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Abstract

['he characteristics of spring water from opens=system pingos in interior Alaska and Svalbard were examied
to elucidate the relabonship between groundwater and open system pingos, Water from springs under pingos
creates & variely of icing blister formations in the winter. It was concluded that pimgo formation pressure vared
from pingo ki PEnRa, whakh artesian pressures soenebimes less than 20 kPa. The Pressune frodm oe c‘rg,'s:a]]aza'.i.cm
is ome of the important factors for pingo growth when artesian pressure was low. Springs warmer than 3°C or
with discharge rates greater than 3 liters per sicond did not have pingos associated with them. Exporimental
evidence indicates that in order for pingo growth to oocur, heat transferred to the pingo through groundwater

discharge must be less than 37 KW

Introduction

There are bwo general types of pingos: open-system
and closed-system pingos. An open system pingo is
"open” to groundwater (the source of water is not
immediately adjacent to the pingo, but moves to the
pingo through a regional groundwater aquifer), where-
as a closed system pingo is "closed” with respect to
groundwater (the souce of water is limited to supply
adjacent to the pingoj(Miller, 195%). Mackay (1979)
described the Tuktovaktuk Peninsula area as “closed.”
However, the terms open and closed are ambiguous
when applied to the Tuktovakiuk Peninsula pingos,
and probably to those of many other areas. If water
comes from a distant elevated source then the pingo is a
hvdraulic system pingo. If water moves under hvdro-
static pressure from local permafrost aggradation, then
the pingo is a hydrostatic system pingo. Therefore, the
terms “hydraulic” and “hydrostatic” are probably more
accurate than “open” or “closed.” However, "0pen sys-
tem” and “closed system” are commonly used terms,
and thus, this paper uses them too

Miiller (1959) attempted to calculate the total updom-
ing pressure and explain an open-system pingo deve-
loped by groundwater supply. It is generally accepted
that pingos need between 600 and 2200 k"a of pressure
to develop in East Greenland. However, Miiller calcu-
lated the approximate heaving pressure of Trout Lake
pingo in East Greenland to be 500 -600 kPa. Miller's
(1959) work serves as a basis of theory for the formation
of open-system pingos,

Berezantsev (1947) measured the maximum tensile
strength of overlying permafrost to be 250 - 1600 kPa.
Pingo development was affected by gravity and the
strength of the overlying material. The ice crystalliza-
tion pressure was 4000 kPa at an ice temperature of
-0.3°C. However, growth mechanisms are still poorly
understood. Spring discharge is sometimes associated
with the occurrence of open-system pingos. Thus cne
approach that has been utilized in some previous stud-
ies of open-system pingos is the analysis of spring geo-
chemistry to characterize ground water origin (e.g.
O'Brien, 1971). However, the physical characteristics of
open-system pingos with springs require further
investigation.

In the winter, groundwater discharge increases
hvdraulic potential in the active layer as the soils
freeze-back. Icing blisters are seasonal frost feature,
which develop in response to natural discharge of
ground water throughout the winter. Pollard and
French (1984) measured pressure potentials in a num-
ber of icing blisters in North Fork Pass, Yukon Territory
Canada. The pressures varied between 30 and 81 kPa.
In East Greenland, Washburn (1969) reported a conti-
nuous discharge of sub-permafrost water at 170 kPa.

The purpose of this paper is to clarify the mechanism
of open system pingo formation by considering water
pressure, water source and icing blisters associated
with adjacent springs.
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Study Area

Four pingos were examined in Adventdalen and
Reindalen in Svalbard (Figure 1). Field observations at
Svalbard were carried out during the summer and win-
ter from 1988 to 1994, The Adventdalen area has contin-
uous permafrost. The snow depth around the pingo
was 50-100 cm in April 1993. Mean annual ground tem-
perature was -5.2°C (1993-1994). In the Adventdalen
delta area, the permafrost thickness ranged between 3
and 100 m.

Ny pingo is located out of Kokbreen (local glacier) at
Reindalen. This pingo is rounded. approximately 730 m
in diameter with no crater. The pingo consists of a sin-
gle dome 50 m long (east-west) with a big dilation crack
across the top. Tritium analysis of ice and spring water
shows that the waler is of recent origin. The upper part
of the ice (5 cm depth), however, was 0.5 +0.7 TU
implying this ice formed earliest. The lower part of the
ice (110 cm depth) was 9.5 #1.3 TU; this value is very
close to the spring water value of 8.2£1.1 TU (Figure 2),
Therefore, the bottom of the ice was formed recently by
spring water.

Riverbed, Janson, and Lagoon Pingos are located at
Adventdalen, Small springs are observed near these
pingos. During the winter, icing blisters are developed
at these spring sites. Ground water temperature is con-
sidered critical for pingo formation. The measured bub-
ble pressure in the pingo ice was 48 - 52 kPa in
Riverbed Pingo implying very low upheaving pressure
of pingo grouth,

Two pingos were also examined at Caribou Creek,
Interior Alaska, and near Bear Creek, Dawson, Yukon
Territory (Figure 1). Field observations were carried out
on these pingos between 1994 -1996 in winter and sum-
mer, Bear Creek Pingo is situated 12 km upstream of
Dawson, on the Klondike River. The pingo is guite large
in diameter (approximately 500 m wide} and 14 m high.
The pingo is vegetated with black spruce. Caribou
Creek is located in the Yukon - Tanana Uplands of cen-
tral Alaska, 48 km north of Fairbanks, Mean annual air
temperature is -4.9 °C (Haugen et al., 1982) with a free-
zing index of 3278°C-days, and a thawing index of
1814°C-days (Slaughter and Hartzmann, 1992) In
Caribou - Poker Creeks, permafrost is generally found
on north-facing slopes and in valley bottoms beneath

Figure 1. Location map qfsf:r.il.- areas, Dots indication knsen location u:'.*'qp{'n sipslen ;u'r:g-.'ui.
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black spruce. South-facing slopes are generally free of
permafrost. Permafrost is thin or absent around hill
tops. In April, 1995, drilling was carried out on the
pingo. The pond ice thickness at the top of the pingo
was 6l cm; below the ice was water to a depth of 531 cm
and then continuous loess and sand with weathered
schist down to 533 m. The pingo ice started at 538 m
below the pond water level Temperatures at the bot-
tom of the pond never dropped below 0°C. A spring
was observed at the edge of the pond

On November 8, 1995, an icing blister was formed at
the spring. The mound was 1.7 m in diameter, and
60 cm high, formed by overflow ice. Spring water was
still running under the ice to the pond. On January 14
1996 the icing mound had grown to 3.8 m in height, and

RS Do

5 m in diameter. Continuous overflow contributed to
icing development in February 1996, although the
height of the icing mound remained the same, The vo-
lume of the spring water fluctuated cyclically during
the snow meltwater season. Annual variations of the
oxygen isotope values are confirmed in the Caribou
Creek Pingo (Figure 3),

Methodology

Ground and water temperatures at pingos and nearby
springs were measured by thermistors and in some
cases recorded on a data logger Pressure transducers
were installed under the icing blisters. Electrical resis-
tivity profiles of pingos were collected using a electrical
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Figure 3. Al 880 waraation from the Caribon Creek Pingo,
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resistivity meter (OY O McOHM ) in a Wenner electrode
configuration (Harada and Yoshikawa, 1996). A 48 mm
single core sampler was used for drilling.

Water samples were taken from pingo ponds and
springs and were transported to Japan and analyzed in
the laboratory 180 analyses were carried out by the
Mational Institute of Polar Research in Tokyo.
Tritium(3H) analyses were carried out by Dr. H. Satake
{Toyamo Umiversity ). Chemical analyses were per-
formed by the Institute of Low Temperature Science,
Hokkaido Universiby.

The air bubble pressure in ice samples taken from the
Riverbed Pingo were measured. After two ice samples
were collected (about 150 g each), they were cut into
cubic shapes by a band saw in the laboratory.
Calculations were then made to determine the volume
of air in the samples.

Initially, the density of drv air was calculated

1203107 P al
1+ 0.00367T, 1013.25

Fai=

where p, is the density of dry air in g/om?, T, is air
temperature in *C, and F, is atmospheric pressure in
hPa (Nakawo,1980)

Then the ice samples were weighed in air (W,) and in
ice saturated kerosene (W) The densities of ice samples

{p; ) were then calculated by using the following

W, - W

[2
W W ]

plz

Where py is the density of kerosene. The final calcula-
tion for the volume of air bubbles (V) was determined
by the formula below:

3]

Where p;, is the ice density. After the calculations
were made, the true volume for the air bubbles (V)

was measured by melting the ice samples in air-satura-
ted kerosene under a closed burette. The volume of air
trapped above the melted solution was then measured.

Air bubble pressure (P) was determined by the ratio
of the volumes:
1_.?

P=-=
Vv

Ir

[4]

Results

WaTER TEMPERATURE AND DISCHARGE PATTERN

Figure 4 shows water temperature and rate of outflow
For springs with and without pingos. Water tempera-
ture and flow rate are important for ice formation in the
permafrost layer. At the pingos investigated, the muni-
mum permafrost thickness was 108 m. It appears that
this is thick enough to allow the temperature of water
migrating through the permafrost under artesian pres-

formula;
sure to drop to near freezing. During ice crystallization,
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about 330 | of heat are liberated per gram of newly The equation for the rate of sensible heat loss and latent
formed ice (latent heat of freezing). Artesian water must heat loss to the freezing poimt is:

be cooled by the permafrost to near freezing Cooling

depends on the inner surface area of the aquifer in the q=C,*Q@-1,)+L,Q [5]
permafrost and on the geothermal gradient in the per-

mafrost. As the water Hows through the aquifer, heat is q = total heat loss rate (W)

lost by conduction. and the water cools. The rate of dis- CF‘ = specific heal of water (4.186 |/ ¢ °C)
charge also affects cooling. The smaller the discharge L; = latent heat of freezing (334 ]/g)

rate, the more gah];' t.]-m water is cooled. There are a Q = spring discharge rate (g/s)

number of high discharge Springs t = water temperature (°C)

(>3 1sec’l) in Spitsbergen without pingos. High dis- t, = freezing temperature of water (“C)

charge or springs with warm temperature (> 3°C) were

not associated with pingos in Spitsbergen or Alaska. If the water flowing from a spring has greater than

37 kW sensible heat, a pingo will not form in the areas
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Table 1. List of the study pingos
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studied The upper limit of the total heat (sensible
+ latent heat) content in water in the observed springs
associated with pingos, was calculated to be 1,040 kW
(Figure 4) Mo pingos were observed in springs which
would have required a greater total heat loss than this.

[he spring water temperature is close to freezing all
year round, but there is seasonal variation due to varia-
tions in active-layer temperature, In the Caribou Creck
Pingo, daily spring water flow is similar to the pattern
of river run off in the thawing season. When the dis-
charge rate is the highest, water temperatures tend to
be lower in Bear, Caribou and Janson pingos.

CHEMICAL AND [SoiOPE PATTERNS

Ice and discharge samples were collected from each
pingo for chemical analyses. The water quality reflects a
systematic change with time, which 1s difficult to
explain. Chemical analyses made in 1924 (Orvin 1944)
and in 1972 and 1978 (Liestal, 1977) from the same
place of Janson Pingo confirm this inconsistency
Lagoon Pingo water had a high Na*/K* ratio versus a
low SD_;E',.-“'CE' ratio, like SMOW (Standard Mean Ocean

Water). Lagoon Pingo has experienced post glacial
uplift from the sub sea surface. The residual ions are
trapped in this originally manne environment, Caribou

Creek Pingo, by contrast, has water with a low Na™ /K~
ratio and high 5042 /CI" ratio, suggesting that the

1182

water 15 probably from a shallow and moere recent ori-
gin (Figure 3},

Tribum analyses of spring water and ice in Svalbard
showed a mixed trend of water from before the 1930
and recent precipitation by tritium concentration values
(2-10TU). The values of tritium concentration in icing
ice imply “older age” in the upper layers. However,
Riverbed Pingo ice has older values (<341 TU) in all
samples, Values of the stable isatope 8180 show a dif-
ferent trend from that of ice geochemistry. The Ny and
Riverbed pingos. which have springs, were thought to
have stopped growing, but tritium values from the bot-
tom of the ice in Ny Pingo were consistent with those of
recent spring water, Therefore, the pingos with outlet
springs are still growing

Hydraulic Potential

The direct measurement of pressure potentials in icing
blisters at Caribou Creek Pingo, Bear Creek Pingo and
Lagoon Pingo, gave values ranging from 20 to
65 kPa

For the overburden of Caribou Creek Pingo calculated
cohesion, and hence the maximum tensile strength
occurring under applied load is 2633 kPa (-1°C) (Sayles
and Haines, 1974). However, these values are much too
high to be overcome by spring water pressure. The
maximum possible artesian pressure is 2735 kPa when
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hill height 1s 270m (Figure 6). In the held, many invisi-
ble cracks and weak points usually exist in the per-
mafrost. This is the reason for big differences between
field and the calculated values.

Several methods were used to estimate the pressure
necessary for pingo formation: by measuring icing blis-
ter height, by calculating pressure from water discharge
and velocity, and by calculating overburden material
weight Each of these methods yielded different values.
As a result of the six pingos studied, the pressure neces-
sary for pingo development was found to be a mini-
mum of 25410 kPa at the Lagoon Pingo, and a maxi-
mum of 300100 kPa at the My Pingo. Artesian pressure
does not seem to be the major determinant for pingo
development; instead, the main controlling factor for
pingo formation is the latent heat value of ground
water, which help ice segregation at the freezing table
under the pingo ice. As a result, the frost heave pres-
sure is an important force for pingo development

Conclusion

Pingo formabion pressure varied from site to site. The
artesian pressure was sometimes less than 20 kPa. The
pressure from ice crystallization is an important factor
for pingo growth when artesian pressure is low, as in
closed system pingos (Mackay, 1979).

Spring water discharge rate and temperature in the
subpermafrost laver were found to be very important
factors for pingo growth, Ground water latent heat loss
depends on water temperature and discharge rate
Pingos were not associated with water warmer than
3°C or with discharge rates greater than 3 liters per se-

cond. In this study for pingos to occur, the maximum
discharge rate was 2 to 3 liters per second and the maxi-
mum water temperature was 1.2°C. The sensible heat
loss of spring water therefore is impaortant for pingo
growth, and had a maximum value of 37 kW , and the
maximum latent heat loss was 1,000 kKW, As water tra-
veled from beneath the permatrost through permafrost
layers, heat was lost, resulting in cooling of the migra-
ting groundwater, which was then able to freeze.

Caribou and Bear Creek Pingos had seasonal varia-
tions of 3150 suggesting a local source of water. In
addition, collapsed pingos which were ance thought to
have stopped growing, had spring water triium values
which showed continued pingo growth with outlet
springs. Spring water from Svalbard, however, was
found to be more complex and consisted of old water
mixed with recent water Therefore, the origin of this
water is probably from the glacier sole.
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