I

B12

B13

Bl4

B15

B16

B17

B18

B19

B20

B21

B22

B23

B24

Anne-Cleaver Lakes: Fe content of
horizon, -80 mesh, total attack
Anne-Cleaver Lakes: Fe content of

soils, -80 mesh, total attack ..
Anne-Cleaver Lakes: Fe content of
soils, 1.0M HCl ext., -80 mesh .
Anne-Cleaver Lakes: Fe content of
soils, 0.05M EDTA ext., -80 mesh
Anne-Cleaver Lakes: ratio of 1.0M
to total ext. Fe (FeHR) in Layer
Anne-Cleaver Lakes: Mn content of
horizon, -80 mesh, total attack
Anne-Cleaver Lakes: Mn content of

soils, -80 mesh, total attack ..

------------

HC1l ext.
1 soils

the L-F-H

Anne-Cleaver Lakes: Pb content (ppm) of the

L-F-H horizon, -80 mesh, total attack .......

Anne-Cleaver Lakes: Pb content (ppm) of Layer

1 soils, -80 mesh, total attack
Anne-Cleaver Lakes: Pb content of
soils, 1.0M HC1l ext., -80 mesh .
Anne-Cleaver Lakes: Pb content of

soils, 0.05M EDTA ext., -80 mesh

Layer 1

Layer 1

Anne-Cleaver Lakes: ratio of 1.0M HC1l ext.

to total ext. Pb (PbHR) in Layer

1l soils ....

Anne-Cleaver Lakes: ratio of 0.05M EDTA ext.

to total ext. Pb (PbER) in Layer

1 soils

XxXvi.

336

337

340

341

342

343

344

345

346

347

348




B25

B26

B27

B28

B29

B30

B31

B32

B33

B34

B35

B36

B37

;————————L

XXvii.

Anne-Cleaver Lakes: 2Zn content (ppm) of the

L-F-H horizon, -80 mesh, total attack ....... 349
Anne-Cleaver Lakes: Zn content (ppm) of Layer

1 soils, -80 mesh, total attack ............. 350
Anne-Cleaver Lakes: Zn content (ppm) of Layer

]l soils, 1.0M HC1 ext., -80 mesh ............ 351
Anne-Cleaver Lakes: Zn content of Layer 1

soils, 0.05M EDTA ext., -80 mesh ............ 352
Anne-Cleaver Lakes: ratio of 1.0M HCl ext. to

total ext. Zn (ZnHR) in Layer 1 soils ....... 353
Anne-~Cleaver Lakes: ratio of 0.05M EDTA ext.

to total ext. Zn (ZnER) in Layer 1 soils .... 354

Anne-Cleaver Lakes: pH of the L-F-H
HOFLZOMN woicun 4 3 5 6@ iiaiii i 5 o oo msseamin o + 0 ¢ 0 o » swsasee 355

Anne-Cleaver Lakes: pH of the Layer 1

Anne Lake: so0il pit 431, metal distribution

with depth, -80 mesh, total attack .......... 357
Anne Lake: soil pit 431, metal distribution

with depth, -80 mesh, total attack .......... 358
Anne Lake: soil pit 433, metal distribution

with depth, -80 mesh, total attack .......... 359
Anne Lake: soil pit 433, metal distribution

with depth, -80 mesh, total attack .......... 360
Anne Lake: soil pit 452, metal distribution

with depth, -80 mesh, total attack .......... 361




xxviii.

B38 Anne-Cleaver Lakes: dissolved Cu and Zn (ppb)
in seepage, pit and stream waters (1974) .... 362
B39 Anne-Cleaver Lakes: dissolved Cu and Zn (ppb)

in snow-melt, pond and stream waters

(LOTO] mni 5% 5 oo § 6 o n mmpanimins & & » ¥ stoRwEmmre & 4 363




XXX1i.

ACKNOWLEDGEMENTS

The author is indebted to many individuals who contributed
to this thesis. Assistance in the field was provided by Mr.
Mike Waskett-Myers in 1974 and Mr. Barry Hogan in 1975. Spe-
cial thanks are extended to Mr. Paul Wilton, Ms. Barbara
Mioduszewska and Mr. Frank Ferguson of Cominco Limited for as-
sistance in the field and for subsequent discussions and con-
fidential materials which greatly aided interpretation of geo-
chemical results. Special thanks is also offered to E.M.
Cameron of the Geological Survey of Canada for brief discus-
sions of field data at Bathurst Norsemines and Agricola Lake
in 1974 and 1975.

Analytical determinations were made by the author, Mr.
Waskett-Myers and Mr. A.S. Dhillon. Assistance with thesis
preparation was given by Miss Geraldine Desmond who also skil-
fully typed the text. Special thanks are extended to Drs.C.I.
Godwin and A.J. Sinclair for critical examination and con-
structive criticism of preliminary drafts. Dr. W.K. Fletcher,
who supervised this study, is offered many thanks for his time
and patience under difficult working conditions.

The author is highly indebted to management and staff of
Cominco Limited who provided generous funding and logistical
support for this study and to Dresser Minerals International
Incorporated who supported preparation and reproduction of the
manuscript. Partial assistance for summer field work was
also supplied by the B.C. Government as part of their Career

'74 and Career '75 programs.




XXX.
15 (In pocket). Color G.S.C. air photograph
of the Camp Lake Area ..........coieeveennean 372
16 (In pocket). Continuation of Plate 15 ....... 372
17 (In pocket). Color G.S.C. air photograph
of the Anne-Cleaver Lakes Area .............. 372
18 (In pocket). Continuation of Plate 17 ....... 372

H
|
¥
|




CHAPTER 1

INTRODUCTION TO EXPLORATION GEOCHEMISTRY

|

IN PERMAFROST TERRAINS

S -

I THESIS OBJECTIVES

Geochemical investigations of metal dispersion in soil,
water and sediment were conducted over and adjacent to vol-

canogenic massive sulphide deposits at Bathurst Norsemines

in the District of Mackenzie, N.W.T. The area lies within
the zone of continuous permafrost. Particular attention
has been given to:

1) Defining spatial distributions of trace elements
in soil, sediment and water and their relation-
ship to mineralized zones.

2) Assessing the significance of glacial-periglacial
phenomena upon dispersion patterns and ion mobility.

3) Determining the most appropriate sampling medium
and method in terms of exploration.

4) Defining the mode of metal occurrence within the
various sample media.

5) Identification and characterization of geochemical
anomalies using various partial extractions and
statistical methods.

In the course of this study, more than 1400 soil, 200

ﬁater and 100 sediment samples were collected. Over 24,000
) analytical determinations were conducted on these samples in

an effort to achieve the above objectives.
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Figure 1. Distribution of permafrost in Canada.
Modified from Brown and Péwé (1973).



The active layer is the zone above permafrost which
freezes and thaws annually., It is directly underlain by
permafrost except in the discontinuous zone where it may
be separated from permafrost by an intervening talik (Price,
1972; Fig. 2). It is relatively thin, 1.5 to 4.0 feet, in
the far north but increases to about 12 feet near the
southern boundary of discontinuous permafrost. In Canada,
the active layer typically consists of an acidic, cold, wet,
and rocky till. Soil profile development is minimal and
Gleysolic and Regosolic soils dominate (Price, 1972; Brown
1970; Tarnocai, 1977). Furthermore, substantial frost
action, especially cryoturbation, has mechanically differen-
tiated the upper portions of the active layer into sorted
and non-sorted features characteristic of patterned ground
(e.g. circles, nets and stripes; Washburn, 1972). Almost
all soil sampling in arctic Canada is done in the active
layer, therefore, its effective use as a sampling medium
necessitates an understanding of periglacial processes.

Although there are many types of periglacial phenomena
(Washburn, 1956, 1972) the most relevant to exploration
geochemistry are circles, sorted and non-sorted, and soli- i
fluction lobes. Circles are known by many names (e.g. mud
boils, frost boils, frost scars, tundra craters, medallion

patches, etc.). They are diapiric structures, 1.0 to 8.0

feet in diameter, which are thought to be produced by
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Figure 2. Idealized cross section of permafrost from the
Arctic Islands to northern Alberta. Note that
the active layer is deepest in the subarctic
(e.g. Hay River, 610N) and decreases in depth
north and south of this zone. Also note that
the active layer can be separated from permafrost
by an intervening talik (adapted from Price, 1972).




differential freeze-thaw (Corte, 1962) and/or pressures caused
by hydrostatic or cryostatic conditions (Shilts, 1973a Fig. 3).
Generally, they are restricted to low angle slopes and, at
Bathurst Norsemines, heaving and éxtrusion of silty material
was Observed to occur early in the summer when tﬁe active
layer is most saturated with water (Plates 1 to 3). Following
observations in the Mackenzie delta, by Mackay and MacKay (1976)
it is suggested that hydrostatic rather than_cryostatic
prbcesses are d more likely mechanism of frost boil genera-
tion (Fig. 4).

| Solifluction or gelifluction is the slow (one to two
inches per year), viscous, down-slope movement of waterlogged
soil and other unsorted and saturated surficial material

(Price, 1972; Highashi and Corte, 1971). Although soil

creep and mass movement may be important components of
solifluction (Fig. 5), the solifluction process is distinguishéd
by higher soil moisture, differential soil movement, which
often produces lobate structures, and a more restricted period
of activity, generally in early summer when water is most
available. Solifluction is best developed on slopes of 5
to 25 degrees where it generally manifests itself as large
lobes, one hundred to several hundred feet in strike and two
to four feet in height, which may coalesce forming a crenu-
-lated pattern. Solifluction can also occur oﬁ slopes of only

two or three degrees, but is generally more subtle and re-
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stricted. On slopes greater than 25 degrees water is
quickly lost as runoff which carries away the finer soil.
Because fine soil and high moisture contents facilitate
solifluction development, the loss of both fines and water

severely limits solifluction development on such slopes.

B. Climatic Influences

Since permafrost is a function of climatic conditions,
systematic climatic changes over many years or hundreds of
years will cause permafrost and active layer thicknesses
to fluctuate (Gold and Lachenbruch, 1973; Bryson et al.,
1965); however, such effects in terms of geochemical dis-
persion, have not been reported. It is suggested,
therefore, that long term oscillations of the mean annual
air temperature (M.A.A.T.) allow relatively unweathered
permafrost material to be subjected periodically to
intense chemical and physical weathering characteristic
of the present active layer and, if cryoturbation is
sufficient, incorporation of former permafrost material
into the upper portion of the active layer may occur.
Furthermore, an increase in the M.A.A.T. may result in longer
periods of thaw and more intense chemical and biological
activity; conversely, a decrease in the M.A.A.T. is thought
‘to inhibit dispersion processes. Such long term climatic
fluctuations are thought to be recorded in lake sediments as

variations in sediment texture, trace element composition
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and organic matter content (cf. Karrow and Anderson 1975),
which are subjects considered in Chapters 4 and 5, Sections

V and II respectively.

C. Geochemical Dispersion in Permafrost Terrains
1. Ionic and hydromorphic dispersion

Although the same basic weathering and dispersion pro-
cesses (biological, chemical and physical) operate in the
permafrost regime, as in the temperate zone (Fig. 6), the
severity of the climate and the presence of permafrost impose
their own peculiar restrictions on geochemical dispersion.

For example, until recently permafrost was considered to be
almost impermeable. Consequently, groundwater movement,
except in the shallow active layer, was thought to be vir-
tually non-existent. However, as recent studies have shown
(Anderson, 1967: Murmann, 1973) water and ion movement with-
in permafrost can occur through diffusional processes (Fig. 7).

Ion diffusion rates in permafrost were preconceived to be
similar to solid state diffusion rates. However, diffusion
rates for frozen soils (-30 to -1500) were found to range from
10" 3¢cm to 5 cm per day, which is only about a factor of 10
less than the same soils at 2500 and substantially higher,
by several orders of magnitude, than solid state diffusion
rates (Anderson and Morgenstern, 1973). Furthermore, if the
tortuosity of the migration path is considered, the rates are

only slightly less than those in an aqueous solution.
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Metal ion migration in permafrost terrains: effects
of seasonal changes. The basic process by which
ions move from permafrost upwards is probably ionic
diffusion in solution. There is sufficient moisture
in permafrost to allow capillary-type migration to
occur. In the winter metal ions move towards the
soil surface in response to various gradients.
Carbonate and sulphate crusts are formed and some
metal moves into the overlying snow. This process
continues until spring when there is melting and
metal ions are flushed out in a pulse of early run-
off, which may take several weeks. In summer
surface runoff has ceased, but capillary action
continues to supply metal-rich waters to the soil
surface where the water evaporates leaving behind
soluble metal complexes if there is little summer
rain. In the fall, rain is more frequent resulting
in a flush runoff which may be as intense as the
spring pulse under certain conditions (from Jonasson

and Allan, 1973).
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Diffusion rates of this magnitude can only be accounted for
by the existence of continuous, thin films of liquid

water, 3 to 18 angstroms thick, surrounding the soil part-
icles (Anderson and Hoekstra, 1965). Ugolini and Anderson
(1972) and Tyutyunov (1960, 1961) have shown that these

thin films of water are saline and probably allow important
chemical reactions to occur, Consequently, permafrost may
not be as much of a barrier to trace element movement nor

as effective in limiting chemical weathering as once thought.
Furthermore, many laboratory and a few field studies have
shown that ions may move in response to various gradients

and that weathering within permafrost does occur. However,
the presence of massive ice (e.g ice lenses, layers and
wedges), which can occupy as much as 80 percent of permafrost
by volume, can drastically and unpredictably reduce ion move-
ment (MacKay, pers. comm.). Field studies, assessing the
relative importance of ionic diffusion within permafrost with
respect to migration of elements from sulphide ore bodies have
not been reported except in relatively inacessible Russian
journals (e.g. Shvartsev and Lufkin, 1966).

Although permafrost generally is considered as a north-
ward thickening relatively impermeable wedge, its distribution -
because of the large numbers of lakes on the northern Canadian
Shield -resembles a well perforated and dented sieve. This

is because lakes greater than about six feet deep do not com-

0.
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pletely freeze in the winter and, since water is most dense
at approximately 4°C, the deeper water bodies remain at or
near this temperature year around. Consequently, well
developed taliks, occur beneath larger lakes and rivers
(Fig. 8). The presence of large numbers of taliks might
result in interconnected networks of thawed ground allowing
groundwaters to circulate and exchange or dispense metals
and other ions into overlying sediments and waters as
postulated by Allan (1971).

At Bathurst Norsemines the presence of very thick (>1600
feet) permafrost (Taylor anq Judge, 1974) effectively pre-
vents lake induced taliks from penetrating permafrost, except
where lakes exceed 4500 feet in diameter. Furthermore, be-
cause the till is relatively thin, generally less than 50
feet on the northern Shield, bedrock permeability is the crit-
ical factor in terms of ion and deep groundwater movement. |
Unless the bedrock is permeable, i.e. faulted or fractured;
the presence of taliks is irrelevant.

If ionic diffusion through permafrost is discounted as a
major factor of metal dispersion, hydromorphic dispersion of
metals within the overburden is restricted to the shallow
active layer. Furthermore, it seems likely that this layer,
which is usually water saturated and constantly reworked by

_cryoturbation, is a zone of comparatively intense chemical

activity. Sulphide minerals entering the active layer from
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outcrop or sub-outcrop would be expected to decompose

allowing their soluble and mobile products to be transported
into the network of streams and lakes which covers an average of
15 to 30 percent of the northern Canadian Shield. The
possible role of glacial and periglacial processes in bring-
ing trace elements and mineralized rock fragments into the
upper portions of the active layer is considered in the

next section.

2. Mechanical dispersion
i) Glacial

The whole of the northern Canadian Shield has been sub-
jected to at least one episode of continental glaciation.
It seems likely, therefore, that prior to onset of present
periglacial conditions, characteristic clastic dispersion pat-
terns developed as a result of glacial corrosion of mineralized
bedrock. Normally this results in finger or fan-shaped geo-
chemical or boulder indicator trains extending down ice several
miles from the source These indicator trains have been
widely used for prospecting in both Finno-Scandia and Canada.
Shilts (1973a, b, c, 1974a, 1976) has described examples from
the Kaminak region of the N.W.T. Consequently, glaciation is
the single most important dispersive process in the permafrost
environment of the Bear and Slave Structural Provinces.
Without glaciation, whereby fresh rock is comminuted and wide-

ly dispersed, chemical activity and subsequent hydromorphic
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dispersion would not be as intense nor as widespread.

At Bathurst Inlet the ice-sheet scoured bedrock and left
relatively thin till deposits, generally thought to be of
local provenance, and moderate to abundant fresh bedrock
exposures (Craig, 1960). Locally, the till has been reworked
and/or largely removed resulting in esker, kame and outwash
deposits with associated features (e.g. esker scour channels).

Eskers are common throughout glaciated regions, but are
particularly noticeable in the continuous permafrost zone.
Although they may appear continuous over many miles, most
eskers are built in short overlapping segments from streams
extending from tens or hundreds of feet to perhaps a few
miles back from the ice margin (Howarth, 1971), Consequently,
they drain relatively restricted areas and, unlike streams
and rivers whose sediment has been derived from all of their
upstream drainage basin, esker material can only have been
derived from as far upstream as the head of the short segment
associated with its formation and, therefore, is of very
restricted provenance. This, combined with their low
density (1 linear mile per 102 square miles around Bathursi
Norsemines), makes them generally unsuitable geochemical
sampling medium for exploration purposes, although they have

been used in other areas (Shilts, 1973a; Cachau-Hereillat

. and LaSalle, 1971).




19.

ii) Periglacial

In terms of exploration the two most important peri-
glacial processes and features of the permafrost zones are
circles and solifluction lobes. Circles, sorted and non-
sorted, are ubiquitous in the continuous permafrost zone
and are thought to bring to the surface, through cryo-
turbation, soil which is very similar in trace metal con-
tent to that at the base of the active layer (Pitul'ko,
1968; Allan and Hornbrook, 1970, 1971; Shilts, 1973a).
Furthermore, because circles are often closely spaced, even
impinging on one another to form nets, the churning motion
ascribed to their development tends to homogenize the active
layer and disrupt soil profile development. As a result,
even though chemical activity and hydromorphic dispersion are
substantial, there is little visual representationlof these
activities in terms of soil profile development. This
contrasts with undisturbed tundra where eluviation and
illuviation may make sampling depth a significant factor
(Fig. 9). Additionally, circles are thought to contain
a greater percentage of finer soil material relative to
less disturbed tundra because of physical sorting by various
frost processes (cf. Corte, 1962). When active, these

frost processes result in circles being free of vegetation,

. thereby presenting an easily and readily available sample

of mineral soil. Consequently, where possible, sampling

of circles has generally been recommended.
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Figure 9. Profiles of geochemical dispersion in:

A) undisturbed till, B) in circles,
and C) solifluction lobe with con-
siderable displacement. Scale of
concentration is arbitrary. Modified
from Pitul'ko (1968).




