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CHAPTER ONE

INTRODUCTION
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1.1 Aims and objectives

Seascnal frost mounds constitute an interesting
but littie studied meso-scale landform in areas underlain
by permafrost., This thesis attempts to understand the
geomorphic and hydrologic controls which influence their
occurrence. The North Fork-Pass area in the Southern
Ogilvie Mountains, Yukon Te;ritory, in the vicinity of
KM 82-86 of the Dempster Highway, was chosen as the study
area (Figure 1.1). Attention focussed upon three problems
associated with the activity of seasonal frost mounds “in

* that area:

(1) Do they possess typical geographic loca-
tions and site—specific characteristics?

(2) What is their shape, size and duraticn,
and is the terﬁ 'seasonal' an apprcpriate
degtriptive term?

(3) What is their internal structure, and
associated groundwater hydrology, and what

is their mechanism(s}. of growth?

Frost blisters, a specific type of seasonal frost mound,
are examined in the greatest detail.
Permafrost is defined as 'the thermal condition

in soil or rock of having temperatures jbelow 0°C persist

1
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Location map of the Northern Yukon and Mackenzie Delta,

showing the Dempster Highway, the location of the North
" Fork Pass and the distribution of permafrost.
Brown (1978) and Ferrians (1965).
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over two consecutive winters and the intervening summer’
(Brown and Kupsch, 1974, p. 25). Recently, the term
'perennially cryotic' has been proposed as a more suitable
alternative because it emphasizes the thermal nature of.
the definition (van Everdingen, 1976, p. 863). Thus,
the occurrence of permafrost does not imply the presence
of ground ice-(Brown; 1970;'1974) and unfrozen~wﬁter is
a common constituent of permafrost materials.

Permafrost is not the only factor responsiﬁle
for the formation of‘frost mounds; the active or dynamic
coﬁponents.of frost mounds and related phenomena. (e.g.,
icings) are a direct function of the presence, movement
and subsequent freezing of groundwater. 1In permafrost
areas, the groundwater system iS‘cémplex since supra-,
intra- and subpermafrost groundwater is recognized. In
some groundwater systems, sub-, intra- and suprapermafrost
groundwater may all evehtually form part of the surface

hydrologic system.

‘1.2 Frost mound terminology

The term 'frost mound' is the family name proposed
for all mounds produced by the combined action of:

(a) the volumetric expansion of water duri i¥s phase

change to ice, (b) the hydrostatic pressure o _kuﬁdwater,

and (c) the force of crystallization during freezing,
unless their specific character, origin and structure are

known (Muller, 1945, p. 59; Williamé%\}QGS, p. 21). This
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definitio;, either in whole or in part, has been adopted
by subse&uent researchers (e.g., Frederking, 1979; ﬁeﬁnion,
1955; Maarzeveld, 1965; Toth, 1972; 1972; wvan Everdingen,
1978; 1982).

In oee of the first North American classifications
of frost mound phenomena, Muller (1945, p. 59) distinguished
between pingos, fro;t blistersi icing mounds and peat mounds
(palsas). A similar classification was adopted by Lundquist
(1969); howevet, only earth hummotks, frozen peat mounds,
pingosfaﬂd palsas.were included}.;hile frost blisters and
iciné mounds were not discussed.

The literature proliferates with frost mound
synonyms, many of which are'summarized in Muller (1945;

p. 216), Troll (1958, pp. 76-77) and Williams (1965, p. 21).
Their existence and frequent incotrect usage generate sig-
nificaet problems. In ad?ition, the random use of Soviet,
Gexrman, Scandinavian and Inqktitut terms in the North American
literature {(e.g., bugor, bulgannyakh, bingo, kotchi, naled;
aufeis, karnig, etc.) is also confusing, particularly since
some have English- language equivalents (e.g., aufeis--icing)
while others have taken on new meanings to £ill. terminolo-
gical gaps (e.g., hydrolaccolith).

Frost mounds may be eitherAperennial (i.e., long-
tetm) or seasonal (i.e., short-term). Pieéos and palsas
are examples of perennial frost mounds. As such, perennial

frost mound phenomena have recelved considerable attention

in the permafrost and periglacial literature {e.qg., - French,

v



1976, pp. 93-101; Mackay, 1979; Washburn, 1979a, pp. 180-
191). Conversely, seasonal frost mounds have feceived
only limited attention. While a few observations on seasonal
frost mounds are éuite detailed in the North American litér-
‘ature (e.g., Frederking, 1979; Lewis, 1962; van Everdingen,
1982; van Everdingen and Banner, 1979), in general most
are of a casual nature (;:g., Brown and Berg, 1980, pp.i29;
82; Leffingwell, 1919, pp. 150-158; Linell, 1973, p. 189;
Mackay, 1979, pp. 26, 48; Porsild, 1938, p. 47). Probably,
this is due in part to their relatively small_expressionh.
and ephemeral nature together with their occurrepnce dﬁringr_'
the .winter seasons when snow and ice obscure the landscape.
Seasonal frost mounds can Eegdivided into threej
types: frost blisters, icing blisters“and icing mounds.
All are characterized by a relatively short'period of rapid
growth (Qan Everdingen and Banner, 1979}, most éfﬁen
attaihlng their maximum expression- durlng the course of

a 51ngle winter and then lastlng from a few months to two

or three years. Since some features occasionally last

less than a full year, the term annual frost mound is some- - g

times used (van Everdingen, 1978, p._271) Frost bllsters
-are‘sometimes erroneoﬁsly identified as other types of
ffost mounds, éspecially palsas‘(e.g., Academia Sinica,
1981; Brown-ét éi.r 1983;'Hughes e£ al., 1972; Leﬁis;'1962;
Maarleveld, 1965; Sharp, 1942}. fn the.Sbviet Union, ’ |
;“§eaéona1 frost mounds appear to be bettef documented (e.g.,.

Gokeov, 1939; Shumskii: 1964a; b; Soloviev, 1952; 1973;



Sumgin, 1940). o B

Table 1.1 presents a classification of ffost.mOund
phenomena as described in the literature. This classifica-'
tion is based on dufation, structural and morphogenetic

characteristics. )Also included are the various terms and

synonyms frequently used.

1.3 Frost blisters

Frost blisters are a speéific type of seasdnall
frost mound. They are deséribed by Muller'(l§45, p. 59)
. as mounds or upwarps of the ground "produced by local@ged
hydrostatic pressure of gr;undwater" (see Figure 1.2).
a 51m11ar definition applies to the term hydrolaccollth
used in Soviet literature (Tolstikhin and Tolstikhin, 1974
p. 20).. - In North America the latter has a broader meaning
coVening iirtually all frost mounds resulting froﬁ the
hydrostatic and hydraulic pressure of groundwater which
subseqﬁently freezes to form injection ice (French, 1976}
pp. 101-104; Washburn, 1979a, p. 180; Williams, 1965, p. 24) .
Van Everdingen (1978, p. 27i) recommends that Muller's frost
blister definition (1945) be modified to include the term
'hlgh hydraullc potential’' in place of 'hydrostatic
" pressure’ to provide a better hydrodynamic lnterpretation

of frost blister genesis.
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Figure 1.2 Diagram illustrating the formation of a frost blister.
Source: Mulley, 1945, p. 61.




1.4 Geomorphic characteristics

C _
> .

’

1;4:i_ DistriBution and morphology
Seasonal frost mounds hqve been reported from
many atéés of arctic North America. lLéffingwell (1919)
deécribeé theif occurrence in the-Caﬁninq Rivef.region
of nor£hern Alaska, aé qées Porsild (1938) from Greenland
and the Mackenzie Delta, N.W.T. The frost mounds'desqribed
by Porsild (1938) in ‘the Tuktoyaktuk Peninsula are further
mentioned‘by MulLe; (1945) and.Mackay (1979). 'Ih the Wolf Creek
area of the ‘no;theastern ét. Elias Mountains,-Yukoﬁ Terri-
tory, Sharp- (1942} identified\*tﬂndré’ground ice mounds'.
'From his description, it seems possible that these features
ﬂéy have been f;ost blisters. Further references ideﬁtify
geasonal mounds occurring in the Fairbanké area, Alaska
(Linell, 1973), the Bear Rock—fort Norman:arga of the
Mackenzie Valléy (van Everdingen, 1978), the Dempster Highway
inlthe northern Yukon (Hughes and wvan Everdingen, 1978),
Cape Dorset, Baffin Island (Frederking, 1973),‘the Khangay
Mountains ;egion,'Mongolié (Froehlich and Slupik, 1978),
Yakutia aﬁd other permafrost regions of the U.S.5.R.
(Shumskii, 1964b; Sumgin, 1940; 1941)- and the Tanglha and
Fenghuoshan area;, China (Acédemia Sinica, 1981, pp. 6-12).
| Appargntly, the major coﬁtrolling factor is the
availability of ground@ater under hydraulic pressure. At
Bear Rock in the Mackenzie Valley for example, frost blisters
occur in an area characterized by cold.perénniai spring

discharge from a near-surface aquifer in a groundwater
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system underlain by a low permeability layer.{van Everdingen,
1978; 1982). A further requirement includes long, cold
winters with mean daily temperatures well below freezing.
It follows that the required combination of physical and
hydrologic conditions conducive to seasonal fros# mound
activity occurs most readily in areas underlain by discon-
tinuous permafrost. However, they may also develop in |
arégé'of-thin continuous permafrost or possibly in areas
of deep seasonél frost where a shallow aquifer is confined
byfg,low permeability bedrock or clay layer.

Seasonal frost mounds form an integral part of
the suprapermafrost groundwater system. In some instances,
they indicate zones of groundwater transmission (Froehlich
and Slupik, 1978) and, in other.cases, locations of ground-
water discharge.

Frost blisters indicate hydrologic activity in
the active layer, while icing blisters'and icing mounds
are the result of surface effusion of groundwater; the
two commonly occur together (e.g., Linell, 1973; Muller, 1945;
" Tolstikhin and Tolstikhin, 1974; van Everdingen, 1978).
Where both frost blisters and icings occur, the differen-
tiation between frost blisters and either icing blisters
or icin§ mounds becomes difficult without stratigraphic
infofﬁhtion. Occasionally, veggtation from the top oﬁ the
frost blister will protrude fhrough\bhe ice, or a tension
crack may penétrate'the organic or mine % solil layers,

thus providing the basis for field identification
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(van Everdingen, 1978).

Frost. blisters usually result from the interruption
> of suprapermafrost groundwater circulation during active
layer freezeback in the fall and winter. As such, frost
blisters are a fast—growing, dynamic and potentiélly‘des—
tructive landform which should not be confused with ofher
types of frost mounds (e.g., pingos or palsas).

A consequenée of the seascnal nature of frost
blisters is théir tendency to shift location and vary in
size and shape froﬁ one year to the next. Generally they
are small, seldom exceeding 7 to 8 m in height (Muller,
1945) and most often measuring between 1 and 4 m (Froehlich
and Slupik, 1978; Linell, 1973; Muller, 1945; van Everdingen,
1978; Zoltali and Joﬁnson, 1578).

Icing mounds and icing blisters associated with
both river and groundwater (seepage) icings have been des-
cribed in both continuous and discontinuous permafrost
zone; (Carey, 1973) and generally have a wider distribution
t éﬁsfrost blisters. Shape characteristics seem highly
variable in contrast to height which, regérdless of shape,
is ;elatively consistent. Mound diameters ranging from
6 to 30 m have been reported (Hughes et al., 1972) with
long axis dimensions of 45 m (Linell, 1973). Tension
{(dilation) crack; have been observed radiating from the
crown of the mound or running along the long axis of both
frost blister and icing blister phenomena. Icing mounds

and icing blisters associated with river icings are

IE N
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‘generally similar in shape to their grounﬁwater icing equi-
valents. However, the latter are consistently smaller.

In contrast to seasonal frost mounds, perennial
frost mqundwbhenomena such as pingos and palsas are
generally larger. As stable intrapermafrost featurgs,
seasonal thaw does not cause degradation of the ice or
frozen mineral soil core, thus giving both pingos and pélsas
signifidantly longef, or perennial, duration. However,
disruption of the insulating cover by tensioﬁ cracking,
dessication cracking or man-induced modification can result .
in degradation of the feature. Unlike pingos, which tend
to occur as solitary features, seasonal frost mounds often
occur in groups and/or as compound features. A further
difference is that the‘growth rate of pingos is slow, commonly
only a few centimetres per year, although occasionally
up to 1 or 2 m per year (Mackay, 1963; 1967; 1979; Soloviev,
1973; Washburn, 197%9a). As shown in Table 1.1, pingos
are divided into two types, each characterized by a differ-
ent distribution and setting. Hydraulic system pingos
occur predominantly in areas of widespread discontinuéus
permafrost characterized by high relief (e.g., interior
Yukon Territory, Hughes [1969] and Alaska, Holmes et al.
[1968]). Hydrostatic system pingos are found in areas of
continuous permafrostﬁgnd low or gentle relief (e.g.,
Mackenzie Delta, Mackay [1973; 1377]).

Palsas differ morphologically and structurally from

seasonal frost mounds, although there are some who suggest
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that a continuum may exist between palsas and pingos (e.g.,
Lundqguist, 1969%; Svenson, 1976; Washburn; 1979%a; 1983).
pPalsas are a form of perennial frost mound. They are slow
growing and occur predominantly in areas of discontinuous
or sporadic permafrost. In some locations, palsas are
intrapermafrost features extending into.the uéderlying
permafrost, while eisewhere they occur as 'islands' of
permafrost in areas dominated by seasonal frost or sporadic
permafrost. Their occurrence is associated with bogs where
thick accumulatibns of peat insulate underlying mineral
strata in which ice lenses usually develop. Palsas range

from small hump-like fea to large irregular mounds,

1979a, pp. 176-177). Typically pal reach \to over
7 m in height (Lundguist, 1969; Seppald, 197 977; 1982;
Washburn, 1979b). Palsa widths usually range from 10 to
30 m and lengths range from 15 to 150 m. It is not unusual
for groups of palsas to coalesce to form palsa comblexes
or peat plateaus several hundred metres in extent (Brown,
1968;:; 1969; Kershaw and Gill, 1979; Lundquist, 1969).
Seasonal frost mounds are the smallest of the
frost mound features discussed in the literature. However,
thesmallhydrol;Ecoliths occurring within low centre polygons
on Banks Island described by French (1971) and gas-domed
mounds on Kendall Island described by Mackay (1965) are

approximately the same size as small frost blisters. Thus

identifying frost blisters, and distinguishing them from



- 14

small pingos, palsas or various transitional forms on
stricfly morphologic characteristics appears difficult

[

without detailed study.
1.4.2 Structure, hydrology
and ice characteristics

A typical frost blister structure consists of
a mound or upwarp of soil, peat and ice overlying a layer
" of clear ice faulted over a water-filled cavity. During
late winter, the water-filled cavity may freeze completely,
forming a core of solid ice (Hughes et al., 1972; Muller,
1945; van Everdingen, 1978). Excessive internal hxdraplic
or hydrostatic pressures may result in mound rupture and
subseguent dfaining of the water cavity. If the supply
of water is cut off or if the mound fails to reseal itself
then the cavity inside the frost blister will remain empty
(e.g., Mackay, 1979; van Everdingen, 1978). Most descrip-
tions of frost blister structure are based on observations
of partially collapsed or ruptured features (e.g., van
Everdingen, 1978). There are no descriptions concerning
the characteristics of the water lens or central reservoir.
Muller (1945, p. 59) suggests that the presence of the
water inside a growing frost blister can be detected;as
a."springf feel beneath one's feet". Icing blister rupture
and subsequent groundwater discharge have been described
by van Everdingen (1978, p. 267) and Frederking (1979,
p. 606) and for frost blisters by Academia Sinica.(1981,

p. 6). It has been suggested that frost blisters which

[+ ]
ey
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have sélid ice cores (lackiﬁg an air—.or water-filled cavity)
would be structurally and thermally more stable (Hughes
and van Everdingen, 1978), particularly if the overlying
soil and organic cover remained intact. Hughes (personal
. ) »

communication, March 198l) suggests that this type of frost
blister could become semipermanent if incorporated into
the permafrost as an intrapermafrost feature.

| The ice occurring within seasonéi fro;; mounds
is classified as injection or intrusion' ice {(Mackay, 1972a).
Generally, injection ice tends to be pure and transparenf.
It displays an absence of solid impurities exceﬁt along
contacts between the ice and enclosing sediments where
gtringers or tengues of material are found in the ice.
Thus, streaks of small mineral particles, plant roots and
stems, or clumps of soil are sometimes inc¢orporated into
injection ice (Shumskii, 1964a; b). - Gas inclusions ofA
various dimensions and shapes occur in the ice mass. These
gas inclusions produce an indistinct stratification parallel
to the confining structure. Individual bubble trains rise
vertically through the ice, sometimes in straight lines
or frequently forming wavy patterns. Large spherical
bubbles indicate slow freezing conditiong, a cylindrical
shape parallel to growth directigg»igdicates an intermediate
rate of growth, and small spherical bubbles or no bubbles
at all suggest rapid freezing conditiéns (Gell, 1976). Bubble

pattern can also be used to determine freezing direction.
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There have beeﬁ few studies of frost mound‘ice
fabrics. Gell (1975; 1976; 1978) discusses crystal charac-
teristics of ice wedges, pingos and icing mounds. Other
ice fabric studies have been concernéd predominantly with
pingo and wedge ice {Black, 1953; Mackay and Stager, 1966b;
Miller, 1963; Shumskii, 1964a; b). Ice fabric analysis
by Gell (1976; 1978) of an icing mound adjacent to a pingo
in the Tuktoyaktuk Peninsula identified a wide range of
ice crystal characteristics. ‘A chill zone was identified
by a layer of small ice crystals indicating rapid freezing.
Small crystals were also identified in zones of small bubbles.
With increasing depth, ice crystals became larger and
elongéted.

Water and ice chemistry have been used to determine
the source of water which forms frost mounds. At Bear
Rock, Northwest Territories, van Everdingen (1978) reﬁorts
high Soi-bontent in the spring water derived from disséi&?ioh
of gypsum beds from the local geology. Sulphur-isotope ‘
analyses confirm the source of dissolved sulphates. Hydro-
chemical analyses 0of water discharging from the frost mounds
indicate that nearby perennial springs are the source of
the water. Icing mounds and icing blisters form essentiglly
by the same process, only they are composed entirely of
ice, Icihg mounds form by the freezing of successive layers
of water or overflow that discharge from cracks in the

icing.
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Structurally, icing mounds consist of arched sequences

7 "
;/ of ice layers which are thickest near the source of water

and thin toward the edge of the mound (Muller, 1945, p. 62).
Icing Blisters form by the intrusion of water between layers
within the icing, subsequently doming the overlying layers
of }ce intc a mound. Identifiéation of seasonal frost
mounds, when occurring in assoclation with an icing, can
be difficult. Occasionally, even when the structure is knAWn,
frost mounds have been misidentified. For e%?ﬁple, the
palsa (pals) described by Maarleveld (1965, p. 11, after
Chemekov, 1959) more closely resembles tﬁe structure of
a frost blister.

Ih contrast to seasonal frost mounds, pingo struc-
ture generally consisés of a conical mcund charaqterized
by a massive plano-convex ice core (Mackay, 1962;-19635;
However, recent studies have shdwn this to be an over-
simplification and that pingo structure can be very‘complex
ranging from a massive ice core to compound ice cores or
a'combin;tion of massive ice, ice lenses, mineral soil
and layers of intrusion ice (French and Dutkiewicz, 1976;
Macﬁay, 1979). Drilling records and exposures indicate
that, like seasonal frost mounds, the pingo ice core generally
resembles the 'gross outer shape of the feature. |

A frost blister may occasionally have a similar
apbearance as a small palsa resulting in frequent'misideﬂ—
tification; however;'their structures vary significaﬁtly;

In contrast to the massive ice core and water-filled cavity

-

L
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of a frost blister, the main constituents of é palsa include
a thick insulating layer qf Pgat overlying an ice—rich
mineral soil core characterized by segregation ice lenses
(Ahman,'1976). These ice lenses rarel& exceed 2 to 3 cm

in thicﬁness (Lundquist, 1969) although thicker lenses

have been reported {(e.g., Forsgen, 1968).

1.5 Growth mechanisms

The main proeess forming seasonal frost mounds
is ice injection by a perennial, spring-fed suprapermafrost
groundwater system. As the active layer refreeies in the
fall, suprapefmafrost grouﬁdwater circulation gradually
becomes constricted. The gradual penetration of the freezing
ﬁéfont into the wate%¥-bearing active. layer reduces hydraulic
transmissivity, resulting in a build-up of water in the
hydrologic system. As hydraulic potential increases, the
artesian pressure may exceed the confining pressure, defbrming
the overlying materials into a mound enclosing a reservoir
- of water. The mound will increase in size as the reservoir
increases or if the reservoir freezes completély. The
uplift process is assumed to be slow, allowing the over-
lying material to defomm plaétically. If the internal
stresses exceed the strength of the confining materials,
the mound will suﬁsequenﬁiy rupture.
The.fr;st mound definitions presented by both
Muller (1945, pp. 58-59, 216) and Williams (1965, p. 21)

iﬁenfify the combined influences of (a) hydrostatic
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pressure of groundwater, (b) the force of crystallization,

and (c) expansion due to freezing of water, as essential
processes in all types of frost mound devélopment. The

role of hydraulic pressure as é major process contributing
to f;ost mQde formation was suggested by Leffingwell (1919,
pé. 150-158) for both perennial and seasonal frost mound
phenomena. - This hypothesis was further-discussed by Porsild
{1938, pp. 46-47) as thq dynamic process responsible for
'pingos in Alaska and Greenland, and more recently by Mackay
(1979) for.pingos in the Tuktoyaktuk Peninsula.

Figure 1.3 is a diagrammatic representation of
the sequential development of both frost and «Cing blisters.
It is clear that the same mechanisms are respogéible for
both féatures. However, they differ in the nature of the
material uplifted. For example, frost blisters always
include .a layer of peat or soil whereas icing blisters
are composed exclusively of ice. Frost blisters and icing'
blisters may occur together or independently. The require-
.ments for both frost blister and icing blister formation
are generally thelsame.

Icing mounds, the remaining type of seasonal frost
mound, differ in that the hydraulic potentialldoes not -
result in upiift of either soil materials or ice, bgt simply
forces water to the surface of the ground or icing through
a tension crack or élong some plane of weakness to even-

tually freeze. As in the case of icing blisters, icing

mounds are composed eﬁtirely of ice. 1In the past, the

(LY
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Diagrammatic representation of the sequential development
of frost and icing blisters.
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term iciné mound has been used guite loosely in thé litera-
ture, often in reference to features defined here as icing
blisters and frost blisters.

‘ Although the role-of groundwater under_prgssure
has been suggested by several researchers as the dynamic
component of seasonal frost mound growth (e.g., Maarleveld,
1965; Muller, 1945; van Everdingen, 1978), there have been
no direct measurements of hydraulic potential. A minimum
approximation of hydraulic potential was estimated by
R. 0. van Everdingen (1978) using the height and density
of various materials displaced. It was calculatea that
frost bliéters 2 to 5 % higp.require a minimum hydraulic
potential of 2.6 to 4.9 m (25 to 50 kPa). A Soviet study
(Petrov, 1934; abstracted from Williams, 1965, pp. 160-161)
determined the groundwater pressure of an icing mound
(frost blister} by measuring the depression of the freezing
point due to pressure. In an area where frost mounds ranged
from 1 to 2.5 m high and 10 to 30 m in diameter, the freezing
point was depressed by 0.4°C. Since lowering of the freezing
point of water by 0.01°C corresponds to a pressure of
1.3 atmospheres, it was conéluded that the pressure inside
the mound was 52 atmospheres or 5.2676 x 10? kPa. A number
of studies have investigated active layer pressures associated
with earth hummocks or pore pressures during freeze-back
(Mackay, 1980; Mackay and Mackay, 1976; Pissart, 1970:
Slusarchuk et al., 1973) but have failed- to record signifi- -

cantly high wvalues.
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The processes and mechanisms of palsa formation
are considerably different from those associated with sea-
sonal frost mounds. Ice segregation and the formation.
of ice lenses in the mineral soil core are identified as
the primgry growth mechanisms (Lundguist, 1969, p. 209).
Capillary flow and moisture migration.during ice segregation
are believed to be the main hydrologic processes; however,
hydrostaticcﬁ:hydraulic pressure may contribute by supplying
water to the system feeding the palsa but is not responsible
for uplift or displacement _(Lundguist, 1969).

In contrast to gll of the above, pin?S/jéghation
relies on the processes‘of both ice injection and ice segre-
gation combined with hydrostatic and/or hydraulic pressure.

-Two different hydrologic systems dominate in pingo growth.
:Although the genetic té:;s 'open’ and 'closed' (Muller,
1963; Porsild, 1938) are widely used (e.g., French, 1976,
pp. 95-100; Washburn, 1979a, pp. 181-185), the terms
77 'hydraulic' and 'hydrostatic' (Mackay, 1978a; b; 1979)

better reflect the hydrodynamics involved.

1.6 Active layer hydrology

Seaéonal frost mounds are éenerally recognized
" as evidence of groundwater discharge and/or movement through
the active layer (Fréehlich and Slupik, 1978; wvan Everdingen;.
1978; 1582). Therefore, an understahding of the factors
influencing the behaviour of grdundwater in the activen

layer is fundamental to the analysis of seasonal frost mound
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occurrence. The annual-cyclé”of freeziné and‘thawihg of
the active layer, and its impact on groundwater-circulatibp,
forms the basis for the seasonal occurrence of these ﬁounds.

The hydrpdynamic charécteristics of suéfapermafrost
groundwater in a flow system contralléd by graﬁiéy transfer,
combined with -a seasonal freezing of thé active layer, are .
the main processes influe@cing the occurrehce of éeasdnal
frost mounds andhgroundwgﬁer icings {(Carey, 19?3; Tolétikhin
and Tolstikhin, 1974; wvan Everdingen; 1978; 1982). The
presence of permafrost as a low permeability %éyer retarding
downward percolation of groundwafer is alsolconsidered
imporﬁant.(van Eﬁerdingen, 1982).

The effect of permafrost on vérious aspects of
the hydrolégic cycle has been described in several Caﬂadian
studies ({(Anderson, 1974; Branaon, 1962; 1965; 1966; Church,
1972; Lewkowicz, l§81; Lewkowicz and French, 1982a; b: | 7
Lissey, 1974; MqCann and Cogley, 1972; van Everdingen, 1978;
1981l). TFigqure 1.4 is a simplified hydrologic flow model
identifying the primary ter:ain—based components of the |

hydrologic cycle. At each stage, the flow of the system

~is modified in some way by either the presence of permafrost

or the cold climatic conditions responsible for permafrost
occurrence. |

Three types of groundwater have been described
i? areas of permafrost (Tolstikhin and Tolstikhin, 1974):
(2) water occurring above the permafrost table is rgferred

to as suprapermafrost groundwatér, {b) water found within

-
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or between layers of permafrost is called intrapermafrost
groundwater, and {c) water occurring below the base of
ermafrost is called subbermafrost groundwater. More

détailed classifications of groundwater in permafrost regions

have been developed, incorporating subdivisions based on
stratigraphié position, acquifer Characteristics, source,
pressure and temperature conditions (e.g., Tolstikhin an{i‘
Tolstikhin, 1974, pp. 2-3).- These classifications clearly‘
illustrate how the presence of pérmafrost is a'complicating
ﬁactor in'groundwater circulation. In previous hydrologic
studies, permafrost has been assumed a priori to constitute
an impermeable barrier to sgroundwate ovement (Brandon,
1962). While this assumption may bﬁ reasonably valid under
most conditions, it has been shown that in certain situations
both ligquid and vapor transfer within permafrost can be
highly significant (e.g., Harlan, 1974; Mackay, 1983). 1In
this regara, permafrost should not be classified indiscrimi-
nately as impefmeable but more appropriately as an aquitard
in a traditional hydfologic sense. Significant amounts

of liquid water have been shown to exist in soil-water and
clay-water systems in equilibrium with ice ;t temperatures
considerab1y~bélow 0°C, as fiims adsorbed on the surfaces
of soil particles and in ciay platelets (Nersesova and
Tsytovich, 1966; Schofield, 1935; Tsy£ovich, 1975; Williams,
1968). Temperatures significantly below 0°C are:often
required to injtiate the change of pore-water to ice.

(Anderson and Morgenstern, 1973; Banin and Anderson, 1974).
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The magnitude of depression of the initial freezing tempera-
. ture depends on several facto;s, including fluid pressure,
.sglt content of the pore-water, grain size distribution,
soil mineralogy and soil structure (van Everdingen, 1976).

The hydrologic importance of frozen ground lies
in the iarge differences in hydraulic cénductivity that
exist for most geologic materials between their frozen and
unfrozen state. ‘

The rate of groundwater flow, v, by intergranular

permeation is defined by Darcy's law, where;

. _wSh _
v = K37 ' (11

where h is hydraulic head expfessed in terms of the change
in height or elﬁvation dh, 1 is length and dl is change
in length or distance, and K, hydraulic conductivity, is
a constﬁnt‘of proportiénality.
Equation- [1] shows that the rate of groundwater

flow is direcfly proportional to the hydraulic conductivity

Py

' - L)
which, is influenced by the fluid properties of mass density

and dynamic viscebity as well as media. permeability. The

formation of ‘poge ice dramaticali& reduces soil permeability.
It is not unusual for a decrease in temperature of a few
tenths of a degree below 0°C to decreaselthe hydraulic con-
ductivity by several orders of magnitude (Burt and Williams,

1976). Also, temperatures of near surface groundwater in

northern latitudes frequently range between 3°C and 0°C
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(Hubbert, 1940; 1956)}. These waters have a rénge in vis-

¥ cosity from 1.55 to 1.79 cp (centipoise). 1In more temperate

regions, groundwater temperatures are often between 10°C

and 15°C with viscosities from 1.30 to 1.05 cp.



CHAPTER TWO

STUDY AREA



2.1 Introduction

The northern Yukon is a roughly triangular region
of approximately 130,000 square kilometres, lying north
of latitude 63°30'N. It approximates the drainage divide
between the main Yukon and Mackenzie Rivers (Bostock, 1961;
1970j. .This portion of the Yuk g Territory forms the northern-
most extension of the Western Cordillera region of Canada,
and is characterized by a numbér of tbpdgraphically rugged
and geologically distinct moui;aih ranges interspersed with
lowlands, plains and'plateéué (Bird, 1972; Templeman-Kluit,
1966).

Reconnaissance fieldwork was undértaken at locations
adjacent to the Dempster Highway (Figure 1.1) during the
summer of 1979. In addition, helicopter visits to a number
of abandoned wellsites in the Eagle Plain and Peel Plateau
(French, 1981) provided an obportunity to undertake comparative
observations elsewhere.”/ In September 1980, following extensive
air photo analysis, the North Fork Pass area (lat. 64°35'N;
long. 138°18'W) in the Southern Ogilvie Mountains was identi-
fied as the main study location (Figure 2.1). Frost mounds,
first interpreted as palsas, have been identified previously
in the North Fork Pass area by 0. L. Hughes (Hughes et
al., 19723 and more recently by R. 0. van Everdingen

(Hughes and van Everdingen, 1978; van Everdingen,

~
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Figure 2.1 Air photo of the North Fork Pass area. The location of
frost mound sites and the Dempster Highway are marked.
Source: National Air Photo Library, A 18137-40.
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1978;: 1982). //F‘“‘-X\\iﬁh_h

Criteria considered during the selection of the.
study area included: (a) the regular occurrence of seasonal
frost mounds, (b) year-round access and logistical support
for a base of operations,‘and (c) availability of baseline
data.

Research in both 1980 and 1981 was carried out
at intervals during the late summer and autumn. At that
gime, all icing-related phenomena in the North Fork Pass
had disappeared, as had several frost blisters. Those mounds
that remaiﬁed were either partially collapsed, in some.cases
revégling an ice core, or remained as residual landforms
into the next winter. During 1981 and 1982, field investi-
gations were undertaken in December and March.  The specific
aim was to document the various stages of a complete cycle
of seasonal frost mound activity.

The Yukon territorial government strictlx_regulates
off-highway activities within the Dempster Highway Development
Area, particularly campsite locations. In the North Fork
Péss area, approved base camp locations included the Tomb-
stone campground (KM 74}, an outfitters camﬁ'(KM 91) and “
a trailér facility (KM 82). The Dempster Highway is main-
tained year-round, thereby allowing botﬁJwinter and summer
investigations. A final consideration was the availability
of general background information for the area. This included
climate data for Dawson City, weather summaries for Dempster

Highway maintenance camps at KM 74 (Klondike River) and
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KM 196 logilvie River), a number of field excursioh guides

describing glacial history, vegetation, surficial geology

{e.g., Hughes et al., 1972; ﬁughes and van Everdingen, 1978;

L

Pettapiece et al., 1978), and various geologic reports (e.g.,r

Gray, 15968; 1973; Green, 1972; Green and Roddick, 1962;
Hughes, 1965; 1972; Hughes et al., 1969; Terasmae, 1968;

Templeman-Kluit, 1970; Vernon and Hughes, 1966).

2.2 Regional setting

Relatively few data are available with respect
to the interior northern Yukon. The mountain ranges and
interior plateaus of this area have long remained among
the least known parts of Canadé~(Porsild, 1974) . Accurate
maps based on aerial photographs are now avail&ble,'but
the aﬁsence of roads and the scarcity of suitable landing
~strips for light aircfaft have méde grgund exploration,

including the study of permafrost, vegetation and wildlife,

difficult. Most of the data presently'aVailable have been

collected either since the start of highway construction

in '1959, or as a result of oil and gas exploration'iééﬁbbell,

1960; 1967; MacLeod, 1979).

‘'With a few exceptions (é.g., French, 1981; Hughes,

1969; Hughes et al., 1981; Riéhérdson and Sauer, 1975; Ricker,

1968; Wiken et al., 1979; Zoltai and Pettapiece, 1973},

the terrain, permafrost, vegetation and climatic conditions

of this region have not been described in detail.
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- 2.2.1 Quaternar? history
The interior Yukon is geomorphologically interéstiné
since a large portion escaped glaciation by the Laurentide

ice sheet (Hughes, 1972; Hughes et al., 1969;. Prest, 1969:
Prest et al., 1968). The northwestern perimeter of the
ice sheet reached the eastern border of the Yukon Térritory

and penetrated the southern Eagle Plain, along the Peel

&

River valley. Elsewhere, the ice advance was contained
by the Richardson and Mackenzie Mountains-(Figure 2.2}.

The north apd west1Central;a;eas of the Yukon are
tﬁought to have remained unglaciated throuéhout the Pleisto-
cene, while other parts of the Territory display a complex
pattern of Cordilleran glaciation (Bird, 1967; 1972; Bostock,
1966; Hughes and van Everdingzn, 1978; Riéker, 1%968). A

number of glacial episodes have been recognized in the Yukon:

" Contemporary - St. Elias Range
Neoglacial - 2,000 B.P. (?) expanded version
of present St, Elias Range

) McConnell - Wisconsin
Late j\’ '

Pleistocena™ Reid - early Wisconsin
Pr R\ei\dv - E

o

(Modified from Bird, 1972)

The unglaciated portions of the Yukon, Alaska,
eastern Siberia and intervening shelf areas comprise the
Beringia refugia (Hopkins, 1967). Refugia are important

for several reasons; not only do they offer the poséibility

I
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of a long and relatively continuous geologié record of non-

"glacial énvironmental change, but they also provide centres

for dispersion, of flora and fauna following déglaci&tion
(Youngman, 1975). This part of the Beringia refugia displays
a unique pgriglacial landscape, the result of prolonged

cold and aridity. Many of the landforms (e.g., tors, cryo-

. planation §urfaces and widespread felsenmeer) developed

e

in response to a climate more severe than the present, which
may or may not be related to the development of contemporary

permafrost.

2.2.2 Relief and geology
The study location was between KM 82 and 87 of’

the Dempster Hiéhway. At this point, the highway traverses

" the southern Ogilvie Mountains through North Fork Pass,

at an elevation of 1,290 m a.s.l. The Southern Ogilvie
Mountains form a distinct physiographic unit (Bostoc&,
1948; 1961}). This mountainrsystem rises abruptly from the
Tintina Trench and Yukon Plateau, forming an eastward trending
belt of rugged fold mountains. .The mountains display a
close relationship between topography and underlying bedrock
éeology (Green,‘l972)fJ The moét rugged topography and ‘
stéepest relief have developeé.in areas underlain by pg;phy—
ritic_syenite stocks. A number of these stocks have been
intruded to form ; 60 km northwest trending Selt of jagged
peaks, the moét striking of which is Mount Tombstone |

(Figure 2.3).
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Figure 2.3

The North Klondike River, near Mount Tombstone (centre)
is flanked on the left by The Three Sisters and Mour¥
Campbell. Photo: September 1981. )

s

—_ .
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The average mountain’ggif elevé;;en is approximately'
2,050 m a.s.1l., with an average relief of rqlghly 900 m
anq a maximum relief of 1,800 m. Mount Frank Ray is the
highest peak in the Southern Ogilvie Mountains at 2;360 m a.s.1l.,
while Mount Tombstone and surrounding peaks exceed 2,200 m.
The Cloudy Range flanks the East Blackstone River valley
at North Fork Pass and raﬁges between 1,500 and 2,100 m
in elevation. The East Blackstone River valley in the vici-
nity of the study area has an elevation of 1,190 m, roughly
100 ' m lower than the top of the pass. -

The drainage of the area is described by Ricker
(1968, p. 36) as 'youthful to early matﬁrej, varying regionally.
from a dendritic to é rectangular pattern. In the vicinity
of the plutonic stocks, the drainage pattern is more radial
in character. The North Klondike, Blackstone, Ogilvie and
Hart Rivérs comprise the main drainage systemg in the North
Fork Pass area. Many rivers display braided channel segments, often
corresponding to sites of extensive winter icings..

The lafger valleys were modified by repeated advances
. 0of valley glaciers and, as a result’ have rouﬁéed cfoss-
valley‘profiles (Figure 2.4). The valley floors are covered
by varying thicknesses of glacial and glaciofluvial sediménts.
_The.upper valley slopes are mantled by coarse anéular talus
and fine colluvial materials. The smaller, uﬁglaciated
tributary valleys have steep, straight sides with v-shaped

cross—-profiles. Large alluvial fans occur at regular inter-

vals on both sides of the valley where runoff channels join_
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Figure 2.4

General view of the East Blackstong,Riyer valley near
the North Fork Pass. Note the lateral moraine on the

far side of the valley (indicated by the arrow). Photo:
September 1980.

38
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the main valley}

The Southern Ogilvie Mountains display a complex o
Pleistocene geclogy, related to successive advances of
Cordilleran glaéiers. In this part of the Yukon, glaciation
was characterized by local glaciers o?iginating in cirgues
along the main axis of the Southern Ogilvie Mountains.
Glaciers fiowed outward from the Ogilvie Mountains in the
direction of modern drainage routes (Figure 2.5; Vernoh
and Hughes, 1966). In the North Fork Pass area, at least
thrée and possibly four glacial advances are recognized
(Ricker, 1968; Vernon and Hughes, 1966). The glacial advances

-

are referred to as the 0ld, Intermediate and Last by Vernon

S

Reid, Reid and McConnell glaciations, identified by Hughes

and Hughes - (1966). They probably correlate with the pre-

et al. (1969) fpr the centrél Yukon Plateau. The McConnell
advance is considered to be of main-Wisconsin age and the
Reid advance of early-Wisconsin or Illipoian age (Hughes

et al., 1972). '

Between the‘pre-Reid and McConnell age deposits
found-in fhe porth Fofk Pass/Chapman Lake area, a two-fold
sequence of glacial deposits has been tentatively identified .
.as porresponding to the Reid maximum and a Reid readvance
(Ricker, 1968). Tﬁé North Fork Pass area displays till.
and outwash deposits from glaciers occupying the North
Klondike and East Blackstone River aalleys. The northern
slope of the North Fork Pass is covered by the southern

r

lobe of a hammer-head shaped moraine which
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formed by glaciers advanced into the East Blackstone Valley
from the adjacent Raﬁgeifer Valley. The moraines are
hummocky and ridged with a number 6f closed depressions.

The deposits are composed of predominantly bouldery till,
7with a silt-sand matrix. Zones of coarse gravel were used
egtensively as aggregate during highway construction. A
number of large glacial erratics and areas of hummoéky

ground moraine exist on the valley floor.

2.2.3 Regiocnal climate

The present climate of the interior northerq Yukon
is cold and continental. It isufrequently'influenced by
.weather systems and air masses originating over the Arctib
Oceah (Burns, 1973; 1974; Hughes et al., 1981; Kendrew
and Kerr, 1955; Thompson, 1967). In general, the climate
is characterized by long cold winters, with prolonged (3 to
4-week) periods of intense cold during which daily maximum
temperatures fail to rise aboﬁe -35°C or -40°C (Campbell,
1961; Martin, 1973; North, 1972; 1978). Summers are short,
cool and damp; however, hot and dry periods are not uncommon.
Total precipitation is low, but seasonally and regionally
variable. Snow may occur during any month, particularly
at higher elevations, and constitutes almost half of, the
total precipitation. Variability and rapid change in weather
conditions are typical of the northern Yukon climate. Due
to the diversé topography of the fegion, its climate is
also strongly influenced by local variation in elevation

and aspect.
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Long-term méteorological data are not available
for the interior northern Yukon. However, an approximation
of climatic conditions is provided by data from Dawson
City (64°04'N, 139°24'W, elevation 323.8 m a.s.1.). Located
in the Klondike River wvalley 10 km east of Dawsoﬁ City,
the climatic station is probably representative of conditions
occurring to the south of the study area. The mean annual
air temperature is -5.0°C but has varied between -10.1°C
and 0.7°C during the period over which records have been
maintained. Average annual precipﬂgation is 328 mm, the
majority of which occurs during EE; summer. Figure 2.6
presents a monthly breakdown of average temperature and
precipitation data. Of significance are the cold winter
temperatures and low snowfall in contrast to the cool wet
summefs. The data also demonstrate that 1981 was an, average
year in terms of temperature, except for a very mild period
in January and February. Precipitation was above average
in 1981, particularly during the late summer and early
autumn.

The community of 0ld Crow (67°34'N, 139°50'w,
elevation 253 m a.s.l.), located almost 400 km north of
Dawson City, is probably more representative of temperature
conditions occurring in the study area (Table 2.1l}). The
mean annual air temperature is -10.0°C and ranges between
—4.5°C and -15.2°C. Precipitation is low, averaging 212 mm

per year, of which almost half occurs as snow. Average

temperatures for December, January and February are below

*\

/
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Dawson City) {64°04'N ;139°24'W)

Temperature , elevation 323.8m asl
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Figure 2,6 Summary of selected climate data for Dawson City, 64°04'N,

139°24'W. The mean menthly temperature and precipitation
 for 1981 are highlighted. Source: Atmospheric Environment
Service, Environment Canada.
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—30°C; and precipitation is low.

Both Dawson City airpart and 0ld Crow meteorological
stations are located in low-lying areas subject to extfeme
" temperature inversions, resulting from katabatic conditions
during the cold-winter months. Temperature differences
of 5 to 10°C between valley floor and upland loéations
have been reported at a number of sites in the Ogilvie
Mountains and Eagle Plain (personal commuﬁication, A. Williams,
July 197%). The North Fork Pass,.at 1,290 m a.s.l., must

be regarded as an upland site in which katabatic effects

are frequent.

2.2.4 Permafrost

Although mapped by Brown (1978) as transitional
from discontinuous to continuous permafrost, very little
is known about permafrost conditions for this part of the
Yukon. Some of the earliest pe;mafrost 6b5ervations in
the Yukon were made by miners and geologists at the time
of the Klondike gold rush (e.g., McConnell; 1905; Ogilvie;
1913; ?erret, 1912; Rickard, 1909 Brown's 1978 permafrosé4
map incorporates data from only four boreholes for all
of}the yukon, of which only one is located in the northern
Yukon. The division between-the continucus and discontinuous
permafrost zones is based on the -5°C meaﬁ annual isotherm,
which for the Yukon is derived from a minimum of data.

At Dawson City, permafrost is reported to depths

of up to 60 m (Brown, 1967; 1970; 1978; E.B.A. Engineering

Ltd., 1977; Naldrett, 1982), while limited borehole data

L
s
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from the Eaglé Plai?-suggest that permafrost is'nearly-
continuous .and ma%ﬂéccur to depths)of up to 90 to 100 m
(Brown, 1970; 1978; Crampton, 1979; Johnston, 1980a; b;
Judge, 1973; Taylor énd Judge, 1974).

?ermafrost occurrence south of the North Fork
Pass area is probably similar t? the discontinuous conditions
known to exist in the immediate vicinity of Dawson City;
howe%er, the higher elevations in the North Fork Pass atea
introduce a stronger cordilleran influence. ~Klohn Leonoff
Consultanté Ltd. (1978}, under contract to Foothills Pipe
Line Ltd., performed shallow drilling and geotechﬁical
analyses at several locations in the North Fork Pass area
in conjunction with the Dempster Lateral Pipeline proposél.
These investigations showed that permafrost occurs at depths
greater than 5 m in poorly drained fluvial valley sediments.
south of the pass, but is absent in souﬁh- and west-facing
slopes of the south lobe of the North Fork Pass moraine.
North of the pass, ice-rich permafrost occurs almost conti-
nuously to depths in excéss of 8 m in the fine—grained
fluvial and fluvio-glacial sedimehts. Permafrost is probab;y
absent beneath major drainage channelé and lakes throughout
'£he area. Grqund temperatureﬁméasurEments in the North
Fork Pass area indicate continuous permafrost®*with temperatures
bétween -8°C and -2°C below a 3 m maximum actigé’layer
(Harris et al., 1983). However, active layer depths of

60 to 100 cm are common in poorly drained valley floor

locations (Ricker, 1968).
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Several landforms diagnostic of permafrost conditions ~
occur in the vicinity of the North Fork Pass. Thesg include |
- well developed high-centred ice-wedge polygons, pooily
sorted stone circles. and stripes, beaded drainage pattermns,
tussockﬁfundra and pingos (Figures 2.7 énd 2.8). Frost
boils, solifluction lobes and rock glaciers have been des-
cribed at higher mountain and interfluve locations (Hughes,
1969; Ricker, 1968; Vernon and Hughes, 1966).

One of the few areas in the northern interior
Yukon where detailed information about permafrost is avail-
able isﬁthe Eagle River crossing and Eagle Plain aréa (e.qg., )
French, 1977; 1981; Johnston, 1980a; 1981). At ;he Eagle
River bridge, data extrapolation suggests that permafrost
extends to a depth of 90 to 100 m, with a temperature gradient
of 1°C/38m (26 mK/m).

The seasonal pattern of frost penetration in the
Eagle Plain area is illustrated in Figure 2.9. At the
Eagle River site, an active layer depth ofAGO to 100 cm was
observed during August 1981. Elsewhere on' the Eagle Plain,
active layer depths between 20 to 100 cm have been documented
{French, 1977; personal communication, G. H. Johnston, 1981).
Numerical simulétion df thermai regimes predicts significantly
deeper active layers in local bedrock (Pollard; 1980). 1In |
all probability, segsonal thaw penefrates to depths ranging
between 2.0 and 3.0 m, depending on rock type and slope -

conditions. i

>l
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Figure 2.7." Ice-wedge polygons in lowlying-valley tundra, North Fork
- Pass. Photo: “July 1979. ‘ ' - -

Aerial view of a closed system pingo (see Hughes, -1969)
L . "-located in the main Blackstone-.valley. Photo: July 1979.
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Figure 2.9 Ground thermal regimes in the Eagle Plain area. (A) Fine
) grained sedlments, Eagle River floodplain (Source: G. H.
‘+Johnston, 1981, and unpublished data, NRCC), (B) llmestone
.  surface, and '(C) sandstone surface. Graphs (B) and (C) .
\ are’ predlcted, and taken from Pollard (1980, p.- 27).
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The disruption of perméfrost and subseguent melt
of ground icezwas a‘problgm dur;ng éonstruction of the
Dempster,Highwgy‘(C1afidge and Mirza, 1981;"HarriSnet.al,,
1983; ngahlﬁs?.al.,.l954f and also during the seismic and
drilling phases'of early oil and gas exploration in the

Eagle Plain (Cahlpbell, 1961) in the late 1950s. )\

~

2.2.5 Vegetatiéﬁ
The flora oflthe northern Yukon is as‘diverse and
i’distinctﬁve as:£he physiographic.léndscape. Prior to con-

strﬁction of the Dempster Highway, this area was péssibly
the larggest remaining-bétanically unexplored area in Canada
(Porsijél 1974). Since 1959, the:extentAof floral inﬁormé-
tion has grown steadily (e.g., Cunningham, 1977; Douglas
et al., 1981; Lammers, 1979; Pettapiece et al., 1978; Porsild,
1972; 1974; Strang ahd'Johnson, 1981). A field survey by
A. E. Porsild and R. T. PSxsild in the Southern Ogilvie
Mountains, during the period 1966 to 1968, resulted inlthe
recognition of 1ll°species which were considered new or pre-
v;ously undefinedﬂ 6 species believed to be new to the flora
of Canada and 38 species new to the flora of the Yukon Terri-
tory (Porsild, 1974) .-

Vegetationlanalysis does not play a major role
in this thesis; however, the recognition of dominant or
climax species and plant associations provides a useful
tool for the analysis of geomorphic and climatic environments.
. Vegetation is dependent oh climate, soil, moisture and slope

éharacteristicslahd at the same time is a key factor

>
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(a)

Vegetation assemblages within the northern interior Yukon
range from (a)-boreal forest in the North Klondike Valley
to, (b) alpine tundra in the North Fork Pass area.
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influencing.snow distribution and ground temperature.
Vegetation within the northern interior Yukon ranges
from Boreal forest dominated by Picea sp. in the south (e.g.,
North Klondike River valley, Figure 2.10a}, to sedge tundra
and shrub tundra further north (e.g., north of North Fork
Pass in the Upper Blackstone valley, Figure 2.10b). The.
alpine_treeline (i.e., timberline) varies between 1,050 m
and 1,200 m a.s.1l. south_of%ﬁdrth Fork Pass; north of the
pass, forests are not encountered until the southern margin
6f the Central Ogilvie range;>\Q9rth of the Taiga Valley.
At this point a Northern_Woodland type of spruce forest
occurs at elevations generally below the 950 m contour.
variations in dominant species and plant communities
are common between north- and soﬂthffacing slopes. On south-
facing slopes in the Da&son area, vegetation uéually'consists

of white birch forest (Betula papyrifera) with minor white

spruce (Picea glauca) and aspen (Populus tremuloides) and

scattered shrub and herb layers. This reflects the warmer
and drier conditions on south-facing slopes which, in the
Dawson area, are often free of permafrost.

On-cool, moist north-facing slopes and valley floors,
the typical.subarctic vegetation community consists of open

black spruce forest (Picea mariana) with a continuous moss-

lichen ‘ground cover (SEhagnum sb. and Cladonia sp.). In

4
the Dawson City and North Klondike River areas, permafrost
is often very close to the surface (within 50 cm): The

North Fork Pass area is between 1,000 m aﬁa 1,200 m a.s.l.,
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and well above treeline. ‘With the exception of the occa-

sional stinted white sp:uﬁe in sheltered localities, the

vegetation is a shrub tussock tundra dominated by dwarf

birch (Betula glandulosa) with mosses in depressions. Inter-

fluve and exposed areas are characterized by ericateous -

shrubs and lichens, typical of alpine tundra.

A series of plant associations have been described

at a number of locations along the Dempster Highway {e.9.,

Pettapiece et al., 1978). 1In the North Klondike River valley,

b7}

the Subarctic black spruce forest/moss association is most

common, particularly in poorly drained valley bottom areas.

Common plant species in this association include Picea

- mariana, Betula glandulosa, Ephagnum fuscum and Eribghorum

vaginatum. Of local significance are peat plateaus and
fen areas. 1In better drained valleys and on south-facing
slopes, the boreal forest associations are dominated by

aspen (Populus tremuloides), white birch (Betula.papyrifera)'

and white sbruce (Picea glauca) 4 In the North Fork Pass

area, the dominant plant community is Arctic-Alpine Tundra,

characterized by dwarf -shrubs, mosses, sedges and lichens

(e.g., Betula glandulosa, Ledum palustre, Cladonia alpestris and

Alectoria sp.).
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3.1 Introduction

Research methodologies used in this thesis may
be divided into two components. The first was the collection
of field data on the physical characteristics of seasonal.
- frost mounds and the factors that influence their bccurfence.
The second was the 1abofatory analysis of samples obtainea

£

from the field.
Several period; of fieldwork ranging between 10
and 35 days in duration were carried out between 1986 and
-1982. Both summey and winter visits were made to document
the complete range of seasonal frost mound phenomgpa. Summer
fieldwork focussed on the morphological and stratigraphic
raspects of %rost mound occurrence. Winter fieldwork, undexr-
taken -in December 1981 and March 1982, was concerned with
the hydro%ogic processes responsible for frost mound formation,
" the measurementCof winter ground thermal regimes and the
areal extent and thickness of icings and snow cover. Insﬁru-
mentation was installed to measure the-hydraulic ﬁressures
associated with the growth of mounds. ’ ‘
" Laboratory investigations concentrated upon the

analysis of ice petrofabrics, water and ice chemistry, and

environmental isotope concentration.

55
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3.2 Field observations .

3.2.1 Physical character

A primary aspect of the field program concerned
the measurement of frost mound form and character. This
included analysis of‘their setting, mdrphology and structure
as well as their-distribution.“ These observations providé
valuable information necessary to: (a) evaluate theories
" of ;éasonal frost mound fdfmation, and.\(b)‘distinguish
them from other types of frost mound phenomena (see Chapter
One) . )

Frost mounds are dynamic features, and since they
develop over periods.of days and/or months dufing the winter,
their growth is particularly difficult to measure. Changes
in their nature,‘shape and size over time were determined
by repeated obServation and measurement, primarily using
surveying and photographic techniques. Investigation was
at {two scales. First, a meso-scale inhvestigation concerned
thetr distribution énd occurrence in tﬁe study area as well
as the general character of the surrounding terrain. Second,
a micro-scale investigation involveéﬂmeaSurement of individual
frost mound size, shape and location. l

The distribution of seasonal frost mounds was mapped
on air photos at scales of 1:20,000 and 1:4,000. A regional
map of frost mound locations in the North Fork P;ss area
‘was produced atha scale of 1:50,000 using N.T.S. @gp 116 B/S

»

as a base. -

4
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Morphological studies were conducted by surveying
the shape, height, long and short-axis profiles of more
than 30 frost blisters and several icing blisters and icing,
mounds. Sequential surveys'documented short—te£m changes
caused by either growth or thaw degradation and long-term
changes (from one year to the next) resulting from mound
reactivation.

Conventional optical surveying techniques were
used. Study area bench mark elevations were surveyed from
geodetic survey bench marks in the North Fork Pass area.

A "Wild NXK2" level and a 7 m metric stadia rod were used
for all surveyed measurements. A suﬁporting tripod was
also used to hoid the stadia rod. Bevell;ﬁg'accuracy
estimated to range between #0.01 m and #0.1 m depending
on location and terrain conditions.

Detailed stratigraphic investigations documented
the internal structural characteristics of the mounds. Two
épproaches were utilized: (é) the excavation of frost
blisters along tensioﬂYE}acks using a chainsaw and an ice
axe, and.- (b) the coring of seascnal frost mounds at several
location§\q&oﬁg a transect and in areas adjaceﬁt to it.

A gas-driven coring unit (e.g., Hughes and Terasmae, 1963)
was uség to penetrate ice and fine-~grained frozén soils

to depths of 2 to 3 m (Figure 3.1). Two drilling/coring
units were employed on different occasions; a “Stihi" Model
4308 drill equipped with a modified CRREi core bar;el

(17" - 43 pm) was used in Sepﬁember 1980, and.a "SIPRE"

ice corer-with a CRREL core barrel was used in
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Figure 3.1 A gas driven coring unit was used for stratigraphic
: investigations of seasonal frost mounds and frozen
ground. Photo: September 1980.
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August/September 1981.

The first method was used only where adequate thaw
. degradation or-collapse allowed easy excavation, and was
the technique\used to obtain oriented ice block samples
for petrofabric analysis. The drilling method was much
faster and facilitated the installation of bench mérks,
thermistor cab}es and piezometers. Other stratigraphic
investigations included the examination of permafrost sec-
tions é&posed along river banks, bo;;ow pits and road cuts,
as well as the excavation of soil pits and shallow coring
‘to provide fnformation on surficial geology and ground ice.

In a series of measured sections, detailed strati-
graphic sequences were reégrded and samples were taken for g
grain-size and ice content analyses. These observations
provided information concerning the suitability of various
materials as groundwater aquifers. Sections were described
in terms of grain-size and texture (after Folk, 1966;‘1968),
colour (Munsell soil colour classification) and ground ice

(Pihlainen and Johnston, 1963).

—

3.2.2 Meésurement of thermal regimes
5 program of thermal monitoring was conducﬁed to
determine active layer conditionsA(e.g., thaw depth, surface
temperature, thermal profile for different times of the
year). Since seasonal frost mounds are primarily active
layer phenomena, their occurrence mayhbe influenced by depth
andispatial variations of thaw, thé lééations of residual

thaw zones and the time and rate of active layer freeze-<back.



(s - 6 0

The duration of a seasonal frost mound also dépends on the
rate and depth of thaw. In the case of a mouné lasting

two to ‘three years, its présence temporarily modifies active
layer development by creatigg an upward bulge in the frost
table.. The combined effect of active layer hydrologic and
’temperéture conditions, plus their interaction during freeze-
'backldnd:thaw are important factors influencing the location,
size, time of formation, rate of growth and duration of
seasonal frost ﬁounds.

"Ground temperature measurements were made in two
ways. A "YSI" Model 42 SC telethermometer was used to {
measure ground temperature profiles to depths of nearly’

100 cm. Ground temperatures were profiled at a number of
locations displaying variaEle surficial materials and vege-

\ﬁiation cover. During winter, the télethermometer was used

to obtain temperature profiles within snow banks and

probe*unfrozen ground near spring outlets.” A series 400,

T2625, "Banjo" surface temperature thermistor probe attach-

-

ment was used to obtain water temperatures and surface tem-

' A
peratures. AN / -

Thg second méthod of ground temperature measurement
utilized multi-thermistor cables. 1In 1981, éables were
‘installed to depths of up to 2.0 m at five locations at
site 1 (see‘Fig?re'G.l) in the North Fo:k Pass. ' Thelcable
was attached to wéodén doweling to keep it straight in thg

hole and a PVC collar was placed over the cable to protect

it from foxes and porcupines.
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3.2.3 Background hydrology

Since seasonal frostlmounds result from the inter-
action between seasonal freezing of the active layer and
sﬁprapermafrost'groundwater circulation, hydrologic investi-
gations comglemgnt ground thermal studies. These were
designed to document the characteristics of the groundwater
system.

Hydrologic investigations weré designed to establish
general summer groundwater flow conditions in the active
layer and base flow conditions from perennial springs. All.
spring outlet locations in the vicinity of frost mound loca-

“tions were mapped together with surface flow paths. During
the winter and early spring, icing and major snow bank loéa-
tions were surveyed and mapped. w

Approximate’spring discharge values were obtained -
by measuring flow through cuiverts using a 10 litre drum
and the average of ten, timed discharge runs. Spot measurements
of surface flow velocities were also recorded using small
-styrofoam balls which were introduced into the surface flow
system and photographed using a tripod and fixed shutter .
speeds (1/20, 1/50 second). As the target gassed through
a cleatly defined test section cbrresponding to the frame'
of the camera, a picture was taken. The distance travelled
by the target was measured using thé scale included in the
test section; the-resulting velocity was a multiple of the.
exposure time. . Data obéained from these tests provide a

relative indication of surface flow velocities and seasonal
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sonal frost mound. A prevmous study’u51ng time 1apse

.variations in surface. 'discharge.

Icing volumes were calculated using'winter-drill
. » . l- , . . q
and survey data. Their calculatioﬂ was used to produce

a mlnimum estlmate of discharge during icmng firmation of '

- a partlcular sprlng group.~

. 3.2.4 Hydraulic potentials . B
* A piezometer apparatus was developed to.meaSure

the hydraulic -potential of the water inside an acriVe:seaéi,'

photography (van Everdlngeh and Banner, 1979) indicated’

that mound growth could occur at any time between 3anuary' *

and April. However, no measurements of ﬁydreulic potentialT‘i
° . ' - »

“have' been reported in the iiterature.

Other sthdles which have- measured pressures in
freezing ground and frost- hummocks (e g- . Mackay, 1980-

Mackay and Mackay, 1976; Slusarchuk et al:,. 1973) or hydro-

: statlc pressures - in a°subpingo water lens (Mackay, 1978a,

. 1879) used- electrical pressure cells and pressure transducers._

yeltherdzf these were sultable for the present study.

SluSarohuk et al. (1973) developed an instrument uhich con-

'51sted of a. pneumatlc plezometer enclosed in a protectlve

(4] Q
housing and immersed in ethylene glycol. However, the compli-.

cated“%gnstruction and installation procedures together
with prohibitivé costs precluded its .use. , ~ -

The apparatus used in'thefpresent study consisted

: . . Lo
“of a closed‘hydraufic system piezpmeter containing an anti-

greeie fluid. The main body, or the stendpipe,-consisted

ol



chamber (see Chapter Four).
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of 0 93 cm diameter SChedule 80 polyvmnyl chloride (PVC)

pipe fitted w1th a “Weiss" bronze bellows and a brass socket
pressure gauge {Figure 3.2).~ A T-joint was used to aveid -
trapping gas. bubbles in the pressure gauge and to facilitate

filling. Dow Corning 200 Fluid, a silicone 011 with

'l Cenéistoke visc051ty (near that of water) and a freezing
'-p01nt well ‘below -40°C was’ used as the antifreeze. The
"i51licone fluid was retained in the piezometer by two methods

(see Figures 3 3 and 3'4) {a} a brass "Nupro" checkvalve

w1th a 1/3 p51 (2. 3 kpa) cracking pressure and. swaglock

fittings, {b) a rubber condom (surgical rubber and a latex

-rubber) of 0 93 cm diameter was loosely, inserted into the
.1ower end of the standpipe and sealed %ith a nylon wrap

-and‘self—vulcaniﬂlng rubber tape.‘ Only the latter is

-

a true closed system unit. The length'of ‘the pipe ranged

from 120 cm to 200 cm.‘ A CRREL ioe thickness kit with a

.

.3.8 em (1%") auger bit was used td.punéture the frost mound;

afterward the piezometer‘uas‘installed. A 40 cm "Rubatex"
foam-collar, 3.8 cm (13").in diameter, was tightly fitted

to each unit .with a hose claMp to effectively seal the hole

once the instruﬁent was installed. Pressure from.inside

the_mound'expan'ed the Xower end of the collar, effectively

" creating a plug un l frozen in place. The lower end of
P

. the piezometer was fitted with a protective extension, 15

to 20 cm long, consisting of perforated PVC pipe designed

to elevate the sensor above the floor of the frost mound

-



Figure 3.2

™

Piezometer pressure
1
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The requireégents of the desired apparatus were

twofold: a) measure groundwater pressure
potentials analogoﬁs to the artesian pressures of a shalléw
confined ag ;fer, and (b) operate under cold subarctic
conditions and withstand temperatures of at least -30°C.
A furthe itation was cost, so not only did the instru-
ment have to be sturdy and versatile, but also it had to
be inexpensive. Finally, the transient and unpiiiigiable
' nature of seasonal frost mound occurrence<£:;;ﬁ'ed an instru-—,
ment which could be installed directly into the frost mound
and read instantanébmsly.-

VUnder noncryotic conditions, a conventional éiezo—
' meter would haye readily fulfilled these needs. However,
in frozen ground the water would rapidly freeze in the pieéo-
meter standpipe. Reference to an ﬁntifreeze-filled piezometer

in Slusarchuk et al. (1973, p. 232), although it did not

describe the device, provided the idea for the unit developed.

3.3 Laboratory procedures M////H\

3.3.1 Ice petrofabric, determinations

" The aiﬁ of ice petrofabric analysis in this study
was to develop a better undgerstanding of the range iﬁ?
freezing conditions and the Wwechanics of seasonal frost
mound growth. Ice petrofabgfé{analygis is a technique which

utilizes the optical propeffies of ice and a universal stage -

to determine crystal size, shape, lattice and dimensional

orientation. These characteristics are influenced by a
¢ <€
TR <

-
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ncmber of wvariables which include: (a) the nature of the

water supplf to the freezing front (e.g., open or closed
system), (bi the_direction and rate of freeaing as a func-
tion of groﬁnd thermal ccnditiqns, and (c) patterns and
mechanisms of solﬁte rejection and inclusion incorponation.
Post-freezing stresses, generated by high hydraulic
potential aﬁd cryostatic.pressure, may result in recrystal-
lization, ice defcrmaﬁion and faulting, or dilation cracking.
Evidence of these stresses are visible during ice fabric

analysis in the form of strain shadows, grain boundary irre-

gularities and dislcocations. Large scale deformations (e.g.,

fractures; faults and heaved ice layers) are distinguishable
in the ice sections. and block samples.

By studying variations in\ice.fabric characteristics
in a mound, a generalized freezing history and post-freezing
deformation seguence can be developed. ¢

Petrofabric analysis was performed on thin sections

cut from oriented block samples taken from three frost

- J

blisters and .a surface idiné, all of which ﬂbrmcd in the
North Fork Pcss'areg during the -winter of 1981-}282. A

total of éévcn block samples, apprciimately 20 cm square,

and up to 40 cm long, were obtainec onvtwo cccas%Ons .
(September 1981 and March 1982) and shipped to Ottawa packe@r‘
in freezcr chests specially designed for ice transport.

Tge block ;amples‘effectively represenézﬁ complcte vertical

section through the core of each frost blister. Ice samples

. L
were wrapped in foil and sealed in freezer bags at tHe site.

-

‘ N ";\%
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Care was taken to avoid exposure to direct sunlight.

In Ottawa,‘the,icésampleswsre stored at tempéra-'.
tores.of'<20°c in deepfreeze facilities. .A numbef of thick
section photographs taken before and after storage showed
minimal losses to subllmatlon and no recognlzable;st{gﬁtgyal
changes: It is assumed that stored samples were r;;sonably
representative of field conditions.

Two methods of thin‘section ppeparation weré avail-
.able. In the case of clear}hfine crystslline ice, a-micro-
tome (deScribed.in Langway, 1958) provided good results.

For coarse drystalfine ice, however, it was necessary to
first cut s thick section with a bandsaw. The Seétion was
then frozen to a slide and reduced to the desired thickness
using either. sand and eﬁery'paper'or a hotplste. Both are
st;ndard procedures described in the li}erature (e.g.,‘Gell,
1976; Langway, 1958). - | :

- A universal stage (Rigsby, 1951) and_cold&;:oﬁ

facilities are the main requirements for ice fabric studies;

a camera with a close -up lens mounted onfa polariscope

{Figure 3. 5a) prov1ded a record of observatlons. A universal

stage (Figure 3.5b) is an érstrument used for orientlng
crystals or crystal sect&ons so that the position of the -
optic axis may be measured.

’ Standard universal stage feohniqueSu(for details
{a , . -n ._ .
seé;Bader, 1951 and Langway, 1958) .were used to determine

. ice crystal orientation. Icehcrysta1¢o+axes were measured
- . . - 14 -
'and, where'\possible, at . least 25 to 30 values were obtained
- \ - , :
A

N
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" and plotted on an equal area lower hemispheric Schmidt pro-

jection. Most of the patterns show a high'gegree,of pre-
ferred crystal orientation and/zgntouring wé; not necessary;’
to emphasize fabric variation, Kémbs' (1959) method of
contour@ng proved useful,

Ice petrofébrics are frequently studied. Early
investigations (B;ack, 1953; 1963; Shuﬁskiif 1964a; hd
identified 5asic ice textures‘and crystal characteristics
of wedge ice, qé@regation.ice.and injection ice. Black '
{1953; 1963) stﬁdied'wedée ice almost exclusively, while
Shumskii (1964a} analyzed textures and petrofaﬁrics of three
gréund ice.types: bongelati&n ice (including wedge ice),
segfegation ice and ipjection ice. Shumskii's discussion
cf injection iée was most useful to this study; in it he

.

defined injection ice as the product of the ff ezing of
6theen

water which had been intruded under -pressure
impermeable frozen layers of ground. Its formation‘{s dis-
tinguished from that of segregation ice in that it ;esults
from the freezing of fieevgroundwater which has migrated
under pressure, witthubsequent displacement of earth matér-
ialss attributed to ﬁydraulic pressure rather .than to the
growth of ice c_ry‘:als";_ﬁ It is usuallj' pure and transparent
with gas inclusions of ﬁériabie size_énd'shape, andqthg -
textﬁre;is characterized 5y vertical prismatic.graﬁulgr
crystals. C e, -

Corte_(1962) performéd pet;ofabric analysis on

four ground ice typgs,'namely,jWedge ice, relict ice, .

-
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ice masses and lens ice, from the Thule area of Greenland.
He concluded that fabric analysis provided a criterion by
which specifio types of ground ice could be distinguished@
For example, “wedge ice" was found to have fine cracks along
the wedge axis filled- w1th very small horizontally’ orlented
crystals. Further from the crack, crystals were larger,

—~_

elongated and oriented with their c-axes and axes of elonga-

tion dippding steeply toward-the axial plain of the wzdge.‘

."Reli t ice" contained crystals that were generally maller
in sige and nted and elongated vertically The strongest

concent ion of c-axes in "relict ice" was found "in a zone

LY
of contact with an ice wedge. "Lens ice" and "ice masses"
+

similarly exhibited a distinct pattern of crystal siz;,

snape and orientation. Aluhough the terminology used by,

Corte (1962) and others is at times confusing, it demonstrates

that different types of ice develop falrly distinct petro-

fabric characterlstlcs. _ “ .
| Other studies (e. g., Mackay, 1972b; Mackay and” - . ?_\

Stager, 1966a, b; Muller, 1963; Vtyurlnaanuinyurln,1970)

have employed petrofabrlc studies as a means of analyzing

ground ice.. The work by Gell (1975; 1976; 1978) is the

most appliceble to:the present sfudy since one aspect fo-

cussed on the petr?fébric analySes of pingo and iclng nound

i%g; -Gell observed a wide range of crystal and'gas inclusion .

charadteristics, ranging from é chill zone charecterized

.Ey small crystals to areas immediately below, where crystals
- ~

. ) L
became more elongated. Crystal shape was also observed

A
- ;

to vary with depth. ¢ _ -
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3.3.2 Water chemistry
and isotope analyses

Water saﬁples from springs in the North Fork Pass
were obtained for hyérochem?cal and environmental isotope
analyses. Ice from the surface icing and frost blisters
was also collécted, along withla'snow sample, fér similar
aﬁa}ysis. One-litre water samples were collected for major
ion ;nalysis. ’ -

'In September 1980, 126 ml water samples were col- B
lected fof isofope analysis, while peét and ice samples \\\
were taken from a frostiblister using a Stihl model 4308
drill equipped with amodified CRREL core barrel (7.5 cm
diameter). The core was cut into 4 cm‘sections and sealea
in heavy—dupy plastic- bags. The analyses-for oxydgen (?80); “
deuterium (2H) and tritium (BH) isotope content were per-
formed usiﬂg mass spectroscoﬁy'and.liguid scintiliation
tecﬁniques in the isotope laboratory at_the University of

18

'Waterloo.' The analytical error for. 0 and 2H determinations

]

is less than #0.1%,, Deuterium and oxygen .isotope abundances a
T

are expressed as per mille deviation from Standard Mean

18

Ocean Water (e.g., S 0%0oSMOW) . Tritium-content, which

- 'Y
was analyzed by direct liquid scintillation counting, has
poteﬁtially'a large measurement error dependiﬂé upon the
counting times. Since the sample is small, enrichment was

not possible and therefore the error is always stated with
. a : ‘

the tritium value, which is expressed in tritium units

(e.g., IT0 = 107% 3u/My.
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Field measuremenfs of pH, conductivity and temper'4-
ture were taken regularly frﬁm-ipring outlets, surface water
and groundwater discharge at the North Fork Pass.study siteg‘l

A portable "Harris" Model 35160; accurate to
iQ.SZbHLﬁnits was used to measure pH.‘ The unit was cali-

' bgﬁtéa withuifneutral buffer solution p}ior to use in the
fieid. .Due to the cold temperature Qf'the water sampled,
a temperature correction factor was employed. Field pH
meééurements minimize inaccuracies resulting from escaped
CO2 from groundwater when it is expoéed to the atmosphere.
Carbon dioxide in g?oundwater normally occurs at much higher
partial pressﬁres tﬁan in the earth's atmosphere. When
.groundwater is exposed to the atmoéphere, CO2 w;ll escape
-and pH will rise (Freeze and Cherry, 1979). .
~Elec£riéal conductahce, which indicates dissolved
Eolids, was measured using a "Chemtrix" type 70 conductiviﬁy
meter equipped with an autométic temperature compénsafion.
Th%s unit measures conducéivity in .-microsiemens per <
centimetre (us/cm}, which were compensated to 25°C. To
convert specific condﬁétance to total dissolved solidsf

o ~ ' Py
the following relation is used: A

'™S'= A x C

{(after Hem, 1970), where TDS is total dissolved solids (mg/%),
C is conductivity fmicromhos or. microsiemens/cm} and A is 

a conversion factor. For groun@ggter, A is usually between
f . .



74

0 55 and 0.75, depending on the ionic composition. A value
of 0.65 is frequently used (Ralnwater and Thatcher, 1960)
Error in the 1nstrument is less than 1 percent full scale
deflectlon, whlch for the range encountered is *luScm 1.
The application of groundwater chemistry and_isotope
analysis to this study has a twofold purpose: la) to develop
a hydrologic and geologic histdsgkof groﬁndwater discharging

from perennial springs feeding seasonal frost mounds and
- !

'icing development, and to determine that the water forming.

the seasonal frost mounds is actually derived from these

'sprindéazuroes; .(b] to develop the freezing history of

a seasonal frost mound based on negative isotopic shifts
resulting from. fractionation. |

Geochemical and isotopic anaIysES of groundnater
and ground ice have been employed by a number of researchers
as a method of interpreting the hydrologic system in areas
of permafrost (e.g.; Michel and Fritz, 1982; Schreier, 1979).
The variable chemical properties of sub-, intra- and supra- .
permafrost groundwater and the,reasons for the'varfftion
have been discussed by Tolstikhin and Tolstikhin (19i4}, <

who also disquss the varlatlon of suprapermafrost groundwater
COmpOSitloégﬁlth altitude. A detalled discussion of ground-

-water in permafrost areas.of Canada by wvan Evenﬁingen (1974) o

describes the 1nfluence of permafrost on groundwater chemlstry
r
and flow characterlstics. Another study (van Everdlngen,

1981} used hydrogeochemlstry and isotope analysis to\traee

Y

-flow systems in. karst water systems near Creat Bear Lake.

- LJ
' N



The rcle ofmpermafrost in directiy'imparting a
particular_type of mineralization to groundwater is probably
minor. However permafrost may reduce the rate of ground-
water movement or confine groundwater such that a longér 3

residence or storage time may occur, during which reactions_f' = =

. may take place between groundwater and the enclosing earth

materials (Williams and van Everdingen, 1973). Permafrost \J

may retard chemical reactions by low.temperature.conditions:'

honever, under these conditions, saturation.concentratkons

for calcinh, magnesium bicarbonate and gypsum (anhydrite)

are-higher. | d . ' o | .
Mackay and Lavkulich‘(l974) describe the change

in chemistry and oxygen isotope concentrations in pingo

—_—

(1ce in the Tuktoyaktuk peninsula. The variation is explained

..
——

' by the occurrence of ionic rejection and oxygen

fractionation during freeZing They also suggest that lec—

wate. stems. . In another study {Allen et al., 1976),. % N
the chemical properties of an open system pingo in Greenland ' =
- were fourid to be similar to those of nearby.meteoric waters. = T

In a stﬁdy at Bear Rock, N.W.T., groundwater geochemistryl o

and sulphur isotope analysis were used to trace the groua

. A ho

water system feeding a series of frost b&isters (van verdingenq}

1978; 1982) It was onclided that differences between
Jn

the ionic concentration of spring water and of ice from the -

vy
frost blister core were the result;ﬁfexclusion during freezing

<
-
-
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CHAPTER FOUR

DISTRIBUTION, SETTING AND MORPHOLOGY

a



4.1 Introduction

In this, chapter, the physical character of seasonal
frost mounds in the North‘Fork'Pass area is addressed. Of
particular interest are the distribution, setting, morphology
and auration'of the'mounds. Since most are constan£1y undeE:
going change é;ther by’growth or degradatiéh, aﬁd since

new mounds form each year in approximately the same arwas,

such a discussion is essential to the analysis of growth

mechénisms.
pDuring the period 1980 to 1982, more than 65 seasonal
- £rost mounds ﬁére ogsegved at 7 sites in the floodplain
of the East Blackstone River near the North Fork Pass. They
-were in various stages of growth and disintegration. frost
blisters were the mogt common of the three types of seasonal
frost mdunds and comprised 80% of the mounds which were
observed. v
Vériation in form can be attributed to both growth
characteristicskand d§gree of degradation. For example,
“the maximum dimensions of both mdﬁnds and associated icing
phenomena are usually observed ‘during the winter and eérly
spring. During May 1981 and March 1982, it was possible
to document the morphology not only of icing mounds and
icing Slisters but also frost blisters..cThe former are

short-1lived and dié%ppean as the icing ablates. Icing:

L)

7 7 I
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acéumulatibns range from a few centimetres to 1.4 m in thick- ,
ness, often covering or obscuring smaller frost bligtéis.
Seasonal frost mounds occur most frequently in areas of
- perennfal spring discharge which are also the‘source for
waterfforming icing accumulations. Sometimes, icing blisters
complete a full. cycle of growth and collapse within three
to four months of théir formation, thereby totally disap-
pearing by early summer.

Summexr fiéld obsefvations focussed upon the size,
shape and structural characteristics of frost blisters.
With few exceptions, the thaw portion of the frost blister
cycle is characterized by gr&dual disintegratiion gnd collapse.
This often takés aé_long‘as'three years, thergby‘hodifying
the permafrost table and suprapg;mafrost groundwaten.circula-
tion. The formation of frosﬁ‘mounds in the following.winters
may therefore be influenced by the distribution of previous

frost blisters.

-
T
a

Frost mounds that are heavily fissured by dilation

LY

cracks thaﬁ more rapidly than mounds where the integrity
of the'surfaée materials is maintained. .In édme cases,. )
frost blisters disappeafed totally by August Qx September
of the fear in which they formed; however, in at least one
instance, a mound was observed intact during three consecu-
tive years.

A major problem 15 the stud% df seasonal frost

mounds is their ephemera; winter occurrence. This, combined

with extreme cold, snow accumulation and shortened daylight
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hours are probably £he main féasons"why =Te) little.}s known
_about seasonal frost mounds;N Random or infrequent visits
to a locality may fail to identify theif existence. For
example, in December 1981, there were no visible indica-
Eions of frost mound development in the ﬁortﬁ Fork Pass
aréa. By March 1982 however, a large number of mounds;
some excééding 3.0 m in height, and éifehsivé groundwater
icings had occur£ed at a number of localitiés. Many of

the mounds were visibly active while others were not.

. 4.2 Distribution and setting

During reconnafissance investigations in'September
1980, thrée areas of frost mound activity were identified
on the east‘side of the East Blackstone River floodplain
(Figure‘4;l, sites 1, 2 and 35ﬂ Although séaced 500 to 700 m
apart, each site is fed by a separate group of perennial
springs. For example, several frost mounds formed at site 1
during each year of observation, while at site 2 frost mounds
were observed only once, after the 1979-1980 winter. Sites
1 5&% 2 have been identified earlier (e.g., Hughes et al%,
1972; Hughes and van Everdinqen, 1978). Both are relatively
close to the road allowing e;sy access. ‘A third site was
identified 500 m south of site 2 in a similar spring-
discharge geomorphic setting. In May 1981, a fourth group
of seasonal frost mounds was observed on the east side of

the valley approximately 300 m southeast of site 3 (see

Figure 4.1). At both éites 3 and 4, the mounds Qccur near
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Gisyoela 1se3

Figure 4.1.

Kilometres

Location map of study sites, main drainage channels and
spring outlets. The approximate limits of Figures 4.2,
4.6 and 4.8 are indicated, Source: N.T.S. Map 116B/9,
1970.
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the base of the steep west-facing slope of the North Fork
Pass.

In August 1981, a group of frost blistérs occurring
on the west side of -the flooﬁplain was identified (site 5}
and several small and collapsed mounds were observed at
another location also on the wést side of the valley. During
March 1982, the latter was formally identified as site 7
and another group, also located on the west side of the
valley, was identified as site 6. Table 4.1 outlines the
times at which observations of the various frost mound sites
were made. 1

During winter, icings aevelop at a number of loca-
tions alpng the East Blackstone River and‘at_several
perenniai spring locations. Groundwater icings regqularly
occur at sitesql, 3, 4, 5, 6 and 7. No icing'accuﬁﬁlation
was documénted at site 2. At sites 1: 3 and 6, the icing i
usually covers the entire frost mound area dbwnslope from
the break of slope between the valley side and the floodplain.
Further downslope it joins!with the icing accumulatibn of

&

the East Bla?kstone River. At sités 5 and 7, the icings

are sporadic ;nd s;metimes assoéiated with discharge from
ruptured frost blisters. At site 6, the main spring'grouﬁ
is situated well above the valley floor producing an icing
that covers the steep slope and fans ou; over the flgodplain.
Icings ob;e;véd in this part of the East Blackstone River

valley form between December and April, and me1t~by late

June and July. They are small to medium sized {(Tolstikhin
L] ] -

-
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and Tolstikhin, 1974, p. 15), covering between 1.103 to

1.105m2. Groundwater icings and related mound phenomena
are more common on the east side of the valley where .the
mountain slopes appear to be hydrologically more active \\\\
in mid- and late winter.
) A characteristic of seasonal frost mounds is their
occurrence in poorly drained élpine tundra near the break
of slope between_the valley side and the floodplain. The
occurrencévof'cold mineralized springs upslope is also funda-
mental. The break of slope is hydrologically significant
pééause it approximates the intersection point between the
water table and the ground surface. The abundance of various
discharge phenomena, such as spring outlets, seepage zones
and saturated tundra, indicate its importahce. The break
of slope is geoldgically significant because it also defines
the contact between colluvial materials that form the léwer
debris slopé ke.g., talus, alluvial fan and glacial till
deposits), and fluvial materials which form the floodplain.
Talus’and alluvial fan deposits along with fluvial sediments
are generally recognized as the primary aquifers in areas
of permafrost (Tolstikhin and Tolstikhin, 1974; Williams
~and van Everdingen, 1973). It follows, therefore, that
these materials provide the most suitable media for ground-
water transmission and frost mound occurrence.

| Several alluvial fans, with radii of between 500

and 700 m, occur where tributary valleys feed into the main

valley. Much of the runoff and snowmelt from high alpine
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slopes is channeled into these alluvial fans as illustrated
by the large number of spring outlets at the distal edge

of the  fans and the development of ephemeral stream channels

B

oﬁ'the fan surface. Upper fan segqments have steep slope
angles of 15 to 20°, while distal portions possess slopes
between 7 to 12°. All seven ‘frost mound sites are located
either downslope or along the distal edge of alluvial fan
structures. ‘

Permafrost modifies the groundwater hydrology siﬁce
it forces the intersection point further downslope and/orx
prevents subpermafrost groundwater f;om rising to the ground
surface even thaugh sufficient hydraulic head may exist.

Other fluctuations in the' level of the water table
and the lécation of spring outlets result from precipitation
events and snowmelt. Although a number of terrain character-
istics are common to all sites, several site-specific féctors
are responsible for variations in seasonal frost mound mor-
phology. These include slope angle and aspect, surface
and subsurface hydrology, surficia) geology, microrelief

and snow distribution.

~.7

* The geomorphic and physiographic characteristics

of sfudy sites 1 to 6 were mapped at a scape of 1:8,500.
The number, location and size of frost mdunds (Figures. 4.2,
4.6 and 4.9) and the distribution of spring outlets and
seépage lines were mapped each-year -along with the areal

extent of icings.
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Groundwater icing
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Figure 4.2 Physiographic map of sites 1 and 2, North Fork Pass,
near KM 86 of the Dempster Highway. Based on field survey
and air photo analysis. Source: Nationdl Air Photo
Library, A 18137-41, -42,
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Although sﬁﬁ&&»gites 1l and 2 occur in similar topé—
lfgﬁéphic settings (Figure 4.2), they demonstrate a strong
Egntrast in frost mound agctivity. During the period 1980-
1982, 28 frost mounds were observed at site 1, while only _
4 occurred at site 2} all in 1980. Site 1 consists of an
area approximately 400 m long and 200 m wide. Frost mounds
occur in three different settings. First, they form near
fhe break of slope at, or a short distance downslope from,
a perennial spring. Some mounds extend into the floodplain.
The icing covers the entire area, to a thickness of 1.4 m
with the larger frost blisters protruding through the ice
(Figure 4.3). Sometimes, smaller mounds are covered com-
pletely by the icing. Only a small number of icing mounds
and bllsters develop in this locality.
A second setting in which seasonal frost mounds
//~“‘*occur is associated w1th a small pond located at the south-
east corner cf the study 51te (Figare 4.4). Several frost
blisters formed in shallowwater or along the pond edge. Mounds
forming in this setting are usually small, flat-topped and
circular to oval in plan. The third setting is along the
.downslope perimeter of the groundwater icing.
Site 2 (Figure 4.2) is smaller in area than site
"1 and possesses fewer frost mounds. At this site, sbring

discharge and groundwater seepage are not as evident. Frost

blisters only formed in 1979-1980. They were clusteis

I/t‘,

in a saturated, oval-shaped depression approximately

long (Figure 4.5).



COLOURED PICTURES :
limages en coulecur - B7

e e

PR YT A

TG Nreiy

-

Figure 4.3 Two frost blisters protrude through the icing at site 1
) (mounds 1-10 and 1-11). Photo: May 19, 1981.

Figure 4.4 A small tundra pond, located at the southeast corner of
©  site 1, is fed by perennial spring disclarge. Two

seepage/stream outlets from the pond are marked by arrows.
. Photo: August 1981. -



. "B\?OLOURED PICTURES 88
mages envcoulcur o

L4

Figure 4.5 Site 2, as seen from the-‘highway looking west. Only the
’ collapsed remnants of 4 frost blisters.are visible
(indicated by arrows). Photo: September 28, 1980.
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Frost mounds possibl? form only during'Yeafé_pf _

either above hormal“grouqdwater-@igchgrge or uhuéual freeze-

back. conditions, or both. 'Altefnativély, fhe lack of mound

activity may reflect modifications to tbe.loéal groundwater

. . hydrology in response to conséruéEion or use o£ an- access

roa& adjacent to the site,. The silting-upfof culverts
' f//f—}—glssing under the main highway directly upslope ﬁafvalso .
{ " result in reduced groundwater supply.
s - ‘Sités 3 and 4 (Figﬁre 4.6} have settings siﬁilar
to the—previous sites. The valley slopés are steéﬁer however,
and fhe alluvial fan is cévered by glaciai tili. At site‘
3, most mounds occur either in or adjacent to a small pond
which is sustained by seasonal runoff from two intermitégnt
streamé and continuous spring flow.

. In 1979-1980, a group of frost ﬁlisters formea“
along the north édge of the pond in organic-rich silts énd
sands (Figure 4.7). They closely pérallel the side of the
pbnd, suggesting éhat the poﬁd exerts a strong .influence
on mound location and shape. A large groundwater'icing
f%rms each feaf at this site, extending from the break of
siope and merging witﬂ an icing that forms in the nearest
tributary of the East Blackstone River. In 1982, a large
icing mound formed in part of the icihg covering the ponda.

At site 4, frost mounds.form each year in a hummocky
area:of gently sloping alpine tundra approximately 20 to %0 m.
below the break of slope. During summef;‘discharge from - '
two springs maintains séturéted tundra conditioné; A group

~ ]

PR (R
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River icing

[ . ..
R R e Groundwater icing
SR S .
e Alluvial fan

Disturbed terrain
Ice -wedge polygons

_ Ground moraine
Winter road
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Seasonal frost mounds
Spring outlet, seepage line |-
Break of slope ‘

Figure 4.6 Physiographic map of sites 3 and 4, North Fork Pass,
- based on field survey and air photo -analysis. Source:
National Air Photo Library, A 18137-40, -4l.
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Figure 4.7 Frost mounds 3-1 and 3-2 were located at the north end of
a small pond and formed in organic-rich silts. Photo:
September 20, 1980. . ’
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of mounds formé diréc£lj downélope from these springs, while
tw§ or three single mounds occur ﬁurthér downslope. The
mounds occurring at this site are the same size as the 15rgest
mounds obse¥ved at site 1. Each winter, spring discharge
;fsults in an icing accumulation that effectively covers
the entire frost mound area. " Mounds occurring at this site
usually collapse in the summer following their formation.
Figure 4.8 shows the geomorphic and topographic
. . characteristics of sites 5 and 6. Ffost mound activity
in both areas occurs within a short distanée;of the break
of slope. The laéqgst frost blisters observed in the North
Fork Pass area .were 1océ;ed at these sites. The terrain
directly above these sitéé\épproaches 30° in angle, providing
a potentia}ly greater hydraulic gradient thap at the other
sites,. -This translates into potentially higher hydraulic
“pressures and thus, lafger fqut mounds. It is significant
perhaps, that frost mound size decreases with increased
distance from the break of slope. -
Site 5 is situated along the perimeter of an alluvial
fan (Figure 4.9). Spring discharge occurs at the break
of slope and at several locations within‘seasonal runoff
channels that dissect the fan. Site 6 differs in that the
spring occurs at an elevationrwell above the break of slope
between the valley side and the floodplain. Each winter
an icing, together with several icing moundg and blisters,
fofms at the main spring outlet and spreads several ;hnared

metres onto the floodplain. This location is characterized
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Figure 4.8 Physiographic map of sites 5 and 6, North Fork Pass,
based on field survey and air photo analysis. Source:
National Air Photo Library, A 18137-41, -42..
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Figure 4.9

Alluvial fans provide the main aquifer materials for
groundwater systems feeding peremnial springs at site 5.
(a) In summer (September 1981) a number of collapsed mounds
are visible near the distal edge of the fan, and (b) each

winter new mounds form (March 1982) in slightly different
locations.
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by a boulder apron much like that at 51te 4,
. Slte J 15 located further up the East Blackstone
River valley. Like sites'5 and 6, it is located on the

west side of the East Blackstone River. Few detailed obser-’

vations were made at this site.

4.3 Morghologx

4.3.1 Introduction

Although the seasonal frost mounds in the North
Fork Pass area are smaller than those described elsewhere
(e.g., Lewis, 1962; Mackay, 1979; van Everdingen, 1979;
1982), their frequeney is higher and morphology more. diverse
than others previously described.

. %he morphology of seasonal frost mounds reflects
both the magnitude of the processes active and the physical
properties of the materials in which they occur.

Seasonal frost mounds range from low, flat-topped
and circular swellings to distinct lobate forms exceeding
3.0 m in height. They occur either as solitary features
or in groups. The distinction between mound types is diffi-
cult to determine during winter and—by mid-summer, only
frost blistera remain.‘

Exact mound locations and sizes vary from year
to year. On five occasions, frost blisters that survived
the summer with only minimal degradation were reactivated

during the following winter. Reactivation took the form

of a minor increase in height and length, but in one case
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{(frost blister 1-4),  reactivation resulted in a doubling
of both mound'heigh; and length and the modification of

mound shape. Previous studies describe mounds occurring

"in approximately the same location in consecutive years

(e.g., van Everdingéh, 1982); however, there is no mention
of reactivation of préviously formed mounds.

A practicéal problem concerns the identification
of very small.frOSt mounds which are sometimes indistinguish-
able from tﬁe normal tundra surface. In this study, frost
mounds were identified only when they exceeded 0.5 m in
height and 5.0 m in length: Table 4,2 summarizes the phyéical
characteristics of seasonal frost mounds in the North Fork '
Pass area. This table is gased on observations made during
the study. Detailed information is presented in Appendix

I (Tables AI.1l to AI.1l0Q).

4.3.2 8Size, shape énd orientatiqn

Sixty-five seasonal frost mounds were observed
during the course of the study. This total included 46
frost blisters, 14 icing mounds and/or i§ing blisters and_
5 combined frost blisters and icing blisters. A number
were measured on successive occasions to determine rates
6f deterioration. The average mound height, based on the
maximum height for all mounds, was 1.4 m. Since some of
ﬁLe mounds were survéyed in -late summer after considerable
collapse had occurred, a better estimate of average mound

height is based on a survey of 20 mounds undertaken during

March 1982 (see Table 4.2). At that time, the average . -
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height was 1.9 m and some of the largest mounds seen in
the North Fork Pass area were observed at that time. At‘
site 5, for example, one frost blister (5-5) located at
the break of slope between the distal part of the alluvial
fan and the floodplain measured 3;5 m in height. It also
possessed a long—axis basal diameter of 40.2 m oriented
parallel to the local s}ope direction and a short-axis basal
diameter of 24.0 m. A second frost blister (6-1), also
located on the qest side of the valley, was 3.4 m high,
53.1 m long and 15.0 m wide. It occurred in roughly the
same sett;ng as frost biister 5-5. Prost blisters 5-5 and
6-1 are shown in Figqure 4.10 as observed in March 1982.
During the same period, a large icing mound (3-6) was observed
at site 3 extending onto the icing coveriﬁg a small pond. ’
It was a gently sloping, oval-shaped dome of ice approxi-
métely 3.0 m high, 65.0 m long and 35.0 m wide (Figure 4.11}.
The freezing of groundwater overflow discharging from the top
of the mound continued to add to the dimensions of both
the icing mound and‘the adjacent icing throughout the March
1982 observation period. * |

. "' It is possible that March 1982 was a period of
greater than normal frost mound activity. Before then the
.largest'mounds-observed were frost blisters located at sites
1 and 4. At site 1, several were measured with heights

ranging between 2.0 and 2.4 m, and at site 4" frost blister

4-4 attained a height of 2.3 m.



Figure 4.10

COLOURED PICTURES
Images en coulceur
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(2)

N (b)

(a) Frost blister 5-5 formed along the distal edge of an
alluvial fan at site 5, and (b) frost blister 6-1 formed
in a similar setting at site 6. Photos: March 19-20, 1982.
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The averéqe long-axis basal diameter was 16.0 m

and usually oriented parallel to the slope. The average

short-axis diametex was 8.5 m. ?igure 4.12 illustrates

the frequency distribution by height and length of seasonal

frost mounds. In both cases, the distributions are skewed

toward’the smallér classes.

¢

JFrost mounds can be grouped into a number of éhape

categories (Figure 4.13}:

v}l)

(2)

(3)

Simple mounds are characterized by a single

T
plan outline and a smooth uniﬁodal profile.

Oval and circular shapes are most common.

Compound mounds are irregular in plan and

usually result from the coalescence of two

or more mounds. They usually possess a
bimodal long-axis profile. Elongate forms

resembling the outline of a peanut are

" COMmMOTn.

Complex mounds include mounds which are

either 'mutually interfering' or hydrologi—.

cally integrated. Complex mounds may have

an outline which appears lobate or crenulate.
Complex mounds appear to have developed
from the same source and have a commorn,

integrated groundwater system.

The ratio of length to width (L/W} provides an

index of elongation. As a mound becomes more circular, the
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length to width ratio approaches unity. In éctuality, very
few mounds have L/W ratios of 1.0 and the avérége for all
mounds was 1.9. The majority (almost 60%) are charaéterized
by L/W rafios of between 1 and 2. Ratios between 2 and
3 characterized 34% of ?Ef observed popu;ation. Mounds
having ratios greater than 3 (strongly elongated) are usually -
large but this épplied to only 6% of the population..

Most mounds (83%) display-a simple shape from which
long and short axes are readily identified. In general,
the long 5xes show a preferred orientation parallel to the
local slope direction. Deviation of the long-axis orienta-
tion from the local slope direction was uspglly within %15°.
Only in a few cases did deviation exceed #40°, mainly in areas
of very low slope angle. Regression énalysis indicates
a strong positive correlation between.slope direction, slope
angle and.frost mound long-axis orientation (Figure 4.14}.
This implies, although does not prove, that slope may be
an important factor‘ipfluencing mound orientation and, subse-
guently, morphology. This hypothesis is supported by a
progressively smailer variance between mound orientation
and slope direction as slope angle‘increases. For example,
where laréer mounds occur, such as 6-1 and 5-5, slopes .
approach 7 to 10°. Deviation'of.the long-axis orientation
from the local slope direction is less than 3°. Conversely,
mounds that occur on gentler slopes (2 to 3°) consistently
display a widér variance of long-axis orientations and are

usually smaller.
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(A)
4 G ;’/'
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Figure 4.14

(2) Correlation of slope angle and L/W ratio. (b) Cor-
relation of slope direction and seasonal frost mound
long-axis orientation.
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ﬂound shapé and orientation may also reflect the
pattern 5%{§roundwater movement. For example, during winter
freeze-back, the zone of greatest water transmission would
freeze more slowly than surrounding areas. By delaying
freeze-back a thermal channel or pipe is created along which
groundwater-transmission may occur. As the channel gradually

freezes, mounds form reflecting the shape of the channel.

4.3.3 Cross-profile characteristics

Most structurally intact or active seasonal frost
mounds display a smooth ana often gentle cross—-profile.
Dufing winter, when seasonal frost mounds are growing, their
profile characteristics are conétantly changihg. The pre-
sence of icing cover or hard packed snow tends to streamline
the profile.

A number of typical frost mound c;oss—profiles
are presented in Figure 4.15. The mounds range from small
simple frost blisters and icing blisters (e.g., 1-6, 6-3, 6-4)
to large simple (e.g., 5-5, 6-1) and compound {e.g., 1-7)
frost blisters. Sequential surveys of the same mound show

1 .

the change in form associated with degradation (e.g., 1-4.
1-7, long and short-axis profiles). It is clear that mound
morphology varies with the time of-year and the state of
the mound. .-

In most cases, mounds exhibit an asymmetrical profile
with the downslope side of the mound being steeper than

the upslope_side. The side slopes of seasonal frost mounds

commonly range between 5 and 15°. Low side slope angles
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are encountered in (a) small incipient frost mounds,

(b) mounds with large basaL diameters oftgn located farthest
from tEe spring outlet, and (c) relatively large frost
mounds occurring on steep slopes where the upslope side

of the mound tenq§ to reduce the local slope (e.g., frost
mounds 5-5 and 6-1}. Small frost moundég_l.o to 1.5 m high,
display steep sidg angles where the mound rises abruptly

to its maximum height over a horizontal distlnce of 4 to

While frost blisters consistentlw _exhibit smooth

cross-profiles, icing blisters more oft 0ssess an angular
summit with dilation cracks at the poilpt of maximum inflection.
Icing maunds frequently have irregular And uneven profiles -
with rippled and fissured surface icey Typically, icing
mounds and blisters have straight t¢” convex-upward side
slopes, while frost blisters have mainly convex-upward-s;de
slogés.' As frost blisters decay theif slopes gradually |
become qﬁmafrdOMWﬁzd, (ﬁometimes displaying downslope slumping
and creep of materials éverlying the ice core. Also, the
top of the mound frequeﬁ%ly coilapses inward to expose the
ice core. Icing mounds and icing blisters, on the other
hand, disappear rapidly as the icing ablates; icing blisters
also collapse inward.

Dilation cracks which form during winter growth
accelerate spring and summer degradation. Dilation cracks

may be up to 35 cm wide and form discontinuities in the

mound profile.



CHAPTER FIVE

INTERNAL STRUCTURE AND ICE

CHARACTERISTICS

o



5.1 Introductidn

The examination of the internal-structure of frost
mounds together with detailed process studies provide the
most conclusive means of éistinguishing seasonal frost mounds
from other frost mound phenomena (e.g., pingos, palsas,
hydrolaccoliths). In this chapter, the stratigraphy'of
several frost blisters and an icing blister is examined,
with particular attention paid to lithology and contact
rélationships. Second, a detailed examination is made of
the ice crystal and gas inclusion characteristics of frost
mound and icing ice. Ice fabric analysis is used to inter-
pret the freezing conditions under which the ice formed
and the stresses, if any, acting.upon the jce after it formed.

Frost mound stratigraphy was determined either
meéhanically using a motor driven coring unit and light
drilling'equipment; or manually by excavating along dilation
cracks and areas of collapse. 1In total, the stratigraphy
of eighteen seésonal frost mounds was investigated and fabric

analyses were performed on ice from four of the mounds.

5.2 Internal structure

Not only were there marked stratigraphic differences
between mounds, but also there were considerable variations

in vertical sequences within each mound.

110
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5.2.1 Frost blisters

Typical frost blister stratigraphy is summarized
by the following generalized segquence gnd illustrated in
Figures.5.1, 5.2 and 5.3; With few exceptions (discussed
later), frost blisters are usually covered by a/surface
vegétation mat which provides strength and insilates the
surface layers. During winter, the mound suqz:ce is also
covered by varying thicknesses of packed Snow or icing ice.
In either case, the presence of these matér&als influences
the ground thermal regime and subéequent}f, the formation
and degradation of the mound. 1In the cqée of icing ige,
its presence increases the hydraulic pgéential required
to form the mound by increasing the sﬁil overburden strength.
Beneath the surface organic 1itter,‘£here is usually a thin
(10 to 50 cm thick) layer of peat giading into organic-
rich silt. This unit unconformablf overlies a body of clear
layered ice. The contact between the ice and silt is sharp
and-concordant. Frequently, the ice appears layered, com-
posed of bands of gas bubbles and, sometimes, sediment inclu-
sions. Gas inclusions range from small, spherical bubbles
to vertically oriented elongated bubbles, sometimes 1 cm
in diameter and 3 to 4 cm long. In some blisters igss than
1.0 m high, the mound is often solid and the ice forms an
epigenetic body unconformably overlying frozen ice-rich
sediments. By contrastAéther mounds have cores consisting

f
‘of one or more layers 0of clear ice arched over a water-filled

chamber. Typlcagiiisf?i>thickness of ice varies between
(‘\

=<
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{ metres)

Height

Length (metres}

. « -] Silty sand
Peat Ice ,layers a-d | ;- a,ﬁdy gravel
Organic silt Empty chamber
Figure 5.1 A cross—section through frost blister 1-2, observed in

September 1980. *

« Borehole locations”

{metres)

Height

Length (metres)

Fisl Peat =l Silty sand
= lce -*x| and gravel
Organic silt Water - filled chamber
Figure 5.2 A cross—-section through_ frost blister 1-16, based on drill

data obtained in September 1981.%*

*Frost table not indicated.
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30 and 80 cm and the height of the chamber varies between
20 and 90 cm. The horizontal diménsions of the ice core
are difficult to determine as are the size and shape of
the in£erior water chamber. From drilling and sections,
it appears that the shape of the ice core resembles thé!'
surface expression of the mound, while the water chamber
is low and lens-shaped. During winter, water in the chamber
is clear and sometimes slushy; but during the summer, the
water in the chamber is murky and dirty. On several occa-
sions, an empty chamber was observed where frost mound rup-
ture had resulted in drainaée. A thin layer of ice usually
covered the floor of chambers which had drained. The sediment
directly beneath the ice core consiéts of in éiEE layers ‘
of.froien organic silt and silty sand with gravel. Hori—.
zontal ice lenses up to 1.5 cm thick were observed in frozen
orgénic and fine mineral soils, while visihle ice coatings
and ice crystals were present in frozen sand. The flat,
horizontal and unconformable nature of the base of the ice
core probably éorrelates with the top 0f the frost table
at the timé the mound was initiated.

Since stratigraphic data relating to the internal
structure of seasonal frost mounds are rare, and because
the generalizeé stratigraphy_outlined above allows for a
wide range of local variability, several mounds are now

described in detail.
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(a) Frost blister 1-2 (Figure 5.1}

Frost blister 1-2 was first observed in September
1980, at which time the mound ‘had partially collapsed. It
was located in a low-lying area of saturated tundra downslope
from a small pond. The mound was séctioned to éxpose a

%
thin layer, 25 to 30 cm thick, of Peat and organic silt
overlying a solid ice core, 100 to 110 cm thick. The contact
between the ice and the overlying material Qas sharp and
uneven. In some places, fragments of peat, roof material
and fine silt were incorporated into the ice core. The
ice adjacent to the contact displayed small spherical bubbles
and small randomly arranged ice crystals characteristic
of rapidly frozen water. Other layers of ice, ranging between
20 and 30 cm in thickness with distinct bubble patterns,
were observed at different depths wifhin the ice core. A
slight downwarping of the ice layers wés visible in some
locations near the side of the mound. Only 60 £§ 70" cm
of the ice core ﬁere exposed, sihce the remainder was below
the water table. An empty cavity represented either the
remnants of a water chamber or a possible zone of accelerated
thaw. Organic-rich silt underlay the.ice core and rested
upon coarse frozen sandy silt and sand.
(b} Frost blister 1-16 (Figure 5.2}

Frost blister 1-16 was a small frost blister observed

in August/September 1981. " In cont;ast to mound 1-2, this

mound had experienced li%tle,collapse};énd thaw had penetrated

only 30 cm. It was morphologically simple, being flat-topped,
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and was almost l.ﬁ:high and 7 m in maximum plan qimension.
The stratigraphy k?igure 5.2) consisted of a suffgée layer
of peat and ofganic silt, 40 td 50 cm thick, which was thawed
to a depth of 30 to:35 cm. Beneath the organic silt was |
25 to 30 cm of clear, layered ice containing gas bubbles
and root fragments. The ice was arched- over é water-fiiled
chamber, almost 30 cm high. The water had a high suspendeé -
sediment content, c;eating a turbid, dirty appeafaﬂcel When
the chamber was penet£ated by the drillh'there was a release
of trapped gases. Sufficieht pressure remained in the mound
to force the water"lecﬁ up‘the borehole. The ice core
and water chamber weré-ﬁhdgflain by frozen organic silt,
10 to 15 cm thick, containing visible segregation ice'&enses.
Layers of interbedded sand and gravel lay beneaéh. 5

(c): Frost blister 1-4 (Figure 5.3)

Frost blister '1-4 was firsi observed as a small,
partially collapsed'mound in September 1980. At that time,
it was cored to obtain ice and sediment samples for hydro-
chemical and isotope analyses. The stratigraphy, as deter—
mined by coring, consisted of.26 to 30 cm of peat and organic
silt, thawed to a depth of 20 cm, overlying-GO cm of clear,
layered ice. In turn, the ice core overlay ice-rich-organic
silt and silty sand (Figure 5.3a). .

During the 1980-1981 winter, the mound expefienced_“
a second periocd of growth during which it doubled in size.
The shape of -the original mound was no ionger visible; how-

ever, survey stakes installed thg previous year provided
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fixed points from which change was‘interpreted; In 1981,
the ieactivated.mound was excavafed'alqﬁg a 1argé dilatién
crack,>36‘to 35 cm wide and over 1 to 4 m deep.' The struc-
ture of £ﬁe reactivated mdund is shown in Figure 5.3b. An
ice coré, 150 to 190 cm thick, was composed of a seguence
of alternatlng bubble-rich and ‘bubble-free layers, with

an upper 1ayer appearlng as a distinct ice lens. The upper
ice lens was 1nterpreted to be the remnants of an earlier
frost ﬁound. The varibus ice bands, between 20 and 40 cm
thiék, with distinct bubble inclusion patterns, were warped
-downward near the sides of the mound. A£ the bottom ef ‘
the icé core, a thin (3 to 6 cm) zone-of“sedimegt-rich ice,
overlay a second (10 td 20 cm) thin layer of clear ice.
‘Beneath the ice coré} 5 to 10 cm of ice-rich organic silt

e

were underlain by grey-green coarse sand.
T The seqhence of sediment-rich and clear ice layers
at the base of the core may represént a multipie cycle of
mound growth, where water with a high suspended sediment
conte;t was injected either between existing layers of ice
or into a nearly totally frozen ice core. The sediment-
rich léyer pinches éut near an émpty cavity iocated on the
upslope side ;f the ice chre. The cavity is possibly the
remains of a water-filled ¢ amber’wﬁich'may havé been the
source of the sediment-rich water, or egqually, it may be
- a melt feature formed by groundwater flow.

A « . '
Deviations from the type structures, as outlined

in the previous paragraphs, were encountered in several
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other frost blisters that formed in organic sediments adja-
cent to shallow tundra ponds at sites 1 and 3. The size |
of these mounds ranged 5etween 40 and 140 cm in height and
3 to. 10 m in length. The most striking characteristic was
their unvegetated surface which consisted of dark brown.
to black, fine organic\silt (muck). In May 1981, a complex
of these mounds wég observed at the south end of a-pond
at site 1 (frost mound complex 1-8). 1In detail, the complex
consistgd of four small mounds protruding through the icing
surface. The stratigraphy of each was siﬁilar, consisting
of 5 to 10 cm of organic silt overlying 40 to 60 cm of clear
massive ice. Layering was not observed within the ice core.
Once exposed, the mounds collapsed very rapidly as their-
mud cover liquified upon théwing aﬁd'exposed the ice core.
By August, all traces of these mounds had disappeared.
Similar features of larger size and longer duration
forﬁed during the 1979-1980 winter in organic silt and sand
deposits at the north end of a small pond at site 3 (mounds -
3-1 and 3—2). Mound 3—1; shown in Figure 5.4, was excévated
in the summer of 1980. The structure of this mound was
distinctive in tha£ a more complex aﬁa‘thicker-sequencé
of sediménts overlay the ice core. The surface layer consisted
of 10 to 15 cm of pea;iand dark organic silt, the next unit |
was composed of 33 t0-36 cm of black organic clay-silt 'muck’.
This was gnderlain by a 10 to 15 cm thick layer of bedded
érey—breeh sand containing ice crystals and ice-coated sand

grains which in turn overla& 11 to 15 cm of ice-rich silty

-
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claf. Thé base of the siityQClay unif unconformably overlay
a massive ice coré.' Only }O'to'ao cm oflice were visible
above the water table. The well-drained peat forming the
sufface laYer.of the mound pfovided_excellent insulation,

limiting thaw penetration to less than 40 cm and preserving

the ice core.

5.2.2 Iéing-mounds and bliéters

The structure oiiicing mfunds and icing blisters
investigated in the North Fork Pass aréé closély resembled
the structure of similar features desc?ibed elsewhere'(e.g.,-
Carey, 1973; Ffederking, 1979; Muller, 1945; van Eve;dingen,
1978). Both types of mounds are composed entirely of layered
ice and occasionélly include zones or lenses of water. The
unifofm naturé of.tﬁe ice aﬁd'the lack of stratigraphicy_
variation sometimes“make the stratigfaphy difficult to iden-
tify. Occasionally, however, layers of mineral precipitateé,
bands of bubbie‘iﬁclusions and variation in ice crystals
proviée usefui marker horizons.,

‘In May 1981, thgee small icing blisterscwere inves-
tigated (mounds 1-18, 1-19 and 1-20). Two had large dilation
cracks running longitudinally along the spine of.the oval-
sﬁaped features (Figure 5.5). 'Excavation along the dilation
crack of mound l-lQ‘févealed a sequence of 30 to 40 cm of
layered ice arched, over an empty chambe; 25 to 35 cm hiéh
and underlain by 30 to 40 cm of horizontally léyere& ice.
The'upper ice layers were distinguished-by the presence

of  candled ice, yellow coloured mineral precipitate
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A dilation crack runs the entire length of icing
blister 1-19. -Photo: May 1981.
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(Figure 5.6) and variable bubble inclusions. Each layer '
was cha;acterizedrby a zone of finé gas bubbles at its upper
contact, in contrast to large elongated bubbles occurring
toward £he~lower part of thé ice layer. At one time, the

RN

chamber prdbably contained water under pressure which heaved

the overlying ice layers. The chamber drained when the

confined pressures exceeded the strength of enclosing ice

and rupture followed. : g;\\\
Some of the largest icing mounds were observed’

during Mafch 1982. One, approximately 95 to 100 cm high,

was composed entirely of a sequence of ice layers formed

by the freezing of successive flofs of groundwater discharging
from a crack in the icing surfacé. The surface of the mouné,
and in some cases t@é internal layers, was often uneven

or irregular,.and sometimes rippled. 3In the case of a high
discharge from a point source combined with rapid freezing,

a knob-Iike plug formed in the top of the mound (Figure 5.7).
At this site, the combined thickn;ss of icihg mound and
icing ice was almeost 200 cm. Mound 3-6 was the largest
icing mound observed (Figure 5.8). It formed during the
1981-1982 winter at a perennial spring outlet near the break
of slope between the valley side and the valley floor.
Discharge throughout the 1981-1982 winter resulted in an .
icing mound accumulation over 60 m long and 3 m high. During
the entire period of observation in March 1982, water dis-
charged ffomrthe top of the mouna, forming small drainage

channels on the ice.
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Figure 5.6

Figure 5.7

Patches of powdery yellow precipitate are often observed
on the icing surface. Photo: May 1981.

An icing mound formed part of frost mound complex 1-23.
Photo: March 1982.
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5.3 Ice characteristics

Ice forms an integral component of the structure
of seasonal frost mounds. Information concerngkg their
growth processes can be obtained by examination of ice crystal
and gas inclusion characteristics (Carte, 196la; b; Harrison
and Tiller, 1963). Although it is widely known that frost
blisters form as a result of freezing of groundwater injected
between layers of frozen séil {e.g., Muller, 1945;'Shumskii,
l964a{ van Everdingen, 1978; 1982), a detailed description
of the freezing-injection process is 1écking. Another impor-
tant type of ice, pérticui&rly in the case of icing blisters
and icing mounds, is icing ice. Since icings form by the
freezing of successive layers of groundwater overflow, they
possess completely different ice texture and petrofabrics.
The distinction between injection and icing ice may prov;de
a means of differentiating mound types and formative processes.
Accordingly, a summary of petrofabric analyses and textural
observations for ice from three frost blisters and one icing
blister is presented in this section. The physical and
optical properties of ice are also briefly reviewed. The
petrofabric énd textural analyses are intended to complement
stratigraphic observations.

5.3.1 éfystallography and
optical properties
The size, shape and orientation of ice crystals

and gas inclusions observed in polycrystalline ice are a

function of teﬁpérature and water supply conditions during
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freezing, and temperature and deformation processes after
freezing. The examination of ice petrography can provide
a.basis for recbnstruction of freezing and past consolidation
histories of a froét blister ice core. Four factors may
affect the orientation of crystals found in ice bodies;
these are: growth rate, heat flow, stability and shear
stress.

Petrofabric analysis is facilitated by the optical
properties of ice crystals. Ice iQ’general is transparent

in the visible region of the eleq&;giggﬁetic spectrum. In

-the case of ground ice, it may, however, appear opague to

translucent, depending on the volume andltype of materials
incorporated. Ice displays‘a weak, positive birefringence
;nd is optically uniaxial. The optic axis‘corresp0nds to
the c—axis of crystallographic symmetry. Because of its
birefringent properties, ice crystal orientation can readily
be determined using polarized light and since ice is so
weakly birefringent, crystal characteristics can be determined
using relatively thick séctions of ice {(up to 0.5 mm).

Nine phases of ice hayé been identified (Glenn,
1974j 1975; Shumskii, 1964a). However, only one phase,
knoﬁn as Ice I, is stable at normal pressures. Ice I has
two structural variants; a hexagonal crystal symmetry which
is most common, and a cubic crystal symmetry which requires
very cold temperatures for nucleation and is subsequently
rare. Ground ice, including injection ice found in frost

L
blister cores, belongs to the hexagonal crystal system.

~
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Minerals having hexagonal crystal syﬁmetries are character-
ized by three equal axes (al, Ay a3) forming angles of
60° occurring i? a common plane, referred to as the basal
plane. A fourth, uneven, crystal axis (¢) occurs normal
to the basal plane. A

Most bulk ice or massive ice in nature is termed
polycrystalline ice; that is, ice composed of a large number
of single crystals in various orientations. The extent
to which there is any pattern or preferred crystal orienta-
tion, or any special grain shape, is the subject of ice
betrography (Percy and Pounder, 1958). In terms of its
physical properties, there are two main reasons why polycrys-—
talline ice behaves differently from a single crystal of
ice: (a) single crystals are anisotropic, and (b) the
béﬁndafy conditions in polycrystalline ice influence its
net physical characteristics. Since individual ice crystals
are anisotropic and hexagonal in symmetry, their physical
properties are different in ﬁirectionsfparallel and perpendi-
cular to its c-axis. Thus, the c-axis is an importantlstruc—
tural axis.

There are three commonly occurring polycrystalline
petrofabrics for which specification is relatively simple,

and easily identifiable:

(1) Randomly oriented polycrystalline ice com-
posed of approximately equidimensional crys-
tals;

{2) columnar ice with c-axes parallel to
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column lengths; and
(3) columnar ice with c-axes perpendicular to

column lengths.

Columnar ice with c-axes pa:;IIel to column lengths
is thé ice fabric which .occcurs normally when water freezes.
This kinq_of ice is the most anisotropic form of polycrys-
talline ice. Columnar iéé'with c-axes perpendicular to
column lengths occurs when"a layer of randomly oriented
ice graiﬁs provides nuclei for ice crystals growing in water
at 0°C or just slightly cooler. Since gfowth of ice crystals -
occurs more rapidly in the direction perpendicular to the
c-axes, the-crystals with their c-axes horizontal soon wedge
out the others and produce columnar ice (Pounder, 1963;
1965). This type of preferred orientation has been discussed
by Ketcham and Hobbs {1967) for lake ice, and by Gell (1978)
for icing mound ice. '

Grain boundary charqcter also influences the phy-
sical properties of polycrystaliine ice. Low angle grain &
boundaries are those in which the boundaries between grains
have approximately the same orientation as their crystalline
axes. High angle grain boundaries are described as regions
between two grains where the crystalline arrangement breaks
down (Glenn, 1974}. If ice is heated by solar radiation,
the grain boundaries may act as centres of melting. For
example, a body of icing or lake ice during spring frequently
consists of ice crystals disaggregated by melting along

grain boundaries; this is sometimes referred to as
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candled ice or candling.
5.3.2 Crystal growth and
bubble characteristics
With regard to seasonalffrost mounds, the majority
“of ice forms- from the freezing of a groundwa£er reservolir
injected between layers of frozen ground. Once an ice nucieus
is present, ice growth from the surrouﬁding water varies, '
depending on hydrochémis%ryland whepher the water is super-
cooled or not. At large supercoolings ice grows in a dendri-
tic pattern. When water femperaturé is close to the ice
temperature, dendritic growth does not occur. Instead,
as ice grows down into water under natural conditions, a
strong preferred orientation with c-axes vertical gives
way to one in which c-axes are horizonfél (Gell, 1976;
.Kefcham and Hobbs, 1967; Michel and Ramseier, 1971; Ramseier,
1968). In poijcrystalline aggregates, two texturally dis-
tinct zones are frequently encéuntered} {a} a zone of compe-
titive growth near the cooling surface characterized by
small randomly oriented‘crystals (i.e., a chill zone) and
(b) a zone of elongated columnar crystals éligﬁed parallel
to the heat flow direction. In the columnar zone, the textural
zonation has been accompanied by a higher frequency of pre-
ferred c-axes orientation.-
During ice formation, most impurities are rejected
from solid solution. There are a few exceptiéns (e.qg.,

NH3 and HF). It follows, therefore, that the formation

of ice from groundwater is a more complex process than from

@ -

3
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pure water since the various dissolved impurities in the
aqueoﬁs solution are redistributed during solidification.
Solute rejection occurs at the ice/liquid interface and

the remaining solution experiences an increased concentration
of dissolved impurities; some. incorporation does occur at
zones of disorder such as grain boundaries and lattice |
defects.

An important type of solute rejection with respect
to the interpretation of ice growth and freezing cbnditigns
is that which forms gés bubbles. The occurrence of gas
inclusicons in the foFm of bubble-rich layers gnd,single
bubble trains in massive ice have béen describ,ed_by -several
researchers (e.g., Gell, 1976; Mackay, 197l)k;nd iﬁ lens
ice (e.g., Gold, 1957; Penner, 1961){ The range'in gas
bubble size, shape, orientation anégia?ering bharécteristics
are a function of the freezing conditions uhdef which the
ice formed and may be used as an indicator of both freezing
rate and direction. Gaées accumulate at the advancing ice/
water interface until their concentration is high enough
to nucleate bubbles. Once a bubble has formed, it grows
because'air diffuses into it: The distribution coefficient
for air in the ice/water system ié 0.01 (Gell, 1976); there-

@ -
fore, a strong concentfation is established ahead of the
ice/water interface in the air saturated liguid. Nucléaﬁion
may occur on particles, or at points of high solute concen~

tration. After nucleation, if the interface continues to

move forward, the bubble grows with it to form CYlindriCal
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bubbles, and intermediate growth generates cylindrical shaped

bubbles parallel to the growth direction (Chalmers, 1951).
In rapid freeziné, bubbles are quickly entrapped énd.result
in‘small spherical bubbles with bubble trains. Where
freezing is extremely rapid, there is E;sufficient time

for. bubble .nucleation and a clear bubble-free ice body results.

5.4 Frost blister ice character

5.4.1 Frost mound 1-10
Frost mound 1-10 is the first of three frost blisters
for which deFailed analyses of ice characteristics are
presented. |
Mound 1;10 was éﬂ elongatéd,“compound frost blister.
It Qas located in a low area of saturated tundra at site 1.
It formed during the 1980-198l winter and was first observed
in May 1981. Mound 1-10 attained a height of 2.2 m and
a length of 30.2 m, oriented with its long axis parallel
tatthe local slope. The i§z core was exposed in a_longitudi—
nal dilation crack (Figure 5.%a) which resulted in minof
théﬁ subsidence by late summer. In September 1981, the’
mound was cored and excavated (Figure 5.9b) ‘to obtain an
ofienﬁed block of ice for fabric analysis.
(a}) Ice core character
The ice core waé\solid and composed of: 115 cm of
lavered ice (Figure 5.9b). The,laféred appearance was the
resﬁlt of ihtérstrélificatiop of clear and bubble-rich ice.

The gas bubblés occurred within distinct bands parallel to

)
’
7
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“(a)

(b)

Figure 5.9 Frost blister 1-10, (a) protruding through the icing,
May 1981, and (b) excavated in September 1981.
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the mound surface. Within each layer, the range in bubble
size and shape was fairly uniform; however, major differences
existed between different bands. Some of the compositional
layering was visible in the ice samples obtained for fabric
analysis.. Figure 5.10a shows a large block of ice, 40 cm
.thick, the upper 20 cm of which were nearly bubble-free
except for a narrow band of fine bubbles at the ice/soil
contact. Bubble concentrations increased in the lower part
of the block (Figure 5.10b}. At a depth of 20 cm to 30 cm,
a number of single bubbles and bubble trains were visible.
Bubble shapes ranged from small and spherical to elongatéd
tubes. Bubble size ranged from 1 to 9 mm in.diameter. Also
present were filament-like bubbles and bubbles that widéned
downward into bulbous shapés. According to Gell (1976,

pp. 48-49), this type of inclusion occurs along crystal
boundaries and provides a useful "way-up" indicator. I£

has also been sugggsted that, where bubble distributions

are random and where bubble shape is highly variable-between
spherical and filament forms, gas concentrations in the
melt are locally'variable.and the supply for nucleation

is uneven. In contrast, a number of bubble~rich layers

were observed where bubble concentrations were so high'that
the ice took on a milky appearance ({Figure 5.10c). The
bubbles in these layers were small, 1 to 3 mm in diameter,
and ranged between spherical and oval in shape, frequentIy
arranged into vertical buﬁble trains and sometimes long

filaments. Bubbles of this nature often form as the result
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Ice from frost blister 1-10, (a) a 40 cm high block
from the top of the ice sequence, including the upper
segment contact, (b) a close-up of the lower portion of
the block, and (c) elongated to bulbous gas bubbles.
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of rapid freezing and saturation of the remaining water
with respect to the gases ;ejected. In all cases, bubble
elongation was normal to the,direction of compositional
layefing, and parallel.to the freezing direction and. to
the crystalline basal plane. The alterna;e.banding of bubble-
free and bubble-rich layers hés been interpreted as the
result of either a changé in gas concentration in the water
orﬁgossibly a change in freezing rate.
(b) Ice fabric and texture

A number of vertical and horizontal thin sections
were prepared from ice at depths of 7, 20 and 40 cm.beneath
the upper ice-sediment contact. Figures 5.11 and 5.12 pre-
sent data for the 7 and 40 cm depths.

At the 7 ém depth, a distinct texture cof narrow
columnar crystals was clearly distinguishable. Crystal

diameters ranged from 2 to 15 mm and vertically-oriented

crystals ranged from 30 to 90 mm ih length. Crystal shape

was anhedral and boundaries were essentially straight.

The columnar texture was better defined aE’éepths

of 20 and 40 cm. Crystal size increased dramatically at

20 cm} crystal diameters of 15 to 25 mm were common with
corresponding column lengths that sometimes exceeded the
200 mm length of the glass slide. At a depth of 40 cm,
crystal diameters had increased to 25 to 35 mm and aga}n,
column lengths of greater thgn 200 mm were common. At both
depths, crystal shapes were mainly anhedra% to slightly

subhedral and no lateral irregularities were observed.

W
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(a)

(b)
-
Figure 5.11 Vertical thin sections of frost blister ice from mound
1-10 at depths of (a) 7 cm, and (b) 40 cm below the
, upper sediment contact. (Crossed polarizers). '

S
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(a)

. (b)

Figure 5.12 Horizontal thin sections of frost blister ice from mound

1-10 at depths of (a) 7d£n{’53& (b) 40 em. Note the
greater grain size with depth. (Crossed polarizers).
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Irregular and serrated gra;p boundaries occurred in horizontal
sections, while in vertical sections, serrated bdundaries
in the upper part of the sectioﬁ becamé smoother and genﬁly
curved at depth. For the most part, the main body of thé
ice core was composed of large, very glongated crystals
which grew parallel to the freezing direction. There is
little eviﬁence of change in the freezing direction as illus-
tratea by both the crystal texture and the gas bubble pﬁtterns
which are also elongated, and parallel to freezing direction.
Based on textural characteristics, it appears that
initial rapid freezing at the sediment contact resulted
in a 'chill zone' of small randomly arranged ice crystals
from which the main body of water gradually frozeoiﬁt0~long
tubular crystals. The relatibnship between crystal and |
bubble characteristics is such that in the upper zone of
high bubble concentration, bubbles are both inter- and
intragranular. At depth, the 1arger elongéted bubbles fre-
guently occur along vertical boundaries. From this evidence,
it appears there was only one period and direction of growth
through the upper 50 cm of ice. Freezing direction was
downward from the upper contact. The very large crystal
-size is distinctive and suggests a constant freeziég rate.
Petrofabric aﬁaljses were pérformed on véégical
thin sections from three levels in the upper 50 cm of the
ﬁce core (Figures 5.13a and 5.13b). 1In the upper chill

zone, the crystal lattice was characterized by a random

pattern of c-axls orientations. This corresponds to the

—
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layering

up

Figure 5.13 Petrofabric diagrams for frost blister ice (mound 1-10)
'based on crystal orientations of vertical thin sectionms
from depths of (a) 7 cm, and (b) 20 to 40 cm. Hori-~
zontal line represents the plane of compositional layering.
Dots indicate C-axes of ice crystals.
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almost random crystallographic orienhtation.- The - main body
of the ice core, where the texture was distinctly columnar,
was characterized by preferred c-axis orientations forming
a girdle around the horizontal plane and normal to crfstal
elongation (see Figure 5.13). At shallower depths (7 to
17 cm), the girdle of horizontal c-axis orientations was
not as well developed as at greater depths within the mound
(20 to 30 cm and 40 to 50 cm). The observed lattice orienta-
tion.wﬁere vertically oriented columnar ice has c-axis orienta-
tions normal to crystal elongation is one of the three common
polycrystalline textures identified by Glenn (1974). This
petrofabric is characteristic of the rapid growth of ice
in bulk wate; with crystal growth along the basal plane

in a~axis directions.
e

5.4.2 Frost mound 1-17
' Frost mound 1-17 was a small, simple frost blister,
circuiar in plan and round in profile. It was considered
typical of many small mounds which formed during the 1980-
1981 winter. It attaingd a maximum height of 0.6 m and
a length of 5.7 m and wés located at the northern edge of
site 1, protruding through the surface of a groundwater
icing in May 1981.
' (2} Ice core character
The core consisted of a hemispherical body of clear
ice, 60 cm thick. There was no evidence of an air or water-
filled cavity. In section, the ice body had a massive appear-

ance with minimal compositional layefing. An oriented block
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sample, 46 cm thick, was taken from the upper part of the
ice core frém the apex of the mound profile. The samﬁle

included the upper contact with overlying peat and, minor

compositionél layering. Other structures (i.e., faulﬁs,

ice-filled dilation cracks) were not observed in the ice

core.

The transparent.characteristics of this type of
ice (see Figures 5.1&a and 5.14b} are due to the lack of
internal melting figures (Tyndall figures, Péwé, 1978) and
minimal gas inclusion content. However,Athe greatest}concen—
tration of gas inclusions occurred in the upper 20 cmwof
the‘ice core in a layer parallel to the ice/peat contact.
Gas bubbles were small (less than 1.5 mm) and sphericalf
occasionally'forming either short bubble trains (up to 10
to 20 mm long) or elongated tubular bubbles. Also included
in the upper layer were large'pieces of organic matter and
fine ﬁineral grains (Figure 5.14a). Gas inclusion content
increased in agsoqiation with these solid inclusions and,
frequently, a film of gas enclosed organic and mineral par-
ticles. Both sediment and gas bubble content decreased
at‘depth within the ice where only occasional and randomly
distributed gas inclusions occurred {Figure 5.14b).

The upper ice/sediment contact yaried from sharp
to irregulardand transitional. The incorpora%ion of frag-
ments of peat was observed in other mounds but not to the

" same extent“as in mound 1-17. The lower contact between

the ice and underlying coarse_sandy silt was abrupt and planar.
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Figure 5.14 Oriented block samples obtained frem frost mound 1-17.

(a) The upper sediment contact, and (b) clear massive
ice from deep in the mound core.
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(b) Ice fabric charactefistics

.Ice crystgl characteristics were determined from
a series of vertical and horizontal thin sections prepared
from ice samples from depthé of 2 cm, 20 cm and 35 cm in
the. ice cofe. The most noticeable characteristic was the
wide raﬁge in ice crystal size and orientation through the
vertical section. . |

Adjacént to the uéper contact, a£ a depth of 2 cm,

a zone of small randomly orienteé anﬁédral ice\crystals
ﬁg;\bbserved. Crystals were slightly e10ngated; average
length was 10 mm with maximum lengths of 20 mm and an average

diameter of 4 mm. Grain boundaries varied from straight

td'fiféguiarmanggy were occasionally -modified by the pre-
-~ Q2

-_.__\H

sence of sediment inclusions. - This narrow zone is inter-

e

preted as a chill zone formed by'rapidlyhffégzing water.
In all probability, competitive crystal growth and copecus
nucleation resulted in a random crystal orientation énd

the inclusion of a zone of small bubbles where rapid freezing

———

prevented growth of larger bubgies.

Below this upper chill zone, ice crystals became
larger and took ©on a columnar texture. -At 20 cm below the
contact,‘long columnar crystals up to 80 mm long and 12
to 15 mm in éiémeter were not uncommon. At 35.cm, the
columnar texture was better defined and ice cfystals were
larger, up to 150 mm long and 25 mm in diameter. At both
depths, the ice crystals were anhedral to subhedral in shape.

Grain boundaries were usually smooth or gently curved, but
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serrated and feathery boundaries were .also observed. The
long axes of t;; tabular crystals were normal to bubble
layers and parallel to the assumed thermal gradient and
growth direction. The absence of a strong compositional
layering-and gasﬁinclusions leaves little room for correla-
tion between crystal and inclusion patterns.

Petrofabric analysis was performed on a series
of vertical thin sections. In the upper section, a random
to sliéhtly preferred pattern of c-axis orientations was
observed (Figure 5.15a); howevef, in the zone of columnar
ice cr§s;éls, c-axes showed a strong preferredrorientation
normal .to £he-crystal long axis and\the freezing direction
(Figuréué.ISb); This pattern is similar to thét observed
in mound 1-10 and, as before, interpreted as characteristic‘

of the rapid freezing of bulk water.

5.4.3 Frost mound 1-4

Frost mound 1-4 is interesting since'it expgrienced
growth in two consecutive winters. For this reason; detailed
analysis of the ice core'was*undertaken. The mound first
developed during the 1?79-1980 winter and, when observed
in September 1980, exisﬁed as &:partially collapsed, simple,
oval-shaped frost blistet. When observed in 1981, it had
doubled in both height and length, and displayed a étrohgly
. modified shape and a heavily fractured surface. A descrip—
tion of the location and structure ¢f this mound has already

been presented (section 5.2.%¢, pPpP. 116-117).
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compositional

layering up

Petrofabric diagrams . based on vertical thin sections of
frost blister ice from mound 1-17 at depths of (a) 2 cm,
and . (b} 20 to 35 em. Horizontal line corresponds to

the plane of compositional layering. Dots indicate
C-axes of ice crystals.

Figure 5.15
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(a) Ice core characteristics

The two dominant ice characteristics were; (a) the
candled columnar nature of the exposed ice similaf to that
observed in other mounds, and//(b) the well-developed layering
in which some of the layers were sepa:ated by distinct uncon-
formities. Figure 5.16 shows both these characteristics.

*» Candled ice is ffequently associa£ed with the melting

of lake ice -{Andrews, 1962; Knight, 1962). Howeveg,-in
the case of mound‘1—4, only the outer 15 to 20 cm of ice
exposed in a large dilation crack had decomposed to a candled
state. The preferential melting along crystal boundaries
in this case clearly defined the crystal étrgcture and
"texture. |

The layering and contact characteristics of the
ice core of mound 1-4 presented a number of ice relationships
not observed igethe other mound; previously described. The
irregular nature of the contact bétwéen the overlying peat
and the upper layer of ice was marked. The greatest irre-
gularities corresponded with two ice lenses that formed
the upper layer of the core. The lower contact of these
lens-shaped bodies was also distinct, in that the ice lenses
unconformably overlaid the ice below. 'In addition, within
the contact was a band of sediment graiﬁs.

Initial interpretation was that the upper 1ayef
of ice represenéed the remains of the ice core formed during .

1979-1980. With this hypothesis, the irregular upper contact

represents a thaw unconformity since, in the previous year,
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The solid ice core of frost blister 1-4 is characterized
by an irregular contact with overlying sediments,

unconformities between ice layers and candling of exposed
ice. Photo: August 1981,
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the mound had partially collapsed. The lower contact repre-
sents the boundary batween ice of two different years. Dufing
growth in 1980-1981, the exist'ing ice was heaved gpward

.'by injection of groundwater. The sediment included in a
number of places, along ‘the lower contact.of the first year

ice had frozen to éggﬂbase of the previoﬁs year's ice.

This interpretation is supported-by both crystal
fabrics and gas inclusion patterns. With respect to gas
inclusions, a 1a§errof small spherical gas bubbles occurs
'in the upper portion of the ice cofe. At depth, tﬁe bubbles
are larger and form long bubble trains parallél to the former
direction of ice growth The trains are‘oriented at angles
of 25° to 35° from the vertical and texrminate abruptly at
the lower contact with,the more recent ice. Immediately
beneath the contact, small spherical bubbles (léss than 2 mm
in diametef) and bubble trains up to 20 mm long are verti-
cally aligned_T%igﬁrg 5.17).

Crystal Fé?tures show a similar pattern (Figures
5.18a and 5.18b). The ice remaining from the original mound
has a coarse columnar texture typical of injection ice observed
in other mounds. Grain diameters were in the order of 10

to 20 mm and crystals were 150 to 200 mm long. Their long

-,

- ey
axes are oriented 25 to 30° from the vertical as a result

of heaving during growth in 1980-1981. Petrofabrics for
the older ice show a wider distribution of c-axis orienta-
tions. In all probability the slightly modified chstal

structure and matrix orientation.resulted from the thermal
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Figure 5.17 An ice sample from frozé blister 1-4 showing the contact
beEween first and secofd year ice. Note the variation
in the direction and pattern of gas bubbles.-

)

(a) ‘- (b)

Figure 5.18

Sections cut from the ice sample shown in Figure 5.17:
(a) thick section, and ({(b) thin gection. Both show the
relationship between the gas bubble pattern

an ice tex-
ture along the contact between first and secdnd year ice.
(Crossed polarizers).
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ahd tensile stresses generéted during the 1980-1981 per{gﬁh
of reactivation. - . B
Petrofabric analysis of thin sections prepared
near the contact shows a wide girdle of preferred c-axis
orientations normal to crystalline long axes. At depéh,
the preferred nature of the c-axis orientations forms a
girdle closer to the horizontal and normal tec crystal long
axes. Figure 5.17 shows the gas inclusion patterns in a
block of ice taken from the contact between the first and
second year ice. >Simi1arly, Figures 5.18a and 5.18b illus-
trate the different crystal textures observed at the same
contact. In some cases, nucleation of crystals in the more
recent ice utilized the crystgls.from‘ﬁbove the contact. :
Crystal boundaries above the contact.wefe serratéd and occa-
sionally curved. Anhedral crystals with gently curviﬁg
grain boundaries occurred below the contact. Petrofabric
diagrams for the main ice core show c-axlis orientations
that'compa;e with petrofabrics observed in mounds 1-10 and

1-17.

5.5 Icing blister ice

Mound 1-24 was the only icing blister examined

* for ice texture and, fabric analyses. It formed at sité 1
during the 1981-1982 winter. Frost mound activity had been
minimal in this area during previous yeérs of study. I§p~

March 1982, the icing blister was a simple, oval-shaped

feature 1.8 m high and 13.0 m long. Initially, the mound
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was cored to determine its internal structure and to install
instrumentation to measure hydraulic pressures. The digtihc—
tion between icing ice and injection ice within the mound
is often difficult to make because both may have a layered
appearance. Mound 1-24 consisted of éo cm of layered ice
domed over a water-filled chamber, 35 cm high at the apex
of the mound. Beneath the water-filled chamber, 10 to 15 cm
of plear ice overlay the ground surface vegetation mat.
The only visible difference between icing and injection
ice observed in the field was the close spacing of layers
and opagque appearance of icing ice, in contrast fo the trans-
parent appearance of injection ice.

Excavation was undertaken in a portiocn of the mound
containing a solid ice corerkFigure 5.1%9a). At a depth
of approximately 65 cm, the distinct layering of the icing
ice was replaced by 10 cm of clear injection ice (Figure
5.19b). The latter contained fandomly distributed spherical
to tubular bubbles'ana long‘pubblé trains. The layered
apﬁearance of the upper section of icing ice consisted of
a series of bubble-rich and low Eubble content bands fbrming
layerstparallel to the icing surface. Upon close inspection,
individual lavyers could be'distingﬁished. ;he contact was
marked by a narrow band of small, closely spaced, spherical
bubbles (less than 1 mm in diameter) and bubble trains.
Bubble size increased and content decreased upward through
each layer.' Typically, the bubbles were spherical to tubular

in shape ‘and between 5 and 7 mm in diameter. The top of
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(a)

(b)

Figure SFQK,jIce samples obtained from icing blister 1-24. (a) The
upper part of the tnound was characterized by opaque,
layered ice while,' (b) at greater depth the ice was clear
with a low bubble content.
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each layer was almost bubble-free, providing a marked con-
trast with the bubble—}ich zohe beginning the next layer.
Layer thicknesses ranged from 1.5 to 5.0 c¢m and were inter-
preted as representing one episode or overflow event in
icing accumulation.

During periods of peak solar radiation, a film
of flowing groundwater will cover sections of the icing.
Ove?flpw is ldécalized and may incdrporate snow or frost

- . -

mantlin§ the icing surface. Subseéuently, this may influence
textures within icings. During the initial stages of icing
growth, several tens o% centimetres of snow may form the
base, while heavy snow accumulation during subsequent growth
may result in granular porous zones within the icing: The
overflow event usually ends with the onset of colder tempera-
tures. Sometimes, an ice layer forms on top of the overflow
and water movement continues underneath. It might be anti-
cipated, therefore, that freezing takes place in two direc-
tioﬁs; ‘(a) from the icing surface upward, and (b} from
the upper overflow downwardn‘ This is supported by ice
Erystal characteristics.

' Hbrizontal and ﬁertical thin sectipns (Figure.5.20),
made from icing icé, indicate ice crystals to be small and
anhedral in shape, and élongated in the same placelas the
horizontal layering. Very small crystals occur in the zone
of relatively rapid freezing along the lower contact of

the layer. 1Ice grains along the lower contact tend to be 1\

oriented with their ‘long axes vertical. A horizontal section
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compositional
“layering

Photographs (cross polarizers) of thin sections of icing
ice and corresponding fabric diagrams: (a) vertical thin
section showing the layered nature of icing ice, (b)
fabric diagram based on this thin section, (c) horizontal
thin section showing a slight flow pattern, and (d) fabric
diagram based on the horizontal thin section. The ice
sample was from a depth of 20 ecm. '



(figure 5.20a) shows a distinct directional orientation

of horizontally layered, small, tabular crystals. ‘This
pattern may be a flow texture imparted by the rapid freezing
of flowing water.' The layered texturé;is}more pronounced
when thin sections are examined througﬁ polarized light.

The layer boundaries are distinct and often defined by an
abrupt termination of the larger ice.crystals. Conceivably,
each sequence.of overflow and freezing modifiés or partially
destro&s the underlying ice layer.

Petrofabric analysis of ilcing ice reveals a .random
distribution of c-axis orientations {(Figures 5.2Qb and
5.20d). In contrast to icing ice, the clear injection ice
occurring inside the mound is composed of large columnar
crystals 7 to 15 mm in diameter and 100 to 200 mm long.

The columnar crystals are oriented at an angle 15° frém

the vertical and effectively normal to the compositional
layering. Crystal shapes are anhedr?l to subhedral and

grain boundariés are serrated near thé upper contact with

the icing ice but mainly straight or curved déeper ln-the
section. The‘cplumnar texture is similar to the injection
ice found in the frost blisters described earlier. Similarly,
petrofabric analysis revealed a strong preferred orientation

of crystal c-axes normal to the crystal columns.



CHAPTER SIX

GROUNDWATER HYDROLOGY




6.1 Introduction

The occurrence of groundwater in areas underlain

by permafrost is essentially similar to its occurrence in

N ¢

areas where permafrost is absent (Church, 1974). However,

the introduction of permafrost -produces several important

modifications to groundwater hydrology:

(1)

(2)

(3}

X

(4)

(5)

- In permafrost areas, quantities of ground-

water are removed indefinitely from circula- -
tion and retained in storage as ground ice;
Low temperatureé lead to increased ground-
water viscosity (sometimes by a factor.of
1.2 to 1.8) ‘which results in reduced rates
of groundwaﬁer circulation; . |

The freezing of soil materials significantly
reduces their hydraulic conductivity, and
theréfore increasing'the number of imper-
meable Earriers (aqeitards) to groundy}%er_
flow; o '

The'irregular nature of the permafrost table

' may create drainage’divides that do not

correspond to either topographic or geologic
structures;
Permafrost may result in perched water tables

and confined aquifers.

157 -
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In summary, even though permafrost does not changé
the occnrrenceuof groundwater, it may alter its hydrodynamic
behaviour. A comprehensive treatment of groundwater in
permafrost areas is given by Tolstikhin and Tolstikhin (1974).

| The interactions between groundwater circulation
and seasonaltfreeziné of the active layer are unguestionably
important processes influencing seasonal frqst mound occur—
rence. Although seasonal frost mounds are widely reportea
from the Arctic and Subarctic (e.g., Frederking, 1979;
Leffinéwell, 1919; Lewis, 1962; van Everdingen, 1978; 1982),
there is a general lack of process observations regarding
their ocgurrenée. Usually an understanding of their forma-
tion is based either on inferred, indirect or gqualitative
observations. This chapter focusses therefore on two aspects

of groundwater hydrology:

~

(1) Thé determination.of groundwater history
and circulation patterns, basgd-on hydro-
chemical and isotopic analyses of water
and/or ice associated with perennial spring
discharge, icings and frost bliéte;s; and

(2) The measurement of groundwater hydraulic

potentials inside frost and icing blisters.

Study site 1 was chosen for most of these observa-
tions. Not only was it the most accessible but also it
was the most active from a hydrologlc standpoint. -Each

yvear, several medlum-Skzed mounds and an extensive icing develop
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6.2 fBackground conditions ' :
. "/' TN ) -

Areas of mountainous relief, likejthe North~Fork
Pass; have groundwater hydrologic systems tga%(differ E?om
those found in areas of gentler relief. Mountain areas
initially benefit from highér precipltation inputs and rela-
tive'easq of recharge through coarse unéonsoliéated slope
'deposits.. High hyd;aulic gradients result in rapid ground-
water flow andAshért residence times. These factors contri-
bute to ﬁhe dbundant occurrence of perennial groundwater'
springs. Their site—specif%c behauﬁour, however, is subject

to seasonal and spatial variations in geomorphic conditions.

o

‘6.2.1 Discharge and runof f
The;ﬁorth.Fofk‘?éss receives over 430 mm of preci-
\pitatiqﬁ per féar, of whiéh-GO%-oéchrs as ‘snow. Snowmelt
- and peak-discharge.are goncentratgd in 1éte April and eafly
: fﬁﬁafs Durihg early summer, groundwater diséhargefﬁnd seepage
occur throﬁghout the ioQér valiey—side slopes, but by late
summer ahd fall, spring discharge is.limited to perennial
sogrces and is cogeentrated in the lowér 50 to 100 m of
the valley sides. During winﬁer, perennial spring discharge
is-concenttated:at the bEEak of slope and withihdthe lower
portions of seasonal runoff channels. _Seésonal frost mounds
form in areas"ég %reatést.spripg éischarge and where there re
is continuous féar*;ound flow. In each case, mound activity:
occurs iﬁﬁedia?ely dowﬁéiopg from a sp}ing outlet. épring
' 1océtidps énd.séééaéé'liﬁes ét site 1 are‘shown in Figure 6.1,

o

’ ) . .
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, KEY
Biver channel and icing

'Tundra Pond

[[] Dempster Highway

() Seasonal frost mound
b2 SprinEJ outlet, seepage line
@ Thermistor c‘FbIe location
® Piezometer location
% Break of slope

....... 1981 Ieing limit

" 1982 Icing limit

.//
" Contour line, 1m interval

- ! metres

- - .
Figure 6.1, Detailed physiographic map of study site 1, North Fork “ o
- Pass, showing location of instrumentation, seasonal frost

mounds, Spr‘lng outlets, seepage lines and icing distri-
butions. Based on field survey data for 1980, 1981 and. 1982.

o
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.E}Lng with méjor physiégréphic features.

The average temperature of groundwater discharge at
site 1 is 1.1°C, ranging between -1.0°C in winter and 3.0°C
in sumﬁer. Throughout the £hree years of observation, records
of pH and conductiﬁ}ty were maintained.: Spring. discharge
tends to be neutral. to slightly alka&ine with pH values -
of between 7.0 and 7.9, while pH of gurface waﬁer and seépage

/

Conductivity measurements display a greater sea-
_ ’ :
sonal and sagtial variation, indicating the influence of

is neutral to slightly acidic (pH 6.9 to 7.4).

dilution by spring runoff. Conductivity ranged between

‘miﬁimum values of 90 to 100 us cm_l duriné the spring to

ovér 700 to 750 us crn“l during late winter. Values concen-
trate betwéen 450 to 600 us em~ 1 during late summer and
féll. ‘Solute rejection during freezing tends to increase
conductivity in the winter.

At kM 86, épring discharge passes through a culvert

1

under the highway allowing accurate gauging. In May 1981,

a flow rate of 3.7 to 4.0 L/sec was measured. In August

1981, flow had’dec}eased to 0.9 to 1.0 &/sec and, when

visited again in December of ‘that year, had ceased coﬁpletely.
Elsewhere, typical surface flow velocities'near spring out-

lets on slopes of between 4 to 6° were in the order of

1

0.20 to 0.30 m sec *. On gentler slppes, surface flow velo-

cities ranged. between 0.15 and 0.25 m sec_l. Flow velocities

rd

betweenkO.lB and 0.25 m sec“l were observed for groﬁndwater “
overflow on icing surfaces with slopes of 3 to 5°. Prior

.
Pl

4
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to icing formation at site 1, surface runoff and spring
outlets ‘are usually indicated by 'breathing holes' in the
deep snow cover {(Figure 6.2). By late winter, icing

accumulat%ons cover the floodplain area downslope from the
N :
spring outlets and only some of the spring outlets are still \w/r

visible through the snow. Snow accumulation in the drainage
-channe;s provides excellent insulation allowing spring out-
_ lets to remain open beneafh‘the snow. In ﬁpen areas, removal
of snow by wind exposes the ground surface, to colder tempera-
tures and proﬁotes freezing. By late March, the depth of
iciné accumulations usually .exceed 1.0 m in places.

The extent 6f icings at site 1 in Méy‘l981 and

March 1982 is presented on Figure 6.1. Also shown are a

_number of spot measurements of ice’tﬂickness based on drilling

N

fnd surveying. In March;}982, thé ice coveree approximately
] - R, . :
6.76 x 10°m® with an avefage thickness (‘?f roughly 0.7 to
: 3
0.9 m. A maximum icing thickness of 1.4 m was observed

near the break'of slope and it thinned gradually toward

. . L
its downslope perimeter. The volume of the icing was approxi-

mately 4.73 x 10? - 6.09 x 10%n3. In May 1981, the surface
s, _

area was appréximately 7.5 % 104m2,'but the average thick-

4

ness was only 0.6 to 0.7 m. - The volume of ice was roughly

: 4
4.5 x 10%m3 - 5.3 x roim3. .

6.2.2 Ground thermal and
physical conditions

Groundwater circulation in frozen materials is

controlled, in part, by “the thermal characteristics of the

o':/’\’
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Figure 6.2

. le3

COLOURED PICTURES

lma_ges en coulcur

A breathing hole through the snow marks the location of

perennial spring discharge and a zone of near—surface

groundwater transmission in winter. Photo: December
1981. ~ ' .

i -
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materials presept. Unfrozen ‘water content decreases and

pore ice cdntent increases when the bulk temperature of
material is lﬂ@ered.from 0°C toward -1°C, and hydraulic
conductivity declines by'éeveral orders of magnitudeﬁas \
température drqu below 0°C (Burt and Williams, 1976; van
Everdingen, 1976).

_ These properties are.particularly impogtant when
considering the hydrodynamics of‘groundwater Eifff}ation
through the active layer and £he effect of’winter freeze-
back (Hoékstra, 1966;.Mackay, 1983). The ma;ner in which
freeze—back octurs (i.e., freezing direction and rate) plays
a major role in determining the response of the groundwater
system. The relationship between temperature, represented
by either the 0°C isothg;m or the freezing front, and zénes
of groundwater transmission is a factor influenﬁing frost
mound locatipn and shape. It is probable that the depth : .
of freeze-back at the time of frost blister growth is repre-
sentéd by the thickness of soil materials heaved. upward.

During lBBl~1985; g_prograﬁ of active 1ayeﬁ’measure—

ments was undertaken at éit% 1 to identify'areas of greatest

groundwater transport potential. The average active layer
- thickness in the floodplain near the break of slope varied
. : . § »

_ between 51 and 63 cm. On wéll—drained, southwest-facing

slopes, thicknesses averaged between 85 and 95 cm.. In areas
of. groundwlitexr discharge, the bottom of the act¥ve layer

. ¢ '

could not be probed while seepage lines downslope from springs

. "
‘were characterized by thaw depths ranging between 70 to 120 ém.

SR | %
. :/L .
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Typical late summer thermal profiles mgas@red with a ¥SI
telethermometer are presented in Figure 6.3. In addition,
_ thermistor cables were installed to depths of 150 cm at
various loé;%ions to measure winter ground temperatures
(Figure 6.4). A coarse gravel unit fou§d in four of the ,

five locations limited deeper installation of cables.

P

]

By December 1981, freeze-hack of all cable locations

*

was nearly completed, although, in three cases_ thin residual
active layer zones were still apparent. At that time, air
temperatures were between -20 and -25°C and ground surface

temperaturea were between -3 and -7°C., At one location

(cable 1), temperatures at depths between 30 and 100 cm :.'

were close to 0°C. By the fol%owing March, three of the
five sites were covered byricings up to;l'm.thicﬁ. During
a gwo—weekqberiod, the cables were read on a ngmber of occa-
sions during which air températures véried‘between -7
and -32°C. ‘Locat;ons characterized by thick icing accumulL;
tion's egperienced ground surface temperatﬁrés that were_‘
consistently 3 to 5°C qooier than locatigns that were-
either bare or snow covered. At depths 1.0 m below the
_g;ound surface, the temperature at~;cin§ covered loeations
was 2 b: 3°C cooler. These.data4 if typical, suggest that
lower éround temperatures are maintained beneath the icing
surfaces.

Aégifer grain—size is .an important variable influ—
encing Pyd%aulic conductifity within a groundwater system. "
Coarse sediments (e.g., fluvial sands and gravels) ;ré

Q o

-

'b.
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Figure 6.3 Measured active layer temperature profi¥es at site 1,.
(a) Floodplain, (b) s®&epage zone,

Noith Fork Pass.
(c) lowervalley side slope, and (c) “spring

pond area. Measurements made in September 198
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Summary of thermistoT cable observations at

side valley location,

valley

location, .

(a) vegetated .

(b) gravelly unvegetated side

ted floodplain location during 1981-1982.

(¢) frost blister 1-15, and

)
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{(d) satura-
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perature, ground ice content) and active layer conditions
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better aguifer materials than fine-grained sedim?nts (e.qg.,
fine silts and clays). Grain-size analysis of surficial
materials from the floodplain and lower slopes near study N
site 1 indicates arelatively high amount of sand and silt-
sized materials (Figurels.g). The méin aquifer in the active

layer of the valley oor is a sandy silt (Figure 6.5,

plots B and D). Thése materials form both the heaved and

underlying sediménts ig_the frost blister structure. The
' »
uppermost strdta are composed of organic silt and peat

(Figure 6.5, plot : -

1
6.3 Hydrochemical and isotope analyses =

6.3.1 Introductiocn

. e
Groundwater circulation is an important factor n

- determining the chemic¢al composition of spring discharge.

I

The distribution of permafrost contributes to the complexity
ofbboth local and regional groundwater circulation systems
and, in consequence, its dissolved constituents. Further-

more, local variation in permafrost (e.g., thickness, tem-

Y

(e.g depth, meoisture content, rates of thaw and freeze-

bdéﬁ) complicate grouﬂdwater circulatién patterns. Finally,

]

the occurrznce of taliks, assumed to unaerlie major river

chaﬁpels apid lakes, as well as slope and sediment character-

——

istics also influence groundwater circulation. .7

. "Hydrochemical and environmental isotope analysééK\
. . ) } S

were undertaken to better define the groundwater system . .

\ -

-

. - : Tt (
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contributing to perennial sp;*.g discharge and seasonal
frost mound development at the North Fork Pass. In a separatg
experiment, isotope'analyéis was perform%d'on an ice .core

from a frost blister to identify the freezing gnd.hyLro1ogic
. N
conditions respoqsible for mound formation. h

-~ e * ) ?
5 . .
6.3.2. Springs and supra-
. . - permafrost groundwater
I

Water Samples.were collected for chemical analysis

from perennjal springs, surface runoff and discharge from

the icing and a frost blister at site 1. Samples from springs
were collected on several occasions during the period 1980-

1982. Ice samples were alse collected from both icings

Land frost blisters in March 1982. Results of chemical analyses

for saméles obtained from site 1 are presented in Table 6.1.
Water'te@peraﬁﬁre, pH and conductivity were measured in
the fiela'at Fhe time of sampling.

In generél, the dissolved solid concentrations
for 'spring water are approximately consfant fhrougﬁout the
year, indidating a fairly stable groundwatér system. The
very low dissolved so}ids.cbngéntrations found in ice samples
are the result of solute refjection during freezing. However,

the water sample obtained from inside the frost blister

exhibits higher dissolved solids concentrations because

., the unfrozen portion of a frost mound water chamber is en-

riched with the solute rejected during freezing by the
advancing freezing plane.. It seems that a similar enrichment

woulé account for the -high concentrations found in water

;¥
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e
beneath;theficing. '

.'The generally low dissolved'solids,concentrations'
indicate that springs discharge from local flow systems |
and ‘presumably receive.thelr recharge at higher elevations
in thé mountains east of the Dempster Highway \It also
seems evident that the water” found inside seasondl frost
mounds -and beneath the -icing are derived from spring groups
immediatelf upslope. | ) .

The results.of the isotope analyses:forjspring
wdters and snowpach are presented in Table 6.2, and illus-
tratedein Figure 6.6. The range in 180 ‘and 2H values for
these data show a reasonably good correlation with the global‘

;meteoric water line (GMWL) described by Craig (1961). These
results support the hypothesis that local unaltered precipi-
tation is the source of water for the.floufsystems dis-
charging from springs at sites 1 and 3. |

Tritium (3H) concentrafions'in'spring waters (see
Table 6.2;'are'higher than those in precipitation that fell-
during the.study period. ?hese higher values suggest‘that
the spring waters may represent precipitation thathrell'

" between ten and fifteen years earlier, during the period
when 3H concentrations in prec1p1tation were gradually de—‘
creasing from the 1963 peak resulting from atmospheric

' testing of~nucréar weapons. The pH of the groundwater is ] ,;.

"‘neutral to slightly alkaline. Since the bedrock in this

area is characterized by cher}y cpnglomerate w1th a calcite

LI

-matrig, this may partly account for the alkaline pH..

S

¢ B ¢ b 4
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Isotope Data for Spring Waters and Snow Pack Samples
from the North Fork Pasgs Area.

16-09-80

Snow, ‘Little Fox
Lake, 20-09-80

=194 . -26.

o
.3
) } ‘\IsotOPes

Sample Source ,/ S

and Date 62H, %o SMOW 6190, %0 SMOW 3R, T.U.
, Spring Area 1, - ’ - . '

o 0oe80 -166 . 21.8 (110410

Spring Aréa 2, g L

19-09-80 166 o 22.0 161+10

Spring Area 2, Y- - ’

30-03-81 169 22.8 139410
. eam from culvert, _ Co . ’

1%509'80 159 21.1 ‘ 122+10

Snéw pack, - - -

3d-03-81 157 21.0 3£190

. . BN .
Rain, Whitehorse, ~125 -17.2 30+10

-

0 \ 1410

Analysis supplied
University.

by Dr.

Fred Michéi; Department

of Geology, Carleton



'.\ 1)
® Watersamples, North Fork Pass.
- © Snowpack. North Fork Pass.
* Snow, Little Fox Lake-
-150- ¥ Rain ,Whitehorse.
2
§ ' H -
%o
-200 I T T =T
8B .
§ O %o
Figure 6.6 Isotope data for water and snowpack samples plotted

against global meteoric water line,

-
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During fieldwork in both May 1981.anq March 1982,
mineral precipitates were obserﬁed on icing and plant sur-.'
faces, and contained within icing. layers (Figure 6.7}. " In
May 1981, the precipitate formed a yellowish stain at several
1ocatiohs on the upslope side of the icing. In March 1982,

a fine white powdery residue was noticed at locations where
groundwater had recently discharged. |

The occurrence of salt and mineral precipité?es
in éssociation with icings has been documented in.many parts

-

of the arctic (e.g., Ackerman, 1980; 12E3f Hall, 1980; van
Everdiﬁgen, 1978; 1982).l They may occur in two ways:
(a) by evaporation from the water flooding the ice surface,s
and (b} by sélute rejection during freezing. -

During May 1981, the thickness of the precipitate
ranged from l:to 5 mm and x-ray diffraction revealed that
the precipitate was mainly calcium carbonate {calciEe) with
minor amountg of gquartz. The.calcium carbonate is thought
to bg‘derived from solution of the local bedrock. Th; River
Road formation, a cherty-argillaceous conglomerate of
Ordovician-Silufian age has a calcite-rich matrix and calcite-
filled fractures .(Green, 1972). This formation outcrops
dire¢tly upslope. Weathered talus and alluvial deposits
derived from this formation probably‘constitute the main
aquifer materials thS:th\zfighrocal groundwatér systems
circulate. The cold perennial springs, ranging betwéen

¢

0.0°C and 3.0°C have a high capa?ity for‘dissolved C02,

since the amount of 002 increases with decreasing temperature.

/\//v[



Figure 6.7
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Mineral precipitate deposited on the icing surface during
freezing. Photo: May 1981,

v
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As the CO2 combines with the cold water, ca;banic acid
(H2003)'£s fprmea. The cgrbonic acid is then available

to dissolve éalcapeous bedfogk. The solubility of CaCO,
increases with increasing C02. Calcium'carbonaée.dissolved
from the -bedrock and ialus isicarried inlsolution by ground-
water. During winter, groundwater discharges form icings
"and calcium carbonate is réjected during freezing. As the
icing ablates, calcium carbdnéte accumulates on the icing -
surface as a fesidual\deposit. The CaCO3 precipitatg indicates,
thérefore,nthat the groundwater systems suﬁplying pérehnial

springs and icings flow through the weathered talus and :

fractured bedrock of the River Road Formation.

6.3.3 Isotopé fractionation .

Since water molecules'containing the heavy isotopes
180 and 2H are preferentially incorpbrated into.the sqlid
phase during freezing, ice is enriched with these environ-
mental isotopes. If freezing occurs in a‘closed system,
the residual liquid is depleted with respect to its isotope
content, and subsequent freezing produces lower levels of
enrichment since the liquid within the shrinking reservoir
is constantly being depleted. This effect accelerates as
the vg}ume of the reservoir decreases and is most strongly
displayed in the youngest ice. ‘

The analysis of heavy isotopes in a frost biister

core provides one way of inferring the hydroiggic conditions

(e.g., open or closed system} during freezing of the ice
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core. Therefore, in September 1980, frost blister 1-3 was
cored and sampled for the purpose ofaisotdpe analysié. The

results of these analyses are presented in Figure 6.8, where

18

§T70, 62H and 3H concentrations are plotted against depth.

Figure 6.9 presents a plot of weighted mean values for-

18 2 3

§7°0, 6°H and “H in ice sample numbers 1Nto 20. The values

(=22:5%, —-171%c and 149 T.U. respectively) are similar
to values obtained from spring waters at site 1. These
" data provide further evidence to suggést that local spring
ﬁischarge was the source of water that formed the ice core
of frost mound 1-3.

' The 5180 and 52H values in the upper portion of
the core are less negative than those for spring water,

18

reflecting small positive fractionations of ~ 0 and 2y during

freezing. The differences are, however, ;ess than the equili-

brium fract%on values suggested by Suzucki and Kimura (1973)
and are problematic. They may indicate rapid freezing and
-inadequate mixding 6L leakage from a paytially closed system.
The increasingly negative Qalués Ebuhd in the lower part

-of the core are thought to reflect continued freezing of

a gradually,shrinking reservoir that was progressively being
depléted with respect to the heavier isotopes. The implica-
tion is that freézing occurred in a closed system. 1In the

18O and 62H values

frozen peat lying beneath the ice core, &
were similar\to those of spring water, indicating that they
N

A “
did not fre:j?)at the same time as the ice core, and conse-

quently, may represent shallow permafrost. The 180 and 2H
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-150
¢ Peat
® [ce

-200 4

* Spring ; site1.
© Mean of samples 4 - 20.

Figure 6.9

£'% 0 %o

-20

Plot of weighted mean isotope values for frost blister

ice samples compared with isotope data for springs.
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data indicate that the uppgrmost sAmpfe of ice-rich peat.
from below the ice core, contained the last remaining water
to freeze: The isotope profiles indicate that the ﬁpper
93 cm of the core formed by freezing downward in a hydro-
logic system that was initially open but subsequently closed.
‘Freezing occurred in response to éeaéonally negative air
temperatures rathgr than upward aggraéation of permafrost.
The plot of 62H against‘élao in Figure 6.9 shows
that values for ihdiyidual ice Samplesla:e close to éhe
globai meteoric watler line described:by Craig (1961) and
defined by the equation: |

6% = 8.0 618 - 10

b
Least squafes-regression applied to the data for ice samples
from the core of frost blister 1-3 is represented by the
equation:
5% = 5.1 6% - 56.4 (r = 0.99)
C
Similar results have been obtained by van Everdingen

(1978; 1982) and also reported by Fritz and Michel (1977)

and Michel and Fritz {1978).
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(a)

Figure 6.10

(b)

Evidence of explosive frost blister rupture occurs in the
form of (a) a water-filled depression (September 1980),
and (b) displaced and overturned blocks of peat (May 1981),
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6.4 ﬁydraulic potential

6.4.1 Introduction

One of the characteristics which distinguisﬁeS'
seasonal frost mounds from morphologically similar features
(e.g., palsas) is the dominant moisture transfer processes
associated'with ice coré growth. The.duration of the mound
is of only secondary importance. Frost blister formation
is usually attributed to the development of high hydraulic
potentials in suprapermafrost groundwater. When sufficiently
high hydraulic potentials occur, the overlying frozen materialg
are deforméd upward and a reservoir, or chamber, of water
is formed. Initially, the pressure within the mound is
a function of the hydrologic system, but later in the growth
cycle, it may be attributed to the hydrostatic and.cryostatic
pressures associated with closed system freezing. —

Little is knowﬁ concerning the groundwater hydro-
dynamics and the range of hydraulic potentials associated
with seasonal frost mound feormation. Present theory is
bas?d mainly on indirect evidence (e.g., groundwater discharge
from a ruptured mound or explosive mound rupture). For
example, recent work by van Everdingen (van Everdingen,
1982; van Everdingen and Banner, 1979), using time-lapse
photography, provides data regarding the time and rate of
mound growth for the Bear Rock area, N.W.T. Growth rates
of up to 0.55 m.t.‘lay-l (van Everdingen, 1982) far exceed

potential growth rates expected by ice segregation.
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At present, only rough'estimates of minimum hydraulic
potentials.are available.- “They are obtained by calculatlng
the pressure requlred to verEECally dlsplace the various
heaved materlals to ?he helghts observed 'in vert1ca1 sections
and using asgﬁﬁe&\denaity vaiues (weight ‘per unit volume).
'These caléﬁfétioﬁg:assume that - resistance to deformation
is hegligible and therefore ﬁrovide only minimum estimates.

| ; In'the_following section, beth measu;ed and calcula-
ted hydraulic potential data for the North Fork Pass features

are discussed. The significance of these observations is

that they clearly identify the genesis of mound formation.

6.4.2 Hydraulic potential measurement -

:During coring of several moun@s in September 1981,
water-filled chambers were penetrated and trapped gases
were released. 1In oﬁé case, in a mound less than 1 m high,
suff1c1ent pressure was present to force water 15 to 20 cm
up a 7.5 cm diameter borehole, and approximately’ 50 cm above
the level of standing water in the surrounding tundra
(requiring approximately 5 kPa of pressure}. Presumably,
these pressures represented residual pressures associated
with the hydraulic potential developed during mound growth
in the previous Qinter. These observations support the
hydraulic potential model of mound formation. 1In a@dition,
the presence ef gases, which were probably the product of

solute rejection during freezing, raises the question of

the role of compressed gases during explosive rupture.
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In the case of explosive rupture, loud noises may
accompany the displacement of large blocks of ice and frozen
sediments (Shumskii, 1964Db). No such noises were heard
during periods of winter study. However, during the summer
of 1950,.aﬁd again in May 1981, at sites 1 and 4, water-
filled excavations/depressions in the tundra surrounded
by overturned blocks of peat, or large blocks of peat
scat£éred on the icing surface were observed. These were
believeditg\be the result of explosive rupture (Figure 6.10).

Other circumstantial evidence supports the concept of
thquraduallbuild-up of hydraulic potential inside frost

mounds. On March 21, 1982, for example, water was observed
flowing fr:;;E‘dflation crack in an icing blister at site 1.
Discharge continued for two hours and stopped‘whgn refreezing
had closed the crack. The constant discharge over such

a period of time indicates an integréted hydrélogic s?étem
linked to a perennial spring source, in contrast to a limited
,flow that would be expected if the water chamber had been
part of a closed system. Late in the winter, the integrated
nature of the hy&rq%ogfc system may give way to a series

of closed systems with a corresponding change from hydraulic
£o hydrostatic preséure conditions.

Although the concept of constricted groundwater

developing sufficient hydraulic potential,K to deform and
uplift overlying sediments is fundamental to the preséﬁt

interprétation Qf seasonal, frost mounds, there has been

very little success in obtaining pressure values. With
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this objective, instrumentation was designed and installed.

‘ .
During March 1982, 24 small and medium-sized (up to 2.5\m/7

high) seasonal frost mounds were drilled to obtain hydraulic
potential values. Fourteen were found to be either frozen
s0lid or had empty inte:éor chambers (i.e., the mounds were
hydrologicallyvinactive). The remainder were characterized,/‘
by water-filled chambers under préssure and/or the movefipé/
of water up the borehole.from zones of water movement within

or below the surface icing (Table 6.3). The mdst active

site hydrologically was site 1l; it was also clfaracterized
by the largest and thickest icing accumulation.
Six antifﬁﬁézf—filled, closed sjstem piezometers

were installed in drillholes where water under pressure K\g\

" had been encountered (see Figures 6.1lla and 6.11lb). A foam

collar (Rubatex) surrounding the piezometer standpipe pro-
vided a seal preventing groundwater seepage from the drill-
hole and, in each case, the piezometer rapidly froze into
place. Of the six units installed, only one failed to yield
preSSure.data. The other five mounds consisted of three
icing blisters and two frost blisters, Figure 6.12 shows

the range in pressure potentials obtained for a ten—day

"period from March 14 to 24, for the five functioning units.

The largest mound instrumented was icing blister

. 1-23. It ranged between 2.19 and 2.30 m in height and at

the point where the piezometer was installed, was 2.07 m high.

This mound also exhibited the highest pressure values,

reaching a maximum of to 81 kPa. Figure 6.12 shows a
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Summary of Hydrologic-Conditions for Each Seasonal
Frost Mound Type Encountered During
Drilling in March 1982.

<~ )

3

L

~Y

beneath the icing
mound

Frost Icing Icing

Blister Blister _Mound Total
Drilled 9 1 4 24

~ Solid or

drained 6 6 2 - 14
Instrumented 2 3 2 5
values -
H20 under pressure 3 5 2 10
Failed to p
recharge . 1 (2) 2 - 3 @)
Displayed seepage
from within or _ _ g
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(a)
(b)
p
Fiéure 6.11 Antifreeze-filled piezometers were installed in 5 sea-
sonal frost mounds ddring March 1982: (a) icing blister
1-24, and (b) frost{blister 1-26.
. /'. * M
,'/ v
. /,,____\/—-/FN
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variable pressure profile for this mound, rising from 50 kPa
to 80 kPa over a six-day period and then decreasing. A
similar variable frend was also observed for icihg blister
1-24. This mound was 1.2 m high aﬂa displayed a range in
"pregsure potentialnbetweeé 30 and 75 kPa. In both Eases,
pressures rose to a peak and then.declined. The pressures
observed in these two mounds demonstrate (a) a range in
hydraulic potential between 30 and 80 kPa, and. (b} the
- -variability of hydraulic potentials, possibly reflecting
the irregular nature of iciné hydrologic activiﬁ?. On two
occasions during the measurement of\hxdfaulic potentials
in icing blister 1-24, a second hole was drilled to penetrate
the water-filled éhamber. On both occasions, a 'siight loss
in pressure (4 to 6 kPa) was registered during the period
when water discharged from the mound. However, full recovery
was attained two hougs after the dq}llhole had completely
refrozen. Additiohal holes were drilled at various times
into the icing surrounding mound 1-24; those located ﬁpslope
and someqadjacent to the mound intercepted water under pres-
- sure and flowed freely for periods of one to three hours.
However, at no time did the pressure in mound 1-24 change
appreciably.

A third icing blister (mound 1-28, 1.2 m high)
was also instrumented, but after registering initial pressure
potentials of 50 to 55 kPa, no further data were recorded.a
The loss of hydraulic potential in;this mound could be the
result of either instrumeﬁt failure or possibly, mound

de-activation.
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Hydrauiic potentials measured inside frost blisters
1-25 and 1-26 were generaily lower and more constant than
those documen;ed in the icing blisters. Frost blister 1-26
formed part of a mound complexlthat also included icing
blister 1-23. ‘It was 2.0 and 2.07 ﬁ high and coﬁered by
a 25 to 35 cm layer of icing ice (Figure 6.1lb). The thick-
ness of the icing ice is important because it adds to the
resistance to deformation dﬁring mound growth, thus requiring
higher pressure pétentials for mound formation. The icing
covering mound 1-26 was considerably thinﬁér than .the icing
surfounding it. This indicates that\formation of the mound
predates the main.period of icing accumulation. ‘In contrast,
icing blister 1-23, which formed ﬁear to mound 1-26, possessed
a thick icing cover (1.0 to 1.3 m), suggesting that it formed
after the formation of the’icing. The variable thickness
of icing cover prbvides an f%dication of the order of occur-
rence of mounds 1-24, 1-26 and the surrounding icing. The
pressures observed in 1-26 ranged between 50 and 60 kPa
and displayed ‘less variation than the icing blisters which
were instrumented.

Hydraulic potential measurements for frost blister
1-25 were obtained for only a three-day period after which
gauge readings dropped to 0 kPa, indicative of either instru-
ment failure or—complete loss of pressure in the mound.

During that 72-hour period, hydraulic potentials ranged

between 30 to 50 kPa.-
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On several occasions during drilling, a fountain
or discharge of water occurred when a water-filled chamber
was penetrated. In one qgée, a jet of w%ter Bpurted at
least 1.2 m into tﬁe air and subsided to a fount;infof conti-
nuous flow 9 to }2 cm in height then decreasing to.a simple
outflow that continuea‘for nearly two hours and ultimately
stopped‘due to infreezing of the borehole. This case was
interesting for another reason; the outflow was charged
with gas bubbles producing a foamy appearance. This probably
accounts for the explosive nature of the initial 5ét of
water. If these observations are converted to a pressure
potential at the base of the water-filled chamber, it would
be equivalent to the height of the mound (1.07 m) plus the
héight of the fountain (1.2 m), which is 2.27 m or approxi-
mately 22 £Pa, subsiding to roughiy 11.0 kPa. In othe:
cases, water fountains ranging between 5 and 15 cm discharged
from boreholes in both icing and frost blisters.

6.4.3 Theoretical calculations
of hydraulijic potential

el

The direct cqnversion of fountain height to hydrauxéi
head is not realistic for a number of reasons. For example,
the height of the fountain is a flow level and not necessarily
the equivalent of a static column of water. Second, the
water discharging from the borehole is forced £o overcome

the weight and downward energy of the collapsing fountain

of watex. Third, water discharging from.the drillhole must

overcome the resistarice and irregularities of the drillhole,

.
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air pockets withip the enclosing ice and ice chips and snow

-..-‘

blocking the outigE: _Fourth, the low temperature of the
water increasés.its fluid viscosity and cold air temperatures
cause refreezing of the borehole. Finally, the constant
release of gas bubbles interrupts flow.

Although these fountains cannot be accurately con-
verted to a pressure value, they demonstrate clearly the
hydraulic nature and, in some cases, the open nature of
the hydrologic system. On other occasions, drilling
encountered water under pressure buf, following the initial
release of pressure, no further discharge was observed. 1In
these instances, it was felt that the hydrologic system
feeding the mound had been cut off and it had effectively
become a closed system apd pressure potentials were hydro-
static in nature.

A series of holes were drilled through the icing
around instfhmented frost mounds and at a number of locations
between the mounds and the break of slope. Three types
of water circulation were observed; (a) supré-icing flow
in the form of regular overf;ow, (b} intra-icing flow through
channels (pipes) and porous zones.within the icing, and
{c) sub-icing water flow below the ic?pg and occasionally
through surface sediments. Sub- and intra-icing water move-
ment contained pressure potentials equivalent or approximately
equal to the level of the,icing which in some cases was

greater than 1 m above ground level.
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Two aifferent theoretical approaches to tﬁe calcu-
lation of hydraul;g;potentiai have been, described in the
literature. The first was originally- presented by Petrov
{1934) and is abstracted in Williams 41965, pp. 160-161).
Although this procedure requires field measurement using-

a specially desiéped apparatus, the approach is still theore-
tical since the data are used to calculate a resultant mound
pressure. In his study, Petrov attempts to measure the
difference in freezing temperature between the inside and
the outside of a frost blister. A freezing point 0.4°C
lower inside the mound was attributed to a depression of

the freezing temperature due to a higher pressure. Assuming
a depression of 0.01°C corresponds to a égessure of 1.3
atmosphéres (131.7 kPa), Petrov estimated that the pressure
required, to depress the freezing temperature 0.4°C was

52 atmospheres (5.27 x 10° kPa).

This value seems high in comparison with the results
obtained in this study and with values reported elsewhere;
for example, Shumskii f1964a, p. 229) indicates that pres-
sures of 0.4 to 0.5 atmospheres (40 to 50 kPa) occurred’
in small icing blisters, and Mackay (1879, p. 23) measured
apprpximately 22 m of hydraulic head (216.5 kPa) for a sub-
pingo water lens in a pingo 12 m high. Possible error in
Petrov's calculations may be éssoéiated with temperature
measurement, or the failure to consdder fully the role of
high concentrations of dissolved solidg resulting from solute

rejection during freezing.
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A second theoretical approach is describéd by van
Everdingen (1978, p. 224; 1982, p. 261). Using an assumed
average density value of 0.9 gm em™ 3 for ice, 1.6 gm em ™3
for frozen satgrated scil and_l.O gm dm-3 for water, and
using an observed stratigraphic sequence and mound height,*s
a‘minimum required hydraulic potential at the bottom of
the water-filled cavity can be calculated. This value is
equal to the weight per unit area of overburden plus the
water cclumn in the frost.plister. It intentionally disre:
gards the resistance to deformation of overlying ice and
frozen materials. As such, it represents a minimum required
value. For mounds ranging between 2.9 m and 4.9 m high,
van Everdingen'(1982) calculated minimum pressures of 35.5 kPa
and 56.8 kPa.,respectively.

Hydraulic potential calculations similar to those
by van Everdingen (1982) were made for mounds observed in
the North Fork Pass area. A minimum hydraulic potential
of 33.6 kPa was, calculated tb occur at the base of the water-
filled chamber of frost blister l—26}(2.07 m_high). Simi-
larly, a pressure of 12.1 kPa was calculated for frost blister
1-25 '(13.\9 m high). In the case of icing blisters 1-23
(2.3 m high), 1-24 (1.2 m high) and 1-28 (1.2 m high},
hydraulic potentials of 21.0 kPa, 10.35 kPa and 11.4 kPa
were calculated in the same manner. Table 6.4 summarized
both calculated and measured hydraulic potential values
for the same mounds. In all but one instance, the measured

pressures far exceed calculated values. The difference
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. J
may be partly<attributable to the tensile strength of the

overburden and its resistance to both plastic and elastic'

deformation.



CHAPTER SEVEN

CONCLUSIONS

T -



7.1 Seasonal frost mound occurrence

Seasonal frost mounds are a relatively common
phenomena in the East Blackstone River valley near the North
Fork Pass. Between September 1980 and November 1982 at
least 65 frost mounds were identified at seven locations.
Frost/blisters are the most common type of seasonal frost
mound. The majority of seasonal frost moundé are simple
in plan and heights usually range-from less than 1.0 m to
3.5 m.l _ *

Their distribution in the North Fork Pass area
indicates a number of geomorphic characteristics common
to each site. All are situated within the floodplain portion
of the wvalley near the break of slope between the debris
slopes of the valley side énd the lower angled slope of
the floodplain. Cold perennial springs discharge near the
break of slope maiataining saturated active layer conditions
during the summer and sustaining groundwater icing develop-
ment during the winter. 1In each case, the valley slopes
immédiately abongthe area of.frost mound activity are
covered by small alluvial fan deposits which serve as aquifers.
The alluvial fans are formed by ephemeral stream discharge
from small tributary valleys fed by runoff from the nearby
mountains. The distal edge of the alluvial fan corresponds

to the break of slope.

198
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&5 : ) , S
- Stratigraphic investigations demonstrate convincingly

that mound fermation results from one or more cycles of }
groundwater injection and freezing. Evidence is provideq

by the macro-scale structural characteristics of the mounds.
Typically, they consist of a concordant body of layered
epigenetic ice which forms an uncqnformable contact with
overlying and ‘underlying sediments. Micro-scale struc?ure:

in the form of ice lattice and tex;ural characteristics,
indicates freezing of bulk water in contrast to ice segrega-
tion processes. ‘The crystal énd gas inclusion charaéteristics
are similar Eo those described for lake ice (Gell, 1976;
Knight, 1962; Lyons and Stoiber, 1962) and icing mound ice
(Gell, 1978). The occurrence of a thin band of hubble- @
rich, small, anhedral crystals at the ice-soil interface

is indicative of a short period of rapid freezing and compe-
titive cryétal growth. This layer presumably corresponds

to the period of mound growth when groundwater circulation
becomes coﬁstrizted and injection processes initiate the
formation ofra groundwéter reservoir. The presence of a
chill zone, tqe abrupt nature of the upper contact, and

the low hineral content of the ice core are evidence that

the overiying materials were frozen ﬁhen'heaving began.

180, 2H, 3H and major ion analyses

The results of
of spring waters and frost blister ice demonstrate that
frost blister formation is favoured by local groundwater
flow discharging through springs. The flow system is

recharged by local precipitation and has a residence time
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;;310 to 15 years. The analyses of 18O and 2H from ice
samples indicate that ice cores within the mounds were formed
predohinaptly under ?1osed system freezing conditions. hs-
;well, isot?ps'analysis indicates downward advancing freezing
fronts. This pattern is more typical of f£éezing of a con-
fined reservoir of water than a body of dce formed by ice
segregation. .

The drilling of seasonal frost mounds freéuently
Encountered water under pressure within tﬁe mound. During
summer, Fater rose 10 to 20 cm intoc the boreholé‘to‘ﬁ“ievel
almost 50'cm above the surrounding water table, pbséibly
reflectlng residual hydraullc potentlals from the previous
winter. Durlng winter, 51gn1f1cant1y higher pressures were
encountered In some cases, the pressure was sufficient
to produce a fountain of water above the top of the mound
Antifreeze—filled piezometers, installed in five frost and
icing blisters 1 to 2 m highy, registered maximum pressures
ranging between 40 to 80 kPa. These values are significantly
h}gher than the minimum required pressures which can be
calculated theoretically. The difference is interpréted
partly to the resistance to deformation of the enciosing
materials. On ¢ccasion, the water dischérging from a bore-
hole in a frost or icing blister continued to flow for up
to two hours and stopped only when freezing closed, the outlet.
When the same feature was Qrilled again one to two days

later, a similar discharge was observed. This behaviour .

is interpreted as evidence that seasonal frost mounds are

.
\I

.
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part of an open hydroloéic-system where water is constantly
being supplied by gravity flow. The tendency for measured
pressure values to recover 5 to 15 kPa several hours after

piezometer installation reinforces this interpretation.

7.2 Recommendations for future research
>

In recent years, the amount of data available con-
cerning seasonal frost mounds has increased significantly.
However, more research is required before the level of under-
standing currently available for pingos and palsas is reached.
Above all, there is need for improved termipology, such
that seasonal fros£ mounds may be clearly distinguished
from pingos and palsas.

A second need is for more measurements of frost
mound hydraulic potentials. It would be particularly useful
if pressures could be obtained for a wide range of frost
mound sizes, shapes and types over long periods of time
for different geomorphic settings and in different types of
soil materials. The results would allow analysis of the
relationship between mound size and p:essure.and provide
further insight into the factors influencing frést_mound'
morphology and genesis. The development of more durable
pressure measuring devices is also necessary. Extreme cold,
rapid changes in temperature and extreme éressure range
are the problems facing new instrumenéation./ Complete en-
casement by ice and high pressures encountered in‘ice crysta}

growth readily damage sensitive pressure cells and unless
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instrumentation is very cheap, a throw-away approach is
too expensive.

‘There is also a need for documentation of the rela-
tionship between the rate of active layer freeze-back a;d 7
the timing of frost mound formation. The hypothesis that
freeze-back is retarded in zones of groundwater transmission,
thereby influencing groundwater supply and mound location,
needs to be fully investigated. Also, the dépression of
the freezing temperature due to increased pressure and dis-

. solved mineral content should réceive closer scrutihy.

Experimental investigatioﬂs could attempt to assess
the role of icing accumulation and snow cover upon seasonal
frost mound formation by artificially controlling their
thickness and distribution on a number of test plots 'located
iﬁ known frost ﬁound areas. As a hydrologic phencmena,
seasonal frost mounds will be.affected by any activity that
modifies the normal groundwater circulation pattern. There-
fore, further research into groundwater hydrologic processes,

particularly those that influence the development of hydraulic
potential, would contribute to a better understanding of
frost mound occurrence.

2 final area for future research is the development
of theoretical models for frost mound growth. Using concepts
developed for laccolith intrusion in a classic geological
sense (e.g., Gilbert, 1877; Johnson, 1970; Johnson and
Pollard, 1973; MacCarthy, 1925; Pollard and Johd@%h, 1973),

a theoretical relationship between heaving pressure, ice core
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geometry and overburden thicknessxmay'be possible. If resis-
tance to deformation of the overbﬁfden can be incorporated,
such a model would form a useful predictive tool, capable

of identifying‘growth thresholds under varying circumstances.
" These models would thus provide a unique opportunity to
examine the interaction bétween man's activities in perma-

frost regiohs and seasonal frost mound occurrence.



APPENDIX T

FROST MOUND MORPHOLOGY
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ABSTRACT

Seasonal frost mounds are a groundwater discharge
phenomenon resulting fromﬁgncreased hydraulic potentials
developed by suprapermafrost groundwater in the active layer
during winter freege—back. They form a distinct group of
ephemeral and unsﬁable winter landforms. ‘Only a few studies
describe,them in detail and in some instances, seasonal
frost mounds have been confused with palsas. They should
also be distingu}shed from other types of short-lived ice-
cored mounds whiéh occur in tundra regions.

This thesis documents the occurrence and internai
structure of a number of seasonal frost mounds in the North
Fork Pass area of the Ogilvie Mountains, interior Yukon
Territory (64°35'N, 138°18'W). At intervals betweenlSeptem-
ber 1980 and March 1982, the growth and decay patterns of
more than sixty-five (éS) mounds were observed.

-Seven localities of frost mound activity were iden-
tified, all of which were associated with cold mineralized
springs. The mounds occur at or below the bfeak of slope
between the valleyside and the floodplain of the East
Blackstone River. The break of slope is hydrologically
significant since it approximates the intersgction point

between the water table and the ground surface. 1In all

1



2

localities, alluvial fan deposits, formed where'small tri-

butary channels join the main valley, cover the lower valley

slopes and serve as primary aquifers. Slope angles at all

sites range between 2° and 10° and, since the mounds occur
_on both sides of the valley, aspect does not appear to be

a critical facto; in their distribution.

Typically, mounds are covgred by a surface vegeta-
tion mat which, during winter, is also covered by varying
thicknesses of packed snow or icing ice. Beneath the surface
'orgaﬁic layer is a thin layer of peat, grading into organic-
rich silt. In many mounds, the ice is layered and includes
bands of gas bubbles and sediment inclusions. In some small
mounds less than 1.6 m high, the core forms a solid epigene-
tic ice body unconformably overlying frozen ice-rich sedi-
ments. By contrast, the larger mounds have cores consisting
of one or more layers of clear ice which are usually arched
over é water-filled chamber. .

Ice fabric studies suégest that the mounds result
from the injection of groundwater rather than ice segregation,
as might be expected if they were palsas. Two f;bric
pattefns are differentiated: first, a chill zone of small
ice crystais with c-axis orientations that form a loose
"girdle" parallel to the compositional layering and perpen:
dicular to thé gfowth direction; and_second, the f%bric
is characterized at -depth by large vertically oriented long
columnar crfstals formed parallel to their growth direction.

" This fabric pattern is similar to that described for lake

o



ice or injecﬁioh ice and_might be expected in the freezing
of a closed water-filled chamber. Hydrochemicél andliso—
topic analyses of frost blister ice and water suggest that
mounds are formed by water supplied by local spring groups.
Isotope analysis indicates that these springs are fed by
local meteoric recharge with a 10 té 15 year residence time.
In some cases, the isotopic profiles indicate that freezing
inside the mound occurs under closed system conditions.

Piezometers were inserted in.sevefal actively
growing mounds during March 1982. The pieZometer.consisted
pf a PVC standpipe containing silicone oil which was closed
Jat the top and had a flexible rubber diaphragm at the bottom.
A simple pressure meter was attached to the top. Maximum
values recorded in four frost mounds, all between 1.0 and
2.0 m high, ranged -between 40 and B0 kPa.

It is concluded that seasonal frost mounds of the
North Fork Pass area are formed under conditions of high
hydfaulic potential in which groundwater is injected Ghder
pressure into the active layer as it is refreezing. There-

fore, seasonal frost mounds are guite distinct from palsas.

~



RESUME

Les hydrolaccolithes saisonniers constituent un
phénoméne d'é&coulement d'eau de fond 4d & l'au%mentation
du potentiel hydraulique dans la couche active par 1'intru-
sion d'eau. sousterraine provenant du suprapergélisol,
pendant la érogression du front de gél hivernai. Ils com-
‘poéént un groupe distinct de formes de relief hivernales
éphéméres et instables. Peu d'études les décrivent en
détail et, d l'occasion, les hydroléccolithes ont &té con-
fondus av Les\palses. I1 est également important de les
distingyer d'auzﬁks types d'hydrolaccolithes de courte
durée qui sont résents dans les régions de toundra.

Cette(Ehése documente l'existence“et la structure
interne d'un cegkain nombre d'hydrolaccolithes saisonniers

dans la région du col je North Fork dans les montagnes

Ogilvie, au Yuzzz/if L (64°35jN, 138°1B'W). Entre sept-
embre 1980 et s 1982, nous avons observé par intervalles

les caractéristigues de formation et de d&gradation de plus
de soixante-cing (65) hydrolaccolithe; saisonniers.

Sept emplacements d'hydrolaccolithes actifs ont
6té identifiés et tous é&taient associés d des sources

minéralisées froides. On trouve les hydrolaccolithes jusﬁe

en dessous ou au niveau de la concavité gqui sépare le
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versant de vallée et le lit majeur de la riviére East
Blackstone. La rupture de pen?e est importante au point

de vue hydrologique puisqu'elle est proche du point d'inter-
section entre la nappe phréatique et la surface du sol.

Dans toué les sites d'observation, des dépats de cOnes
alluviaux, formés aux endroits ol de petité affluents rejoi-
gnent la vallée principale, couvrent les pen£es inférieures
de la vallée et.servent d'aquiféres_primaires. L'angle

des péntes de tbus ces sites varie entre 2° et 10°. Etant’
donné que les'hydrolaccolithes sont pré&sents §ﬁr les deux

versants de la vallée, 1l'exposition ne parait pas jouer

. un role critique dans leur distribution.

L'hydrolaccolithe typigque est recouvért d'une couche
végétale qui, & sdn tour, est recouverée pendant l'hivef
d'une couche de neige tassée ou de glace givrante- d'épaisseur
variable. La couche organique de surface feposeﬁéur une
mince couche de tourbe qu} passe graduellement 3 un limon
organique. Dans plusieurs hydrolaccolithes, 1la gléce esé
disposée en couches superposées et comprend des bulles de
gaz en bandes et des inclusions de sédiment. Dans quelques
petits hydrolaccolithes mesurant mo}ns de 1 m de hauteur,
la glace forme une masseépigénigque discordante sur des
sédiments gelés et &galement riches en glace. Par contre,
le centre des monticules plus grands est constitué& d'une

ou de plusieurs couches ée élace transparente en forme de .

dome, surmontant dans la majorité des cas une cavité remplie

d'eau.
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L'analysgdég\}a trame glgciaife suggéfe que les
. )
monticules sont le résultat de l'injection d'eau de fond 24

plutdt que de la sEgrégation de glace, ce & quoi on pourrai;?
s'attendre s'il s'agissait de palses. Deux types de tr§mes
glaciaireélse distinguent: premiérement, une zbne.figée,
composée. de petits cristaux de glace orientés sur.l'axe

«c» de}fagoh i former une espéce de ceinture ﬁaralléle aux
couches de glace et perpendiculaire & la direction dé-cfois-
sance; deuxiémement, la trame esﬁ caractériséé au fdnd'par
de'éros cristaux prismétiques, d'orientation verticalé,

qui se sont formés dans une direction paralléle & ceile 

de leur croissance. Cé type de trame'est'semblable‘E‘Célui/
gqui est décrit en rapport avec la glace lacustre ou.d' injec-
tion et peut etre ahticipé lorsqu'il y ‘a, congelatlon dans

une cavité fermée remplie d'eau. Des analyses hydrochlmlques

et isotopiques de l'eau et de la glace 4a’ hydrolaccollthe

- ' f
»

suggerent que les montlcules.sont constltues d'eau;gul pro-
Qient de sources locales. L'étudeuisdtopiqué féﬁélé qﬁe

ces sources sont alimentées pat‘ies'éppofts métédfbidéiques,f
avec un temps de résidence de dlx g qulnze (10 15) ans.

Dans certain cas, les proflls 1sotop1ques 1nd1quent que
Ta.cong&lation A 1'intérieur du-montlcule.se’prodult en
situation de vase clos. B ‘

. - En mars 1982, des plezometfes ont eté‘enfonceS-
dans plusieurs monticules en formatlon. Le piezometre étalt

constitué d'une colonne vertlcale en PVC Qul contenalt de

1'huile de silicone et dont la partie‘superleure etait
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fermée et l'ouverture inférieure recouverte d'une membrane
en caoutchouc souple. Un simple pressiométre &tait attaché
i la partie supérieure. Les valeurs maximales enregistrées’
pour quatre hydrolaccolithes, tous entre 1 et 2 m de hauteur,
ont varié de 40 & B0 kPa.

Nous concluons que les hydrolaccolithes dans la
région du col de North Fork se forment sous des conditions
de p&tentiel hydraulique é;evé dans lesquelles 1l'eau de
fond est injectée sous pression dans la couche active pendant
que celle-ci est en train de se recongeler. C'es£ pourquoi
les hydrolaccolithes saisonniers sont toht a fait différents

des palseé.
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