen and
Th, La, Cr, Rb Bolduc, 1986
Snow and Coker, 1987
Bioom, 1987
Fusion lon selactive electrods F
Fire assay Flame afomic absorption AU DiLabio, 1982
apecfomelry Gloason and
Sheehan, 1987
Aqua regia Graphite fumace atomic Au Sopuck,
absorption specirometry &/ al, 1966
Fused disc X-ray fluorescence Major oxidos Bloom, 1987
Fire assoy Drect current plasmi Au. Pt Pd Cook and Flsicher, 1993
emisslon spectroscopy
Nifric acid digestion Fiulorimelry U Stea of of., 1985
Lithium metaborate nductively coupled plasmd  Mafor oxides. minor
fusion emission speciroscopy | and frace elements
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samples. Visual examination of gold grain shape (to estab-
lish distance from source), counting the gold grains and neu-
tron activation analysis of the sample have been found to be
the most effective combination for overburden drilling pro-
grams. Other instrumental methods which have been used
include graphite furnace atomic absorption spectrometry for
gold, inductively coupled plasma emission spectroscopy for
minor and trace elements and X-ray fluorescence for minor
clements and major oxides. Methods for drift analysis have
recently been reviewed in detail by Kauranne ef al. (1992).

While the methods have been applied to the analysis of
different geochemical sample media questions are ofien
raised regarding the reliability of specific techniques for
drift prospecting, Several points of concern are discussed
below.

THE RELIABILITY OF NEUTRON
ACTIVATION ANALYSIS FOR GOLD IN
HEAVY MINERAL CONCENTRATES

Neutron activation analysis invelves irradiating a sam-
ple in a high neutron flux and measuring the induced gamma
radiation. Depending on the energy, the incident neutrons
are either thermal (<0.5ke V), epithermal (0.5 to 103KeV) or
fast (>10°KeV). Neutron activation gold values for heavy
mineral concentrates may be lower than the abundance es-
timated from gold grain counts or measured by fire assay
because of seif-shielding. This effect is due to absorption of
neutrons by the outer layer of the gold particle so that the
inner core is not irradiated. Self-shielding is most significant
using epithermal neutrons because of the higher effective
absorption cross-section of the gold in this energy range.
There is evidence that epithermal irradiation of a 0.2-milli-
metre diameter gold sphere is 50% less effective than ther-
mal irradiation (Hoffman, 1992). The self-shielding
problem can be avoided by using thermal irradiation for
neutron activation and by sicving the sample before analysis
so that the grain-size of'the heavy mineral concentrate is less
than 0.2 millimetre.

Advantages of neutron activation for determining gold
in prepared drift samples are the ability of the method to
cover a wide concentration range, the simultaneous deter-
mination of gold pathfinder elements such as arsenic, and
the ability of the method to accept relatively coarse, un-
ground samples. The last advantage reduces gold loss from
the sample due to smearing of the metal onto the surface of
the puiverizing equipment. Although the whole sample can
be examined for minerals after neutron activiation analysis,
one disadvantage is that a lengthy delay time may elapse
before the secondary gamma radiation from the sample falls
to levels where the material can be safely handied. Also,
irradiated samples can only be stored in a facility approved
and licensed by the Atomic Energy Control Board of Can-
ada, Certain elements such ag copper and lead cannot be
determined by neutron activation, and other alternative
techniques must be used to generate the data. Instead of neu-
tron activation, samples can be analyzed for gold by fire
assay - atomic absorption spectrometry finish, fire assay -
direct current plasma emission spectroscopy, and aqua regia
digestion - graphite furnace - atomic absorption spectrome-

try. However, these techniques destroy the sample during
the process of analysis. Aqua regia digestion - graphite fur-
nace - atomic absorption spectrometry has an advantage of
being able to detect gold in a small sample (e.g. clay-sized
fraction) because of the preater sensitivity of the method.
Unfortunately, the aqua regia digestion may not release all
of the gold from the material (Hall ez al., 1989).

THE APPLICATION OF PARTIAL
EXTRACTION ANALYSIS FOR DETERMINING
THE DISTRIBUTION OF METALS IN DRIFT
SAMPLES

Partial and sequential partial extraction analyses are
commonly used to measure the distribution of metals in geo-
chemical samples and, in particular, to establish the mineral
association(s). Previous examples generally describe the re-
sults of partial and sequential extraction analysis for stream
sediment, lake sediment and soils rather than for drift sam-
ples. Shilts (1984) describes the extraction of manganese,
iron and zinc from the clay-sized fraction (0.001 mm to
0.004 mm) of till using ammonium citrate, sodium
dithionite extraction and hydrofluoric acid digestion. Very
little of the metals was extracted by the ammonium citrate
and sodium dithionite compared to that liberated by hydro-
fluoric acid, indicating that metals are strongly retained in
phyllosilcate minerals during the weathering of drift. Brad-
shaw ef al. (1974) described the use of ethylene diamine
tetra-acetate (EDTA) as a partial extract for copper in thin
till overlying the Cariboo-Bell copper deposit in central
British Columbia.

MAJOR OXIDE GEOCHEMISTRY IN DRIFT
PROSPECTING

Major oxides are commonly measured in rock samples
for petrochemical classification purposes, but are used less
often in drift prospecting despite applications for discrimi-
nating between different till sheets and determining the bed-
rock source of the drift. In Finland, the distribution of
potassium, sodium and calcium, measured by optical emis-
sion spectrometry in the <0.06-millimetre fraction of till
samples, has been found to reflect bedrock chemistry (Har-
tikainen and Damsten, 1991). In Canada, major oxide data
for the pulverised <2-millimetre fraction of till samples col-
lected during the BRiM program strengthened the discrimi-
nation between felsic and mafic till sheets (McClenaghan ef
al.,1992). Drift samples from northern Vancouver Island,
British Columbia were separated into several grain-size
fractions and analyzed for major oxides by lithium metabo-
rate fusion - inductively coupled plasma emission spectros-
copy (8. Sibbick, personal communication, 1993).
Analytical precision, shown in Table 21-5, is similar to that
obtained by X-ray fluorescence analysis.

THE QUALITY OF DRIFT GEOCHEMICAL
DATA

While most published drift geochemical studies de-
scribe the analytical methods used, very few authors com-
ment on the quality of the data produced. Can it be assumed
that all published data passed set quality control criteria and,
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TABLE 21-5
ANALYTICAL PRECISION OF MAJOR OXIDE ANALYSES
Cxide | SO; Mean| 80, Reference | 50, Mean| 503 Reference
(%) %RSD | Value (%) (%) %RSD| Value (°%4)
Si0, 34.61 18 33,92 5243 0.5 53.51
ALO; 592 1.1 5.75 14.67 1.9 15.26
Fe:0y 2.14 14 2.16 7.73 14 7.95
MgO 84 1.6 8.25 0,86 1.3 0%
CaQ 20.14 0.2 2045 2,68 1.6 2,74
Na, O 0.99 1.7 1 242 0.2 2.56
K0 1.46 103 1.94 2.71 23 2.95
TiO; 0.32 0.1 0.03 1.29 0.8 143
Ba 309 ppm £7 2% ppm | 1120ppm| 23 966 ppm
Se 210 ppm 16 217 ppm 314 ppm 1.8 340 ppm
Zr 161ppm 116 Novalue | 656ppm | 29 No value
LOL 25.8 1 Mo value 14,6 038 No value

if so, what were the criteria? Drift geochemical data pro-
duced by Federal and Provincial surveys are subjected to a
rigorous quality evaluation through the careful scrutiny of
a reference standard, blind field duplicate sample and blind
analytical duplicate sample inserted into every batch of 20
samples analyzed. The precision determined from blind rep-
licate data for heavy mineral fractions (<0.125 mm) col-
lected during the KLIP is shown in Table 21-6. Acceptance
limits for results are £15%. The poor precision for gold can
be explained by the small weight (I g) of the sample taken
for analysis. A careful examination of the quality control
data for the BRiM program indicates that the precision and
accuracy for all elements, except lead and titanium, feil
within acceptable limits. Ideally, quality control should be
incorporated into the design of drift geochemical surveys
and the sample identification scheme should be sufficiently
flexible to allow for the insertion of standards and duplicates
when submitting samples for analysis.

CONCLUSIONS

(Geochemical data produced from drift geochemical
orientation studies have helped to explain the behaviour of
metals in glacially transported material. In weathered drift,
the mobile metals such as copper, lead, zinc, cobalt, nickel,
molybdenum, arsenic and urapium are primarily concen-
trated in the <0.002-miilimetre grain-size fraction.

Gold in glacially transported material may be present
as coarse detrital grains or concentrated into the finer grain-
size fractions. Because of'this varying distribution, no single
"standard" sample preparation method is reliable and sam-
ple preparation schemes should be designed based on an
assessment of the aim of the drift prospecting program, the
terrain and the character of glacigenic sediments. Geo-
chemical orientation studies, guided by the results of surfi-
cial mapping, are therefore essential before major drift
geochemical programs are undertaken in new areas, to es-
tablish the optimum size and density fractions for ensuring
the maximum background to anomaly contrast,

Currently the analytical methods most commonly used
for analysis of prepared drift samples are aqua regia diges-
tion - atomic absorption spectrometry, aqua regia digestion

TABLE 21-6
ANALYTICAL PRECISION {95% CONFIDENCE LEVEL)
FROM DUPLICATE HEAVY MINERAL CONCEMTRATES

FROM THE KLIP PROGRAM}
Element Detection Method Pracision
Limit (%)
Cu 2 ppm FAAS 3.01
Pb 2 ppm FAAS 15.12
Zn 2 ppm FAAS 3.1
Ni 2 ppm FAAS 10.88
Mo 2 ppm FAAS 17.17
As 2 ppm COL 13.03
Au 20 ppb FAAS 67,54
U 0.2 ppm INAA .44

Routledge er al., 1981

- inductively coupled plasma emission spectrcscopy and
neutron activation. X-ray fluorescence is often 11sed to de-
termine concentrations of major oxides and minor elements.
Major oxide analy sis by lithium metaborate fusion - coupled
plasma emission spectroscopy can be used as an:alternative
method to X-ray fluorescence for determining drift bulk
chemistry.

Possible growth areas for analytical researct: to aid drift
prospecting are partial extraction analysis for major and mi-
nor elements to determine the degree of overburden weath-
ering and the relationship between soil and drift, the
application of inductively coupled plasma mass spectros-
copy for rare earth analysis and the development of new
standard reference materials.
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BIOGEOCHEMICAL PROSPECTING IN DRIFT-COVERED
TERRAIN OF BRITISH COLUMBIA |

By Colin E. Dunn
Geological Survey of Canada, Ottawa

FIRST CONSIDERATIONS

The glacial drift that covers much of western Canada
presents a problem to the prospector and exploration geolo-
gist searching for mineral deposits. The problem is further
compounded by the presence of a thick cover of forest and
shrubs. Often the vegetative cover is regarded as an addi-
tional frustration to hinder exploration. However, both trees
and shrubs can be used productively to characterize over-
burden and bedrock, and thereby provide a focus for more
detailed exploration.

Trees and shrubs can be considered as the subaerial ex-
tension of the chemistry of the underlying geology. They
contain elements drawn from soils, sediments, rocks and
groundwater. Commonly, if there is enrichment of metals in
the ground, there is a concomitant enrichment of these met-
als in the vegetation. However, each plant species has its
particular requirements and tolerances to metals, and before
conducting a biogeochemical survey, it is necessary to know
which plant, and which part of a plant, to collect in order to
best deicct the associated mineralization.

There are great differences in the uptake of metals by
different species of plant. Table 22-1 shows the variations
that occur in trees rooted in the thin drift cover that overlies
gold mineralization at Doctor’s Point, on the west side of
Harrison Lake, British Columbia. Note in particular the
wide range in concentrations of arsenic.

Table 22-2 illustrates the variation in gold that occurs
within single jack pine and black spruce trees, both species
common to the northern Cordiilera.

TABLE 22-1
DISTRIBUTION OF ELEMENTS AMONG TISSUES OF
COMMON SPECIES FROM A SINGLE [LOCATION

An A o Sb

ppp "SPPM o ppm
Douglas Fir Twig 35 1600 <1 1
Douglas Fir Needle 23 130 <1 2
Douglas Fir Bark 53 250 <t 8
Western Hemlock  Twig 200 710 <l 8
Western Cedar Twig 7 11 4 1
Western Cedar Needle 5 6 <1 1
Western Cedar Bark (all) 8 12 <1 1
Western Cedar Bark (outer) 31 46 <1 11
Red Alder Twig 14 4 57 05
Red Alder Bark <5 4 4 0.3
Douglas Maple Twig 12 6 4 1

Near gold mineralization a1 Dector's Peint, Harrison Lake, southers B.C.

An example near the Sullivan lead-zinc mine at Kim-
berley, British Columbia shows that this variation in a single
tree is typical of most elements (Table 22-3). Clzarly, there
are very marked differences, and when conducting a biogeo-
chemical survey it would be misleading to mix different
types of tissue. ‘

Large deciduous trees may have deep andl extensive
root systems, such as the fig tree shown in Phot> 22-1, Al-
though the conifers that predominate in the forests of British

TABLE 22-2 ‘
GOLD IN VARIOUS TISSUES OF A SINGLE JACK PINE
AND A SINGLE BLACK SPRUCE -

Au (ppb) inc
Dry Tissue " Ash
Jack Pine ‘
Quter Bark 2,10 140
Inner Bark 0.61 32
Necdles 0.36 15
Young Twigs 0.36 S 24
Old Twigs 0.15 17
Outer Trunk Wood 0.08 32
Inner Trunk Wood 0.04 .14
Black Spruce
Outer Bark 0.90 50
Twigs 0.62 - 28
Trunk Wood 0.09 C 19
Needles <0.16 - <5

Near gold mineralization in the boreal forest

TABLE 22-3
METAL CONCENTRATIONS OF SEVERAL ELEMENTS IN
THE ASH OF DIFFERENT TISSUES (IN ppm, EXCEPT
Au IN ppb) FROM A SINGLE LODGEPOLE PINE

Top Stem  Lower Twigs Outer Bark  Roots
Ag 1 3 13 77
As 9 9 52 - 190
Au <5 <5 20 19
B 1150 400 260 . 580
Ba 48 o 1000 500
Cd 52 95 143 - 135
Cr 6 18 18 F10
Cs 110 9 5 38
Mn 13000 27000 4230 53000
Ni 180 22 14 24
Pb 150 29350 4900 16400
Sh 2 3 13 5
Zn 6100 1350 5700 12800

Above torrmalinite near the Sullivan icad-zine mine, Kimberley, south i 8.C.
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Photo 22-1. Extensive root system of a fig tree (Ficus) - Victoria
Park, Hong Kong.

Photo 22-2. Root system of fallen Engelmann spruce, near
Quesnel, B.C.

Columbia have relatively shallow roots, the volume of soil
and groundwater from which they extract elements is very
large (Photo 22-2).

In addition to major element requirements, each species
of tree requires certain trace elements in order to survive
{e.g. Zn, Cu, B). Other elements may not be essential, but
get drawn into the tree and deposited where they can cause
little harm: by analogy with the human body, toxic elements
such as lead and arsenic are concentrated in our extremities
(hair and fingernails), whereas a tree moves non-essential
elements to outer bark, ends of twigs and tree tops. Fortu-
nately for exploration, many of these “toxic’ elements are
heavy metals that are of potential economic value (notably
gold, platinum-group metals and base metals) or pathfinder
elements, which have been transported through the tree to
some of the easiest parts to sample.

THE FORESTS OF BRITISH COLUMBIA

In the temperate forests that cover much of British Co-
lumbia there are several ‘biogeoclimatic’ zones, controlled
mostly by the north-south trending mountain ranges and val-

leys, where rainfall, altitude and aspect determine the occur-
rence and distribution of different tree and shrub assem-
blages. In general, the conifers are the most useful
biogeochemical sample media, especially lodgepole pine,
Pacific silver fir, sub-alpine fir, hemlock (western and
mountain), Engelmann spruce, Douglas fir, and red cedar.
Locally, other species of pine, spruce, fir, larch, yew and
cedar occur which may be used for a survey. Of the many
deciduous species, alder, birch, maple, willow and poplar
are the most common. The choice of sample medium de-
pends very much on the elevation and in which part of the
province the survey is taking place. The map entitled ‘Bio-
geoclimatic Zones of British Columbia, 1988°, published by
the B.C. Ministry of Forests gives a good idea of what spe-
cies might be expected at any locality. Tree identification
books (e.g. Petrides and Petrides, 1992), and booklets (e.g.
Watts, 1973) are also useful sources of information relevant
to biogeachemical sampling.

SAMPLING

Rings or metal jewellery should not be worn when han-
dling biogeochemical samples, because they will contami-
nate the samples and generate false anomalies. Sampling
procedures are mostly very simple, but before conducting a
survey a number of precautions need to be taken. The basic
rule is to ‘be consistent’; one should collect the same type
of plant tissue, the same amount of growth, all from the same
species, and from trees of similar appearance and state of
health.

FIELD ACCESSORIES

The only additions to the usual field equipment of the
geologist are:

e a pair of anvil-type pruning snips, preferably Teflon
coated;

¢ a paint scraper or hunting knife for scraping bark, and
cither a dustpan or paper bag for collecting the flakes of
bark (a hatchet is useful for surveys involving collection
of thick bark, such as that of Douglas fir});

o standard ‘kraft’ soil bags for bark samples; for twigs use
fairly large bags - about 20 by 30 centimetres - made either
of heavy duty coarse brown paper if conditions are dry
(e.g. 7 kg hardware bags), or cloth if conditions are wet,
or the slightly smaller "Hubco" plasticized, aerated bags
with drawstrings, which are tough, light, and very con-
venient, but samples should not be left in these bags for
several weeks or they will grow mould;

e aroll of masking tape or stapler to close paper bags;

e g large back-pack; if twigs are the chosen sample medium
the volume of material collected soon becomes quite large
(but not heavy). For large surveys use heavy duty orange
garbage bags which can be left at the ends of cut lines to
be picked up at the end of the day; and

¢ a 10x hand lens which helps in species identification and
in counting growth rings in twigs.
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TABLE 22-4

CONCENTRATIONS (IN ASH) OF ELEMENTS IN INNER

AND OUTER BARK FROM TWO SPRUCE TREES

Tree A (Bark) Tree B (Bark)

Inner  Outer Inner Quter
Auppb <5 51 9 126
As ppm 2 56 23 300
Sb ppm 0.1 10 0.7 3.5
Cr ppm 1 41 7 18
Feppm 500 16000 2200 16000
La ppm Q.5 16 3 18
Bappm 3600 1500 5100 2500
Zappm 3300 1600 9200 35900
Ca% 30 18 32 28

TABLE 22-5

ELEMENT DISTRIBUTION ALONG BRANCHES OF
WESTERN HEMLOCK (CAROLIN MINE, B.C.)

Thick Medium Thin
(>10 mm dia.) (5-10 mm dia.) (<5 mmdia.)
Au (ppb) 530 650 1590
As (ppm) 22 31 82
Cr (ppmy) 32 26 84
Co (ppm) 11 12 21
Ca (%) 29 24 14
Fe (%) 0.8 1.1 2.3
Na (%) 0.4 0.4 1.1
La (ppm) 2 3 6
Br (ppm) 19 18 18
Cs (ppm) 2 2 2
Sr (ppmy) 430 480 450
Zn (ppm) 1500 1400 1900
TABLE 22-6

PERCENTAGE ASH YIELDCOMMONLY OBTAINED
FROM VARIOUS PLANT TISSUES

Plant Organ % Ash Yield
(to 470°C)

Coniferous Trees  Twigs 2-3

Needles 3-5

Bark (outer) 1-3

Bark (inner) 2-4

Trunk Wood 0.2-0.5

Cones 0.5-1

Deciduous Trees  Twigs 3-4

and Shrubs Leaves 5-8

Bark (all) 4-6

Trunk Wood 0.4-0.8
TABLE 22-7
AVERAGE CONCENTRATIONS OF GOLD IN THE
ASH OF ALDER TWIGS
Gold (ppt)

Early June 28
Early August 10
Mid-September 17
Mid-April 69

Collected frem the same 19 shrubs at different times of the year

BARK

It is important to appreciate that inner bark is very dif-
ferent in composition from outer bark (Table 22-4): there-
fore, for most surveys, do not include chunks of ianer bark.
Collect about 50 grams of the loose outer scali:s charac-
teristic of many conifers, by scraping with either a hunting
knife or a paint scraper (a very effective tool). A dustpan or
large paper bag can be used to collect the scales, ‘vhich can
then be poured into kraft soil bags. Not all conifers (espe-
cially the firs) have scaly bark; fir bark is usualliy not very
informative nor is it a practical sample medium bezause sev-
eral species have many sticky sap blisters which hamper
collection. In an area dominated by fir, twigs are the pre-
ferred sample medium. !

TWIGS

There is substantial variation in chemical composition
along a twig. Table 22-5 shows an example of western hem-
lock sampled close to gold mineralization at the Carolin
mine. The differences in gold, arsenic and chromjum distri-
bution are particularly striking, with each being most con-
centrated toward the twig ends. Note, too, that not all
elements follow the same trend: calcinm is more enriched
in the thick part of the branch, whereas strontiun and zinc
are homogeneously distributed.

From Table 22-5 it is clear that in surveys us}ing twigs,
each sample should comprise a similar number of years of
growth. A 30 to 50-centimetre length is a practical amount.
The age of the twigs is readily determined by counting the
growth nodes along the twig, or by counting the number of
growth rings in a cut cross-section (using a 10x hand lens).
Commonly, twigs of similar length and diameter éire similar
inage. Exceptions occur where there are significant changes
in environmental conditions, such as traverses “hat move
from dry to boggy areas, or if there is a major change in
lithology. Under such conditions, a compromise has to be
taken. For example, if 10 years of twig growth is being col-
lected in a survey, and a tree is encountered with scrawny
growth, it would be better to collect 12 years’ growth. By
collecting 10 years one is already integrating annual
changes in chemistry throughout the growth perinad; but by
taking two more years of growth the period of inti:gration is
not affected by much, yet twigs of similar diameier will be
ohtained, and therefore, similar twig bark to twig ‘wood’
ratios will result. It is this ratio of bark to wood which is
important, as many of the heavy metals are loceted in the
bark. If this ratio is varied substantially, then variations in
element content may be attributable entirely to mixing thick
with thin twigs; hence, false anomalies.

In general, seven to ten twigs should be cojﬂected, as
the total weight of fresh twig and needles obtainzd at each
sample station should be about 200 grams. About half this
weight is moisture, leaving 100 grams of dry twiz and nee-
dle. Of this about 70% is needle, leaving only 30 grams of
dry twig,. This is sufficient for neutron activation unalysis of
a dry briquette, or for providing about 0.6 gram of ash. If a
proposed analytical program is to involve more than one
technique, 1 gram of ash is the preferred amowit and the
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original sample size must be adjusted accordingly. The typi-
cal ash yield of tree tissues is given in Table 22-6.

Unless dead tissue (such as bark) is to be sampled, sea-
sonal changes in plant chemistry must be considered. Table
22-7 shows the substantial changes of gold in alder that can
occur during the year. Each plant species exhibits its own
variations in different elements throughout the year, so a
survey using live tissues should be conducted in as short a

Photo 22-3. Scanning electron micrograph of cuticle spalling
from spruce twig.
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Figure 22-1. Arsenic in Pacific silver fir (Abies amabiiis) - con-
centrations in a single twig with needles versus a bulk sample of
twigs (less needles) from the same tree.

time as possible (e.g. within a 2 to 3-week period); metal
concentrations in a tree sampled in the spring will be differ-
ent from those in the same tree during the summer. During
the growing season, cuticle is shed from the plant (Photo
22-3), and salts containing trace metals crystallize on plant
surfaces and get washed away during rains.

AN EXPEDIENT SURVEY METHOD USING A
SINGLE CONIFER TWIG

So far discussion has centred upon twigs and bark, and
it has been shown that each tissue type has a different con-
centration of elements. However, the ratio of an element in
twigs to that in needles usually remains quite consistent.
Therefore, if the density of needles on twigs is similar
throughout a survey area, it is possible to identify those areas
of relative element enrichment by collecting a single twig
at each sample station (ensuring that you have a similar
amount of growth and diameter of twig) and analyzing it all
(twig and needles). Figure 22-1 shows a comparison of data
from a single twig plus needles, with data from a bulk twig-
sample from the same tree.

When using the above method, it is important to re-
member that:

TABLE 22-8
BASIC RULES TO BE APPLIED AT EACH SAMPLING
STATION WHEN CONDUCTING A BIOGEOHEMICAL
SURVEY

Basic Rules Reason

Every species has a different
chemical composition, and
trace element requirements and
tolerances.

1 Collect same species.

Each plant organ has a different
capacity to store trace elements,

2 Collect same plant organ.

There are chemical variations
along a twig (see Table 22-5).
Heterogeneity in bark scales
can be minimized by scraping
from around the tree.

3 Collect same amount (e
age} of growth, from same
area of tree (e.g. chest
height), preferably from all
sides,

This is the basic inter-site
plants of similar age and consistency that is required for
appearance. any  geochemical  sample
medium,

4 Try to collect samples from

5 If living tissue is the
selected medium, collect at
same time of year (le
conduct survey in 2 to 3-

There are significant seasonal
changes in plant chemistry,

week period).

[Dead tissue (e.g. outer bark) No  appreciable  seasonal
can be collected at any change]
time

6. Do not return to a This is unrealistic in view of

the heterogeneity of element
distributions  and  seasonal
variations in compesition {and
to a lesser extent annual
variations). Be satisfied if an
anomaly is the same order of
magnitude,

previously sampled tree
and expect to abtain
exactly the same analyses.
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e the composition of twigs is different from needles; as most
trace elements are more strongly concentrated in twigs
than needles, the needles will “dilute’ the twig concentra-
tions (perhaps to below detection levels);

o the ratio of twig to needles must be similar at all sample
stations;

o the single twig plus needles will provide a less repre-
sentative sample of the tree than the preferred bulk sample
of seven to ten twigs; and

o this procedure can be adopted for fir, pine, cedar and hem-
lock samples, but it is not well suited to spruce, because
spruce needles contain only about 10% of the concentra-
tions of heavy metals that occur in twigs, therefore, the
dilution factor may be too great and too many values may
be below detection levels.

Table 22-8 summarizes the sampling procedures and
precautions that must be taken during a biogeochemical
sampling program.

SAMPLE PREPARATION
WASHING

Samples from dusty areas should be washed, Rinsing
in a stream or lake, or under a tap is usually sufficient, al-
though more thorough washing in a laboratory may be
needed if samples are very dusty, and particles are lodged
in the plant tissues. Samples from many areas of British Co-
lumbia need not be washed because they are regularly rinsed
by rain, Furthermore, in most cases the dust is mostly sili-
cates which are unlikely to be enriched in precious and base
metals. Table 22-9 shows data from washed and unwashed
portions of three samples from near the Nickel Plate mine
at Hedley, and affirms that there is insignificant loss of ¢le-
ments (except K) after even the most rigorous washing.

DRYING

Samples should be spread out to dry, if possible on the
day of collection, If samples in paper bags are left in a back-
pack or box, moisture released from the vegetation will soon
cause disintegration of the bags. If they are stored in plastic
bags they will soon grow mould and begin to rot, making
sample handling very unpleasant. Furthermore, redistribu-
tion of chemical elements among tissue types may occur,
Mould can also grow on cloth bags. The samples need not
be removed from the bags in which they were collected,
provided the bags are sufficiently porous to allow a free pas-
sage of air. If plastic bags are used, samples must be re-

TABLE 22-9
EFFECTS OF THOROUGH WASHING IN DISTILLED
WATER ON THE CHEMICAL COMPOSITION OF

DIFFERENT PLANT TISSUES
Sagebrush Twig Sagebrush Leaf Lodgepole Pine Bark

Unwashed Washed* Unwashed Washed* Unwashed Washed*
Au (pph) 21 294 279 267 293 298
As (ppm) 180 95 50 64 150 160
Ba {ppm) 330 300 140 150 390 590
Co (ppm) 4 4 2 2 11 10
Fe (ppm) G300 5500 2500 2800 17600 17200
K (%) 263 243 17.4 132 3.2 1.5
Mo (ppm) 11 i 9 11 2 3
Sb (ppm} 1.7 15 0.7 1.1 42 4.3
Zn (ppm) 570 550 530 610 1300 1460

* On¢ hour in wtrasonic bath

moved on the day of collection. This is not necessery for the
*Hubco’ bags, but they should not be left sealed in a damp
place for several weeks or mould will grow.

It takes several weeks for samples to dry sully in a
warm, dry atmosphere. Faster methods are to dry taem in an
oven for 24 hours at just over 100°C, or place them in a
microwave oven for 10 to 40 minutes, depending 1ipon wet-
ness. Microwaving must be carefully monitored, as samples
should not be overheated. If mercury is to be determined,
do not use a microwave, and keep the drying temperature to
less than 40°C., '

SEPARATION

Once the moisture has been removed it is a simiple proc-
ess (for most species) to remove the foliage from the twigs
by pummelling the bag, then rubbing one’s hands (clean and
no rings) through the sample to remove the brittle leaves.
This separation procedure is always advisable, because as
noted above, the chemistry of the different tissu@ types is
not the same, and the density of foliage may vary, from one
sample to the next (therefore the ratio of twig to foliage will
vary, providing the potential for false anomalies).

Bark, of course, needs no further separaticn, as any
separation of inner from outer bark will have be¢n done in
the field; it is much easier to do this separation when. the
samples are moist. Drying bakes the layers together. The
dried and separated material is then ready for either:

e maceration and direct analysis by instrumental neutron
activation analysis (INAA), or '

e ashing to preconcentrate the metals prior fo analysis by
atomic absorption spectrometry (AAS) or inductively
coupled plasma emission spectrometry (ICP-ES}). Ashing
is particularly useful if you want to determine ¢oncentra-
tions of elements not readily determined by INAA {e.g.
Pb, Ni, Cu, Cd, V, Sn, Li, B, Bi, Se, Te, Ga, T, ¥, Mg, Mn,
Al and low levels of Ag).

MACERATION

If a decision has been made to analyze the Jry tissue,
the material should next be homogenized by macerating
(chopping) the sample in an appropriate blender o mill. The
most commonly used apparatus is a *Wylie mill” v/hich con-
tains steel blades that rapidly reduce the materizl to small
fragments that are then forced through a sieve o provide
*sawdust’ powder of moderately uniform size. The material
can then be pressed into pellets for trace elemerit analysis
by INAA. The pellets for INAA are obtained by pressing &,
15 or 30-gram aliquots of material in an XRF press (this
service and the maceration are provided by mos: commer-
cial laboratories). Commonly the 15-gram sample size is
adequate. Wet chemical analysis can be perfornied on the
dry powder, but most procedures are tedious and detection
limits are commonly inadequate. ‘

ASHING

Preconcentration of the vegetation by ashing (available
from commercial laboratories) brings the levels of many
metals to concentrations that are easily detectable by ICP-
ES, AAS, orevensimple colorimetry. Maceration is not usu-
ally necessary, as the entire 50 to 100 grams of dry material
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that comprises the sample can be piaced in an aluminum tray
and, after bringing the temperature slowly up to 470°C, it
can be ashed for 12 to 24 hours until all charcoal has disap-
peared. It is important that the material should just smoul-
der; if it actually ignites some elements will volatilize.

The ash is then ready for analysis by whatever chemical
method is available and appropriate. Tests performed on the
analysis of ashed and unashed tissues of the same sample
indicate that a few elements (e.g. Br) volatilize during this
controlled ashing procedure. There may be loss of a small
portion of other elements, but data indicate that loss is a
fairly consistent percentage. Figure 22-2 shows that for zinc
there is na loss.

A word of caution: a few species (not commonly used
in biogeochemical surveys), especially those belonging to
the rose family, contain cyanogenic glycosides. These com-
bine with gold in the plant, causing volatilization long be-
fore the usual ashing temperature is reached. Therefore, the
ash yields little or no gold. Conversely, palladium forms a
very stable monoxide during ashing to 470°C, requiring that
the temperature be raised to 870°C to fully break this bond
prior 10 wet chemical analysis. Onty a portion of the palla-
dium is released upon acid digestion after ashing at a Iower
temperature.

ANALYSIS

The two methods most commonly used in the analysis
of plant material for exploration are INAA and ICP-ES, both
of which have been discussed briefly in the previous section,
In summary, the pros and cons of the two techniques are:

INAA is a ‘total” analysis which measures the total con-
tent of elements in the sample, regardless of how they are
bound with other elements. It is particularly appropriate for
measuring small traces of elements in dry or ashed vegeta-
tion. The only drawbacks to the method are that it cannot be
used to measure certain elements (e.g. Pb, Bi, T1), and it has
either high detection limits or requires a separate irradiation
for some other elements (e.g. Ag, Cd, Cu, Ni, Mg, Mn, V).
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Figure 22-2. Plot of zinc content of dry tissues versus ash, demon-

strating no loss on ignition to 470°C. Symbols represent different
tissues from boreal species.

If the analytical program requires mainly gold, arsenic, an-
timony, cobalt, chromium and any of the other 30 elements
available in commercial packages, INAA is the best method.

ICP-ES following an aqua regia digestion of ash sam-
ples is total for most elements, although on occasion some
elements may be bound with others such that the aqua regia
digestion does not release them all into solution, or there
may be spectral interference among high levels of some ele-
ments. Such situations are rare. Data for some ¢lements, es-
pecially barium and strontium, are only partial, and
detection levels are usually too high to be of use for gold,
uranium and a few elements of lesser importance. The gen-
eration of arsenic, antimony, selenium, tellurium bismuth
and germanium by hydride evolution ¢an be obtained for an
additional cost, providing useful data on these ‘pathfinder’
elements. ICP-ES on dry vegetation provides data of only
limited value because of the low levels of elements present.

A method that is becoming increasingly important is
ICP-MS (mass spectrometry) as it can detect very low levels
of elements. At this time it is not widely used by commercial
laboratories, and where available the cost is not competitive
with INAA or ICP-ES. It does hold, however, great potential
for biogeochemical analysis.

STANDARDS

‘Whichever method is used, it is essential that for ade-
quate quality control, at least one standard sample of known
composition (and similar matrix) and one duplicate pair are
inserted in every batch of 20 ‘regular’ field samples. With-
out this control one has no idea of the accuracy (using stand-
ards) and precision (determined from your duplicates) of the
data.

EXAMPLES FROM SURVEYS IN
BRITISH COLUMBIA, USING
DIFFERENT SAMPLE MEDIA

NICKEL PLATE MINE, HEDLEY

At the Nickel Plate mine, near Hedley, skarn-hosted
low-grade gold mineralization occurs mostly in conglomer-
ate within a sequence of Triassic volcanic and impure car-
bonate rocks (Figure 22-3). The hill above the large open pit
(Lookout Mountain) has a thin mantle of glacial drift cov-
ered with forest dominated by lodgepole pine, which was
the main sample medium selected for this survey (outer
bark). Samples were collected along picketed cut lines at
130-metre spacing on an evenly spaced grid. Figure 22-3
shows the distribution of gold in the ash of the bark. Re-
markably high gold concentrations are present and the pat-
terns show an even zonation northward from the deposit. As
airborne contamination from the pit could not be ruled out,
several trees were dissected to determine the metal content
of inner tissues. Results show that the trunk wood is en-
riched in gold and arsenic (Table 22-10), confirming that the
metals are in fact being taken up from the ground through
the root systems. The biogeochemical survey revealed
strong enrichment of many metals in several vegetation spe-
cies, but especially the outer bark of Todgepole pine (Au, As,
Bi). There is a large area (=100 km?) within which gold and
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Figure 22-3. Nickel Plate mine, Hedley: a) Location map; b)
Geology and sample sites; ¢) Gold (ppb in ash) of ladgepole pine
bark (Pinus contorta),

TABLE 22-10
CONCENTRATIONS OF GOLD AND ARSENIC IN
LODGEPOLE PINE FROM THE VICINITY OF THE
NICKEL PLATE MINE, HEDLEY, SOUTHERN B.C,

Quter Bark Inner Bark Trunk Wood

Gold (ppb) in ash

Pinc #1 420 14 128
Pine #2 308 28 56
Pine #3 238 32 © 36
Arsenic (ppm} in ash

Pine #1 220 25 . 59
Pine #2 160 22 41
Pine #3 150 20 0 33

Data demonstsale unusual enfchiment of nietals on the outside ane inswie of the tee i, andicating
absorption through the roots miher than airborne contamination. Tygpical background les els are < 10 ppb
Auand < 5 ppm As.

arsenic are enriched in the trees, such that by sampling just
one tree per 10 square kilometres the gold-rich sys:em could
be identified.

CAROLIN MINE, NEAR HOPE

Gold at the Carolin mine occurs in a coarse-grained
turbidite of the Jurassic Ladner Group (Ray, 1990). The
cover of glacial material on the steep slope is imegular in
thickness, but mostly less than 1 metre, Pacific silver fir and
western hemlock are the dominant species, both of which
are strongly enriched in gold, arsenic and sodium near the
zones of mineralization. There are broad areas cf biogeo-
chemical enrichment down slope, caused by some mechani-
cal dispersion, but mostly by dispersion of metals dissolved
in ground water. The implication for exploration in this rug-
ged moist terrain is that heavily wooded valleys can be
screened for surrounding mineral potential by collecting a
few tree tissues to provide focus for more detailed explora-
tion.

MOUNT WASHINGTON, VANCOUVER
ISLAND

Mount Washington, located 15 kilometres noithwest of
Courtenay on Vancouver Island, is in the mountair, hem)ock
biogeoclimatic zone. Gold-quartz veins, carryihg silver,
copper and arsenic are associated with dacitic tufy’, breccia,
and diorite of Tertiary age (Muller, 1989; Figure 22-4). The
forest is dominated by mountain hemlock and yellow cedar,
with some Pacific silver fir and subalpine fir, and an under-
story of rhododendron. The chemistry of the henilock and
rhododendron both clearly outlined the zones of minerali-
zation. Distribution patterns of gold, arsenic, cobglt and ce-
sium (Figure 22-5) show a spatial relationskip to the
mineralization. Of particular importance in biogecchemical
studies is the recognition of metal zonation patterms in the
vegetation; in this area, and others where biogecchemical
exploration is applied, it is important to look for jnulti-ele-
ment patterns that may relate to different styles of ¢concealed
mineralization,

QR DEPOSIT, QUESNEL TROUGH

The Quesnel River (QR) gold deposit is situaled in for-
ested terrain 140 kilometres southeast of Princ: George
(Figure 22-6). Compact, single-event lodgement 1iil, 3 to 5
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Figure 22-4. Mount Washington, Vanceuver Island - location map with geology.
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Figure 22-5a. Gold (ppb in ash) of rhododendron twigs
(Rhadodendron albiflorum). Mount Washington.

Figure 22.5b. Arsenic in Rhododendron twigs. Mount

Washington.
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Figure 22-5¢. Cobalt in Rhododendron twigs.
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Figure 22-6. QR deposit, central British Columbia: a) Topography and zones of concealed gold mineralization; b) Gold (ppt in ash} in
top stems of Douglas fir {Pseudotsuga menziesii). :
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metres thick, covers propylitized basalt and sediments host-
ing pyrite and chalcopyrite with micron-sized gold along
grain boundaries. Within an area of 6 square kilometres, 94
Douglas fir trees were sampled by removing the top 0.5 me-
tre while leaning out of a hovering helicopter (Dunn and
Scagel, 1989). INAA analysis of the tree tops (stripped of
their needles) revealed high concentrations of gold, suggest-
ing a northwestward (down-ice) dispersion train of gold ex-
tending uphill for at least 500 metres from the deposit,
coupled with a zone of hydromorphic dispersion downhill.

CONCLUDING REMARKS

1t is imporiant 1o remember that the biogeochemical
method of exploration is just another tool that exploration-
ists have at their disposal, and it should be used in conjunc-
tion with all other available geological, geochemical and
gzophysical information. It is not a panacea, and in some
environments it may not be the best tool to use. The case
histories selected show unusually high concentrations of
metals in the vegetation. Such high numbers are rarely
found, but this should not be cause for dismay or concern as
the identification of mineralization zones is based on the
patterns of elements and their spatial relationships, rather
than the absolute numbers.

We now have sufficient knowledge of the application
and uscfulness of biogeochemical methods for the thought-
ful explorationist to consider using biogeochemistry as part
of a mineral exploration program. It should no longer be
considered a ‘when all else fails’ technique, as vegetation
chemistry frequently can provide information on the sub-
strate that can not be obtained by other means.
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SHALLOW SEISMIC METHODS: APPLICATION TO
DRIFT PROSPECTING

By S.E. Pullan
Terrain Sciences Division, Geological Survey of Canada

INTRODUCTION

Seismic methods are geophysical techniques which use
measurements of the time taken for acoustic energy to travel
from a source on the surface through the subsurface and
back to a series of receivers on the ground. Energy is re-
fracted or reflected at boundaries where there is a change in
acoustic impedance (the product of material density and
seismic velocity), and because contrasts in acoustic imped-
ance are generally associated with lithological boundaries,
seismic techniques can be used to obtain subsurface struc-
tural information.

Seismic reflection methods have been the primary geo-
physical tool used in oil and gas exploration for over 60
years. Because of the tremendous commercial importance
of oil, much industrial research and development has been
invested in this branch of geophysics. By the 1960s, special-
ized field procedures, digital magnetic tape recording, and
computer processing of the data had become standard in the
industry. Over the last couple of decades, the need for more
accurate and detailed subsurface structural information for
petroleum exploration was one of the driving forces behind
the development of supercomputers. Conventional seismic
reflection techniques are highly sophisticated, but require
considerable investment in both data acquisition and proc-
essing.

In contrast, the application of seismic methods to shai-
low problems related to groundwater or engineering con-
cems have had to be cost-effective in relation to the drilling
of shallow holes, and until the 1980s, refraction rather than
reflection methods were used almost exclusively when shal-
low subsurface structural information was required. Refrac-
tion methods depend on the measurement of only the time
of first arrival of seismic energy at each receiver location,
and so did not require digitization of the seismic wave train
or computer processing of the data. Thus, refraction surveys
could be carried out with relatively simple and inexpensive
equipment, and for many decades were the only shallow
seismic method used to obtain estimates of the depth to bed-
rock, and if possible, to determine the major lithologic
boundaries within the overburden.

In the early 1980s, the development of digital enhance-
ment engineering seismographs with high-pass filtering ca-
pabilities, together with the proliferation of increasingly
powerful microcomputers, made the application of seismic
reflection methods to "shallow" problems a viable alterna-
tive. Over the last decade, much experience and expertise in
the application of shallow high-resolution reflection tech-

nigues has been gained, and today these methods are ac-
cepted and proven shallow geophysical tools. '

Bothrefraction and reflection techniques have potential
applications in drift prospecting, where information on the
depth to bedrock, the bedrock topography or the ovarburden
stratigraphy would be useful. The use of seismic methods
and the choice of refraction or reflection surveys, depends
on the particular geological sctting, the desired infcrmation,
and the range of depths that are of interest. In this paper both
these techniques will be briefly discussed, together with
some examples of survey data. The objective is to;describe
the type of information that can be obtained with these meth-
ods and the conditions under which the best resuits might
be expected, as well as the limitations of shallow seismic
refraction and reflection techniques,

SEISMIC REFRACTION METHODS

Seismic refraction methods involve the measurement
of the time of first arrival of seismic energy at a series of
source-receiver separations. Energy is radiated downwards
into the ground from a seismic source (hammer striking a
plate, weight drop, shotgun source, explosives ¢ic.) and
critically refracted according to Snell’s law along iiterfaces
across which there is an increase in seismic velocity. As the
energy travels along the interface, it is radiated ba:zk to the
surface where it is detected by geophones {Figure 23-1).
Refraction methods are based on the assumption that veloc-
ity increases with depth, as energy is refracted away from
the surface at an interface where velocity decreases. As the
source-receiver scparations increase, energy that has been
refracted from deeper horizons will overtake the shallower
refractions and become the first arrivals. The arrival times
and source-receiver distances are used to determine layer
velocities and depths to the refracting horizons.

The theory and various methods of collecting and in-
terpreting seismic refraction measurements can be ifounci in
basic textbooks on exploration geophysics (e.g. Dobrin,
1976; Telford et al., 1976), and in a more recent vaper by
Lankston (1990). With the development of digital ¢ngineer-
ing seismographs and the advent of the microcomputer age,
seismic refraction records can be interactively picked and
analyzed using software developed for personal computers.
Techniques such as delay time methods and the gerieralized
reciprocal method (Palmer, 1981; see also Lankstop, 19903,
which potentially yield more detailed information on sub-
surface structure than the simple dipping laver interpreta-
tion, can now be applied more easily and cost effectively.
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Figure 23-1, Time-distance graph (top), and direct and critically
refracted raypaths (bottom) in the ideal two-layer case. First break
times are noted by large circles on the time-distance graph. Selid
lines are defined by first breaks. Dashed lines on the time-distance
graph are secondary arrivals that might not be visible on the field
record or might be difficult to time accurately, The dotted line is
the projection to the intercept time based on critically refracted
arrival times. (Lankston, 1990).

TABLE 23-1
COMPRESSIONAL SEISMIC WAVE VELOCITIES

Velocity Sediment/Rock
{mmetresisecond) Description
200 - 400 Soft, unconsclidated, dry surface
deposits.

400 - 1500 Unconsolidated clays and silts,
unsaturated sands and gravels.

1500 - 2000 Saturated sands and gravels; compacted
clays and silts; tills; completely
weathered rocks.

2000 - 2500 Partially consolidated sediments,
prebably water saturated; compacted
tils; strongly weathered/fractured
metamerphic and igneous rocks;
weathered and/or jointed sandstones and
shales,

2500 - 3700 Partially weathered 1o fresh shales and
sandstones; weathered and/or sheared
metamerphic, igneous or Jimestone
rocks.

3700 - 4500 Slightly weathered and/or fractured
metamorphic or igneous rocks or
limestones; some very hard or indurated
sandstones and shales.

4500 - 6000 Unweathered metamorphic and ignecus

rocks; some limestones and dolomites.

Adapted from Whitely, personal communication, 1989.

In general, refraction methods are very useful for deter-
mining the depth to bedrock (especially when this interface
is characterized by a large velocity increase, see Table 23-1),
where bedrock is within approximately 30 metres of the sur-
face. As the depth to bedrock increases, and/or the velocity
contrast at this horizon decreases, longer spread lengths (se-
ries of source-receiver separations) and larger sources are
required to measure refracted energy from this surface.

Because velocity contrasts within water-saturated sedi-
ments are usually relatively small, refraction methods are
not particularly suited to providing detailed information on
overburden stratigraphy. Exceptions to this may be found in
areas where a till unit (typical velocity of 1700-1800 m/sec)
is overlain by a fine-grained unit such as silt or clay (typical
velocity of 1500-1600 m/sec). However, there is also the
possibility of a2 "hidden layer" problem, where refracted en-
ergy from a layer sandwiched between lower and higher
velocity units may never appear as first arrivals.

Given a model of overburden stratigraphy, velocities
for each major stratigraphic unit can be estimated (see Table
23-1). These velocities and estimated unit thicknesses can
be input to simple modelling programs to help design the
recording parameters (e.g. spread lengths and geophone
spacings) for a refraction survey, and indicate potential
problems such as a hidden layer. Geophysicists should be
able and willing to provide such modelled results prior to
sefting up a survey.

The limitations of refraction techniques are: the basic
assumption that velocity increases with depth; the possibil-
ity of "hidden layers" which may lead to significant errors
in depth estimates to underlying units; the large source-en-
ergies and long spread-lengths required to obtain refractions
from horizons deeper than 20 or 30 metres below surface;
and the difficulty in resolving detailed structure on the target
horizon. However, refraction surveys are relatively inex-
pensive, and can be used very effectively to provide esti-
mates of the drift thickness, and in some cases, estimates of
the depth to the top of a buried till unit.

EXAMPLE: INTERPRETATION OF
REFRACTION DATA FROM SHUBENACADIE,
NOVA $COTIA

Figure 23-2 shows the time-distance plot and inter-
preted depth section for a refraction spread in the Shubena-
cadie basin in Nova Scotia. The survey was one of a series
of test spreads shot to delineate the extent and depth of the
Carboniferous basin, and to map the stratigraphy of the
overlying Cretaceous and Quaternary sediments.

The data were acquired by laying out 24 geophones at
5-metre spacings, and shooting 5 metres off each end as well
as in the centre of the spread. The 120-metre spread-length
was sufficient to observe refracted arrivals from high veloc-
ity bedrock (unit 4) at a depth of approximately 30 metres.
Overlying bedrock is a layer, 15 to 20 metres thick (unit 3),
with a velocity of approximately 2200 metres per second,
which could be either Cretaceous sediments or a Quaternary
till sequence. Tills with velocities in this range are wide-
spread in the area. The interface between units 2 and 3 is not
well defined by the data, and therefore the topography
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Figure 23-2. Time-distance plot (top) showing the layer assign-
ments for each of the first arrivals. The lower half of the figure is
the depth section that was interpreted from the time-distance data
using a refraction analysis program {SIPQC) from Rimrock Geo-
physics Inc.

shown on this interface in the depth section of Figure 23-2
may not be realistic, The upper two units (units 1 and 2) are
interpreted to be Quaternary sediments, with unit | repre-
senting the weathered or unsaturated zone. A drill hole
would be required to determine the lithologies of the units
identified in the section.

Refraction surveys such as the simple one discussed in
this example can be carried out quickly and are relatively
inexpensive. The estimate of the depth to bedrock and gross
stratigraphy of the overburden materials generated is very
useful information for planning a drift prospecting program.

SEISMIC REFLECTION METHODS

Scismic reflection methods involve measurement of the
time taken for seismic energy to travel from the source at or
ncar the surface, down into the ground to an acoustical dis-
continuity, and back up to a receiver or scries of reccivers
on the ground surface. These methods require digitization
of the scismic wave train and at lcast some degree of com-
puter processing of the data, Data are usually acquired con-
tinuously along a survey line, and processed to produce a
scismic section which is a two-way travel time cross-section
of the subsurface. Velocity-depth functions calculated from

~——gptimum offset —=
L i

51 ) G1

ground
surface

source instant
time

first arrival —

arrival of reflected
wave

Figure 23-3. The schematic optimum-offset section shiown at the
bottom of the figure was produced by shooting firit from S1
(source position 1) and recording the output at G1 (geophone 1),
then from S2 to (G2, and finally from 83 to G3.

the data are used to transiate the two-way travel time into
depth.

Details on the application and methods used :n shallow
seismic reflection surveys can be found in Huater ef al.
{(1989), Pullan and Hunter {1990) and Steeples and Miller
(1990). These papers summarize the development of two
different shallow seismic reflection methods - the "optimum
offset" technique, which in its simplest form is a single-
channel, constant-offset profiling technique requiring a
minimum of data processing (Figure 23-3), and th: common
depth point (CDP) method which is an adaptat.on of the
methods used by the petroleum industry. The optimum off-
set method evolved in the early 1980s, in part to avoid the
dependence of CDP methods on mainframe computer proc-
essing, and in part to avoid the costs and time associated
with the storage and processing of large amounts of data. In
CDP surveys, multi-channel (12, 24, or more) data are re-
corded for each shotpoint. During processing, these data are
sorted according to their common midpoints of common
depth points (Figure 23-4), and all data from each CDP are
corrected for offset and then stacked (sumrmed) in order to
enhance reflection signals. The potential improvement in
the signal to noise ratio can be significant, but the survey
will be more expensive because substantially more process-
ing time and computer power are required. The tcchnologi-
cal improvements in engineering seismographs, personal
computers and data storage capabilities over th: last few
years have overcome many of the limiting factors that led
to the development of the "optimum offset" techrique. It is
now recommended that CDP data be collected ir: the ficld,
allowing common offset panels to be pulled frora the data
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Figure 23-4. lllustration of the common depth point (CDP) con-
cept. When 24-channel records are recorded at each shotpoint, and
shotpoints coincide with every geophone location, the subsurface

reflection points will be sampled 12 times, resulting in 12-fold
CDP data after processing, (Steeples and Miller, 1990).

set and examined before a final decision on the requirement
for CDP processing is made (Pullan ef al.,, 1991). This pro-
cedure gives the interpreter the flexibility to exploit the ad-
vantages of either technique, depending on the particular
problem and site conditions involved.

Reflection methods overcome many of the limitations
associated with refraction methods. Firstly, energy will be
reflected back to the surface from any interface across which
there is a change in the acoustic impedance, whether it is
associated with an increase or a decrease in seismic velocity.
Thus, even though no energy will be refracted from the top
of a low-velocity layer, a reflection does exist. Another ad-
vantage of reflection methods is the large amplitude of a
reflection in comparison to the refracted signal from the
same interface. There may be as much as an order of mag-
nitude between the amplitudes of the reflected and refracted
waves. This means that smaller, non-destructive sources can
be effectively used to obtain reflections from depths of sev-
eral tens or hundreds of metres, while it might require the
use of explosives or heavy, truck-mounted seismic sources
to obtain refractions from the same horizons. Finally, reflec-
tion techniques have the potential to provide considerable
detail on the overburden structure and bedrock topography,
depending on the frequencies of the reflection signals that
are recorded. For example, small bedrock depressions or
rugged bedrock topography are difficult to resolve with re-
fraction techniques, but may be well delineated by a reflec-
tion survey.

Shallow seismic reflection methods do, however, have
their own limitations. Firstly, the successful application of
any shallow reflection survey depends on the detection of
high-frequency energy reflected from velocity discontinui-
ties within the subsurface. Unfortunately, earth materials,
and especially unconsolidated overburden sediments, are
strong attenuators of high-frequency energy. Thus, seismic
waves in the 10 to 90 hertz range commonly used in petro-
leum exploration may be reflected from depths of thousands
of metres, but energy with frequencies above 100 hertz nor-
mally only have travel paths on the order of tens or hundreds

of metres. The ability of a particular site to transmit high-
frequency energy is a major factor in determining the quality
and the ultimate resolution of a shallow reflection survey.

Much of the attenuation of high-frequency energy oc-
curs in the near-surface materials where the seismic energy
is produced. The optimum conditions for shallow reflection
surveys are usually present when the surface materials are
fine grained and water saturated; reflections with dominant
frequencies of 300 to 500 hertz can be obtained in such field
situations. These frequencies correspond to seismic wave-
lengths in unconsolidated overburden sediments on the or-
der of 3 to 5 metres, with a potential subsurface structural
resolution of 1 to 2 metres. However, when the surface ma-
terials are coarse grained and dry, the dominant frequencies
of reflection data can be less than 100 hertz. In such areas,
seismic wavelengths may exceed 15 metres, and the resolu-
tion of the data may not be sufficient to obtain the desired
subsurface information.

The ability to produce and record high-frequency en-
ergy for shallow seismic reflection surveys has improved
significantly over the years with the development and test-
ing of various seismic sources (Pullan and MacAulay, 1987;
Miller et al., 1986, 1992) and with the technological im-
provements in engineering seismographs. Today, state-of-
the-art engineering seismographs use instantaneous floating
point analog to digital converters, reducing or even remov-
ing the necessity to use high-frequency geophones and pre
A/D analog low-cut filters in the field in order to enhance
the high-frequency components of the seismic signal. This
has substantially improved the potential of shallow seismic
reflection surveys, but site characteristics are still crucial in
determining the suitability and ultimate success of the sur-
vey.

Reflections from very shallow interfaces arrive at times
that are close to the arrival times for energy that has travelled
directly along the surface of the ground or been refracted
from shallow interfaces such as the water table. For this rea-
son, it is often not possible to separate shallow reflection
signals from other interfering events. The depth to the first
separable reflection horizon depends on the frequency of the
signals and the source-receiver offsets, but in general, hori-
zons within 10 to 15 metres of the surface cannot be deline-
ated using the shallow seismic reflection method.

Shallow seismic reflection surveys are recommended
for detailed mapping of overburden stratigraphy and bed-
rock topography below depths of 15 to 20 metres. The qual-
ity and resolution of the results are critically dependent on
the surface conditions, with the best results usually associ-
ated with fine-grained, water-saturated surface materials,
and the poorest with coarse-grained, dry surface sediments.
Large variations in surface topography along a survey line
can be corrected for during the processing sequence; how-
ever, surface conditions and the depth to water table are
likely to vary with the topography and these changes may
affect the frequency characteristics and the resolution of the
data. High-resolution seismic reflection surveys shouild not
be attempted in areas where the surface sediments are gas
charged (e.g. on fill, peat, swamps), as the attenuation of
high-frequency energy in such areas is extreme.

242

Geological Survey Branch



Ministry of Energy, Mines and Petroleum Resources

Shallow seismic reflection surveys are expensive
($5000+ per line-km depending on the site location, type of
data collection and processing, and density of shot/receiver
locations). For this reason, such surveys are suited to prob-
lems where detailed knowledge of the subsurface structure
could lead to substantial savings in drilling costs (i.e. drift
prospecting, identification of buried valleys in groundwater
investigations, and site characterizations for environmental
assessments). [t is strongly recommended that a test survey
be carried out prior to any major reflection survey, to estab-
lish whether or not shallow seismic reflection methods can
provide the desired resolution of the target horizon at that
particular site.

EXAMPLE: OPTIMUM OFFSET SHALLOW
SEISMIC REFLECTION PROFILE FROM VAL
GAGNE, ONTARIO

In the Matheson/Val Gagné area, east of Timmins, On-
tario, gold prospecting has been inhibited by thick overbur-
den cover, consisting of clay, silt, and/or sand overlying
pockets of till above bedrock. The average depth to bedrock
in 42 holes drilled by the Ontario Geological Survey (0GS)
in 1984 was 35 metres. Ideally, till sampling programs
would position drili holes in the glacial lee of buried bedrock
highs where thick occurrences of the oldest till are Iikely to

be found. However, without any prior knowledge of the sub-
surface structure, much of the initial exploratory drilling is
carried out blindly, and it is estimated that 25% of such holes
do not encounter till.

In 1985 and 1986 approximately 10 line-kilcmetres of
optimum offset shallow seismic profiles were shot at a test
site near Val Gagné, Ontario, to demonstrate the¢ potential
usefulness of this technique in a drift prospecting program
in the area (Pullan ef al., 1987). Line 1 was obtained using
a source-receiver offset of 30 metres, and a geoplione spac-
ing of 2.5 metres. Data were recorded on a Nimbus 1210F
engineering seismograph, using a 12-gauge shotgun source
{Pullan and MacAulay, 1987), and processed on an Apple
IIe microcomputer.

The most significant bedrock depression discovered on
the Val Gagné test site by the seismic program is along Line
1, shown in Figure 23-5. The section is 660 metres in length,
and bedrock varies from a depth of 37 metres at the south
end of the line to 65 metres at the drill hole (OGS sonic drill
hole 85-01). The essentially flat-lying overburden consists
of clay grading into a thick sand unit. The contact between
massive and varved clay occurs at a depth of [ 7 metres, and
this interface is clearly visible on the seismic section at a
time of approximately 30 milliseconds. This unit girades into
a poorly laminated sand from 40 to 50 metres in depth. The
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Figure 23-5. (a) Line 1 from Val Gagné, Ontario, with a simplified drill log shown at the location of OGS sonic-dril] hole 8:-01. (b) An
interpretation of Figure 23-5a, indicating the extension of lithological units north and south of the borehole, and probable océurrences of
till (from Pullan ef al., 1987).
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top of the sand is an indistinct boundary and is not easy to
define on the seismic section; however, there is a weak re-
flector visible at a depth of approximately 40 metres. Hori-
zontal layering is clearly indicated throughout the clay/sand
units with a small amount of draping visible.

At the drill hole, 15 metres of sandy till overlies bed-
rock. This pocket of till was identified on the seismic section
prior to drilling, and the drill site was selected specifically
to sample this unit. Figure 23-5b shows another pocket of
till south of the drill hole. The section clearly demonstrates
the value of seismic profiling prior to drilling; had the bore-
hole been sited 100 metres to the north of its location, only
a minor occurrence of till would have been encountered in
the hole.

EXAMPLE: CDP SHALLOW SEISMIC
REFLECTION PROFILE FROM
SOUTHEASTERN MANITOBA

In 1992, several shallow seismic reflection CDP sur-
veys were carried out in conjunction with a major drilling
program conducted as part of a Mineral Development
Agreement with Manitoba. Some of these surveys were con-
ducted in support of drift prospecting interests, and an ex-
ample is shown in Figure 23-6.

The seismic profile in Figure 23-6 is a six-fold CDP
section that is 350 metres long with a trace spacing of 1.5
meitres. It was obtained by recording 12-channel records
with 3-metre geophone intervals, using a 12-gauge in-hole
shotgun as a seismic source, a 3-metre source-to-nearest-re-
ceiver offset, and a 3-metre shot interval. The data were re-
corded on an ES-2401 engineering seismograph and
processed on an IBM-compatible personal computer.

The borehole showed 4.5 mefres of till on surface, un-
derlain by a sand sequence 20 metres thick coarsening up-
ward. The top of the sand unit is at too shallow a depth to
be seen on the seismic section, but the lower contact with a
sand diamicton is characterized by a distinct large-ampli-
tude reflection that dips slightly fo the east (from 25 to 32
ms across the section).

Above bedrock, there are several till units, separated by
thin sand layers. This sequence may account for the series
of reflections observed on the seismic section in the range
of 30 to 45 milliseconds. The till sequence thickens to the
west across the section by an estimated 6 to 7 metres. The
top of the lowermost till, described as a stiff clayey silt to
silt diamict, is characterized by a large-amplitude reflection
(at approximately 40 ms}, and appears to be of relatively
uniform thickness across the section.

The reflection from bedrock is sometimes difficult to
follow beneath the thick sequence of tills, particularly on
the western part of the line. However, the seismic data indi-
cate that the bedrock surface is essentially flat lying with the
exception of a small incised channel (at CDP 180, borehole
position) and perhaps a larger valley (CDP 225-280, esti-
mated depth of 7 m, width of 75 m). The definition of bed-
rock in the vicinity of this postulated valley is poor, but the
till sequence above it appears to have been displaced verti-
cally downwards in a graben structure. This feature may
have been produced by the melting of buried debris-rich ice
during glacial retreat,

The information provided by this seismic section could
be used cost effectively in a drift prospecting program by,
at the very least, eliminating the need to sample within the
upper sand. Estimates of the depth to bedrock and the bed-
rock topography, and some information on the stratigraphy
within the till sequence, are also important factors in siting
boreholes and determining the depth range in which to sam-
ple.

SUMMARY

Shallow seismic methods are geophysical tools that are
capable of mapping bedrock topography and overburden
stratigraphy, but which have not yet been applied exten-
sively in drift prospecting programs. Both refraction and re-
flection methods can be used, with the choice of methed
being dependent on the target horizon and the depth of in-
terest. This paper has provided a simple description of these
methods, outlining both potential and limitations. It must be

WEST CDP NUMBER }-ﬂ-{ EAST
100 120 140 180 o BH-J 1ec 200 220 240 260 280 300 320 340
0~ . ! ' ' . ' E— 1 1 ' ' 1 1 1 1 '
' TILL
g H L e ! W _—
Wity R IR A »3 ‘i'l ¥y, ‘h I)i »" b l| o )lﬂﬁ i Dt g
0 T l..u s T W iy R ™ . i w Hhbpsb)s
n'::r:m”nm‘) [ - h “ ” 'i w;;n';')l'l :;:::::"H:” SAND '“»:'I ';:'::;i'ﬂi‘; ,.»")l.,nh, m" I”l ::':"[[’::":“” y'» '|"'““"'h "!'b' wat |')»”"”')H»ll 10
1 A ) o Ny i MM 5 ," ™
0k ”"\ }' :IJIM"’ uuM”»:'“ e W ,f 'JN*»* i NG l‘: ll” ::':::: “:ﬂ' g m: ! Hm ki, I:"::";“"_'l ”:" '}'"""?h bt %
= ST oy il I.,H LI (i ™ .nnwn'lh' e 3
g Wl»M‘.\)ml"" e ”I']’hi 1‘L.|\|.’ulIu'.nn)"mwmw»" g wpmw‘“‘ " ':,:” o ,m"m”mmw "";:":r" ”'IEI'I'I'“ 20T
= 5l W Ml» il W, ,phmnmﬂmmmw‘”'mllh»m;n»mmm»nl]r TN B 3
% NWMi [=craviL \HDMM,;”' i "'a"lhl n M.ll\lln» ),,.M =
s Wt m i : N i
= |- "'M" N L T s A N T Py 0
Sl e .nﬂl o = s — e
» N — H i . . ny o
i ) !h T .
.,mm LUK B ™ .”',’IM dao
R NT— HNIH‘" 'n W ”n)ll;‘"w ; - » ) 4 »lwlb y o gy Mo iy
50 ') ””’”' g 2 g ,,,'HM"",,'”{ BEDROCK *'M’#ll o hi"”" Hib,,. 'h‘"ﬁlp’“\'», M T "l " ﬂl I
Ig "Pagib ",'ﬂ » "" o », e N .r."\» "y, el ey
mh,,”,.' iy »nlmnh ik mn 1::: i bihrhh W, “’HW “-'j,m .L " b, ...,,.;. i!h'"')"’ ,,1’9’»\9' ¥y nyﬁ hn"' -, SO lm o .pL ,”,

<t

Figure 23-6. A six-fold CDP scction approximately centred on borehole J. A simplified lithological log has been inserted in the section
at the bere-hole location. The section clearly delineated the top of the till sequence at a depth of approximately 25 metres, and suggests
the existence of 2 small bedrock valley between CDP numbers 225 and 280,
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emphasized that the quality of seismic data (especially of
shallow reflection data) is site dependent, and it is always
prudent to conduct a small test survey before embarking on
a major seismic program.

The availability of the subsurface structural informa-
tion provided by a seismic survey prior to a drift prospecting
program could (i) minimize the requirement for sampling
by providing an estimate of the depth to buried till se-
quences, (il) provide estimates of the depth to bedrock and
the total thickness of overlying till, and (iii) allow the siting
of boreholes to sample material in favourable structural re-
lationships with respect to bedrock. These factors could re-
sult in substantial savings in drilling costs as well as a means
of optimizing till sampling locations.
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CHARACTERIZATION OF OVERBURDEN
STRATIGRAPHY WITH THE GEONICS EM-39 BOREHOLE
LOGGING INSTRUMENT

By Marten Douma, Terrain Sciences Division
Geological Survey of Canada

INTRODUCTION

This paper presents geophysical borehole logs and sam-
ple descriptions compiled from several overburden drilling
operations in differing geological environments. These case
histories are intended to illustrate how geophysical logs re-
spond to some of the physical characteristics of strata inter-
sected by the drill. The logging equipment is portable, and
the small diameter of the tools (3.6 cm, 1 3/8 inches) allows
casing as smal} as 2 inches (inside diameter) to be logged.
Only holes cased with plastic tubing can be logged with the
conductivity and magnetic susceptibility tools, but the
gamma tool is able to log through steel casing, thereby per-
mitting a qualitative evaluation of parameters such as grain
size.

METHODS

The Geonics EM-39 borehole logging tool consists of
eight major sub-assemblies, contained in two shipping
boxes. In a typical application, the electronics console and
portable data logger {or laptop logging computer) are at-
tached to the top of the winch assembly, all of which is
placed on the ground near the borehole. A tripod is erected
over the borehole, and the logging cable, attached to the
appropriate logging sonde, is passed over the pulley of the
opto-electric counter at the pulley head, and down into the
casing. The logging software provides the option of logging

down or up the hole. However, logs are usually recorded
downward, after allowing the tool to equilibrate with the
borehole temperature part-way down the hole.

The conductivity tool uses an inductive electromag-
netic principle which is unaffected by the presence of con-
ductive borehole fluid or plastic casing. The source of the
primary electromagnetic field is a dipole antenna coil,
mounted coaxially 50 centimetres away from the dipole re-
ceiving antenna, Effective measurement radius of the con-
ductivity probe is estimated to be 1 to 1.5 metres, and the
apparent conductivity measured by the instrument is taken
to be that of the surrounding formation and associated
ground water.

The magnetic susceptibility probe, also an inductive
electromagnetic tool, measures the degree to which a mate-
rial is magnetized. In general terms, the overall susceptibil-
ity of a lithology is dependent only on the amount of
ferrimagnetic minerals, such as magnetite, pyrrhotite, and
itmenite, present in the material. The gamma tool detects the
decay of uranium, thorium and potassium in the environ-

ment, although for practical purposes the tool provides a
qualitative measurement of the abundance of clay (because
of the potassium). Low gamma readings are an indication
of coarse-grained sediments, and high gamma readings are
attributable to fine-grained materials; although it is impor-
tant to consider the provenance and post-deposilional his-
tory of the strata when interpreting the results.

RESULTS AND DISCUSSION

KIRKLAND LAKE KIMBERLITE PROSP?ECT

Figures 24-1 and 24-2 present results of logg ng in two
plastic-cased boreholes near Kirkland Lake, Onfario. The
distance between the boreholes is about 200 metres. Tills
and glaciolacustrine clays, silts, and sands overlie kimber-
lite bedrock. In general, the gamma tool is unable to effec-
tively discriminate between the various overburden strata,
but does record an increase in the count rate at the'top of the
kimberlite, even though the transition recorded ir\ the sam-
ple logs shows a gradual boundary through a strongly
weathered zone, Geochemical analyses of samples taken
above and across the bedrock boundary show the.appropri-
ate correlation between the concentration of radioictive ele-
ments in samples and the gamma count in the intcrval from
which the sample was obtained.

Two graded sand units in borehole B-30-03 (1 igure 24-
1) appear as zones of upward decreasing conductivity. This
is due partly to a response to the increasing proportion of
silt in the graded units, but also implies a change i the min-
eralogy. The gamma log, which usually can be relied upon
to show graded bedding, is relatively smooth thiough this
zone. The magnetic susceptibility log indicates slightly
more magnetic material at the top of the sand units. The
conductivity and magnetic susceptibility logs show more
variation than the gamma log through the overburden sec-
tion in the B-30-03 hole, and could be used in ccnjunction
with the sample log to further refine the llthologl bounda-
ries in the core.

The reason for the smooth conductivity respc nse in the
B-30-10 (Figure 24-2) borehole is not apparent. Although it
shows the same trends in conductivity as the B-31}-03 hole,
its shows higher values in each respective mate“ial. Geo-
chemical data match what might have been predicted from
the magnetic susceptibility log, but the response through the
basal till unit is noteworthy. In the B-30-10 hole, the two
silty sand, poorly sorted till layers immediately overlying
the kimberlite are separated from each other by a sand unit,
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Figure 24-1: EM-39 borehole logs and selected geochemical results from hole B-30-03, a kimberlite prospect near Kirkland Lake,
Ontario. U = uranium, Th = thorium, K = potassium, Cr = chromium.
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Figure 24-3. EM-39 borehole logs and generalized sample descri-
otions from hole VL H92-1, Lightning Creek, east of Quesnel, B.C.

and show variable but relatively high values of magnetic
susceptibility. In the B-30-03 hole, a similar response is
found only in the 1 metre thick, well sorted sandy till directly
above bedrock.

CARIBOO GOLD DISTRICT

Figure 24-3 shows the geophysical logs run in the
Lightning Creek, VL H92-1 borehole at the Gallery Re-
sources mine east of Quesnel, British Columbia. The logs
are part of a multiparameter study designed to test models
of placer deposition and preservation (Levson et al.,1593).
This example illustrates how a cross check between logs can
filter out anomalous results. The gamma log shows rela-
tively high count rates throughout the borehole, suggesting
the presence of fine-grained sediments. The conductivity
log contradicts this interpretation, showing very low con-
ductivity in all but the upper 7 metres. This log would be
consistent with a fine-grained unit, conductive becanse of
irreducible interstitial water, overlying a coarse-grained,
permeable and well-drained unit. The magnetic susceptibil-
ity log shows a minor response at a bed boundary in the
upper conductive zone, and a response at its base, but oth-
erwise indicates very little magnetic material.

The sample descriptions reveal that, to a depth of 6.7
metres, the lithologies are fine-grained, well sorted, and
composed of silt and clay, overlain by fine sand and silt.
Bclow 6.7 metres, the units are composed mainly of gravel,
primarily in a sandy matrix, and most with sand lenses. The
reason for the high gamma counts lies in the gravel clasts, a
proportion of which are composed of argillite, phyllite and
biotite schist which contain high-potassium clay minerals to
which the gamma probe responds. Even the overlying fine-
grained units show gamma counts greater than would be
expected from silts and clays. The explanation lies in the
provenance of the detrital minerals, which would include
high-potassium clays derived from local bedrock sources.

ANDERSON ROAD DEMONSTRA TION
BOREHOLE

Located southeast of Ottawa, the site of the. Anderson
Road demonstration borehole was chosen on the basis of a
well-constrained geological setting that could be used as a
demonstration and testing site for geophysical equipment
(Douma and Nixon, 1993). Figure 24-4 shows the EM-39
logs, generalized sample descriptions, lithofacies {inter-
preted from a ncarby borehole by Gadd, 1986), and a portion
of a high-resolution seismic line that intersects the borehole,
Approximately 58 metres of subglacial, proglacial, glacio-
lacustrine, marine, and fluvial sediments overlie Ordovician
Carlsbad Formation dolomitic shale. Seismic dita show a
series of nearly horizontal, parallel reflection events sepa-
rating units displaying various internal characteristics. The
borehole geophysical logs reveal subtle attribites of the
strata that are not immediately evident from the seismic or
sample data, .

The gamma log shows a good correlation wuh the sam-
ple log, and reveals that the slightly radioactive bedrock is
overlain by about 5 metres of radioactive till, ther. 50 metres
of Leda clay, which in turn is capped by 3 meties of sand
and disturbed fill. The gamma log shows subtle differences
within the clay units, probably attributable to shifts in the
depositional environment, These changes show up on the
seismic reflection line as minor reflectors at 31,:36, 41 and
49 milliseconds two-way travel time from the surface. The
magnetic susceptibility log shows a uniform response, ex-
cept for anomalies at 7, 10 and 15 metres, which are prob-
ably due to metallic debris from drilling operstions. The
anomaly from 47 to 53 metres shows that the sf)ft, varved
clay at the base of the Leda clay sequence probiably has a
different mineralogy, and possibly a different source, than
subsequently deposited sediments of the Champlain Sea.

It is the conductivity log that is of primary. interest in
this borehole, because it measures a parameter that cannot
be related to seismic sections, or to casual sampl: examina-
tion. It shows that the sediments at the base of the clay sec-
tion are either strongly conductive, or contain zonductive
pore water. Studies of fossil assemblages in the Leda clay
indicate deposition in highly saline waters of the Champlain
Sea early in its history (Rodrigues, 1987). The conductivity
log probably reflects saline pore water trapped in the clay.
Decline of the conductivity may be due to flushing of
trapped pore water, or to a change in the salinity of the de-
posmonai environment, [n this case, the latter mrerpretatmn
is probably correct.

The gamma log through the basal till unit ;hows rela-
tively high count rates, with magnetic SUSCCptlblhty log re-
cord values similar to those in the bedrock, suggesting that
the till is derived, in large measure, from the Carlsbad For-
mation. Presence of bedrock clasts in the till serves to con-
firm this interpretation.

CONCLUSIONS

These examples demonstrate that the geopljtysical log-
ging of boreholes in overburden can be used to augment the
value of the sample descriptions. The logs reveal subileties
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Figure 23-4: EM-39 borehole logs and high-resolution seismic section at the Anderson Road borehole, 93-GSC GEOMAG. Time, shown
to the right of the seismic section, is measured as two-way travel time in milliseconds, and is converted to depth {on the adjacent scale)

with interval velocity corrections.

of grain size, mineralogy and pore water content that are not
always apparent from normal specimen examination in the
field. Stratigraphy of the borehole may be more accurately
constrained, and hole-to-hole correlations more easily visu-
alized with the aid of the geophysical logs.

Including set-up time, a 30-metre, plastic-cased hole
can be logged with the three tools in less than two hours. A
preliminary graphic plot of the gamma, conductivity, and
magnetic susceptibility logs can be created in the field in 20
minutes, regardless of the length of the borehole.

REFERENCES

Douma, M, and Nixon, F.M. (1993): Geophysical Characterization
of Glacial and Postglacial Sediments in a Continuously

Cored Borehole near Ottawa, Ontario; in Current Research,
Part E, Geological Survey of Canada, Paper 93-1E, pages
275-279.

Gadd, N.R. {1986): Lithofacies of Leda Clay in the Ottawa Basin
of the Champlain Sea; Geological Survey of Canada, Paper
85-21,

Levson, V.M., Clarkson, R. and Douma, M. (1993): Evaluating
Buried Placer Deposits in the Cariboo Regicn of Central
British Columbia (93A, B, G, H); ir Geological Fieldwork
1992, Grant, B. and Newell, LM, Editors, B.C. Ministry of
Energy, Mines and Petroleum Resources, Paper 1993-1,
pages 463-473.

Rodrigues, C.G. (1987): Late Pleistocene Invertebrate Macrofos-
sils, Microfossils and Depositional Environments of the
Western Basin of the Champlain Sea; in Quaternary Geology
of the Ottawa Region, Ontario and Quebec, Fulton, R.J., Edi-
tor, Geological Survey of Canada, Paper 86-23, pages 17-23.

250

Geological Survey Branch



Ministry of Energy, Mines and Petrolewn Resources

RESISTIVITY MAPPING USING
ELECTROMAGNETIC TECHNIQUES

By Melvyn E. Best
Genlogical Survey of Canada

INTRODUCTION

Electromagnetic (EM) resistivity mapping can be an
effective method for investigating a wide range of geologi-
cal conditions. In particular, it can map thickness and lithol-
ogy of drift (overburden) as well as bedrock conductors
beneath the drift. Electromagnetic resistivity mapping can
be carried out either on the ground or in the air. Both these
techniques will be discussed in this chapter using examples
from the Timmins clay belt region of northern Ontario.

We begin with a brief historical overview of airborne
electromagnetic (AEM) systems. In the early days of AEM
surveys, interpretation consisted of eyeballing anomalous
features on analog profiles and plotting these on flight-path
recovery maps. Geological and geophysical empirical rules
of thumb were developed to prioritize the multitude of
anomalies found. These subjective methods were success-
fully used to find a significant number of massive sulphide
orebodies in Canada and northern Europe. Pemberton
(1962), Paterson {1967), Best (1985), and the references
therein, provide a review of AEM systems and interpreta-
tion schemes.

Airborne electromagnetic hardware became more ver-
satile during the period from 1960 to the mid-1970s. Shorter
signal averaging times, multi-frequency transmitters and re-
ceivers, time-domain systems and multi-coil configurations
were developed (Barringer, 1965; Fraser, 1972; Stemp,
1972). These hardware advances brought about the need for
better interpretation methods. Nomograms for free-space
dikes and spheres, as well as for multi-layer earth models,
were developed using analytic and analog modelling {Grant
and West, 1965; Keller and Frischknecht, 1966). Time-do-
main modelling of free-space dikes (Palacky, 1976) pro-
vided type curves for the Input system, a towed bird,
fixed-wing system with a large loop around the aircraft asa
transmitter. The transmitter emits half sine-wave current
pulses. During the off time of the transmitter, the received
signal is measured in a number of discrete time windows.
Screening and classifying algorithms for prioritizing the
large number of anomalies found in a typical survey were
still mostly empirical, although more rigorous rules of
thumb were being developed.

During the 1970s, two and three-dimensional numeri-
cal modelling programs were developed (Ward er al., 1973;
Hohmann, 1975; Lee et ai., 1981; Best ef al., 1985). Results
from numerical modelling, together with field investiga-
tions, showed that current channeliing and gathering (Spies
and Parker, 1983) in conductive terrains could explain the
resistivity section obtained from drilling.

In this same period, airborne resistivity mapping for
surficial geology, bedrock geology in tropica) environ-
ments, and ground water became more common. Indeed,
resistivity mapping began to play an important role in tradi-
tional massive sulphide exploration. Understanding the na-
ture of near-surface resistivity features provided aa effective
method for screening out anomalies not associated with bed-
rock conductors (Fraser; 1978, 1979).

Similar developments occurred for ground EM systems
as well. Time domain systems were developed in the late
1970s and 1980s that improved the depth of exploration and
resolution of clectromagnetic methods. Better processing,
interpretation and display capabilities have been developed
and are still in the process of being developed.; The inter-
ested reader can obtain further details on electromagnetic
systems from the recent publication by Nablghlan (1991)
and the references therein.

In these notes, the role of non-linear inversion for re-
sistivity mapping will be discussed. In addition, {ield exam-
ples are given that illustrate the range of expected
resistivities for massive sulphide bodies and tke voleanic
and metasedimentary rocks that host them. Examples of the
resistivity and variability of Quaternary sedimerits follow.

INVERSION

Several of the newer AEM systems (Barringer, 1976;
Zandee ef al., 1985, Annan, 1986) use complex transmitter
pulses and wide-band receivers. Some even use'correlation
methods to increase the signal-to-noise ratio. Digital signal
processing methods are frequently applied to ehance and
extract the earth’s response from the signal. The digital data
provide interesting opportunities for interpretation. They
can be transformed from time to frequency an¢ vice-versa
if the bandwidth is sufficiently broad and the digitization
interval sufficiently small, Interpretation and display can be
carried out either in the frequency domain or tae time do-
main, depending on the interpreter’s preference und the geo-
logical situation,

Digital data sets lend themselves naturally 1o the use of
automated interpretation schemes. In particular, automated
inversion can be an effective interpretation tool when the
data are in digital form. Forward and inverse’ modcls are
defined in the following way. !

& Forward model: given a model and the values of the physi-
cal parameters for the model, compute the response.

e Inverse model: given a model, compute the physical pa-
rameters for that model that best fit the observed response.
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Figure 25-1. Objective function for two-dimensional parameter
space.

Figure 25-2. Objective function for a one-dimensional
parameter space.

Numerical inversion methods have been in existence
for many years (Marquardt, 1963; Jackson, 1979; Powell,
1964, 1965). All inversion methods try to minimize the dif-
ference between an observed data set and the data obtained
from a (hopefully) realistic mode! that represents the physi-
cal observations. More specifically, let yi, i = 1,...,N be the
obscrved data. Let the mathematical representation of the
physical process be

Fi=F(X1i,...Xni; bl,oo0,bm); I = 1,...,.N (1
where X[j,...,Xni are known model parameters (for example
frequencies of the EM system) and by,...,bm are unknown
parameters {for example conductivity and thickness of the
drift layer) that are used to fit the observed and model data.
The function f, the objective function,

N
¢ =X wilyi - F(x1, . .
i=1

- Xni; b1, . .., bm)]? (2)

represents the sum of the square of the difference between
the observed and calculated values with wi a weighting
value that can be applied to each of the observed values.

The function ¢ is a surface in the multi-dimensional
parameter space by,...,bm. Figure 25-1 is an example of a
two-dimensional surface. Note the surface can have local
maxima and minima as well as a global minimum. The mini-
mum, for a given set of observations yj and known model
parameters x [x=(xJ,...,xni)] » represents the best fit, in a least
squares sense, of the model to the observations, The values
of b [b=(b31,...,bm)] at this minimum are by definition the
parameters of the best fit,

If F is a linear function of the unknown parameters b,
then ¢ has at most one minimum which can be computed
using standard least squares methods. Indeed the function ¢
is a quadratic function of the parameters b, that is the surface
generated by ¢ is a parabola of revolution.

This is not the case when F depends non-linearly on the
b parameters. A number of methods have been developed
to locate the minimum when the parameters are non-linear.
The most common methods compute the gradient of ¢ with
respect to each of the parameters bj. Figure 25-2 represents
a hypothetical ¢ surface when F is a function of a single
non-linear parameter b. The procedure to find the minimum
is roughly as follows: an initial value (guess) of the parame-
ter b (b”) is made and the function computed, that is (b%). In
Figure 25-2, the initial guess for bY is at point A where the
gradient is large and positive. To obtain a value of ¢ that is
closer to the minimum at E a new value of & (b!) is deter-
mined by computing an incremental change of the parame-
ter b (Ab) from the gradient (d§/db) and algebraically adding
it to b? (b! = b% + Ab).

If Ab is large enough, it will bypass the local minimum
at D to end up at point B on the curve. If b is small, it will
end up at point C. One can imagine a succession of small
values of Ab that converges to the point D. Consequently,
judicious choice of Ab is required in order for this method
to converge to the correct minimum at E. The size and alge-
braic sign of Ab for each successive iteration are determined
from the size and direction of the gradient. Although the
procedures are simplified in this example, they graphically
illustrate how the method works,

The algorithm used for inversion throughout the re-
mainder of this paper is the Marquardt algorithm (Mar-
quardt, 1963; Tabat and Ito, 1973; Anderson, 1979). It

_determines the best fit using the above gradient concepts.

The Marquardt algorithm also incorporates a Taylor expan-
sion to linearize the non-linear parameters. A Taylor series
is a power series expansion of a function in terms of the
change in the parameters by (Abj). It reduces to the linear
terms, in other words all terms higher than first order are
negligible, when the Abj are sufficiently small. The Mar-
quardt algorithm was chosen simply because it has proved
to be robust, that is it converges to the same point for any
reasonable initial guess, and is relatively easy to use. The
interested reader can read further on inversion methods in
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Figure 25-3. Resistivity logs from four massive sulphide
deposits in New Brunswick.

Figure 25-4. Location of Timmins clay belt region.

Rosenbrack (1960), Powell (1964, 1965), Jackson (1979)
and the references therein.

RESISTIVITY CHARACTERISTICS OF
MASSIVE SULPHIDES AND HOSTROCKS

Massive sulphide orebodies are found in a wide range
of geological environments of varying ages. Their resistiv-

ity varies from a few ohm-metres to parts of an ohm-metre,
depending on the connectivity of the sulphides. Resistivity
logs were run through a number of volcanogenic: massive
sulphide deposits from the Bathurst mining camp. in north-
ern New Brunswick, Canada and their associated hostrocks
(Figure 25-3). These logs were obtained using the mise-a-
la-mass technique {(Grant and West, 1965).

Some important results, typical of most volcanogenic
environments, can be observed on the logs. The massive
sulphide resistivities are between 1 and 10 ohm-metres. This
can be related to the scale of connectivity of the sulphides.
Most sulphide bodies are not continuously massiv:z but con-
sist of interconnected sulphide stringers and zones. Differ-
ent scales of connectivity exist from microscopic to
macroscopic. For example, the resistivity of a corre may be
significantly different than the bulk resistivity of a sample
that includes several tens of cubic metres of the sulphide
zone. This scaling relationship is related to fractals and non-
linear dynamics and is an intrinsic property of a particular
sulphide zone. See the recent paper by Ruffet ef.al.(1991)
for an example. .

The resistivity of the volcanic rocks in Figure 25-3 is
greater than 1000 ohm-metres while the resistivity of the
metasedimentary rocks is between 100 and 1000, ohm-me-
tres, results which are consistent with other volcanic envi-
ronments throughout the world. ‘

The large contrast between sulphide and hostrock con-
ductivities is precisely why EM prospecting systems were
successful in locating massive sulphide deposits ia the past.
Good sulphide conductors generate an EM anomély easy to
distinguish from background. Many of these anomalies
have been located and drilled. No doubt there are still mas-
sive sulphide orebodies to be found, although opportunities
to find the easy ones close to surface are decteasing.

Many potential massive sulphide volcanoginic envi-
ronments are covered with overburden. For exémple, the
overburden in the Timmins clay beit in Ontarin, Canada
(Figure 25-4) consists of clay, till, sand and gravel with
thicknesses ranging from a few metres to several hundreds
of metres. They cover known greenstone (volcanogenic)
belts that contain economic massive sulphide deposits. In-
deed, one of the largest massive sulphide orebodies in Can-
ada (Kidd Creek) is in this region. In general,
overburden-covered environments have nol heer. as exten-
sively explored as areas of exposed volcanic rocks.

In 1973, Shell Canada Limited evaluated the effective-
ness of a number of AEM systems on the market &t that time
{Best, 1985). The bedrock conductors associated with tar-
gets 16 to 23 (Figure 25-5) were used in the evaluation to
investigate the effects of thick and variable overburden on
bedrock conductor responses. The sulphide and graphite
conductors were drilled based on the original ground EM
(Turam) surveys. Shell supplemented these data with resis-
tivity soundings and ground EM surveys. '

Figure 25-6 is a detailed map of the region strrounding
targets 16 to 20. The location of the resistivity soundings,
labelled ES, and an intetpreted resistivity section (Figure
25-8) going from ES-09 to ES-11, based on the soundings
and drilling, are shown on the map. Figure 25-7(¢) is one of
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Figure 25-8. Resistivity section along line with drill hole 29 and
sounding ES-010.

the Schlumberger resistivity soundings (ES-10} and the cor-
responding three-layer interpretation. The geometry of the
Schiumberger array is illustrated in Figure 25-7(b). The bed-
rock resistivity is greater than 1000 ohm-metres indicating
it is volcanic in origin. Indeed, the two drill holes along the
section confirm this observation. The overburden consists
of a 10-foot (3-metre} resistive fayer of 200 ohm-metre ma-
terial at the surface with a 4-metre conductive layer of 10
ohm-metre material above the bedrock. The resistivity sec-
tion is not unusual in the Timmins area,

The first few metres of overburden are resistive along
the entire section, A 10 ohm-metre conductive layer, vary-
ing in thickness between 3 and 10 metres, underlies this re-
sistive layer. In the northern portion of the section, the
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Figure 25-9, Input and Dighem responses over drill hole 29.

overburden is about 10 metres thick increasing to €0 meires
or more to the south. The change in thickness occurs
abruptly near drill hole 29. In the southern part of the sec-
tion, two additional layers occur beneath the two layers de-
scribed above. Although the geological logs for the drill
holes on this section do not describe the overburden lithol-
ogy, they do confirm the total thickness of overturden is
close to that predicted from the resistivity data.

Input and Dighem AEM responses along the same sec-
tion are presented in Figure 25-9. The short-time chiannel] of
the Input system and the maximum coupled quadrature re-
sponse of the Dighem system both increase in amplitude
south of drill hole 29, consistent with the thicker bverbur-
den. The bedrock conductor appears to be associzted with
the abrupt change in basement depth which is mest likely
associated with diffcrent basement lithologies.

A ground EM survey using the Geoprobe systzm (Fig-
ure 25-10) was conducted over that portion of the szction in
Figure 25-9 near drill hole 29. The Geoprobe system’s trans-
mitter consists of a circular loop on the ground approxi-
mately 10 metres in diameter. In this survey the in-line
horizontal and the vertical magnetic fields were measured
at twelve frequencies from 20.9 hertz to 30.1 kilohertz. A
transmitter-receiver separation of 100 metres or more was
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Figure 25-10. Geoprobe response over drill hole 29 and a rough interpretation using a layered earth model.
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used. This ensures that the transmitter can be approximated  model was used. The Geoprobe data along line 96W (Figure
by a magnetic dipole (Best, 1992). The apparent resistivity  25-11) indicates the overburden in this area is rot as con-
was computed for each frequency and location (mid-point ductive. This is consistent with the interpretztion from

between the transmitter and receivers). A rough interpreta-  sounding ES-12 shown in Figare 25-12. Again,'the strong
tion, based on a multi-layer earth model at each location, bedrock conductors located at drill holes 28 and 32 are eas-
indicates the overburden is about 60 metres thick. This is  ily observed in these data. :

congsistent with the other data, The interpretation did not Shell Canada generated a bedrock geology map (Figure

pick up the upper conductive layer but did pick up the fieepef 25-13) under the Quaternary overburden (the arca labelled
more cond'uctlve layer. The bedl'(?Ck conductor at drill hole Duff in Figure 25-5) as part of a regional study to delineate
29 can easily be observed at location 678, althoughthe bed-  areas suitable for massive sulphide exploration. The bed-
rock resistivity could not be calculated because a layer  rock geology was obtained from the drill holes shown on

the figure and from interpretation of the airborne magnetic

ES-012 DEFTH g data available in the area. ,

200!: e S This map, in conjunction with bedrock depths obtained
50005 s:[ -“;gn_m . from the drill holes, demonstrates a relationship that exists
| i " between bedrock lithology and bedrock depth (overburden

— 120~ |- . .
£ ol £ thickness). As a general observation the depth to basement
g \\ 200l Fi is shallow (0-30 m) for gabbros, peridotites, andesites and
s \ asel L TIOMm basalts and deeper {greater than 30 m) for rhyolites and me-
1000 \ 2s0. - tasediments. This observation is perhaps not surprising as
\ / w0 | rhyolites and metasediments weather easier than the other
e seo- L rocks. These results are consistent with the observations that
swo- | :TTEm denth to bedrock is variable and bedrock conductors are
o often associated with changes in overburden thickness due
v " e s to lithology changes. Resistivity mapping can provide esti-
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Figure 25-12. Schlumberger resistivity sounding (ES-012).

mates of depth to bedrock while magnetic mapping carn pro-
vide information on lithology. The combination of the two
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Figure 25-14. Typical resistivity ranges of rocks and unconsolidated sediments.

approaches can provide an effective method for mapping
bedrock lithology in areas where there are limited outcrop
and drilling data.

RESISTIVITY CHARACTERISTICS OF
UNCONSOLIDATED SEDIMENTS

As noted earlier, many mineral provinces containing
volcanic environments suitable for massive sulphide depos-
its are covered with unconsolidated sediments. These sedi-
ments vary in composition from glacial till in northern
regions to lateritic deposits in equatorial regions. In this sec-
tion we investigate the resistivity characteristics of the Qua-
ternary sediments in the Timmins clay belt in more detail.
The excellent work carried out by Palacky and his co-work-
ers (Palacky, 1988, 1989, 1991; Palacky and Stevens, 1990,
1991) provide the basis for this investigation.

Typical conductivity ranges for glacial sediments (viz.
clay, till, sand and gravel), are given in Figure 25-14. They
were obtained by averaging samples from many different
regions. On the other hand, a given region can be expected
to have conductivity ranges characteristic of the local bed-
rock soutce and chemistry of the pore water. Consequently
Quaternary sediments in the Timmins clay belt should have
unique resistivity characteristics related to the region.

Palacky and his co-workers obtained conductivity data
at the locations shown in Figure 25-15. The 70 locations
were selected from helicopter AEM transects flown to lo-
cate areas of thick Quaternary overburden. The transects
were along or near roads in order to reduce the costs for
ground EM follow-up and drilling, One transect went from
Smokey Falls to Timmins via Fraserdale and Smooth Rock
Falls, the other extended north and south of Kapuskasing
from Gurney Lake to hole 22. During their investigation
they encountered a wide variety of Quaternary sediments
and many bedrock features such as fractures and sulphide

or graphite conductors. Note the area covered in Figure 25-
15 overlaps the area covered in Figure 25-5.

Ground follow-up employed the Apex MaxMin EM
system, a horizontal loop EM (HLEM) system, on all targets
except numbers 44 to 46. It is a horizontal coplanar EM
system operating at fixed frequencies of 110, 220, 440, 880,
1760, 3520, 7040, and 14080 hertz. The coil separation and
station spacing were fixed at 100 metres and 25 metres re-
spectively for the entire follow-up program. In-phase and
quadrature values were measured at all eight frequencies,
for quantitative interpretation. The insttuments were care-
fully calibrated and topographic corrections were made in
hilly regions in order to obtain data that could be used for
absolute resistivity measurements.

The interpretation of multi-frequency EM data over a
layered earth can be carried out either with Argand diagrams
{Eadie, 1979) or with EM inversion techniques (Hohmann
and Raiche, 1988; West and Bailey, 1989). Argand diagrams
consist of in-phase and quadrature values plotted at a num-
ber of discrete frequencies at a given location (Figure 25-
22). Palacky and Stevens (1990) made use of the Marquardt
algorithm discussed earlier (Marquardt, [963; Inman,
1975). The algorithm can be used either unconstrained,
where all unknown parameters are allowed to vary, or con-
strained where one or more of the parameters have fixed
values.

Figure 25-16 is an example of MaxMin in-phase and
quadrature profiles from this study. The profiles, over target
17, which is along the helicopter transect from Gurney Lake
to hole 22 south of Kapuskasing, will be used to illustrate
the inversion method. The in-phase responses are positive
on all frequencies except 14 080 hertz while the quadrature
responses are negative at the highest three frequencies
(3520, 7040 and 14 080 Hz); indicating the presence of con-
ducting overburden (clay). The changes in quadrature and
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in-phase values along the profiles indicate the overburden
has a variabie thickness, The result of inverting all the data
in Figure 25-16 (16 data points at each station, 8 in-phase
and 8 quadrature) is shown in Figure 25-17. In this case the
overburden was represented by a single layer with unknown
thickness and conductivity and the basement conductivity
was fixed at (.33 millisicmens per metre (3000 ohm-me-
tres). The inversion is nearly insensitive to the value of base-

ment resistivity so any realistic resistivity value is accept-
able for volcanic basement. The Marquardt algorithm there-
fore estimated the overburden thickness and conductivity.
The inversion was stable, with estimates of conductivity be-
tween 23 and 27 millisiemens per metre along the profile,
The root mean square error averaged 2.8% after six itera-
tions with no significant variation along the profile.

Drill hole 17 (location 650 m) intersected 12 metres of
massive clays, 6 metres of silt and varved clays, and 17 me-
tres of sand for a total depth to bedrock of 35 metres. This
depthis 8 metres deeper than predicted from the constrained
inversion. A three-layer overburden model mimicking layer
thicknesses of 12, 6 and 17 metres for the clay, silt and sand
thicknesses, respectively, was inverted using the sixteen ob-
servations at drill hole 17. The inversion generated layer
resistivities of 56 ohm-metres (17.9 mS/m) for clay, 13 ohm-
metres (76.9 mS/m) for silt, and in excess of 10 000 ohm-
metres (0.1 mS/m) for sand and bedrock. The above
example points out the difficulties with inversion if a priori
geological knowledge is not available. The actual overbur-
den layering would be difficult to determine from EM alone
without some indication of overburden composition. More
details can be found in Palacky and Stevens (1990), and the
references therein.

In addition, resistivity profiles were generated utilizing
the helicopter AEM data. An example of composite AEM
profiles for the helicopter transect going from target 17 to
24 is illustrated in Figure 25-18. The composite profiles
were generated by averaging the profiles of the two lines
flown in opposite directions along the transect. They consist
of in-phase and quadrature data for horizontal coaxial coils
at 935 and 4600 hertz and in-phase and quadrature data for
vertical coplanar coils at 4175 heriz and 32 kilohertz. The
separation between the coils is approximately 10 metres and
the coil height above ground is approximately 30 me-
tres. Target 17 corresponds with the clay-filled depression
indicated on the composite profile. The HLEM responses
for the bedrock conductors (target 18) and the shear zones
(target 24) indicated on the profile are shown in Figures 25-
19 and 20, respectively. The four responses seen on the heli-
copter EM profiles in Figure 25-18 have characteristic
horizontal loop EM responses for a shear zone with trough-
like anomalies that are wider on quadrature than in-phase
data.

Drill hele 18 (location 550 m) intersected 8.5 metres of
sand and clay before intersecting bedrock. The two anoma-
lies (locations 275 m and 515 m) seen on the HLEM profiles
of Figure 25-20 have the characteristic shape and frequency
response of bedrock conductors. Drill hole 24 (located at
500 m) intersected 6 metres of poorly sorted sediments, 14
meitres of sand and 15 metres of till but missed the narrow
basement conductor by approximately 15 metres.

The two apparent conductivity profiles in Figure 24-18
were computed using the horizontal coplanar data at 4175
hertz and 32 Kilohertz in conjunction with a thick horizontal
layer model. The clay-filled depression at the north end of
the profile shows up as a conductivity high (5 to 10 mS/m).
The two bedrock conductors appear as a broad conductivity
high with values between 7 and 10 millisiemens per metre
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Figure 25-21. Stratigraphic logs of holes along the Fraserdale -
Smooth Rock Falls transect. Numbers between arrows indicate re-
sistivities (-m) which were determined as the best fit to the HLEM
data. The actual thicknesses of the indicated layers on the logs were
used as fixed parameters in the inversion. Numbers next to the
horizontal lines are resistivities determined in the laboratory on
core samples.
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on the low and high frequencies. As expected the conduc-
tivity profiles tend to echo the coplanar data from which
they were derived,

A selected number of the 70 drill sites were used to
estimate the conductivities of ¢lay, till, and sand and gravel.
The layer thicknesses of each unit (if they were greater than
2 m) were fixed and the HLEM data was used to obtain the
best fit for each of the layer conductivities by using the in-
version procedures outlined earlier. Figure 25-21 is an ex-
ample showing six drill holes along the Fraserdale - Smooth
Rock Falls transect. The resistivities obtained from the in-
version are shown in the figure together with the resistivities
of selected core samples obtained by laboratory measure-
ments. The resistivity of sand determined from this study
ranged from 200 to 350 ohm-metres, till from 70 to 1635
ohm-metres, and clay from 43 to 60 ohm-metres. The resis-
tivities from the core samples are generally lower than those
obtained from the inversion. Figure 25-22 displays the data
and the best fit in the form of Argand diagrams.

A statistical analysis of the resistivity obtained from
these inversions, that is layer thicknesses fixed using the
stratigraphic logs, was carried out by Palacky and Stevens
(1990). Drill holes with more than four lithologically dis-
tinct layers were not used because the inversion process is
less reliable in areas of complex layering. Histograms of the
resistivities obtained from the inversion, as well as from
core measurements, are shown in Figure 25-23. These re-
sults indicate clay, till and sand resistivities in the Timmins
region investigated by this study have narrow, well defined
ranges. Resistivity mapping may therefore be an effective
tool for determining sediment lithology.

SUMMARY

This paper has demonstrated the potential use of elec-
tromagnetic methods for mapping bedrock conductors be-
neath drift and for mapping and delineating overburden
thickness and lithology. Different regions have different
conductivity characteristics that depend on the type of ma-
terial deposited, the underlying bedrock and the pore water
in drift and bedrock. There is a large range of EM systems
available today, each with its own resolution and depth of
exploration. The limited examples presented can do no more
than provide the reader with a cursory look at EM tech-
niques. You are encouraged to use the references listed at
the end of this paper to provide more detailed information.
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DRIFT EXPLORATION DATA FROM B.C. MINISTRY OF
ENERGY, MINES AND PETROLEUM RESOURCES
ASSESSMENT REPORTS: NTS 93N (MANSON RIVER)
SOUTH HALF, NORTHERN QUESNEL
TROUGH REGION, B.C.

By Daniel E. Kerr
Geological Survey of Canada
(Geological Survey of Canada Contribution 28093)

INTRODUCTION

Drift exploration in British Columbia has been hin-
dered in many areas of high mineral potential by thick over-
burden sequences and poorly understood Quaternary
history. Nevertheless, early drift exploration surveys such
as those by White and Allen (1954) in the southern Okana-
gan arca and Warren et al. (1957) in the Asheroft-Kamloops
region, for example, demonstrated the utility of geochemi-
cal sampling for mineral exploration. Despite these early
geochemical successes, relatively few results of systematic
drift prospecting surveys in British Columbia have since
been published in scientific journals. However, over 9G00
references exist in the form of British Columbia Ministry of
Energy, Mines and Petroleum Resources (B.CM.EM.PR))
assessment reports relating to geochemical sampling of
soils, stream sediments and plants, In addition, many con-
tain useful information relating to overburden type and
thickness, as well as to geophysical and drilling data perti-
nent to many drift exploration techniques.

Geological, geochemical and geophysical data relating
to drift exploration techniques have been summarized from
assessiment reports covering the southern half of the Manson
River (93N) map area (Figure 26-1). This compilation is a
response to the need for a greater awareness of the role of
surficial geology in drift prospecting as a guide to mineral
exploration. It is one example of how previously collected
and readily available data can be used for planning and as-
sessing the usefulness of geochemical sampling, assisting in
geological interpretation, determining which reports to
read, gauging levels and types of exploration by NTS sheet,
and encouraging more fleld observations and recordings of
Quaternary geology information. It is recommended that,
prior to any fieldwork, similar summaries of assessment re-
ports be undertaken by exploration companies in target ar-
eas.

METHODS

The region covered in this survey consists of eight NTS
1:530 000 map sheets in the southern half of the Manson
River map area: 93N/01 to 93N/08. Numerous mineral ex-
ploration activities have been focused in this region, and
many mineral discoveries are reported. The area has also

received considerable attention from the mining industry
following the discovery of the Mount Milligan porphyry
copper-gold deposit. A total of 244 assessment reports were
filed for this region between 1966 and 1991, These were
reviewed and the 238 that contain data relevant tp drift ex-
ploration were summarized. Compilation of dat:i from as-
sessment reports pertains to four general categories:

e Cuaternary geology: overburden thickness and determi-
nation method, existance of surficial geology map, ice-
flow directions and overburden type.

e Geochemistry: number of geochemical soil samples and
soil horizon from which sample was taken, rumber of
geochemical stream sediment samples, number of geo-
¢hemical rock samples, number of blogeochenncal plant
samples.

o Geophysics: magnetic and electromagnetic sucveys (ex-
pressed in line kilometres), resistivity and induced polari-
zation surveys (also in line kilometres), ground versus
airborne.

Figure 26-1. Study area, southern half of the Manscn River
(93N) map area.
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TABLE 26-1
SUMMARY OF ASSESSMENT REPORT DATA

NTS NO.QF OVERBURDEN " GEOCHEMICALY, GEOPHYSICAL DRILLING
93N | REPORTS {m) SOL, | SILT | R/BIO | MAG/EM ) | RAP (k) {h, m)
D1E 33 <l to 189 8373 209 TIB(R) 8863.9 439 36l h
10) 18188 m
1w 30 1to 9% 5375 19 485(R) 4397.1 216 37h
58(BI10) 6616 m
02E 39 Q1030 21175 216 237(R} 2298.0 148.8 3h
345 m
02w 32 Oto 30 6330 178 225(R) 4327.4 280.1 52h
4582
03E 16 3363 49 166(R) 158.2
03W 1 106.0
ME 1 3t083 157h
5063 m
AW E] 598 39 32(R)
05E 6 <li09 949 58 68(R) 2h
44 m
05W 4 306 9 37.0
0GE 25 »2106 12946 696 103(R) 2566.6 374 9h
32 m
06W 16 10?7 5075 331 455(R) 174.8 115.8 34h
3225m
VIE 9 4tp43 3867 192 554(R) 880.0 25.3 5h
692 m
07w 24 <l103] 4511 44 226{R) 658.9 134.1 16h
2674 m
03B 1 167 12(R)
08w 2 41017 140 454(R) 1300.0 25.3 5h
5(BIO) 692 m
LEGEND FOR SUMMARY TABLE
NTS
NTS 1:50 000 map sheet designation for 93N
OVERBURDEN (m)
Reported range of overbarden thickness in memes,
GEQOCHEMICAL
Soil - Number of geochemical soil samples.
Silt - Numbes of geochemical stream sediment samples.
R/Bic - Rock/Biogeochemical samples.
(R) - Number of geochemical rock samples.
(BIO} - Number of biogeachemical plant samples.
GEOPHYSICAL (km)
MAG/EM (km) - Magnetic/electromagnetic surveys and extent in line kilometres.
RSP (km) - Resistivityfinduced polarization and extent in line kilometres.
DRILLING (hm)

h - Number of holes drilled.
m - Total length of core in metres,

ddh - Diamond-drill hole
pedh - Percussion-drill hole

e Driliing: number of holes drilled and method, total length
of core.

A briefreview of regional physiography, bedrock geol-
ogy and surficial geology is presented below. This is fol-
lowed by an overview of data on Quaternary geology,
geochemistry, geophysics and drilling for the eastern and
western haives of cach of the eight 1:50 000 map sheets in
Table 26-1. The main drift exploration data are reported in
Table 26-2.

Assessment reports and indexes in microfiche and disk-
ette format are available from the British Columbia Ministry
of Energy, Mines and Petroleum Resources in Victoria, as
well as in the five District offices throughout the province:
Vancouver, Kamloops, Cranbrook, Prince George and
Smithers. Partial libraries are maintained in nincteen Gold
Commissionerss offices, including Nanaimo, Merritt, Pen-
ticton, Revelstoke, Princeton, Kaslo, Trail and Vernon. Data
products are also distributed through the British Columbia
and Yukon Chamber of Mines in Vancouver. Other useful
sources of data for mineral exploration include the Surficial
Geology Map Index of British Columbia (Bobrowsky ef al.,

1992) and Regicnal Geochemical Survey Database (Infor-
mation Circular 1993-5) which lists provincial RGS data-
base coverage by NTS map sheets, Additional regional till
geochemistry survey data are also available for much of the
Manson River (93N) and Fort Fraser (93K) region (Plouffe
and Ballantyne, 1993).

PHYSIOGRAPHY AND BEDROCK
GEOLOGY

The Manson River map area falls within the Interior
System of the Canadian Cordillera which can be further sub-
divided into the Interior Plateaus and the Omineca Moun-
tains (Holland, 1976; Mathews, 1949). The Interior Plateaus
consist of the Nechako Lowland and Plateau which vary
from gently rolling to flat-lying terrain, ranging in elevation
from 635 to 1515 metres. Bedrock geology is characterized
by deformed sedimentary, metasedimentary, volcanic and
igneous rocks of Permian to Cretaceous age (Nelson ef al.,
16914, b). Syenite, granodiorite and granitic intrusions of
Jurassic age are also present. Extensive areas are capped by
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TABLE 26-2
DRIFT PROSPECTING DATA (93N)
(KEY TO ABBREVIATIONS AT END OF TABLE 26-1)
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OIE [ ) ZAPCLAIMS PECHINEY s o Je[ize] 7 Jar] ennwoes SURVEY
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oIE 05175 | 74 MOSQUITO- PECHIREY PECHINEY s v [ e faze] 7 Jazr| s1imves 433 MAGG 147 | SURVEY
ZAP CLADMS DEV.LTD. DEV.LTD. 433342 ®) DONE
0E (SN T MOSQUITO- PECHINEY PECKINEY ss| o Jo [2e] 7 | sri1oes 10 5(d) 4ddn
ZAP CLAIMS DEV.LTD, DEV.LTD. 432342 58
OIE sy [ a3 FHIL { CLAIM seconvsION- [ssof ¢ [1e[12e] 7 [ar] elioece 95 2R)
GROUP BP EX. LTD. 433381
olE W | e PHILA.B, &1 SELCODIVISION- | seLcoDvisION- [sso] 7 [ o [1ze] 2 Jo-| et0s04s D 117 [F=)
CLAIM GROUPS BP RESOURCES BP RESOURCES 424089
0IE vxe [ a8 PHIL17 SELCO DIVISION- SELCODIVISION- | s8] 11 Jar [12¢] & Fov| elisave [ 7 | ®
cLADM BP RESOURCES BP RESOURCES 432077 ®
OlE Beel | 85 MT.MILLIGAN BP RESQURCES BPRESOVRCES [s5°] w [ o [z & [ oo | eniseaz 152 R}
CLAIM GROUP CANADA LTD. CANADA LTB. 432048 @
DIE wn | 8 PHIL I+ BP RESOURCES BPRESOURCES [5%°] 7 [30-|12¢] 2 [0 