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Introduction

Large areas in northern Canada are underlain by
water-soluble bedrock strata such as limestone and dolomite.
Bird (1963, p. 16), in describing the occurrence and motr-
phology of limestone terrain in northern Canada, stated:
“Karst features are rare. They are believed to occur in
northern Alberta and may exist locally south of Great Bear
Lake.” Brandon (1963, p. 176) postulated that *...in
regions of continuous permafrost, ground water infiltration
can only occur in karst rocks where solution channel flow
is possible.” Brandon (1965) further indicated that two
formations of particular significance in this respect are the
Lower Devonian Bear Rock Formation and the Upper
Cambrian Saline River Forrnation because they contain
solution channels in brecciated dolomite and limestone and
in salt and gypsum, respectively.

The presence of karst in northern Alberta has since
been confirmed. It was described in some detail by Ozoray
(1977), who indicated that this is an active karst, the
development of which is related to underground removal of
evaporites {salt and/or gypsum) by moving groundwater.
The northern Alberta karst extends northward into the
Northwest Territories to the vicinity of Great Slave Lake
(Douglas and Norris, 1974), through the zone of scattered
permafrost and into the. zone of widespread discontinuous
permafrost (Brown, 1978).

The most accentuated karst terrain yet reported from

higher latitudes in the zone of widespread discontinuous

permafrost is the Nahanni North Karst, north of the South

- Nahanni River, N.W.T., first described by Ford and Brook

in 1973. Then the Nahanni North Karst was the most com-
plex subarctic karst landscape known in North America. It
is developed entirely in carbonate rocks. Hydrologic obser-
vations made in the area in 1972 and 1973 were described
by Brook. (1977).

Karst development in an even more northerly area,
the Colville Hills west and northwest of Smith Arm (Great
Bear Lake), was indicated by Aitken and Cook {1969) and
by Cook and Aitken (1971). The existence of a very large
sinkhole near Vermilion Creek, about 40 km southeast of
Norman Wells, was mentioned by Ford and Quinlan (1973).

During hydrogeological reconnaissance in June 1975,
it was found that karst development is widespread in
the Franklin Mountaihs, Great Bear Plain and Colville
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Hills, from Great Bear River at least as far north as 67°N
{van Everdingen, 1976, 1978b). This karst terrain extends
into the zone of continuous permafrost.

As pointed out by Ozoray (1977), the presence of
active karst can present hazards to mining as well as to
various types of surface development, through flooding and
through subsidence or collapse of the ground surface. In
addition to such geotechnical hazards, the presence of karst
is. likely to aggravate potential environtherital préblems.
Groundwater in karst areas is generally extremely wul-
nerable to contamination from surface sources. When
compared with non-karst areas, the lack of chemical and
physico-chemical attenuation mechanisims and the usually
more rapid subsurface transport of contaminants may lead
to accelerated contamination of surface waters at relatively
distant discharge areas. These considerations have prompted
a more detailed study of the morphology, hydrelogy and
hydrochemistry of a portion of the karst terrain covered by
parts of NTS map sheets 96C, 96E, 96F and 96K (Fig. 1)
between 1975 and 1978, the results of which are presented

in this report.
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Figure 1. Index map showing location of study area with respect
to regional physiography.




PHYSIOGRAPHY

The study area comprises parts of four physiographic
subdivisions: Great Bear Plain, Colville Hills, Franklin
Mountains and Mackenzie Plain (Fig. 1, after Bostock,
1967). Great Bear Plain, part of the Northern Interior
Plains, is a region of low relief with elevations ranging from
about 100 to about 525 m, which contains numerous
swamps, ponds and small lakes poorly linked by sluggish
streams, The Colville Hills consist of widely separated ridges
of various trends with elevations of up to 725 m; the
Franklin Mountains have maximum elevations of up to

1075 m in the study area. Elevations in the Mackenzie

Plain, between the Franklin and Mackenzie mountains,
range from about 100 to about 350 m. The area is only
sparsely populated and information on the climate and
hydrology is fimited.

Meteorological observations are -available from
stations at Fort Norman, Norman Wells and Fort Good
Hope for periods of various durations. These indicate that
the climate is subarctic, with long cold winters (average of
240 days with frost) and short cool summers. Mean annual
temperatures range from -6°C to -8°C, with extremes from
+35°C to -56°C. Annual precipitation is quite variable at
Norman Wells, ranging from 193 to 490 mm with a long-
term mean of 335 mm, of which between 55% and 60%
normally falls as rain during the period from May to
October {data from Burns, 1973, 1974). Annual lake
evaporation is of the order of 260 mm.

The study area forms part of the Mackenzie River
drainage basin. Streamflow measurements are available
from Water Survey of Canada gauging stations on the
Mackenzie River at Fort Norman and Norman Wells, on
Whitefish ‘River near its mouth, and on Bosworth and
Seepage creeks, both in the vicinity of Norman Wells.
Information on other streams and on soil moistire and
groundwater levels is essentially nonexistent except in the
immediate vicinity of the Mackenzie Highway and pipeline
corridor.

Most of the area is situated in the zone of discon-
tinuous permafrost. Although permafrost is widespread, it
is lacking beneath lakes, larger ponds and the active chan-
nels of many streams. It tends to be absent locally beneath
well-drained south-facing slopes and in eskers or dune
ridges, etc. The northernmost portion of the area falls
within the zone of continuous permafrost Measured thick-
nesses of perennially frozen ground range from 45t0 76 m
around Norman Wells to more than 115 m east of the
Franklin Mountains (Brown, 1978).

Norman Wells was the main point of access to the
area. Travel in the area for the purpose of this study was
primarily by helicopter. Overland travel is affected by
terrain conditions which are determined mainly by the
character of glacial and postglacial deposits and by the
occurrence and distribution of permafrost and ground ice,



Geology

BACKGROUND

A description of the geology along the Mackenzie
River and along some of the other major rivers in the area
was published by Hume {1954). Cambrian stratigraphy was
described by Aitken et a/. (1973), and Ordovician and
Silurian stratigraphy, by Norford and Macqueen (1975). A
geological map covering the Colville Lake area and part of
the Coppermine area was published by Cook and Aitken
(1971). Preliminary geological maps for the Fort Norman
(NTS 96C), Norman Wells (NTS 96E) and Mahony Lake
(NTS 96F) map areas are available in Geological Survey of
Canada open files.

BEDROCK STRATIGRAPHY
Cambrian — Mount Cap and Saline River Formations

The Mount Cap Formation consists of grey, green and
red shales with interbedded glauconitic sandstone and silt-
stone. The top of the formation is matked by brown-
weathering, thin-bedded to laminated dolomite (Cook and
Aitken, 1971; Aitken et a/., 1973). Outcrops of the Mount
Cap Formation are rare in the study area.

The Saline River Formation overlies the Mount Cap
Formation conformably. In the Imperial Vermilion Ridge
No. 1 well (NTS 96E), it consists of a lower unit of 848 m
of salt and anhydrite overlain by a succession of 171 m of
red and green shale and mudstone, dolomite, and white and
pink gypsum {Aitken et al., 1973). The measured thickness

of the lower unit may reflect tectonic thickening.

It should be pointed out here that the calcium sul-
phate evaporites commonly occur as anhydrite in the deep
subsurface and as gypsum in ouUtcrops and at shallow depth.
They will be referred to as gypsum in the rest of this report.

The Saline River Formation outcrops locally in the
Franklin Mountains. A maximum thickness of 162 m was
quoted for the recessive, poorly exposed upper unit in a
section in the Norman Range by Aitken et al. (1973);
sulphur-isotope analyses published by van Everdingen and
Krouse (1977b) indicated that at least 30 m of Lower

- Devonian Bear Rock Formation may be present in the

CHAPTER 2

lower portion of the measured section, unconformably
overlain by the Saline River Formation as a result of local
thrusting.

Figure 2 shows the regional distribution and isopachs
for the Saline River Formation (N.C. Meyer-Drees, personal
communication, 1980).

Cambro-Ordovician — Franklin Mountain Formation

A detailed description of the Franklin Mountain
Formation was given by Norford and Macqueen (1975),
who recognized three mappable units in eutcrops of the
formation which can commonly also be distinguished in
the subsurface.

The lower cyclic unit consists of several types of
dolomite arranged in repetitive sequences, indicative of
cyclic deposition; the dolomites weather to a pale yellowish-
orange. The unit ranges in thickness from 45 to 137 m. Its
basa!l part is interbedded with red and green mudstone char-
acteristic of the upper part of the Saline River Formation.

The middle rhythmic unit, consisting of rhythmic
alternations of two types of dolomite, overlies the cyclic
unit conformably. Weathering accentuates the differences
between the two types of dolomite in outcrops; the
rhythms may be more difficult to recognize in the Northern
Interior Plains and they are generally not apparent in con-
tinuous cores from this region. The thickness of the rhyth-
mic unit ranges from 150 to 490 m,

The upper cherty unit is a distinctive, finely to
coarsely crystalline, thick-bedded dolomite that overlies
the rhythmic unit in the Franklin Mountains and Northern
Interior Plains. It was named the cherty unit by Norford
and Macqueen {1975) to reflect the presence of white chert
and drusy quartz, silicified oolites and large silicified stro-
matolites. The thickness of the cherty unit is extremely
variable, ranging from 0 to about 300 m, because of several
erosion periods that may have affected the unit locally.

According to Norford and Macqueen (1975), the
boundary between Cambrian and Ordovician may lie either
within the rhythmic unit or between the rhythmic and
cherty units.
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Figure 2. Distribution and isopachs of Saline River Formation evaporites.

Ordovician-Siluriann = Mount Kindle Formation

The Mount Kindle Formation overlies the various
units of the Franklin Mountain Formation disconformably;
it is separated from either Devonian or Cretaceous forma-
tions by pre-Devonian and Crétaceous unconformities. It
consists of brownish, medium to dark grey, finely crystal-
line, thin- to thick-bedded dolomites with horizons of
abundant nodules of light grey to white chert and with a
silicified fauna (¢orals, brachiopods and cephalopods) of
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Late Ordovician and Early Silurian age. Vuggy pores may
contain solid hydrocarbons. During this study abundant
upper part of the Mount Kindle Formation in one of the
depressions north of Mahony Lake (No. 110 in Fig. 7).
Cook and Aitken (1971) indicated the occurrence of “‘areas
of sinkholes’” in the outcrop areas of the Franklin Mountain
and Mount Kindle formations west of Smith Arm {Great
Bear Lake). '
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Figure 3. The Keele Arch and the Mah_on_y Lake dome (after Cook, 1975, Fig. 41.1). Black dots indicate outcrops of
Mount Kindlé Formation around the dome. Location of other domes from Haimila (1975, Fig. 12.1).




The variations in thickness of the Mount Kindle For-
mation, from 42 to about 270 m, appear to be the result of
pre-Devonian erosion. Outcrops of the Mount Kindle
Formation are widespread in the Franklin Mountains.
There are fewer outcrops in the portions of the study area
in the Colville Hills and Great Bear Plain where the Mount
Kindle Formation appears to occur as isolated erosional
remnants.

In his description of the Keele Arch, Cook (1975)
indicated the approximate extent of the area of removal of
the Mount Kindle Formation by pre-Devonian erosion
(Fig. 3). Haimila (1975) discussed the possible occurrence
of several large dome-like features along the Keele Arch
between Great Bear River and Colville Lake, which he
named from north to south: *“Tweed Lake Dome,” ““Tunago
Lake. Dome,” “Mahony Lake Dome’’ and ‘‘Brackett Lake
Dome.” During the present study, several outcrops of the
Mount Kindle Formation were discovered in sinkholes
around the central part of the Mahony Lake dome (black
dots in Fig. 3; locations marked K in Fig. 7). These
outcrops are located in narrow bands on the northeast and
southwest flanks of the dome, at elevations as much as
75 m lower than the stratigraphically older cherty unit of
the Franklin Mountain Formation exposed on the central
part of the dome.

A possible explanation for the unusual spatial rela-
tionship between the Franklin Mountain and Mount Kindle
formations at the Mahony Lake dome could be that the
present isolated areas of Mount Kindle strata have been
protected during subsequent erosion intervals as a result of
gradual subsidence (starting shortly after deposition) caused
by subsurface removal of evaporites from the Upper Cam-
brian Saline River Formation. This suggestion is illustrated
in a schematic cross section over the Mahony Lake dome
presented in Figure 4. Subsurface data to assess this sugges-
tion and its implications further have not yet become
available.

Lower Devonian — Bear Rock Formation

The Bear Rock Formation overlies the Mount Kindle
and older formations unconformably. It is exposed in
both the Franklin Mountains and the Colville Hills. The
area from which the Bear Rock Formation and younger
Devonian formations were removed by pre-Late Cretaceous
erosion is indicated in Figure 3 (after Cook, 1975). Measured
thickness of the Bear Rock Formation ranges up to about
240 m.

The Bear Rock Formation consists of laminated to
thick-bedded, pale brown, finely crystalline dolomites:;
thick-bedded pale-grey weathering limestones; and white
gypsum. Thick sequences of carbonate solution breccia
occur widely. Postglacial or postglacially rejuvenated sink-
holes and associated subterranean drainage indicate that
subsurface solution of gypsuim is actively occurring. Evi-
dence of similar activity during the Cretaceous is provided
by the Cretaceous sandstone fillings of fossil sinkholes
{Cook and Aitken, 1971). ‘

A.E.H. Pedder (quoted by Cook and Aitken, 1971)

and A.W. Norris (personal communication, 1978) have
" suggested a Late Lower Devonian to Early Middle Devonian

age for the Bear Rock Formation.
Middle and Upper Devonian

The Middle and Upper Devonian formations are of
limited significance for the present study. They occur in
both the Franklin Mountains and Colville Hills. The fol-
lowing summary description is based on the work of Cook
and Aitken (1971).

The Hume Formation conformably overlies the Bear
Rock Formation. It consists of fossiliferous, brown, thin- to
medium-bedded limestone, with beds and partings of brown
shale. Its thickness is estimated at between 105 and 135 m
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in the study area. Sinkholes resulting from the removal of
gypsum from the underlying Bear Rock Formation by sub-
surface solution occur in both the Hume Formation and the
overlying Hare Indian Formation in the Norman Wells map
area (NTS 96E).

The Hare Indian Fermation overlies the Hume con-
formably. It consists of greenish grey, grey and brown
shales, minor siltstone, and beds of fossiliferous limestone.
it can be up to 2156 m thick.

The Ramparts Formation consists of medium-bedded,
brown, partly argillaceous limestone (0-90 m thick), over-
lain by thick-bedded, massive, pale brown limestone with
large globular stromatoporoids (0-15 m thick), which in
turn may be overlain by up to 15 m of dark argillaceous
and bituminous limestone and calcareous shale.

The Canol and Impetial formations occur within the
study area only along the southwest flank of the Franklin
Mountains. The Canol Formation consists of up to 5635 m
of black, siliceous and bituminous shales. The Imperial
Formation is composed of a sequence of shale, sandstone
and minor limestone, ranging in thickness from 130 to
215 m.

Cretaceous

Cretaceous strata are of limited extent in the study
area. Where present, they overlie a profound regional un-
conformity that truncates progressively older formations
from west to east. The Cretaceous is of little significance to

the present study because of the almost complete absence .

of karst features from areas with a Cretaceous cover.
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UNCONSOLIDATED DEPOSITS

The study area was extensively glaciated during the
Pleistocene Epoch, and as a consequence, glacial deposits
cover most of Great Bear Plain as well as much of the
Colville Hills and the bordering slopes of the Franklin
Mountains. Glacial and postglacial deposits in the area have
most recently been described by Hughes et a/. (1973). The
following summary is based on their work.

Till plains and rolling to hummocky moraine consti-
tute most of the glécial cover of the area. Glaciolacustrine
plains form a belt of varying width along the Mackenzie
River; many small areas of glaciolacustrine sediments occur
in or adjacent to areas of rolling and hummocky moraine.
Glaciofluvial deposits {deltas, outwash plains, kames and
eskers) occupy only a small percentage of the area. Alluvial
flood plains and alluvial terfaces are associated with the
major streams and many of the larger tributaries.

Organic deposits locally overlie any of the above.
They are most common on till plains, especially those
developed over Cretaceous shale. They also occur in depres-
sions in rolling or hummocky moraine and they are wide-
spread on the glaciolacustrine deposits.

For a more detailed description of the deposits as
well as of théir associated landforms and the types and
amounts of ground ice to be expected, the reader is referred
to Hughes et a/. (1973).




Karst

INTRODUCTION

In this report the term “karst’ is used to indicate a
region characterized by the presence of soluble rocks at or
below the land surface that have been modified by solu-
tional erosion (after Paloc, 1975). The conditions required
for the development of karst can be summarized as follows
(modified after Thornbury, 1954):

(1) strata of soluble rock {carbonates, dypsum,.halite or
others) should be present at or some distance below
the surface;

(2) the soluble rock should be jointed and preferably
have a low rass perrmeability;

(3) there should be well-developed valleys adjoining the
uplands that are underiain by the soluble jointed bed-
rock; and

(4) at least moderate amounts of precipitation should be
available for infiltration.

In terms of its position relative to the land surface,
karst can be naked (with solution-affected rocks widely
exposed); covered (with a cover of solution residue or other
unconsolidated deposits); buried (fossil or palaeokarst,
unconformably overlain by unaffected younger bedrock
strata) or subjacent (or subterranean, with active solution
phenomena centred in strata at some depth bieléw less
soluble or nonsoluble bverlyihg_bedrock).

The different processes that may be involved in karst
development are (after Jennings, 1971; Wigley et a/., 1973):

(a) solution of soluble bedrock by moving water;.

(b} precipitation of dissolved minerals from moving
water;

{c) piping of unconsolidated sediments into underlying
solution cavitiés or joints enlarged by solution;

(d) subsidence of unconsolidated sediments into solution
depressions in the underlying soluble bedrock;

(e} collapse of bedrock and unconsolidated sediments
into an underlying solution cavity (shallow collapse);

(f)  collapse of bedrock and unconsolidated sediments
into a breccia “funnel” resulting from progressive
upward stoping over a solution cavity at greater depth
(deep-seated collapse):

CHAPTER 3

Processes (c) and (d} are generally related to covered karst;
process (e) can be related to either covered or subjacent
karst; and process (f) occurs only in relation to subjacent
karst.

The majority of the karst areas of the world owe their
developmenit to solution of limestone and, to a considerably
smaller degree, dolomite. Although the carbonates (calcite
and dolomite) involved in these karst developments are
more soluble in cold water than in warm water, the most
extensive Karsts are found in relatively warm climates where
vegetation growth and bacterial action are more vigorous,
leading to sustained CO, saturation in infiltrating water and
hence to more efficient dissolution of the carbonates.

An additional factor that may slow down karst devel-
opment in carbonate rocks at higher latitudes is the occur-
rence of temperatures below freezing. Jennings (1971,
p. 184) stated: “In cold climates where water on the sur-
face and in soil and rock is frozen most or all of the year
in association with. .. permafrost, karst development is
also inhibited.” He took this one step further when he
added: “In the permafiost zone underground karst develop-
ment stops. ..."” Although this may be trie on a small
scale, karst development is nevertheless taking place in
various areas in the permafrost zone. At least one of these,
the Nahanni North Karst described by Ford and B,roo_k
(1973), occurs entirely in carbonate rocks.

The effect of water temperature is of much smaliler
significance and the relative concentration of biogenic
CO, is of no significance in the case of karst development'
in hypersoluble rocks (evaporites, like gypsum and halite,
with solubilities several orders of magnitude higher than
calcite). Both gypsum and halite are low-perieability rocks
that tend to concentrate available water exclusively in solu-
tion channels and along other available discontinuities.
Relatively small amounts of water can; therefore, initiate
and continue the development of karst in these rock types.

The terminology used to des¢ribe characteristic mor-
phological features of karst terrain is extensive, and in some
cases different terms are used locally to describe similar
features. Only general terms that describe features identi-
fied during the presenit study are discussed in the following
paragraphs.



Two terms will be used to indicate small-scale
features: (1) clints {lapiés or karren), for the etched, pitted,
grooved or fluted rock surface of exposed soluble rocks
and (2) kameénitzas, for the oval or circular solution pits in
the walls of joints in soluble rock.

Most of the medium-scale karst features will be
grouped under the general term sinkholes, which indicates
solution-related depressions varying in depth from less than
1 m to more than 40 m and in area from a few square
metres to several hundred square metres. They are often
funnel-shaped; variations include dish-shaped and cylindri-
cal, vertical-walled sinkholes. Accumulation of sediments
in a sinkhole will flatten its cross section; the resulting
shallow sediment-filled depression is sometimes called a
solution pan. Following the scherme suggested by Jennings
(1971), five different types of sinkholes may be distin-
guished on the basis of the process most directly involved
in their formation.

Solution sinkholes are formed by solution from the
land surface down, along pre-existing fractures or joints;
they are mostly funnel-shaped.

Collapse sinkholes are formed by shallow collapse of
unconsolidated sediments and/or bedrock strata into an
underlying solution cavity. They can be funnel- or bowl-
shaped, especially in areas with a thick cover of unconsoli-
dated sediments or they can initially be vertical-walled. In
the latter case their cross section commonly changes to
funnel or bowl shape with time. They often have a larger
depth-to-width ratio than most solution sinkholes.

Subjacent karst collapse sinkholes are formed by
deep-seated collapse of bedrock and unconsolidated sedi-
ments into -a breccia ‘“funnel” resulting from progressive
upward stoping over a solution cavity at greater depth.
They cah also initially be vertical-walled and commonly
degrade into gentler shapes with time.

Subsidence sinkholes result from gradual subsidence
and piping of unconsolidated material into underlying
solution openings. More or less continuous small-scale
removal of material creates a funnel shape; sudden move-
ments may temporarily lead to a more cylindrical shape.

Alluvial stream sinkholes may be formed in alluvial
sediments where a stream sinks into underlying karst. This
is similar to the formation of subsidence sinkholes, with
additional mechanical action, provided by running water,
accelerating the downward transport of the alluviim.

The coalescing of a number of sinkholes will lead to
compound sinkhole depressions, called uvalas by some
authors; others reserve the latter term for large depressions

resulting from the collapse of the roof over an underground
karst stream.

The largest surface features found in karst terrain are
poljes. These are typically elongated basins with a flat fioor
and relatively steep enclosing walls. Although the term as
originally defined implies formation through solution of
downfolded or faulted limestone strata (Thornbury, 1954},
others have distinguished solutional, tectonic and glacio-
karstic poljes {Ford and Quinlan, 1973).

Integrated surface drainage is usually widely spaced,
disrupted or absent in karst areas; flow in most surface
streams is intermittent. A larger percentage of the annual
precipitation enters the groundwater system and a smaller
percentage is available for evaporation than in non-karst
areas. The regime of large rivers that drain karst areas
usually shows the effects of the large storage capacity of
the karst, which are higher base flows that are sustained
longer than in non-karst areas with similar topography and
climate.

Streams that lose their water underground are calied
sinking streams. The loss of water may oceur over a certain
distance along the streambed (the sink range) or at observ-
able sinks or swallow holes in sinkholes and poljes. The
continuation of the valley of a sinking stream beyond its
sink range or swallow hole is called a dry valley; such a
dry valley may be re-occupied by the strearnh during periods
of high runoff.

Water bedies that form in sediment-clogged sinkholes
are called sinkhole ponds. Larger water bodies formed in
poljes whenever swallow holes are unable to carry inflow
away fast enough are known as karst lakes. Many sinkhole
ponds and karst lakes are intermittent; a few of them may
persist during a sequence of years with above-average pre-
cipitation. Others may show large fluctuations in their
water levels without ever draining completely.

Large springs in karst areas in many cases discharge
water derived from identifiable sinking streams. Such
springs are called rises or resurgences. They are usually
perennial and may be artesian in character.

In the following sections, the distribution of karst
features in the study area is outlined and a discussion of
their morphology and of the processes probably responsible
for their development is presented.

DISTRIBUTION OF KARST FEATURES

Karst features that could be identified in air photo-
graphs have been mapped for most of the area covered by




the northwest quarter of NTS'96C/13, the east half of NTS
96E, and the west half of NTS 96F and NTS 96K {Figs. 5
to 8, in pocket). Other features were mapped from field
observations.

Clints (or karren) were oniy found locally in areas
where exposed gypsum beds are not brecciated. These
include portions of Mount Richard (No. 79 in Fig. 6) and
the MacKay Range (20 to 25 km south of Fort Norman).
Well-developed kamenitzas, with diameters ranging from
less than 1 cm to as much as 10 cm, were found in Mount
Kindle dolomites in exposures around the Mahony Lake
dome.

Sinkholes have developed in many places in the
Franklin Mountains and the Colville Hills where Paleozoic
formations ranging from the Upper Cambrian Saline River
Formation to the Upper Devonian Canol Formation are
expo,sed; The rhajority of the sinkholés are located in areas
where the Franklin Mountain and Mount Kindle formations
crop out. Comparison of Figures 5 to 8 with Figure 3 shows
that major concentrations of sinkholes and larger depres-
sions are centred on the domes identified by Haimila
(1975). So far no sinkholes have been found in areas where
Cretaceous formations are present in NTS map areas
96C/13, 96E and 96K. A few sinkholes occur in possible
Cretaceous areas in NTS map area 96F west of Mahony
Lake.

The number of sinkholes identified in each individual
map area is: 16 in Figure 5, 317 in Figure 6, 636 in Figure
7, and 418 in Figure 8 — a total of 1387. It is reasonably
certain that the actual number of sinkholes in the study
area is larger than this, since small sinkholes may have
escaped detection because of the scale of the available
air photographs, whereas other sinkholes may not have
been recognized because they were full of water when
photographed.

Compound sinkhole depressions and poljes have also
been found in all four NTS map areas (2 in Fig. 5, 10 in
Fig. 6, 14 in Fig. 7, and 1 in Fig. 8). Not included in these
numbers are intermittent sinkhole ponds and karst lakes
that were identified during this study (5 in Fig. 5, 19 in
Fig. 6, 20 in Fig. 7, and 12 in Fig. 8); these are usually
formed in compound sinkhole depressions or poljes. All
these large karst features of course contain one or more
sinks or swallow holes; some of the poljes have numerous
coliapse sinkholes in their floors. ' '

Springs in the area have been mapped in the field,
with the occurrence of small or large icings identified on
air photographs used as a guide. Some of the 63 springs and
spring areas marked in Figures 5 to 8 (4 in Fig. 5, 33 in
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Fig. 6, 14 in Fig. 7, and 12 in Fig. 8) as well as some of the
sinking streams in the area will be discussed in Chapter 4.

Solution caves may exist in the study area, but their
presence has not been positively established during this
study. Only two minor dry valleys have been identified.

MORPHOLOGY OF SINKHOLES AND LARGER
KARST DEPRESSIONS

A small number of sinkholes in the study area show
the funnel shape characteristic of mature solution sinkholes
that have little or no sediment fill. Most of these were
found in gypsum exposures of the Bear Rock Formatjen
{on Bear Rock, on the Norman Range, and on and around
Mount Richard); a few are situated in areas with relatively
thick unconsolidated deposits. Their single swallow hole is
normally situated at the apex of the funnel. Since their
drainage areas are very limited in size, stream erosion has
little effect on their shape.

A considerably larger number of sinkholes have the
flat saucer or shallow bow! shape of a solution pan shown,
for example, by sinkhole No. 95 (Figs. 7 and 9). As shown
in Figure 9B, the grass- and sedge-covered floor of such
sinkholes may contain several swallow holes. The swallow
holes are not necessarily situated at the centre of the sink-

hole; in a number of cases, including sinkhole No. 95,

swallow holes were found near the edge of the sinkhole
floor.

Concentric zonation of vegetation, from a bare
centre, through sucéessive zones: of sedges, grasses, willows
and sometimes poplar, to the edge of the black spruce
forest or muskeq, characterizes many of these sinkholes
(e.g. No. 95 in Fig. 9B). The location of individual sink-
holes can often be recognized on air photographs or during
airborne reconnaissance because of the presence around
the sinkholes of trees (poplar, white or black spruce) that
are considerably tallér than those in the surrounding forest.
and muskeg areas. The presence of the taller trees reflects
the better drainage conditions existing in the vicinity of the
sinkholes, which may also have promoted the local absence
of permafrost.

Most of the sinkholes ob,s,ervéd have a relatively irreg-
ular outline and cross section, with bedrock exposed along
part or all of their periphery and/or in their swallow hole(s).
Some sinkholes, like those in group No. 86 in Figure 7, are
of considerable size. The air photograph in Figure 10 shows
the four sinkholes of this group as well as a number of
smaller ones of similar character in the same area. Sinkholes
Nos. 86A, 868 and 86C are situated on a straight line with
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Figure 10. Air photograph showing sinkholes in group No. 86 (Flg 7) with the *‘Disappearing River” flowmg into sinkhole No. 86B, June 18,

1950 (air photograph A12603-40). Approximate dimensions of sinkholes: A — 195 X 50 m; B

— 100 X 30 m and 18 in deep;

C — 40 X 15 m; D — 85 X 25 m. Black circles mark other sinkholes.

a southwest to northeast direction, which is parallel to:oné
of the joint'directions prevailing in this area.

Sinkhole No. 86B is the primary sink of a large
sinking stream (Fig. 11) that has provisionally been called
“Disappearing River.” The upper portion of the sink-
hole walls, consisting of bedrock, is vertical; rubble slopes
form the lower portion of the walls. A large cone of rocky
debris has been formed below the point where the Disap-
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pearing River cascades into the sinkhole.. Its swallow hole
is located near the northeast end of the sinkhole.

A dry valley meanders from the northwest side of
sinkhole No, 868 to the northeast end of sinkhcle No. 86A
(Fig. 10 and the.right-hand side of Fig. 11). The existence
of this dry valley in combination with the relative dimen-
sions of sinkholes Nos. 86A, 86B and 86C (Fig. 10) as well
as differences in the degree of weathering of their bedrock



Figure 11. Aecrial view of “Disappearing
River” flowing into sinkhole
No. 86B, June 30, 1975
(looking south).

Figure 12, The large collapse sinkhole near
Vermilion Creek (No. 175 in
Fig. 6); approximate dimensions
are 60 X 120 i and 40 m deep.

Figure 13. Aerial view of depression No.
111 (Fig. 7), showing individual
sinkholes (width of grass-
covered area is approximately
500 m).
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exposures led to the conclusion that sinkhole No. 86A is which was described as ‘‘semi-stupendous’’ by J.F. Quinlan
the oldest in the group and sinkhole No. 86C, the youngest. (Ford and Quinlan, 1973, p. 107), is shown in Figure 12. It

Fresh rockfalls observed in these and a few other sinkholes is located in slightly sloping ground on the lower southwest
indicate that development of the sinkholes is continuing. slope of the Norman Range, approximately 375 m west of
Vermilion Creek. Its walls, rising vertically about 40 m

The most impressive single sinkhole in the study area above the surface of a ‘“lake” of unknown depth, consist

is No. 175 in Figure 6. An aefial view of this sinkhole, almost entirely of shales of the Upper Devonian Canol

Figure 14. Air photograph showing depression No. 142 (Fig. 8) flooded, June 18, 1950 (air photograph A12601-101), Black arrows indicate
smaller depressions; white arrow indicates camera location; white squares mark swallow holes in flooded depiessions; black circles
mark other sinkholes in the vicinity of depression No. 142,
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Formation with a thin cover of unconsolidated material.
The level of the “lake” seems to be only a few metres above
the level of Vermilion Creek. Three smaller sinkholes of

similar character are located between 500 and 1250 m east

of Vermilion Creek, on an almost straight east-west line
through No. 175.

Larger karst depressions found in the study area
range in area from a fraction of a square kilometre to
several square kilometfes. Some, like No. 111 in Figure 7,
have a roughly rectangular to square outline as shown in
Figure 13; others, like No. 141 in Figure 6, are more irregu-
lar in shape. The largest ones, which have tentatively been
designated as poljes {e.g., No. 110 in Fig. 7 and No. 142 in
Fig. 8), are distinctly elongated in outline.

Several swallow holes are usually present in the more
or less level floor of these large karst features. Five can be
recognized in No. 111 in Figure 13; fossiliferous Mount
Kindle dolomite is exposed in all of these.

One of the largest karst depressions identified in the
study area, No. 142, is shown flooded on the air photo-
graph in Figure 14, taken on June 18, 1950, and almost
completely drained in the aerial view taken on June 21,
1976 (Fig. 15). The depression is shown as a lake in the
first edition of NTS map 96K, which was produced using
the 1950 air photographs. A low ridge divides this depres-
sion into a northeast and southwest portion. The northeast
portion receives its inflow from a number of minor streams;
a stream from the southwest provides the bulk of the
inflow to the southWest portion.

The locations of individual sinks or swallow holes in
depression No. 142 and in two smaller karst depressions are
ihdicated in Figure 14. The prime sink for the stream from
the southwest is a sinkhole located at the base of a steep
rock wall below the more or less continuous exposures of
the Franklin Mountain Formation that form the northwest
boundary of this part of the depression. A second sink,
which becomes active after water in the depression has
reached a somewhat higher leve!, consists of a small cavern
in bedrock a short distance southwest of the prime sink. At
least six sinks were identified in the northeast portion of
the depression; three of these have bedrock exposed in
them. Unconsolidated materials of mixed glacial, fluvial and
lacustrine origin cover the bedrock (cherty dolomite of the
Franklin Mountain Formation) with a blanket (2 to 5 m
thick) in this depression.

The vegetation in depression No. 142 (Fig. 14) shows
a zonation similar to that described for sinkhole No. 95
(Fig. 9B) except for the absence of popiar.

The largest karst depression identified during this
study is No. 110 in Figure 7. An air photograph of the area
(Fig. 16) shows the full extent of the depression. It is
strongly elongated in outline and slightly curved; its length
is about 5.5 km and its maximum width is slightly less than
700 m.

The northwestern portion of depression No. 110
coritains three large swallow holes (or sinkholes?), marked
in Figure 16 by black circles. Vegetation patterns indicate
that small areas around these are probably flooded every

Figure 15. Aerial view of drained depression No. 142 from the southwest, on June 21,
1976. Arrow marked C indicates camera location and direction of view; arrow
marked R indicates recorder location.

156



16

Figure 16. Air photograph showing dépression No. 110 (Fig. 7), extending betweeni the two large arrows. Southeastern portion of
depression flooded; small arrow indicates location of cameras. Central portion of depression shows numerous sinkholes.
Black circles in northwestern portion of the depression indicate three large swallow holes; those near the southwest
corner of the photograph indicate sinkholes (air photograph A12609-359, June 18, 1950).



Figure 17. Aerial views of depression No.
110. A — Widespread flooding
in central and southeastein por?
tions on June 30, 1975 (viewed
from northwest). B — Flooded
southeastern portion, from the
north, on June 30, 1975, C —
Drained southeastern portion,
from the southeast, on Septem-
ber 10, 1975. Arrows marked
C indicate camera location;
arrows marked R indicate loca-
tions of pressure recorders.

S
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year for a short period during the snowmelt. The central
portion of the depression shows a large number of partly
interconnected swallow holes and sinkholes; vegetation
patterns indicate that most of this area is flooded for some
time in at least some years (as on June 30, 1975, Fig. 17A).
The southeastern portion of the depression was covered by
water when the air photograph (Fig. 16) was taken on
June 18, 1950; it is shown as a lake in the first edition of
NTS map 96F. This part of the depression was flooded
when first seen by the author on June 30, 1975 (Fig. 17B);
it was dry and bedrock was exposed in the swallow holes
when next observed on September 10, 1975 (Fig. 17C).

The swaliow holes and sinkholes in this and other
large karst depressions are in character similar to the indi-
vidual sinkholes discussed earlier. Many have vertical or

near vertical bedrock walls with low talus slopes. along the-

base. The original bedding of the bedrock is well preserved
in the walls of some of the holes; in others, the bedrock
presents a chaotic jumble of large blocks and smaller frag-
ments. The bottoms of the swallow holes and sinkholes that
have bedrock exposed in their walls often contain a pile of
bedrock rubble.

Although most of the swallow holes and sinkholes in
the large karst depressions are irregular of even spidery in
outline, some have almost perfectly square or rectangular
outlines with the sides parallel to the prevailing direction of
jointing in the bedrock. Examples are presented by three of
the five sinkholes arranged in a curved row near the north
end of the central portion of déepression No. 110 (marked
“R” in Fig. 18). The central hole is 19.5 m long, 17.3 m
wide and 12.7 m deep in bedrock. Very few of the holes
show the cylindrical shape exhibited by the Vermilion
Creek sinkhole (No. 175 in Fig. 12).

Bedrock exposed in depression No. 110 consists of
fossiliferous Mount Kindle Formation dolomite. Unconsol-
idated material of rhixed origin (glacial, fluvial, lacustrine)
forms a blanket approximatéely 6 m thick on the bedrock
over much of this depression.

PROCESSES INVOLVED IN KARST DEVELOPMENT

Direct evidence of solution of bedrock is limited in
the study area. The clints and sinkholes found on and
around Mount Richard (No. 79 in Fig. 6) clearly réesult
from the solution of gypsum; kamenitzas found in joint
walls in dolomites of the Mount Kindle Formation in de-
pression No. 110 were also formed by solution. Seme of
the shallow saucer-shaped sinkholes like No. 95 (Fig. 9)
may be the result of subsidence caused by lowering of the
underlying bedrock surface through solution of cirbonates
ot they may be sediment-filled collapse features.

Collapse has been suggested earlier as the cause of
sinkhole formation in the study area. In their description
of the large Vermilion Creek sinkhole (Fig. 12), Ford and
Quinlan (1973, p. 107) stated: ““This is the largest and best-
formed example of a collapse sinkhole that is known to us
in Canada. Indeed, we do not know of any more shapely
example in the Western Hemisphere.”” They argued that the
vertical shale walls of the sinkhole indicate that this is
“covered’’ Karst (subjacent karst as defined earlier) and that
it is a collapse sinkhole which is relatively young. Three
potential collapse targets were suggested by Ford and
Quinlan: {i) a cave in limestone of the Middle Devonian
Hare Indian Formation, about 150 m below the surface;
(ii) a cave in gypsum of the Lower Devonian Bear Rock
Formation, about 300 m below the suiface or (iii} a cave in
salt of the Upper Cambrian Saline River Formation, about
1100 m below the surface. Ford and Quinlan (1973) also
mentioned the existence of collapse sinkholes in an area
underlain by the Bear Rock Formation around Lac Belot
northeast of the study area.

The vertical bedrock walls and the high dépth-to-
width ratios of many of the sinkholes in the study area
indicate that collapse is the most probable immediate cause
of their formation. This tentative conclusion is supported
by a number of observations illustrated in Figure 19.

In many of the swallow holes and sinkholes in depres-
sion No. 110, large sections of bedrock can be seen to have
subsided- en bloc over appreciable vertical distances (Fig.
19A). Ih some cases the downward displacement was ac-
companied by considerable tilt. Bedrock walls in some of
the sinkholes display arching fractures (Fig. 19B) of the
type that develops in unsupported or inadequately sup-
ported bedrock strata over a large subsurface opening. Low
wide cavities found at the base of the bedrock walls in a
number of sinkholes exhibit the rubble floor and irregular,
slightly arched roof (Fig. 19C) that often occur in caves as
a result of stoping.

Over most of the study area more than one formation
is present in which solution cavities could be formed that
would lead to eventual collapse of ovérlying strata. Brandon
(1965) indicated the significance of both the Saline River
Formation and the Bear Rock Formation in this respect.
Ford and Quinlan {1973) added Middle Devonian limestone
(Hare Indian Formation) as a third possibility. Little evi-
dence of solution, however, has been found in areas where
the latter is exposed. '

Sinkholes of the solution type were only found where
either the Bear Rock or the Saline River Formation is ex-
posed; a number of collapse sinkholes were identified in
aréas where the Bear Rock Formation is overlain by Middle
Devonian strata. The largest concentrations of collapse
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Figire 19. Indications of sinkhole formation ghrough collapse, from depression'No.rllo (Fig. 7). A — Downward displicement of bedrock
blocks (block 1 dropped 2.8 m, block 2 dropped 5.0 m). Note kamenitzas in walls of joints. B = Arching fractures (height of rock
wall at right-hand edge of photograph is approximately 9 m). C — Stoping (depth of hole from top edge of photograph is approx-
imately 7.5 m). ) ) )
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sinkholes occur where thé Mount Kindle and Franklin

Mountain formations are exposed (e.g. around the Mahony:

Lake dome). It is not likely that solution of the low-
solubility dolomites of these formations could have led to
the widespread coliapse features observed in these areas.
The evaporite beds of the underlying Saline River Forma-
tion are the most probable. solution focus there.

The absence of identifiable solution caves in the
study area is a direct consequence of the collapse nature of
the karst. The solution portion of the system, where solu-
tion caves may be fotmed, i$ not enly unexposed but also
located at considerable depth below the surface. Small
caverns at shallow depth, like the secondary sink in the
southvest portion of depression No. 142 and the cavern
shown in Figure 19C, all indicate formation by stopihg
{part of the collapse process). Less competent rocks like
gypsum and halite are, moreover, not likely to support
major solution cave systems-at depths greater than 500 m;
any cavities formed by dissolution tend to be closed
through plastic deformation or viscous flow of the evapo-
rite, followed by subsidence and/or collapse of overlying,
more competent strata.

The rate of development of karst may generally be
expected to be slower in relatively low-lying areas (e.g. the
Mahony Lake déme) than in areas with higher elevations
and more pronounced relief, such as the Norman Range.
This does not necessarily apply, however, in the case of
a subjacent karst developing in hypersoluble rocks like
gypsum and salt.

Development of collapse features at the ground
surface as a result of solution of salt in the subsurface has
. been described for other parts of Canada by a number of
authois. One such feature, Crater Lake about 26 km south
of Yorkton, Saskatchewan, was investigated in detail by
Christiansen (1971) and by Gendzwill and Hajnal (1971).
They concluded that the almosf perfectly circular depres-
sion with a diameter of 244 m is the surface expression of
a breccia chimney above a solution cavity formed in Prairie
Evaporite salt beds, more than 900 m below the surface,
through removal of approximately 38 m of salt. Christiansen
and Gendzwill (1973) deséribed a second, similar depression
(Howe Lake, about 76 km northwest of Yorkton, Saskatch-
ewan) with a diameter of about 270 m and a water depth
of 24 m, which contains at least 138 m of recent sediments.
The Praifie Evaporite Formation in the Howe Lake area lies
approximately 975 m below the surface.

Terzaghi {1970) described gradual subsidence of an
area 300 m in diameter, followed by catastrophic formation
of a surface depression 152 'm across and 7.6 m deép above
a solutiofi-mining cavity in one of the salt beds of the Salina

Formation at a depth of approximately 265 m near
Windsor, Ontatio.

The probable collapsé process in solution mining
areas was outlined in some detail by Nieto-Pescetto and
Hendron (1977} on the basis of drill hole information and
well performance data from the Windsor-Detroit area.
Successive collapses of unsupported roof rock (stoping)
above a developing solution cavity lead to formation of an
upward growing, conical to cylindrical chimney in strata
ovérlying the cavity. The collapsed material forms a growing
debris cone on the floor of the cavity. When the height of
the debris pile exceeds the height 6f the solution cavity
(often equal to the thickness of the salt bed}, debris starts
accumulating inside the chimney. As the chimney continues
to extend upwards by stoping the distance between the top
of the chimney and the top of the debris decreases because
of the volume increase (bulking) of the collapse debris rela-
tive to the original rock. When the distance between the top
of the chimney aiid the debris becomes zero, the debris
starts supporting the rock at the top of the ¢himnéy and
the stoping process is interrupted, at least temporarily. [t
may be reactivated by further solution at depth.

If stoping is not interrupted and the chimney ap-
proaches the surface, a subsidence or collapse sinkhole will
eventually form. The larger the horizontal extent of the
solution cavity at the start of the collapse process and the
closer the cavity to the stirface, the higher the probability
that a sinkhole will be formed. Larger blocks may fall into
a larger solution cavity without breaking up, and the debris
is less likely to reach the top of the chimney before the
chimney reaches the surface.

Methods to relate the size of a collapse sinkhole or
latrger depression to the size of the subjacent solution cavity
responsible for the coliapse have not been déveloped.

Nieto-Pescetto and Hendron (1977) used purely
geometric calculations, without concern for any rock-
mechanics implications, to determine limiting dimensions
for propagation of cylindrical collapse chimneys exactly
to the ground surface. Their calculations require that the
depth below surface and the thickness of the salt layer be
known. They assume that the complete thickness of the
salt bed is removed from a circular area and that a cylin-
drical chimney is formed, which will result in a circular
sinkhole with the same radius as the chimney. These
assumptions may be valid for cavities developed during
solution mining. These calculations should not be applied
to sinkholes in the study area {&.g., the Mahoriy Lake dome
sinkholes or the Vermilion Creek sinkhole), even if the

.depth and the thickness of the Saline River salt were known

in detail, because it is unlikely that the assumptions are
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warranted in the case of natural subsurface solution of
bedded salt.

Kafst processes have béen active in the study area at
least as long ago as the Cretaceous; Cretaceous sandstone
infilling of fossil sinkholes in the Bear Rock Formation in
the Lac Belot area was described by Cook and Aitken
{1971). Active solution of Saline River and Bear Rock
Formation evaporites may well have commenced shortly
after their deposition and continued, with interruptions,
until the present, in a manner similar to the solution
history described by Holter (1969) for the Prairie Evaporite
Formation in Saskatchewan. Holter listed Late Devonian,
post Mississippian to pre-Jurassic, and post Jurassic solution
periods in addition to the evidence for Late Pleistocene to
Recent solution presented by Christiansen (1967, 1971).

Karst development in the study area may temporarily
have been slowed down or stopped during the Pleistocene
glaciation. It was probably reactivated relatively promptly
and easily after retreat of the ice. Because of its collapse
nature it would not have required initiation of sinkholes
by solution from the surface down, but only that a few
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collapse ‘‘funnels’” would have reached the surface from
below to permit high-rate subsurface drainage to become
re-established. The almost complete absence of dry valleys
is likely a reflection of this; subsurface drainagé into col-
lapse sinkholes should have been reactivated before post-
glacial fluvial erosion developed an entrenched integrated
drainage system.

The presence of permafrost, which could delay or

impede redevelopment of a solution karst, has little influ-

ence on the revival and further development of a subjacent,
(collapse) Karst. Widespread permafrost might in effect
enhance its development; actually promoting concéntration
of recharge in a relatively small number of sinks.

Torn vegetation mats, tilted shrubs and failen trees
observed in the sinkholes in depression No. 110 and else-
where in the study area indicate that the collapse: process:

is active. This would seem to indicate that subsurface solu-

tion of évaporite beds is continuing, even though a large
proportion of the groundwater circulation appears at
present. to take place through brecciated zones in the rock
strata overlying the evaporites (see Chapter 5).
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flow channel sank into the bedrock exposed in the bottom
of the channel, about 200 m upstream from the nearest
sinkhole in the central portion of the depression that was
not inundated on these dates. Water levels in the south-
eastern portion of the depression therefore do not represent
groundwater levels in the depression as a whole and no
evidence has been found that lower-lying parts of the
debressio'n are flooded because of a rise in the level of a
“’karst water table,’”” as suggested by Brook (1977) for the
Nahanni North Karst. All flooding that occurs in depression
No. 110 is the result of excess inflow contributed by sur-
face streams.

The observations.on the relationship between water
levels in the various portions of depression No. 110 show
that its floor does not act as a single water-controlling level;
it was earlier established that the floor is not a solution
plane either. For these reasons it has to be concluded that
this is not a polje in the classical sense. It could, howevet,
be designated as a subjacent karst polje of a collapse karst
polje.

Extent of Flooding, 1973-1977

After the initial observations of flooding in some of
the Karst depressions dufing 1975, all LANDSAT (Land
Satellite) imagery available for the area for the year 1975
was checked to determine whether the occurrence of
flooding could be detected on standard black and white
prints of MSS band 7 images (scale 1:1 000 000). It was
found that due to ‘the presence of snow and ice, images
recorded before the end of May or after the end of Septem-
ber are generally of little use for this purpose. Some of the
images recorded between late May and early October were
unusable because of cloud cover. The remaining images
revealed that the occurrence and recession of flooding
could be detected, even for relatively smail depressions
(van Everdingen, 1976).

Composites of the usable LANDSAT images for 1975
are presented in Figure 20 (A to H). As the LANDSAT
satellites operate on an 18-day cycle ahd considerable over-
lap exists between images on adjoining tracks, intervals for
images from a single satellite could vary from 17 to 19
days. The nine-day intervals between image dates for the
period from June 9 until July 16 were possible because
both LANDSAT 1 and 2 were operational at the time. The
larger gaps in coverage in the period between July 16 and
September 17 are the result of extensive cloud cover over
the area.

The depressions for which changes in the extent of
water cover could be détected on the qriginal imagery are:
No. 140 on NTS 96E (Fig. 6); Nos. 110, 111 and 180 on

“NTS 96F (Fig. 7); and Nos. 142, 181 and 182 on NTS 96K

(Fig. 8). Five of these are indicated on the composites of
Figure 20 by arrows numbered from 1 to 5.

In Figure 20, No. 1 indicates the intermittent lake
No. 180 situated in a depression between two perennial
lakes. It persisted from June 9 to J'uIy 16 and was gone by
August 20.

In Figure 20, No. 2 is the large depression No. 110.
All three portions of the depression were flooded on June
9; flooding in the nhorthwestern poftion was receding by
June 27 and gone by July 7; floading in the central portion
was receding by July 7 and gone by July 16; flooding in the
southeastern portion was still noticeable on July 186, but
it was gone by August 20.

In Figure 20, No. 3 is the depression No. 142. It was.
completely flooded on June 9; this remained with little
change until July 7. By July 16 the flooded area had been
split into two poftions; these were gradually reduced in
size, but two small “‘ponds”’ still persisted by September 17.

In Figure 20, No. 4 is the elongatéd depression No.
181. It was flooded over its full length on June 9; this
persisted with little change until July 16. Flooding receded
from the northern portion of the depressiof by August 20;
only a small ““pond” remained in the southern portion by
August 29.

In Figure 20, No. 5 is another elongated depression,
No. 182. It was completely flooded on June 9; the depres-
sion remained filled, with only minor changes in the extent
of the water-covered aréa until September 17. -

At a later stage during this study, all usable LANDSAT
imagery for the same. area for the period 1973 to 1977
inclusive was checked for evidence of the occurrence and
recession of flooding in the depressions numbered 1 to 4 in
Figure. 20. The observations are listed in Table 1. They
indicate that depressioiis Nos. 180, 110 and 142 (Nos. 1 to
3 in Table 1) were flooded and subsequently drained every
year, whereas depression No. 181 (No. 4 in Table 1) ap-
pears to have been flooded and subsequently drained in
1973, 1975 and 1977, but not in 1974 and 1976.
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Abstract

Collapse karst is widespread in the Franklin Moun-
tains, Colville Hills and Great Bear Plain between Great
Bear River and 67°N. Collapse features in the area are
interpreted as being the result of subsurface solution of
gvaporites from the Upper Cambrian Saline River Forma-
tion and the Lower Devonian Bear Rock Formation; they
appear to be concentrated on and around a number of small
“"domes’’ on the Keele Arch. Ifitegrated surface drainage is
limited or lacking over portions of the karst area. Hydro-
logic measurements (rates of inflow ‘into sinkholes; water
levels in seasonally flooded depressions; discharge from
springs) indicate that subsurface rfunoff may be as high as
40 mm per year or about 15% of the annual precipitation
and that rainfall rates as low as 6 mm per day can initiate
recharge to the karst-water system. Results of deuterium
and oxygen-18 analyses show that snowmelt provides a
major portion of the recharge; tritium levels in discharge
from springs indicate that residence times in the karst-water
system are relatively short.

Seasonal flooding of karst depressions may cause
problems for future engineering developments in the
region; the tendency of the karst to collapse presents a
special geotechnical hazard in addition to the problems
related to the widespread occurrence of ice-rich permafrost.
The karst-water system is extremely vulnerable to contam-
ination from the surface because of the close spacing of
high-rate recharge points and the unfiltered nature of the
recharge. Once a contaminant has entered the karst-water
system, rapid subsurface transport will make containment,
recovery and cleanup after an accidental spill difficult or
impossible.

Résumé

Les effondrements karstiques sont trés répandus dans
les monts Franklin, les collines Colviile et la plaine Great
Bear, ente la Grande riviére de I'Ours et le 67€ paralléle N.
Les dépressions de cette région sont considérées comme
étant le résultat de la dissolution sotiterraine des évaporites
de la formation de la riviere Saline datant du cambrien
supérieur et de celle de Bear Rock datant du dévonien
inférieur; elles semblent concentrées autour d'un certain
nombre de «ddomes», sur I'Arc Keele. Le drainage super-
ficiel intégré est limité, voire totalement absent, dans
certaines parties des zones karstiques. Des relevés hydro-
logiques (débit d’infiltration dans les entonnoirs; niveaux
d’eau dans les dépressions inondées périodiquement; débit
des sources) indiquent que I"écoulement souterrain peut
atteindre 40 mm par année, soit environ 15 % des précipita-
tions annuelles, et que des pluies aussi faibles que 6 mm par
jour peuvent amorcer la recharge du réseau d’eau karstique.
Les résultats des analyses au deutérium et a I'oxygéne-18
indiquent que la fofite des neiges compte pour une grande
partie de cette recharge; la teneur en tritium des eaux de
source révéle que le temps de séjour dans le réseau d'eau
karstique est relativement court.

L'inondation saisonniére des dépressions karstiques
peut présenter certains problémes pour les futurs travaux
de génie dans cette région; I'effondrement des formations
karstiques présente uh danger géotechnique spécial, en plus
des problémes associés & la présence généralisée d'un
pergélisol riche en glace. Le réseau d'eau karstique est trés
vulnérable a !a contamination superficielle en raison de la
courte distance entre les points de recharge a débit élevé et
du fait que les eaux de recharge sont infiltrées. Lorsqu’un
contaminant entre dans le réseau, son transport souterrain
rapide rend trés difficile, voire impossible, toute opération
d'isolement, de récupération et de nettoyage a la suite
d’un déversement accidentel.
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Table 1. Observations on Flooding, 197 3-1977, from LANDSAT Imagery

. -~.Location*

1 —3

3 4
Date (Lake No. 180) (Depression No. 110) (Depression No. 142) (Depression No. 181)

73-06-10/11 Full S — Full Fuil Full
73-06-28/29 Full S — Full Partly filled Partly filled
73-07-16 ? ? ? Partly filled
73-09-08 Empty Empty 2 Small ponds Partly filled
73-09=27 Empty Empty Empty Small pond
74-06-06 Full ? Small pond? S0P
74-06~23 ? ? .® Small pond
74-07-11 ? S — Full S — Full ?
74-07-29/30 Empty S — Full Empty Small pond
75-06-09 Full N, C,S — Full Full Full
75-06-18/19 Full N, C, S — Full Full Full
75-06-27 Fall (N), C, S — Full Full Full
75-07-07 Full C, S — Full Full Fuil
75-07-15/16 Partly filled S — Full Full Full
75-08-20/21 Empty Empty 2 Small ponds Partly filled
75-08-29 Empty Empty 2 Small ponds Large pond
75-09-16/17 Empty Empty N pond only Small pond
76-06-03/04- Full S — Full Small pond Small pond
76-06-21/22 Full S — Full Empty Small pond
76-07-09 Empty S — Partly filled Empty Small pond
76-07-27/28 ? Empty Empty Small pond
77-05-29/30 Full N, S — Full S — Full Full
77-06-04/05 Fall (N), S — Full S — Partly filled Full
77-06-16/17 ? S — Full Nearly empty Full
77-07-05 ? ? Empty Full
77~07-28/29 Empty S — Partly filled Empty " Partly filled
77-08-09/10 Empty S — Partly filled Emprty Small pond
77-08-15/16 Empty S — Partly filled Empty Small pond
77-08-28 ? Empty Empty ?
77-09-03 Empty Empty Empty Small pond
77<09-15 Empty Empty Empty ?
77-10-02/03 Empty Empty Empty Small pond

* Numbers refer to Figure 20.

Note: N, C and S refer to northern, central and southern portions of depressions; parentheses indicate area only partly filled. Question marks
indicate uncertainty owing to clouds;all 1974 imagery taken after July 30 was useless bécause of cloud cover (see rainfall data in Table 3).

WATER-LEVEL MEASUREMENTS, 1976-1978
Pressure Recording, 1976-1977

Onece it had been established that the southeastern
portion of depression No. 110 is likely to be filled with
water (and subsequeritly drained) every year, the decision
was made to attempt recording the water level during at
least one flooding cycle. A preliminary level survey in
1975 had indicated that the maximum range in surface
water level Was approximately 13 m. This large range, in
combination with the shape, size and terrain characteristics
of the depression, made it impossible to employ standard

_. e e B

water-level recorders. Instead, a submersible self-contained
battery-operated pressure-recording system was used.

The recorders used for this purpose were Rustrak
mode! 2162 pressure recorders (Bourdon-tube type, with
12-V DC chart drive, chart speed 1/8 in. per hour or ap-
proximately 7.6 cm per day); the pressure ranges selected
were 0-15 psi (0-10.5 m H;0) and 0-30 psi (0-21.1 m
H,0). The recorders were installed inside modified spray-
painting bulk containers (Campbell Hausfeld Co., Hafrison,
Ohio, model PT 2300-084: faximum internal working
pressure 60 psi; overall dimensions — height 35 cm and
diameter 30 cm; inside dimensions — height 26 cm and
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Figure 21. Pressure recorder _instgllejd in southeastern portion of depression No. 110,
May 9, 1976 (location iridicated by lowest arrow marked R in Fig. 17C).

diameter 23 cm). Approximately 5 kg of lead was placed
in the bottom of the cans to provide sufficient submerged
weight to sink the system. The pressure port of each
recorder was connected by Tygon tubing to a length of
small-diameter copper tubing leading to a watertight
feed-through (modified Swagelock tubing fitting) installed
in the lid of the container; a second length of copper
tubing was connected from the feed-through to a modified
NUPRO 7-um sintered stainiess-stee! filter element used

as a pressure inlet screen. A metal protector was mounted .

over the pressure inlet screen to prevent mechanical damage.
The systems were calibrated with air pressure, applied in
steps of 5 psi (approximately 3.5 m H,O), against a pres-
sure gauge of known accuracy. Figure 21 shows one of the
recording systems after installation.

Three pressure-recording systems were installed in the
southeastern portion of depression No. 110 on May 9, 1976,
when water from snowmelt was already flowing into several
swallow holes in the depression. The recorder with the pres-
sure range of 0=30 psi was installed in the deepest swallow
hole; one recorder with a range of 0-15 psi was installed on
a bedrock ridge separating the first swallow hole from an
adjoining one; the remaining recorder with the range 0-15
psi was installed in a shallower swallow hole to the north-
west of the first one. The recorder locations are marked
in Fi'gureé 17 and 18. The recorders were retrieved on
August 28, 1976, and recalibrated; water-level markers
installed on June 22 were surveyed to pefmit a check on
the accuraéy of the recordings. Daily water levels derived
from the pressufe recordings were plotted in Figure 22,
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together with a plot of daily precipitation and mean tem-
perature recorded at Nofman Wells, the nearest weather
station. This station is located 90 km southwest of the
depression on the other side of the Franklin Mountains.
Data presented by Burns (1973, 1974) 'indicate that the
Norman Wells records should be applicable to the area of
the Mahony Lake dome at least in a semiguantitative way.

Figure 22 shows that the last day with a mean tem-
perature. below 0°C was April 24. Flooding in the depres-
sion started 16 days later, on May 10, although inflow into
the depression began earlier, as observed on May 9. The
rise in water level gradually slowed down after May 21, but
was accelerated again on May 30 after a rainy period from
May 26 to 29. The water level started declining after the
maximum for 1975 was reached on June 5; the decline was
temporarily reversed on June 20 after rain on June 18 and
19. The final decline started on July 8; the depression was
dry by August 9. The maximum water level reached was
11.35 m above ‘the level of the depression at the recorder
location.

The depth of a deep swallow hole just nerth of the
island in the southeastern portion of depression No. 110
was also measured on August 28, 1976. The rocky bottom
of the hole is 19.5 m below the top of thie bedrock, which
is overlain by 5.9 m of unconsolidated material; the surface
of the sediments around the hole is approximately 1.1 m
below the apparent extreme maximuim water level (deduced
from the driftwood on the shore of the island). The hole
was dry to the measured depth; the total range of water-
level variation in the depression is thus at /east 26.5 m.
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Figure 22. Daily mean temperatures and daily precipitation at Norman Wells Airport for 1976 (data from Atmospheric Environment Service),
and water level in the southeastern portion of depression No. 110, recorded by pressure recorders..

Two pressure recorders {(0-30 psi and 0-15 psi) were
reinstalled in the deep and shallow holes in the southeastern
portion of depression No. 110 on March 29, 1977. Since an
appreciable amount of snow was present in the depression
at the time, the recorders were lowered from the hovering
helicopter onto the snow surface over the deepest point of
the swallow holes using polypropylene ropes. The ropes,
with wooden blocks tied to one end, were left attached to
the recorders to facilitate locating them at the end of the
season in case they became covered by sediment. One
recorder (0-15 psi) was installed on a flat-lying rock slab

in the primary sink in the southwestern portion of depres-
sion No. 142. Its location is marked “R’* in Figure 15.

After the recorders were retrieved {on August 3 from
No. 142; on September 24 from No. 110), it was found
that gas had accumulated in the containers, presumably
produced by the batteries. After venting, the recorders were
re-calibrated in the field, with ajr pressure applied in steps
of 5 psi. Water-level markers installed on June 7, June 23
and August 7 were surveyed on September 24 to permit
correction of the daily water levels derived from the pres-
sure recordings.
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The daily water levels for the 1977 season determined
in this way for depression No. 142 are plotted in Figure 23,
which also shows daily precipitation and mean tempera-
tures at Norman Wells. Flooding in the depression started
on May 16, 15 days after the last day with a mean tempera-
ture below 0°C; the water level peaked on May 22, with a
lower peak on May 29 (possibly related to rain recorded in
Norman Wells on May 26). The depression was completely
drained by June 21. A rainy period, starting on June 21 and
culminating with 19.3 and 14.8 mm of rain on July 2 and
July 4, respectively, led to renewed flooding that reached a
maximum on July 6. The depression finally went dry on
July 18. ‘

The water:level graph for 1977 for depression No.
110, also shown in Figure 23, was adjusted on the basis
of daily photographs obtained with the use of a recently
developed system for time-lapse photography, described in
the next section.

Time-Lapse Photography, 1977-1978

In early 1977, an automatic time-lapse photography
system was developed by the Hydrology Research Division
of Envifonment Canada to enable determination of the
time and the rate of the growth of frost blisters that form
every winter in the spring area on the east side of Bear
Rock (Banner and van Everdingen, 1979; van Eveidingen
and Banner, 1979). Two of the seasonally flooded karst
depressions were used as sites for field testing of the camera
system in 1977.

On March 28, 1977, two camera systems were in-
stalled at depression No. 142, on trees about.5 m apart in
the location indicated by a white arrow marked “C’’ in
Figures 14 and 15. Both cameras were aimed at the primary

sink wheré the pressure recorder was installed. The next

day two more camera systems were installed on the island
in the southeastern portion of depression No. 110, on two
trees approximately 6 m apart; one of the installations is
shown in Figure 24. The cameras were aimed in the direc-
tion of the deepest swallow hole; the field of view of the
cameras is indicated by a print of one of the photos taken
by the right-hand camera on September 13, 1977, repro-
duced as Figure 25. All cameras were loaded with black
and white negative film and the electronic controls were
set for three frames to be taken once a day at solar noon.

The cameras at both locations were tested on June 23.
The two cameras at depression No. 110 were -apparently
operating well; since the two cameras at No. 142 were
found to be jammed, they were removed. The cameras at
depression No. 110 were still operating properly when

tested on August 7 and again on September 24, just before
they were taken out. When their films were processed, they
provided a complete record of daily measurements of the
water level in the southeastern portion of the depression.
The total period of operation was 180 days.

The time-lapse photography taken by the cameras
at depression No. 110 during 1977, and the water levels
marked on June 7, June 23 and August 7 were used to
adjust water levels derived from the pressure recordings to
eliminate the error introduced by gas buildup in the re-
corder containers. The results are shown in Figure 23;
the use of time-lapse photography provided additional
details on snow cover and on the start of inflow into the
swallow hole.

The area was snow-covered when the cameras and
recorders were installed on March 29, 1977. Bare ground
started appearing on April 29. The last day with a mean
temperature below 0°C was May 1. Although snow fell on
May 4, it was all gone on the following day. A slowly
growing pond started forming in the swallow hole on
May 9; the pond decreased in size between May 13 and
May .17; a rapid rise in the water level took place from
May 18 to May 21; the peak lével was reéached on May 22.
The water level fluctuated after that, with a gradual decline
becoming apparent by June 15. The decline in water level
was reversed temporarily on two occdsions, starting. on
June 24 and July 3, respectively, after the occurrence of
rain. The final gradual decline after July 8 was accelerated
significantly from August 3 onwards; the swallow hole was
dry by September 1. The inflow channéls continued to
supply water to the depression at least until September 24,
the date on which the cameras and recorders were removed.

Additional information that could be obtained from
the time-lapse photography includes the occurrence of
snow, rain and fog, and the relative direction and velocity
of wind (from wave patterns on the karst lake).

In 1978, single time-lapse camera systems were
installed in the same locations at the two depressions. This
time the cameras were loaded with colour negative film and
the electronic controls set for six frames to be taken once
a day at solar noon. One camera was installed at depression
No. 110 on May 5, and the other at depression No. 142 on
May 7. Targets made of plywood (30 cm wide and 15 cm
high) were installed on the sediment slope above the bed-
rock in depression No. 110; these targets as well as the tops
of a number of the bedrock beds were surveyed to provide
control for the determination of water levéls from the time-
lapse photography. The tops of a number of bedrock beds
in the primary sink in depression No. 142, as well as several
easily identifiable levels above the bedrock wall, were
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Figure 24. Time-lapse camera installed on island in the south-
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eastern portion of depression No. 110, March 29,
1977 (location indicated by arrows marked C on
Fig. 17).

surveyed for the same purpose. This ground control, in
combination with the resolution 6f the film, permitted
determination of the water levels with an accuracy better
than *5 cm. The camera at depression No. 142 was re-
trieved on September 12; the one at depression No. 110,
on October 10.

The water levels observed in the two depressions
during 1978 are plotted in Figure 26, together with the
daily precipitation and mean temperatures recorded at
Norman Wells. The time-lapse photography showed that a
partial snow cover was still present in both depressions
when the cameras were installed. Figure 26 indicates that
the last day with a mean temperature below 0°C was
May 12. Both the precipitation records and the time-lapse
photography indicated a light snowfall on May 17; the new
snow was gone the next day. Flow in the inflow channels
became visible on May 20 in depression No. 142 and on
May 21 in depression No. 110.

Ponding started at the primary sink of depression
No. 142 on May 24; the maximum level was reached on
June 2, after which the water level declined. The decline
was interrupted three times and low peaks occurred on
June 10, June 26 and July 4 after significant rainstorms
on June 6 and 8, June 24 and July 2. The water level
dropped after that and no ponding was visible from July 14
until August 2, although inflow continued. Heavy rain on
August 3, 6 and 8 led to renewed ponding from August 3
until August 11. Inflow continued after that at least until
September 12, 1978, when the camera was refmoved.

Figure 25. Example of time-lapse photography, depression No. 110, September 13, 1977.
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Ponding started in the instrumented swallow hole in
depression No. 110 on May 26; a rapid rise after May 30,
which slowed down gradually, led to the maxiffium water

level for 1978 on Jufie 20;-two more peaks related to rain .

mentioned earlier are shown in Figure 26 on June 25 and
on July 2 and 3. The gradual decline in water level after
July 3 was interrupted three more times (July 24, August 4
and 20). The flooding ended by September 27. Inflow to
the swallow hole continued at least until October 5; by
that time snow covered the inflow channel.

STREAMFLOW MEASUREMENTS, 1976-1978

Streamflow measurements for this study were made
by C.W. Peters of Water Survey of Canada, Norman Wells.
The dates on which the measurements were made (Table 2)

were to a large degree dictated by time constraints related

to his normal duties. Weather conditions and the extent of
flooding made measurements on these dates impossible
at some places. Standard current-meter stream gauging
methods were used; the acéuracy of the resiilts for individ-
ual streams will to some degree depend on the characteris-
tics of the streambed and on the prevailing runoff condi-
tions, but it can be expected to be better than £10%.

The locations at which the streamflow measurements
were made are listed in four subdivisions in Table 2. Each
subdivision deals with a different portion of the hydrologic
system in the area. The first subdivisioh comprisés streaims
flowing into the southeastern portion of depression No. 110

and the overflow from the southeastern to the central por-
tion (identified by letters in Fig. 18); the second reférs to
“Disappearing Rjver”’, flowihg into sinkhole No. 86B
{(Figs. 10 and 11); and the third deals with the stream -
flowing into the southwestern portion of depression No.
142 (Figs. 14 and 15). The first three subdivisions are thus
concerned with recharge entering the groundwater system.
The last subdivision is céncerned with discharge from the
groundwater system along the upper reaches of the Hare
Indian River.

The results of the streamflow measurements listed in
Table 2 indicate that the combined instantaneous inflow
into the southeastern portion of depression No. 110, sink-
hole No. 86B and the southwest portion of depression No.
142 could exceed 3600 L/s. When inputs into other sink-
holes in this part of the area are included, the. maximum
instantaneous input into the groundwater system could
likely be as high as 5000 L/s.

The apparent sequential development of sinkholes,
such as that quoted for the sinkholes in gioup No. 86, vas
interpreted earlier as an indication that subsurface drainage
from the northeast and north flanks of the Mahony Lake
doreé is directed toward the valley of the Hare Indian
River. Figure 8 shows the présence of a number of springs
along the left-hand side of the upper valiey of the Hare
Indian River; at. least three of these springs (Nos. 143, 144
and 145 in Fig. 8) each produced more than 100 L/s when
measured. They are all perennial; during the winter dis-

Table 2. Streamflow Measuremenits (L/s), 1976-1978

e . Date ) e
Location "76-06-18 77-07-0% 1 78-07-10 T 78=09=12"
Depression No. 110 (Fig. 18):
Inflow at A ' = 270 370 42
Inflow at A, - - - 10
Inflow at B ) ) - 60 20 T
Inflow at C = T T T
Inflow at D - 340 6 5
Inflow at E = 230 6 5
Inflow at F - — —= 0.6
Measured total inflow - 900* ’ 400 60
Overflow at Q 80 140 440 ' -0.0
Sinkhole No. 86B: inflow 720 - 1300* ’ 115
Depression No. 142: inflow - 1400* 75 04
Hare Indian lakes (Fig. 8):
Outflow from lake No. 1 - - 1900 1500
Outflow frotn lake No. 2 - - 3000 1900
- 1100 400

Groundwater input to lake No. 2 -

*Combined instantaneous input to groundwater system at these points could exceed 3600 L/s.

T — Indicates trickle of water only.
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charge from the smaller springs freezes and forms icings
below their outlets, whereas discharge from the bigger
springs does not freeze before it reaches one of the two
long lakes in the valley (lake No. 1 and lake No. 2 in Fig. 8
and Table 2). Only small seeps were found along the right-
hand side of the valley.

Tracer tests, designed to detect the actual connections
betweéen two individual major stream sinks (No. 86B and
the prime sink in No. 142) and individual springs in the
valley of the Hare Indian River, were inconclusive; both
adverse weather conditions and logistic limitations made
continuous observation of all the spring areas in the valley
impossible. It was, however, confirmed that the inflows
into the karst system through the two major stream sinks
are discharged into ‘the upper reach of the valley of the
Hare Indian River.

Discharge from the upper lake in the valley (lake
No. 1) to the lower lake {No. 2) maintains open water in
their connecting channel throughout the winter. Qutflow
from lake No. 2 also maintains a reach of open water
throughout the winter, but the water eventually freezes to
form a major icing 2.3 km downstream. The icing area is
3.5 km long and about 350 m wide at its widest point. The
maximum observed thickness of the icing was 1.9 m.

The water discharged from two springs located
beyond the northeast end of lake No. 1 drains via lake No. 3
and an unnamed stream into Great Bear Lake; during the
wintef the outfiow from lake No. 3 freezes and forms an
icing 600 m downstream.

The maximum measured discharge from lake No. 2
was 3.0 m® /s, somewhat less than the conibined maximum
measured inflows into the karst system, as could be ex-
pected because of storage and transmissivity effects. An

approximate total annual volume discharged from lake

No. 2 was calculated by assuming that (1) the discharge
measurement of July 10, 1978, represents the maximum
discharge rate and (2) the discharge rate will decrease to
approximately 63% in each subsequent period of 61 days,
as indicated by comparison of the July 10 and September
12 measurements. The resulting total annual discharge
would be about 33 million cubic metres. About 6 million
cubic metres of this could represent precipitation that fell
in the valley, minus evapotranspiration; approximately 27
millioh cubic metres would represent discharge from the
karst system.

The area supplying subsurface drainage to the upper
valley of the Hare Indian River would cover about 650
km’_, if the karst-water divides coificided with the surface
water divides. The actual subsurface drainage area may be

either smaller or larger, depending on the degree to which
the karst-water divides déviate from the surface water
divides. Information on this point is lacking.

Dividing the approximate annual karst-water discharge
of 27 million cubic metres by the assumed drainage area of
650 km? gives an approxirhate depth of water of 40 mm
recharged to, and discharged from, the karst-water system
annually. This represents about 15% of the precipitation
for the period October 1, 1977, to September 30, 1978
(285 mm). Since there is no direct runoff leaving the area
and the changes in surface storage are only minor, most of
the remaining 85% of the precipitation, or about 245 mm,
was presumably evaporated and transpired by vegetation.

The figures for aniiual recharge te the karst-water
system (40 mm, or about 15% of the annual precipitation)
may be surprising in view of the presence of widespread -
permafrost, but they. aiso indicate the effectiveness of
inflow into coliapse sinkholes as a recharge mechanism in
the study area.

CLIMATIC AND HYDROLOGIC SUMMARIES,
1973-1978

The observations that were discussed in detail in the
foregoing sections are summarized in Table 3 to permit a
comparison of the significant parameters influencing the
hydrology of the groundwater system in the Karst on the
northeastern and northern flanks of the Mahony Lake
dome.

From water-level observations, Brook {1977, p. 107)
believed that depressions in the Nahanni North Karst
”. . flood more frequently from intense frontal and/or
orographic summer rainstorms than from spring snowmelt
which in most years may simply add to a body of ground-
water depleted by continuous, if teduced, spring flow
during the winter months.””

The observations for depression No. 110 for the
period 1973 to 1978 (No. 2 in Table 1) indicate that
flooding occurred in this depression every year. The shapes
of the water-level graphs (Figs. 22, 23 and 28) indicate that
showmelt cornttibuted a significant proportion of the annual
inflow into both depressions No. 110 and No. 142.

As indicated in Table 3, comparison of the water-level
graphs and the temperature curves in Figures 22, 23 and 26
revealed that flooding in depression No. 110 started 16 or
17 days after the last day with a mean temperature below
0°C in 1976, 1977 and 1978. Based on this, probable dates
for the start of flooding in 1973, 1974 and 1975 have been
determined and are listed in Table 3.
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Table 3. Climatic and Hydrologic Summaries, 1973-1978

1975

1973 1974 1976 1977 1978 7
Last date with T, < 0°C May 4 May 5 May 14 April 24 May 1 May 12
Total snowfall* 128.5 103.6 155.5 100.9 110.3 82.8
Snow on ground on April 15* 91.4 81.3 144.8 48.3 61.0 76.0
Monthly precipitation®
May 17.3 14.2 12.4 52.1 17.6 23.6
June 15.5 41.4 14.5 12.5 26.1 69.6
July 32.0 91.6 27.2 25.9 49.5 22.6
August 68.6 105.6 41.1 28.2 1.9 72.8
September 16.0 36.3 42.8 27.7 9.5 13.5
Flooding, depression No. 110+
Date started Before June 10 Before July 11 Before June 9 May 10 May 18 May 29
(probably May 21) (probably May 22) (probably May 31)
Date ended Between July 16 and After July 30 Between July 16 and  August9  August 31  September 26
September 8 August 20
Number of days (57-110) (>70) (46-80) 91 105 120
Maximum level, metres
above assumed datum - = >401.90 400.85 401.65 401.27

*Precipitation and snow-on-ground data are in millimetres I'-l2 O; snowfall covers period starting October 1 of preceding year. Temperature and
precipitation data for Norman Wells Airport from Monthly Records, Atmospheric Environment Service, Environment Canada, Snow-on-
ground data for snow course at Norman Wells Airport from Snow Cover Data, Atmospheric Environment Service, Environment Canada.

+Data on flooding from temperature data and LANDSAT imagery (1973, 1974, 1975), water-level recording (1976, 1977), and time-lapse

photography (1977, 1978).

For each year in the period 1973-1978, the snowfall
during the preceding winter and the water equivalent of the
snow remaining on the ground on April 15 at Norman Wells
are listed in Table 3. It appears that the maximum level
reached by the water in depression No. 110 in any year is
primarily determined by the amount of snow available
during the snowmelt. The maximum level for 1976 reflects
the addition of inflow derived from rain during the last
week of May. The maximum water level for 1978 is lower
than that for 1977, although more snow was available (on
April 15) in 1978 than in 1977; it is likely that a significant
portion of the available snow was lost by sublimation and
slow melting before the daily mean temperature finally rose
above 0°C on May 13 in 1978. The slow melting did con-
tribute to inflow into the depression, but at a rate too slow
to initiate flooding.

Figures 22, 23 and 26 further show that rainfall
exceeding 10 mm in one day tends to be refiected by a
slowdown or a reversal in the decline of the water level in
depression No. 110. Comparison of precipitation data and
water levels in depression No. 142 for 1977 and 1978
(Figs. 23 and 26) shows that rainfall of as little as 6 mm in
one day did cause flooding there. Relatively low-intensity
rainfall can, therefore, contribute recharge to the karst-
water system.

The duration of flooding in depression No. 110 (and
elsewhere in the area) is dependent on the amount and
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distribution of rainfall during the summer months. In 1976,
when rainfall was less than 30 mm per month after May,
the depression was drained by August 9; in 1977, when
495 mm of rain fell in July, the depression remained
flooded until August 31; and in 1978, when 69.6 and 72.8
mm of rain fell in June and in August, respectively, the
depression did not drain until September 26. Inflow usually
continues until freeze-up.

As stated earlier, the water level during flooding in
the southeastern portion of depression No. 110 does not
represent the groundwater level in the depression as a whole.
It should -Be regarded as a local perched water level. The
decline portions of the water-level graphs in Figures 22, 23
and 26 tend to confirm this; they do not show the trend
usually associated with the decline of groundwater levels in
homogeneous isotropic material. Their shape is more repre-
sentative of the water-level decline in a funnel-shaped con-
tainer, with a bottom outlet limiting the rate at which the
water can drain out.

This study has shown that only modest rainfall is
required to initiate recharge to the karst-water system and
that a relatively high proportion of the annual precipitation
enters the system as recharge. Both observations indicate
the effectiveness of the High-rate recharge points provided
by the collapse karst in the study area, in spite of the
presence of widespread permafrost.



Hydrochemistry

BACKGROUND

Data on the geochemistry of some of the natural
waters in the study area have been published earlier. Brandon
(1965) presented analyses for Vermilion Creek and Bos-
worth Creek (NTS 96E); Hughes et a/. (1973) listed selected
data for a number of springs in the Mackenzie River valley
along the Norman Range. Van Everdingen (1974) gave
additional data for some of these and presented analyses
for springs along Vermilion Creek as wel! as for the creek
water from various points in the creek. Michel (1977} pre-
sented data on both the chemical composition and the
abundance of several environmental isotopes for waters
from more than 20 springs and spring groups in the study
area. Van Everdingen and Krouse (1977a) described the
sulphur-isotope geochemistry of one of these spring groups
near the Hanna River (No. 112 in Fig. 6) and van Everdingen
(1978a) published chemical analyses and sulphur-isotope
data for the springs at Bear Rock (No. 104 in Fig. 5).
Additional data and an ‘interpretation of the results of
chemical and isotope analyses wefe presented by van
Everdingen et a/. (1978).

In the next section a comparison will be made be-
tween the chemical composition of recharge and discharge
waters, with emphasis on the karst-water system northeast
and north of the Mahony Lake dome. This will be followed
by a discussion of the observed abundances of the environ-
mental isotopes D, 80 and tritium in samples of precipita-
tion, recharge and discharge and the abundances of *§ in
samples of discharge and mineral precipitates from icings.

MAJOR-ION COMPOSITION

The results of chemical analyses for samples of
recharge are listed in Table 4a and those for samples of
discharge in Table 4b. Semilog plots of the major-ion
compositions are presented in Figures 27 and 28.

The water recharged into the karst lake on the top of
Bear Rock (No. 153 in Fig. 5, Table 4a and Fig. 27} acquires
large amounts of Ca and SO, through dissolution of gyp-
sum; minor amounts of Ca, Mg and HCO; through dissolu-
tion of dolomite; and some Na and Cl through dissolution
of halite, before being discharged from the springs at the
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base of Bear Rock (No. 104 in Fig. 5, Table 4b and Fig.
27). Dolomite and some gypsum are present in the Bear
Rock Formation exposed on Bear Rock, whereas gypsum
and halite occur in the Saline River Formation near the
base of the mountain.

Inflow to the sinkhole on Mount Richard (No. 79
in Fig. 6, Table 4a and Fig. 27) is in character similar to
the water recharging the Bear Rock system. Water dis-
charged by the spring on Vermilion Creek (No. 174 in Fig.
6, Table 4b and Fig. 27) is similar to water discharged by
the. Bear Rock Springs, but it contains a somewhat higher
proportion of Na and Cl, presumably derived from salt in
the Saline River Formation. The composition of the water
from the “lake” in the sinkhole west of Vermilion Creek -
(No. 175 in Fig. 6, Table 4b and Fig. 27) confirms that the
“lake” is part of the subpermafrost groundwater flow sys-
tem that discharges inte Vermilion Creek.

The examples above were taken from areas where the
Bear Rock Formation is exposed or present in the shallow
subsurface and where the Saline River Formation, according
to Figure 2, contains a significant thickness of salt. The rest
of the analyses are from the area of the Mahony Lake
dome, where the Bear Rock Formation is absent.

Recharge to the karst-water system in the area of the
Mahony Lake dome was sampled at sinkhole No. 49 (Fig.
6); from three streams flowing into the southeastern por-
tion of depression No. 110 and from the “‘Disappearing
River” flowing into sinkhole No. 868 (Fig. 7); and at the
primary sink in depression No. 142 (Fig. 8). The concentra-
tions of dissolved solids were found to be low, with samples
collected in the fall generally exhibiting the higher values
(Table 4a and Figs. 28A to C). Most of the differences in
dissolved solids concentrations appear to be due to higher
concentrations of Ca and HCOj; in samples collected in the
fall as compared with those collected during or shortly after
the snowmelt. As noted on Table 4a, it is likely that the
relatively high values indicated for Fe (0,20-0.29 mg/L)
resuit from interference by the brown colour of the water
during colorimetric determinations.

Discharge from the karst-water system was sampled

in the valley of the Hare Indian River {Fig. 8, Table 4b and
Figs. 28C and D). The concentrations of dissolved solids
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Table-4a. Chemical Analyses of Recharge Samples

Temperature pH Constituents (mg/L)
Source Sample No. Date °C units Ca Mg Na K HCO, SO, Cl F Si0, TDS Fe*
Lake No. 153 : 76-153: 76-08-30 8.5 7.7 33.2 8.0 0.3 0.4 124.3 5.5 0.5 0.07 2.0 174.5 0.18
Sinkhole No. 79 75-79 75-06-28 6:8 7.7 61.0 14.8 0.8 0.3 199.9 40.0 0.9 0.21 1.9 320.0 <0.04
Sinkhole at lake No. 49 RLH-49F . 73-09-10 - 7.3 12.0 5.4 0.3 0:4 56.0 5.0 0.2 <0.05 1.0 80.4 <0.04
Depression No. 110
Inflow at F 75-110 75-09-10 9.8 6.9 14.0 8.4 0.2: 0.1 64.4 4.3 2.0 <0.05 6.1 100.5 0.91
Inflowat G 76-110 76-05-10 34 6:4 4.3 2.5 <041 0.9 9.4 6.7 2.2 - 1.5 27.7 0.21
Inflow at H 76-154 76-09-05 7.6 7.8 9.5 5.2 0.3 0.1 44.6 5.0 06 <005 4.2 69.2 0.22
Sinkhole No. 86B 75-86 75-06-30 204 6.6 4.2 2.9 1.0 0.2 14.3 3.6 0.8 0.05 0.7 28:.0 0.29
75-109 75-09-10 4.3 6.6 5.7 2.9 0.1 <0.1 21.8 2.6 1.2 <0.05 06 40.7 0.20
Depression No. 142
Inflow from SW 76-142 76-09-05 4.2 7.7 339 14.3 0.6 0.3 135.3 21.0 0.7 <0.05 3.8 210.3 0.44
*High values for Fe may reflect interference by the brown colour of the water from muskeg areas.
TDS — Total dissolved solids.
Table 4b.. Chemical Analyses of Samples from Springs and Spring:Fed Lakes:
Temperature pH Constituents- (mg/L)
Source Sample:No. Date °C units Ca Mg Na K HCO, SO, Cl F Si0, TDS Fe*
Bear Rock Spring No. 104 75-104 75-09-09 2.8 7.5 528 34.2 3.0 1.5 295 1090 2.2 0.42 4.0 1959 0.16
Sinkhole No. 175 77-175 77-09-27 5.2 7.3 300 80.0 24.0 2.8 201 905 5.3 - 4.0 1526 0.2
Spring No. 174 77-174 77-09-27 4.4 7.4 230 64.0 12:0 2.4 280 583 9.4 - 9.0 1196 0.3
“Grizzly”’ springs
East spring, No. 145 76-145 76-06-21 3.3 7.0 67.0 21.6 1.4 1.0 126 136 1.5 - - 355 0.74
Centre-spring, No. 144 76-144 76-06~21 34 7.0 53.0 17.0 1.0 0.8 104 98 1.3 - - 275 0.28
West spring, No. 143 76-143 76-06-21 1.5 7.0 83,5 23:2 1.4 1.0 128 176 1.7 - - 415 0.25
Hare Indian Lakes
Lake No. 1 RLH-51 73-09-10 - 7.9 66.6 27.5 1.8 1.1 134 167 1.3 0.24 3.7 413 <0.04
Lake No. 1, outflow 78-146 78-09-12 10.2 8.3 655 244 2.6 1.0 138 140 1.3 0.26 5.0 378 <0.04
Lake No. 2, outflow - 78-147 78-09-12 10.3 8.3 69.0 25.7 3.0 1.1 146 150 1.7 0.32 5.7 403 <0.04
Spring No. 149 78-149 78-09-17 8.0 8.0 81.0 29.6 3.2 1.3 162 180 2.8 0.48 9.1 470: 0.35
Spring No. 150 78-150 78-09-17 3.0 7.8 41.9 23.5 0.7 0.5 206 14.0 0.6 0.06 6.9 301 0.04

*Feis precipitated soon after discharge and'therefore does not show up in lake samples RLH-51, 78-146 and 78-147.
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Figure 27. Semilog plots showing major-ion analyses for samples of karst recharge and discharge, from the
areas of Bear Rock (NTS 96C/13), Vermilion Creek (NTS 96E) and Mount Richard (NTS 96E).
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Figure 28. Semilog plots showing major-ion analyses for samples of karst recharge and discharge from the Mahony Lake-Hare Indian River area (NTS 96F and 96K). A — Recharge entering

sinkhole No. 86B; B — Recharge entering depression No. 110; C — Recharge entering depression No. 142 and sinkhole No. 49; D — Discharge from “*Grizzly” springs, a spring in
lake No. 2 and a spring just below lake No. 2; E — Lake No. 1 near “Grizzly"” springs and outflows from lakes Nos. 1 and 2.



are all higher than in the recharge waters. Most of the
relative increasés are caused by significant increases in Ca
and SO,, more modest increases in Mg and HCO; and
minor increases in Na, K and F. No particular trend is indi-
cated by the concentrations of Cl and SiO, . The Fe content
of the spring waters is apparently precipitated soon after
discharge and therefore does not show up in the lake and
lake-outflow samples.

The differences in chemical composition between the
recharge and the discharge are probably caused by dissolu-
tion of dolomite from brecciated zones in the Mount
Kindle and Franklin Mountain formations and by dissolu-
tion of gypsum from the upper part of the Saline River
Formation. Fluorite observed in vugs in the Mount Kindle
Formation could be the source of the dissolved fluoride in
the discharge. The absence of significant concentrations of
Na and Cl is presumed to indicate that the discharge from
the springs in the valley of the Hare Indian River has not
penetrated deeply enough to have come into contact with
the salt beds in the lower portion of the Saline River Fofma-
tion. The possibility does of course exist that groundwater
moving through deeper parts of the flow system is dis-
charged elsewhere, for example, through the bottom of
Great Bear Lake.

DEUTERIUM AND OXYGEN-18 ABUNDANCES

The relative abundances of the stable, heavy hydro-
gen and oxygen isotopes (deuterium and 180) in samples
of precipitation in the study area and in samples of the
recharge and discharge of the karst-water system are listed
in Tables 5a to 5c. Five of the 1309 values were presented

earlier by Michel (1977). The isotope abundances are
expressed as

(D/H)sample - (D/H)SMOW

8D (%o) = X 1000
(D/H)SMOW
and
(180/160)samp|e - (180/160)SMOW
5 180(%,) = T 1e : X 1000

where SMOW indicates concentration ratios in “‘standard
mean ocean water.”

Craig (1961) has demonstrated that a linear relation-
ship exists between the abundances of the two isotopes in
precipitation, represented by the equation

S5D=A81B0+B

where A represents the slope of the straight line and B, its
intercept with the 8D axis. Dansgaard (1964) found that
there is a marked temperature-dependent seasonal variation
in the 8D and & 20 values at any given locality; during the
winter months precipitation is relatively depleted with
respect to the two heavy isotopes (possibly as much as
30%. for & Q). A similar tendency for depletion is shown
with increases in altitude (6 180 decreasing about 3%o per
1000-m increase in elevation). Increases in 8D and 8 '80
usually associated with decreasing latitude can be expected
to be cancelled out by an opposing isotope effect associated
with increasing continentality, as most storms track thrbugh '
the study area in a southerly to southeasterly direction.

Table 5a. 5 'O, 5D and Tritium Levels in Precipitation Samples

5180 §D T
Source Sample No. Date (%o SMOW) (% o SMOW) (tritium units)

Norman Wells Airport

Rain 77-170 77-09-22 -24.5* -186.5* =

Snow 77-171 77-09-23 -20.3 ~155.6 99 + 10

Snow 77-172 77-09-23 -20.2 -157.7 100 = 10

Snow 78-151 78-10~01 -20.0 - o=

Snow 78-152 78-10-07 -24.2 -190.4 69+ 8

Snow 78-153 78-10-07 -22.8 -180.5 41 +12

Snow 78-154 78-10-10 -31.5 ~244.5 27 £+ 12

Snow 78-155 78-10-10 -31.9 -250.0 19+ 8
Depression No. 110

Snow 78-156 78-10-10.. -23.8 -182.3 51+12

*Determinations by Physics Deparftient, University of Calgary; all others by Department of Earth Sciences, University of Waterloo.
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‘Table 5b. & 20, 5D and Tritium Levels in Recharge Samples

5 %0 sD T
Source Sample No. Date (% 0 SMOW) (%0 SMOW) (tritium units)
Lake No. 153 76-153 76-08-30 <19.3 -131.1* 210 9
Sinkhole at lake No. 49 77-173 77-09-25 -14.7% -133.7% -
Sinkhole at lake No. 140 76-140 76-06-21 ~21.1 -130.2* -
Depression No. 110:
Inflow at F 75-87 75-09-10 =210 -131.0* 219 28
Inflow at G 76-110/1 76-05-09 -27.1 -125.1% -
Pond 76-110/2 76-06~18 -19.1 -131.4* -
Pond 76=110/3 : 76-08-28 -21.0 -130.5* 170+ 8
Inflow at B 76-110/4 76-09-05 -20.9 - —
Inflow at A 78-110 78-09-12 -16.4 -144.0 104+ 8
Inflow at F 78-111 78-09-12 -20.8 -158.0 111+ 8
Inflow at B 78-112 78-09-16 -17.1 ~149.5 98+ 8
Inflow at G 78-113 78-09-16 -20.9 -160.0 120+ 8
Inflow at H 76-154 76-09-05 -17.4 -134.1 : 131 £10
Sinkhole No. 86B 75-86 75-06-30 -21.1 -130.2* 166 + 20
75-109 75209-10 -18.2 -132.4* 169 + 18
77-109/1 77-08-07 -18.8% -158.9% -
77-109/2 77-09-25 -17.9% -150.8% -
78-109 78-09-12 -18.2 ~153.0 95+ 8
Depression No. 142 76-142 76-09-05 -20.6 -130.7* 109+ 9
77-142/1 77-06-23 - -168.3+ -
77-142/2 77-09-24 -21.8% -159.5+ -
78-142 78~09-12 -20.6 -159.0 108+ 8

*Determined late in 1978; 6D values are unreliable because of evaporative losses from polyethylene bottles between dates of sampling and
analysis. }
4+ Determinations by Physics Department, University of Calgary; all others by Department of Earth Sciences, University of Waterloo.

Table 5c, § ®0, 5D, 6 S and Tritium Levels in Samples from Springs and Spring-Fed Lakes

5.1%0 sD 5 3~ T
Source Sample No. Date (% 0 SMOW) (%0 SMOW) (% 0) (tritium units)
Bear Rock Spring No. 104 75-104 75-09-09 -23.6 -179.2. +29.8 217 + 53
Sinkhole No. 175 77-175 77-09-27 -25.0* -174.9* +10.1 68+ 9
Spring No. 174 77-174 77-09-27 -23.6* -179.6* +13.6 78+ 9
“Grizzly” springs ,
East spring, No. 145 77-145 77-09-25 -24.8* -185.9* +8.9, +9.2 144 £ 10
Centre spring, No. 144 76-144 76-06-21 -22.6 -129.7% +1.0, +1.3 114+ 8
West spring, No. 143 76-143 76-06-21 -22.5 =129.6% - 114+ 9
Hare Indian Lakes
Lake No. 1, outflow 78-146 78-09-12 -22.4 -179.6 +7.5, +7.8 64 8
Lake No. 2, outflow 78-147 78-09-12 -22.6 -182.0 +10.4, +8.7 67+ 8
Spring No. 149 78-149 78-09-17 -22.9 -179.0 - 62+ 8
Spring No. 150 78-150 78-09-17 -22.7 ~176.0 — 121+ 8
Precipitate from icing below lake No. 2 78-148 78-09-16 = - +9.0, +9.§, +_1_0~l B -

*ljeterminations by Physics Department, University of Calgary; all others by Department of Earth Sciences, University of Waterloo.
+Determined late in 1978; 6D values are unreliable becaise of evaporative losses from polyethylene bottles between dates of sampling and
analysis.
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Precipitation that has entered the groundwater
system is likely to retain its isotopic abundances unless the
temperature risés above 45°C or 50°C during deep circula-
tion of the water; in the latter case, exchanges between the
water and a number of minerals in the aguifer rocks may
change the isotope values in the water. In many cases,
however, the 8D and & 'O can be useful in identifying the
source of a particular groundwater.

The 8D values for some of the samples 'ivn Tables 5b
and 5c¢ have to be considered unreliable because of evapora-
tive losses from the polyethylene sample containers during
the delay between sampling and analysis. This problem was
overcome when glass containers were used later in the
study.

The 8D and & 20 values for precipitation samples
collected in the study area during 1977 and 1978 are listed
in Table 5a and shown in graphic form in Figure 29; the
5D and & 80 values for samples of recharge and discharge
are listed in Table 5b and Table 5c¢, respectively, and shown

in Figure 30, with the exception of those marked unreliable.
For comparison purposes, a solid line is drawn in Figures
29 and 30 which represents the best fit to 8D and & 20
values for precipitation between 1961 and 1967 at Fort
Smith, the station closest to the study area for which such
data are available.

The 8D and & 20 values for the precipitation samples
from the study area (Fig. 29) show a good fit to the Fort
Smith line. Also, values for samples collected at different
times during a single snowstorm are in reasonable mutual
agreement. One should, however, note that the values for
samples collected at the same place during different snow-
storms exhibit a range of variation that is large enough to
hide any variations in isotope values resulting from altitude
and/or latitude differences between sampling sites in the
study area.

The points . representing recharge to the karst-water

system derived from muskeg and forest areas (Fig. 30) fall

close to the Fort Smith line. On the other hand, most of
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Figure 29. Plot of §D vs. § '*0 for samples of precipitation. Line representing precipitation at Fort Smith is based on data for the period

1961-1967 (IAEA Environmental Isotope Data Seri¢s).
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Figure 30. Plot of 6D vs. 5 '* O for samples of karst recharge and discharge.

the points representing recharge derived from ponds and
lakes show relative enrichment with respect to 20, which
is interpreted as the result of isotope fractionation during
evaporation. Samples of recharge were collected between
mid-June and late September with one exception (Table 5b,
inflow at G, May 9, 1976). They show 6 180 values ranging
from -16.4 to -21.8%.. The sample collected on May 9,
19786, representing snowmelt, had a 8 80 value of -27.1%.;
unfortunately, a reliable 6§D value is not available for this
sample. )

The 6D and & 20 values for samples of discharge
(Table 5c, Fig. 30) are generally more negative than those
for samples of recharge; the § 180 values range from -22.4
to -25.0%o.. The relatively negative §D and 6 180 values
for discharge from the karst system have been interpreted
by van Everdingen et a/. (1978) as an indication that the
melting of snow (normally more strongly depleted with
respect to the heavier isotopes than rain) provides a large
proportion of the recharge. This conclusion is supported by
the absence in the discharge of selective enrichment with
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respect to 180 Showmelt would not be subjected to signif-

icant isotope fractionation by evaporation, because evapor-

ation rates are generally limited by low temperatures and
high relative humidity during the snowmelt period.

The 8D and & 80 values in the discharge samples
undoubtedly reflect the effects of mixing, in various pro-
portions, of recharge waters with differing 8D and & 0
values. The available data do not permit more detailed
interpretation.

TRITIUM LEVELS

Tritium, a radioactive hydrogen isotope with a half-
life of 12.35 yr, is continuously produced as a result of
cosmic radiation. Concentrations of tritium in precipita-
tion, resulting from this natural process, range from 5 to
20 T.U. (tritium units), depending on the locality and
season (1 T.U. indicates 3H/* H=1071%).



Man-made tritium from the testing of nuclear devices
started entering the stratosphere in 1952; test series in
1954, 1958 and 1962 produced large quantities of tritium.
Maximum tritium levels in atmospheric precipitation
(3000+ T.U.) occurred in 1963. Brown (1970) found indi-
cations that the artificially enriched stratospheric tritium
reservoir is depleting with a half-time of 1.2 yr. Because of
its radioactive decay, tritium provides a potential dating
tool for groundwater that it similar to 4 C.

Samples of precipitation, recharge and discharge were
analyzed for tritium during this study to help distinguish
short, fast flow systems from longer and slower ones. It
was further intended to use the tritium content in water
from those short, fast flow systems in which little or no
mixing between old and young water occurs, to determine
the probable year in which the water fell as precipitation.
This could then provide an approximate measure of velocity
in the flow system.
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Figure 31. Tritium levels in samples of precipitation; karst recharge and karst discharge (collected between 1975 and 1978), compared with
extrapolated tritium levels for precipitation in the central Mackenzie Valley for the period 1961 to 1975 (from Michel, 1977,

Fig. 13).
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Tritium levels in a few samples of precipitation from
the: study area are listed in Table 5a; those for samples of
recharge, in Table 5b; and those for samples of discharge,
in Table 5c. Four of the tritium values in Table 5b and two
of those in Table 5¢ have been published earlier by Michel
(1977); three additional vdlues were published by van
Everdingen et a/. (1978).

Figure 31 presents the tritium data in graphic form.
In addition, it shows a curve for extrapolated tritium levels
for precipitation in the central Mackenzie Valley for the
period 1961 to 1975 (after Michel, 1977, Fig. 13). The
broken lines in Figure 31 indicate tritium decay cuives, the
slope of which represents the half-iife equal to 12.35 vyr.

indicated.

Tritium levels determined on precipitation samples
show a relatively wide range, from 19 to 100 T.U. This wide
range, with a maxirhum more than five times as large as the
minimum, might be the result of isotope fractionation by
the same processes that influenceé the D and '®O abun-
dances in precipitation. Plots of 6T vs. 8D and 8T vs. & 18,
using average values for the snowstorms on September 23,
1977, and on October 7 and 10, 1978 (Fig. 32), tend to
support this suggestion. The relationships between 8T and
5D and between 8T and & 20, however, are not linear like
the relationship between 8D and. & 180 'but semilogarith-
mic, because the natural tritium level {5-20 T.U.; assumed
average 12.5 T.U.) imposes a lower limit on actual tritium
levels.
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Figure 32. Plot of §T vs. 6D and § !0 for three snowstorms at
Norman Wells; values used are averages of values listed
for each storm in Table 5a.
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Tritium levels found in recharge to the karst-watér
systems range from 95 to 219 T.U., two to five times as
high as those in local precipitation. This might indicate
that, as a result of long-term storage in muskeg, ponds and
lakes, the recharge at.any given time is derived from precip-
itation that fell a number of years earlier and therefore
possessed a more elevated level of man-made tritium. It is
also possible that the higher tritium levels in the recharge
are the result of isotope fractionation by evaporation
during the summer months, similar to the enrichment
observed for '*0. Fractionation during evaporation could
significantly affect the apparent tritium age of a water; if
the fractionation efficiency approached 100%, evaporation
of half the water could double the tritium content (equiva-
lent to decreasing the apparent tritium age by 12.35 yr)
within one summer.

Tritium levels in the recharge show a reduced scatter
as compared with the levels in precipitation. This can be
assumed to be the result of mixing.

The tritium levels in discharge from the karst-water
systems, ranging from 68 to 217 T.U., fall within the com-
bined ranges for precipitation and recharge waters. The
tritium levels in the outflow from lake No. 1, in the out-
flow from lake No. 2 and in the water from spring No. 149
in lake No. 2 probably reflect mixing of spring water with
precipitation that fell directly onto the two lakes.

It appears from the information contained in Figure
31 that the water discharged from the springs in the period
1975-1978 may have been derived from precipitation that
has fallen at some time after 1971 or shortly before 1962.
It is also possible that the spring waters represent a mixture
of recent water with considerably older water {with negli-
gible tritium levels) derived froma longer, deeper or slower
flow system. In this case the tritium values in Figure 31
would be the result of dilution of the original recent com:
ponents in these waters which would have possessed tritium
levels higher than those now found in the samples. The
recent components could then only be derived from precip-
itation that fell in the years between 1961 and 1972.

However, a comparison of the tritium levels for the
springs outside the lakes in the valley of the Hare Indian
River {Nos. 143, 144, 145, 150; average 123 T.U.) with
those for recharge into the depressions Nos. 110 and 142
and into sinkhole No. 86B (average 125 T.U.) suggests that
residence times in the karst-water system on the north and
northeast flanks of the Mahony Lake dome are very short.

SULPHUR-34 ABUNDANCES

It is apparent from the Paleozoic stratigraphy and
lithology that twoe major sources are available for the dis-




solved sulphates found in spring waters in the study area.
One is the gypsum-bearing sequence of the Lower Devonian
Bear Rock Formation, and the other is the gypsum-bearing
sequence in the upper portion of the Upper Cambiian
Saline River Formation.

Studies of sulphur-isotope abundances in evaporite
sulphates by Holser and Kaplan (1966} indicated that
Lower Devonian sulphates can be expected to have signif-
icantly lower 3435 abundances than Upper Cambrian sul-
phates. This was confirmed By sulphur-isotope analyses for
samples from the Lower Devonian Bear Rock Formation
and from the Upper Cambrian Saline River Formation in
the study area (van Everdingen and Krouse, 1977b).

Results of sulphur-isotope analyses of sulphates in
water from a number of springs in the area have been-inter-
preted in teris of the probable source of the dissolved
sulphates by van Everdingen and Krouse (19774, for spring
group No. 112, Fig. 6); van Everdingen (1978a, for sprinds
at Bear Rock, No. 104, Fig. 5); and van Everdingen et al.
(1978). All of these concerned springs that produce water
with high dissolved solids concéntrations (between 1250
and 6950 mg/L) and significant sulphate content. Most
of these are located along the Mackenzie River valley.
Examples presented in Tables 4b and 5c are the Bear Rock
spring No. 104, which derives its sulphate from the Saline
River Formation, and the Vermilion Creek spring No. 174,
which derives its sulphate from the Bear Rock Formation.
The rest of the data in Tables 4b and 5c¢ are for springs in
the valley of the Hare Indian River that discharge from the
karst-water system of the Mahony Lake dome. Sulphur-
isotope abundances have not been determined for recharge
to this karst-wdter systerh, because sulphate cohcentrations
in the recharge waters (Table 4a) are too low to perimit re-
liable results to be obtained from water samples of reason-
able size.

The sulphur-isotope values listed in Table 5c are
relative sulphur-isotope abundances expressed as per mil
deviations from the usual standard (Cafion Diablo meteorite
troilite): ’

(**s/%5s)

%32
5 % 5(%0) sample (*S/*"S)standard

(34 S/32 S)

X 1000
standard

Most of the 6 3* S values for the waters discharging in
the valley of the Hare Indian River (springs Nos. 143, 144,
145, 149 and 150; outflow from lakes Nos. 1 and 2, Fig. 8)
are lower than +10%., below the range for Béar Rock
sulphates (+ 10 to +23.5%0) and much below the range for
Saline River sulphates (+23.5 to +41%.) indicated by
van Everdingen and Krouse (1977b). The Saline River
Formation is the only known sulphate source in the area.

As the concentrations of dissolved sulphate in the dis-
charge are relatively low (Table 4b), the sulphate samples on
which the isotope arialyses were done were small. A check
on the validity of the & 345 values was possible, however,
because large quantities of CaCO; and CaSO, - 2H,0 are
precipitated each winter during freezing of the discharge
in the icing area downstream from lake No. 2. The 6 #g
values for three large samples of this mineral precipitate,
also listed in Table bc, confirm the low values founhd for
the discharge waters. :

One explanation which can be advanced for the low
& 3*8 values is the -possibility that the sulphates dissolved
in. the water are derived from evaporite CaSO, that was
precipitated at a late stage whéh the seawater or brine
reservoir had been severely depleted with respect to the
heavier S isotope as a result of earlier precipitation of
sulphate. This would require isotope fractionation during
precipitation, whereby the heavier isotope is préfereritially
incorporated in the solid phase. Variations in & 8§ jn
Pennsytvanian sulphate evaporites from the Canadian Arctic
Archipelago have been interpreted by Davies and Krouse
(1975) as being the effect of such fractionation. A less
likely possibility is that a portion of the sulphur in the
dissolved sulphate has gone through a complete reduction-
oxidation cycle, in which bacterial reduction ¢an be ex-
pected to produce sulphides with fow or negative § S
values. Oxidation of these sulphides would producée sul-
phates with similarly low or riegative & 3 g valués.
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CHAPTER 6

Potential Geotechnical and Environmental Hazards

in the Study Area

FOUNDATION HAZARDS

The occurrence of permafrost in thé study area
presents a number of what may be called geotechnical
foundation hazards. These have been discussed in detail for
parts of the area by Hughes et a/. (1973), who indicated
that the most common hazard is presented by ice-rich (and
therefore potentially thaw-sensitive) fine-grained sedirments
in which thermokarst depressions, active-layer detachment
slides or even major slumps can develop as a result of
degradation of permafrost.

A water-related hazard in permafrost areas results
from the commonly poorly integrated and sluggish surface
drainage, which can lead to significant concentration of
drainage along linéar structures, with consequent hydraulic
and thermal erosion. This and other water-related geotech-
nical hazards that™ can be encountered in the northern
environment were discussed by van Everdingen (1979),
with particular reference to pipelines.

Special geotechnical hazards will be encountered by
potential engineéring developments in the study area as a
result of the presence of karst and especially because of
the collapse nature of the karst. As noted in the section on
morphology, individual karst features in the study area
ranhge in size from small subsidence sinkholes, through
“seri-stupendous’’ collapse sinkholes to large depressions
several kilometres long and several hundred metres wide.

The discussion of the processes involved in the devel-
opment of these features led to the conclusion that they are
formed by collapse of bedrock strata and unconsolidated
deposits into solution cavities in a subjacent karst formed in
soluble rocks. Indications were found that these processes
are active. The potential geotechnical hazard presented by
this active karst development is aggravated by the fact that
it is virtually impossible to predict either the location of
the timing or the magnitude of future subsidence and
collapse events.

FLOODING

In Chapter 4, it was pointed out that existing topo-
graphic maps contain inaccuracies with respect to surface
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drainage connections; they also show some intermittent
lakes as permanent lakes, and possibly even worse, they fail
to identify a number of intermittent lakes or areas subject
to flooding. The topographic maps for the area are based on
air photographs taken in ejther mid-June or early July. For
future developments in this and other areas with a similar
karst nature; it would be advisable to have additional aerial
photography done at different times of the year. Much of
the necessary information on the hydrologic characteristics
of such karst areas can, of course, be gathered through
intermittent field observations; detailed study of available
satellite imagery has also been useful for this purpose.

In the section presenting the climatic and hydrologic
summaries for 1973-1978, it was concluded that the most
extensive flooding of karst depressions can be expected
after a winter with heavy snowfall and little melting before
the main snowmelt period and that the duration of flooding
primarily depends on the amount and distribution ot fain-
fall during the summer months. It is therefore possible that
the maximum extent of flooding in a particular location
will remain unobserved during field studies. In most cases,
however, it will be possible to deduce the maximum extent
as well as the approximate duration of flooding, from vege-
tation patterns, as indicated in the section on the hydrologic
significance of the karst features.

CONTAMINATION OF GROUNDWATER

Karst-water systems are extremely vulnerable to
contamination from the surface because of the generally
complete lack of filtering of their recharge. Conduits in
many of the swallow holes in the study area were seen to
absorb leaves, broken branches, clumps of grass, lumps of
soil, and fish. The relatively high density of sinkholes in
some parts of the area would provide almost direct access
to the karst-water system for a potential contaminant only
a short distance from its source. Such a contaminant could,
moreover, reach distant points of discharge into surface
water in a relatively short time, because the flow velocities
prevailing in karst systems are usually higher than those
prevailing in fractured rock and much higher than those in
most porous media. The chances for containment, recovery
and cleanup after an accidental spill are essentially nil.
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Conclusions

Karst development in the study area is widespread.
A major portion of the existing small and large karst depres-
sions have been formed by collapse of bedrock strata and
unconsolidated deposits into cavities (or into breccia
“funnels” above cavities) resulting from solution of soluble
rocks at depth. Two formations, the Lower Devonian Bear
Rock and the Upper Cambrian Saline River formations,
contain beds of hypersoluble rocks (gypsum and halite) in
the study area. The intervening Cambro-Ordovician’ Franklin
Mountain Formation and the Ordovician-Silurian Mount
Kindle Formation consist of dolomites of much lower
solubility.

Concentrations of collapse sinkholes and depressions
were found to be centred on a number of structural domes
along the Keele Arch between Great Bear River and Lac
Belot. Exposures of Mount Kindle Format_ion found in’
karst depressions on the flanks of the Mahony Lake dome,
as much as 75 m below the level of the Franklin Mountain
Formation, have been interpreted as outliers that were pre-
served as a result of subsidence due to subsurface solu-
tion of evaporites from the Upper Cambrian Saline River
Formation.

The present morphology of the karst depressions
depends on the character of the near-surface bedrock, on
the depth below surface of the soluble formation{(s) and, to
some. extent, on the hydrology. The presence of the karst
has led to disruption of drainage and to seasonal flooding
of low-lying recharge areas, which have in some instances
been misinterpreted in the preparation of topographic maps
for the area.

The hydrologic significance of the karst depressions
as points and areas of recharge is a function of the size and
topography of their drainage areas and of such climatic
factors as temperature regime and the amount and seasonal
distribution of snow and rain. The maximum water level
attained in a seasonally flooded depression in a given year
is mainly a function of (1) the amount of snow remaining
on the ground at the start of the snowmelt and (2) the rate
at which melting proceeds. The duration of flooding in a
given vyear is a function of (1) the maximum level reached
during the snowmelt and (2) the amount and distribution
of rainfall during the summer. The water levels in flooded
karst depressions do not represent a regional groundwater
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table; they are caused by the limited inflow capacity of
their swallow holes.

The inflow of surface water into swallow holes in
karst depressions provides an effective mechanism for the
recharge of groundwater in this area with widespread
permafrost. In the well-developed collapse karst in the
study area, the annual recharge (estimated at about 40 mm
over the drainage area, or about 15% of the annual precip-
itation) is considerable. The minimum rate of rainfall
required for initiation of recharge in the collapse karst
(6-10 mm) is small.

Results of analyses for D and '¥ O indicate that local
precipitation is the source of recharge to the karst-water
system and that snowmelt provides a large proportion of
the recharge. Tritium levels in discharge from the karst-
water system tend to indicate that the bulk of the water
is derived from very recent precipitation.

The use of sulphur-isotope analyses has made it
possible to distinguish the source (Saline River or Bear
Rock Formation) of the dissolved sulphates in a number of
the sulphurous spring waters in the study area: the resuits
for the karst-water system of the Mahony Lake dome,
where the Saline River Formation is the only available
sulphate source, are inconclusive.

The karst-water system is extremely vulnerable to
contamination from the surface because of the unfiltered
nature of its recharge and the relatively close spacing of its
high-rate recharge points. High flow velocities inside the
system could transport a contaminant to distant discharge
points in a relatively short time.

The collapse nature of the karst presents a special
geotechnical hazard in the study area in addition to other,
permafrost-related hazards. Field evidence indicates that
the collapse process is active, but prediction of the location,
timing and extent of future subsidence or collapse is not
possible.

Seasonal flooding in karst depressions couid become
a hazard to future engineering developments, if its potential
occurrence is not recognized from vegetation patterns or
during study of available air photographs and satellite
imagery.
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