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PINGOS AND PALSAS: A REVIEW OF THE PRESENT
STATE OF KNOWLEDGE

Albert Pissaft
(Department of Geomorphology and Quaternary Geology,
University of Liege)

From: Inter-Nord, No. 17, 1985, pp. 21-32.

Abstract: The article presents a summary of the present state of knowl-
edge of perennial periglacial mounds, including descriptions of the external
appearance and internal composition of pingos and palsas and a discussion of
the genetic mechanisms. Pingos appear to be the result of the freezing of a
mass of water trapped beneath permafrost under cryostatic or hydraulic
pressure. Palsas are formed by the migration of groundwater to a freezing
plane (cryosuction). The existence of mineral palsas is recognized; in this
case the peat cover may be extremely thin or even totally non-existent.

INTRODUCTION

Pingos and palsas are periglacial mounds which can exist only in the presence of
permafrost. Both types of mound correspond to local accumulations of ice which
have raised overlying surficial layers of earth materials.

The distinction between pingos and palsas is obvious, at least in the majority of
cases. As we will see later the mechanisms which give rise to them are not in fact the
same. And yet there exist intermediate periglacial mounds where it is difficult to
determine which would be the most appropriate name to use. The uncertainty in the
terminology becomes even more apparent when it comes to giving a name to mounds
which appeared during the cold periods of the Quaternary, in regions which are now
temperate. In order to be able to interpret the surviving traces of these forms a thor-
ough knowledge of those existing in present periglacial regions is clearly indispensable.
This is one of the aims of the synthesis which will be presented below.

Several articles, similar to this one in that they discuss palsas and pingos, have
already appeared. On this subject I would cite especially the publications of Maarle-
veld (1965), Barr and Syroteuk (1973), Washburn (1973, 1979), Jahn (1975), French
(1976), Mackay (1979) on the topic.of pingos; those of Lundquist (1969), Ahman
(1977) on the topic of palsas; and finally those of Pissart (1974) and Flemal (1976) on
fossil forms. :

‘The following discussion will deal successively with pingos then palsas. Their gen-
eral characteristics will be presented and the mechanisms which give rise to them will
be studied.

171
¢

Copyright © 1985 by V.H. Winston & Sons, Inc. All rights reserved.



Fig. 1. The Ibyuk pingo, east of the Mackenzie Delta near Tuktoyaktuk; it has
been studied by Miiller (1959) and by Mackay (1976) Height: 48 m. Amount of
growth in 2 years (1973-75): 2.8 cm.

PINGOS
Description

Terminology. The Inuktitut word pingo was first used by Porsild in 1929 and was
proposed by him as a technical term in 1938. Since then it has been widely accepted
and used in the Western literature. The Russians most commonly use the terms bugor,
bulgunniakh, or hydrolaccolith. According to Washburn (1979), the first two of these
terms could indicate palsas equally as well as pingos.

External Characteristics. Pingos are mounds which most commonly are conical in
shape. The highest attain heights of 50 m. The Ibyuk pingo near Tuktoyaktuk, just
east of the Mackenzie Delta, probably the best-known pingo since it has been the
object of investigations by Fritz Miiller (1959) and Ross Mackay (1976; 1979), is 48 m
high. It is probably the highest pingo on the Tuktoyaktuk Peninsula where 85 percent
of the pingos are less than 20 m in height (Mackay, 1969, p. 26).

In 1919, using a barometer, Leffingwell measured a pingo 70 m high, but to my
knowledge no author since then has recorded any comparable pingo height. In 1962
(p. 26) Mackay described pingos 3 m in height and in 1979 (p. 15) pingos only 1 m
in height, demonstrating that as far as he is concerned the term pingo may be applied
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equally well to quite small forms. The diameters of pingos vary between 30 and 600
m (Mackay, 1962). Generally pingos are very wide and low, or else not so wide and
higher (Mackay, 1979).

While the most typical pingos are circular in plan, elongated forms do exist (Mtill-
er, 1959; Mackay, 1966; Pissart, 1967; Tarnocai and Netteville, 1976; Rotnicki and
Babinski, 1977; Pissart and French, 1976; Liestgl, 1977). Some pingos are so long
that they resemble eskers; Mackay (1966) has described one 600 m long and 7.6 m
high in the Mackenzie Delta; while Pissart (1967) observed a form 1300 m long and
locally reaching heights of 8.75 m on Prince Patrick Island (Canada).

When a pingo has grown sufficiently, the layer of sediments which have been up-
lifted will crack. A pattern of cracks with a radial arrangement and coverging towards
the summit of the pingo will appear. As they widen, these cracks permit the melting
of the underlying ice core. A depression thus develops in the summit of the mound,
initiated by the simple mechanical action of the uplift; it develops by means of ther-
mokarst processes. From its location in the summit of the mound this depression
resembles a volcanic crater. It is most commonly occupied by a small pond.

The slopes of pingos are highly variable. Mackay (1973;1978; 1979) has demon-
strated that the initial mound widens very little during the growth process; as a resuit
the slopes steepen progressively as the pingo develops. Miuller (1959) has indicated
that the outer slopes may locally reach 40°, although Barr and Syroteuk (1973) and
Mackay (1978) indicate that the slopes rarely exceed 45°, However, Mackay (1969, p.
11) has described a pingo slope reaching 50°; it rose from the shores of a pond 2.5 m
deep. Within the crater, which widens as the underlying ice core melts, the slopes are
much shorter and may approach the vertical (Miiller, 1959).

Sometimes a concentric network of cracks accompanies the radial cracks. Mackay
(1973) compared them with the cracks which appear when laccoliths are intruded and
stated in 1977 that in the case of ‘‘pulsating pingos” the uplift by the water is similar
to the uplift achieved by magmatic rocks. Similar concentric cracks had been described
earlier (Mackay and Stager, 1966; Miiller, 1959; Rampton and Mackay, 1971; Wash-
burn, 1973).

Internal characteristics. The ice responsible for the mound often takes the form
of an enormous lens resulting from the freezing of injected water; Mackay (1971;
1973; 1978) has insisted that segregation ice may also exist in large quantities in the
ice core of pingos.

The existence of a lens of free water lifting both the ice core and the overlying
sediments has recently been demonstrated in the case of some pingos near the Mac-
kenzie Delta on the basis of levellings. These indicated that the forms rise then fall
a few centimeters over a period of a few months or even a few days, hence the term
pulsating pingo coined by Mackay (1977). Mackay later reached pockets of underly-
ing water by drilling (1978).
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The materials uplifted by the ice core are highly varied in nature. They consist of
unconsolidated materials ranging from silts to gravels, but sometimes even bedrock
such as sandstone (Mtller, 1959; Ahman, 1973) and schists (Balkwill et al,, 1974). In
some cases a more silty layer has been observed in contact with the ice (Pissart, 1967;
Pissart and French, 1976; Soloviev, 1952). The thickness of the displaced layer also
varies considerably; clearly it must exceed the thickness of the active layer, otherwise
the ice would melt, resulting in annual mounds. Mackay (1962) has quoted the thick-
ness of the uplifted layer in the case of various mounds, The largest observed thick-
ness appears to be 14 m in the case of the Ibyuk pingo near Tuktoyaktuk (Miiller,
1959).

Growth rates. Growth rates of pingos have rarely been observed. Mackay (1973,
p. 382), who has devoted an article to the study of this question, mentions that ac-
cording to Shumskii (1964) uplift varies from an almost imperceptible movement to
more than 0.5 m per year. He also mentions that in 1964 Suslov reported growth rates
of 1.5 to 2.0 m in 20 years, based on the statements of the indigenous people. More
precise data resulted from an important program of levelling carried out by Mackay
(1973; 1976; 1977; 1979) over several years (1969-1978) just east of the Mackenzie
Delta. These measurements show clearly that pingos rise most in the center with the
movement diminishing towards the sides; hence pingos rise vertically rather than grow-
ing both laterally and vertically at the same time. The most rapid observed growth
rate was 1.5 m/year for the first two years; subsequently the growth rate varied in-
versely with the square root of elapsed time (Mackay, 1973). However in 2 years
(1973-75) the Ibyuk pingo, which is 48 m high and may be 1000 years old (Mackay,
1976), rose by 2.8 cm, An uplift of 34 cm/year over the period 1974-78 was observed
in the case of a pingo 12 m high. This is the most rapid growth rate ever measured for
a well-developed pingo (Mackay, 1979). It is interpreted as resulting from the injec-
tion of alens of water, since the growth rate exceeds the possible rates of uplift due to
the expansion of water freezing at depth.

Traditionally, since Porsild’s publication in 1938 two genetically different systems
have been proposed to explain the origin of pingos; these have been named the “open
system” and the “closed system.” Other hypotheses which have been evoked to ex-
plain pingos have been briefly presented and criticized by Mackay (1979). I shall limit
myself to discussing here only those theories which appear to have withstood criticism.

Genetic Mechanisms
Closed system pingos

The process. The pingos east of the Mackenzie Delta are the best-known forms in
the world. They are variously known as closed system pingos or Mackenzie-type
pingos. These pingos, like those of Central Yakutiya, which are of the same origin, are
generally located on the sites of former lakes. This was the case with 90 percent of the
1,380 pingos mapped by Stager in the Tuktoyaktuk Peninsula area (1956). These play
a role in determining the mechanism which gives rise to them. The basic principle,
enunciated for the first time by Porsild in 1938, has subsequently been fleshed out and
elaborated by numerous authors.
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Fig. 2. Origin of closed system or Mackenzie type pingos, according to Mackay’s
(1979) diagram.
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In regions where the permafrost is thick enough (several hundred meters in Cen-
tral Yakutiya and certainly 400 to 600 m or more east of the Mackenzie Delta, accord-
ing to Judge et al., 1979) a talik (non-frozen zone) exists beneath certain lakes, specifi-
cally those which are deep enough. This unfrozen zone is to be explained in part by
the fact that these lakes do not freeze to the bottom in winter; in part it is because in
summer solar radiation penetrates the lakes resulting in a considerable heat influx.
This is much greater than in the case of adjacent land areas where part of the heat is
reradiated to the atmosphere, Thus the temperature of the bed of the lake is dis-
tinctly higher than that of the surrounding ground surface.

If due to a lowering in the lake level (or to sedimentation) the depth of the water
layer decreases, the bed of the lake will start to freeze. Thus beneath the bed of the
former lake a pocket of unfrozen sediments is formed, completely enclosed on all
sides. Porsild (1938) compared the phenomenon with that produced in a bottle filled
with milk which is subjected to freezing. The increase in volume accompanying the
freezing of the water results in the case of the closed cell which constitutes the pocket
of unfrozen sediments, in an increase in pressure which will give rise to an injection of
water towards the surface.

Sometimes this injected water may reach the surface where it will flow away or, if
the phenomenon occurs in winter, it will accumulate as an icing (Shumskii, 1959;
Mackay, 1973). If, on the other hand, compressed gases have accumulated in the mass
of water, the rupture of the cover may be accompanied by a spout of water or mud

175



several meters high and sometimes even by an explosion, throwing pieces of the cover
into the air (Shumskii, 1959). Most commonly, however, the water is retained within
the ground at shallow depth beneath a layer of sediments a few meters thick which is
bulged upwards. This pocket of water subsequently freezes in situ, thus producing
what is termed injection ice, i.e., ice resulting from the freezing of a mass of water in-
jected into the ground.

The validity of this proposed mechanism has been confirmed by various observa-
tions. Thus the mechanism of lake drainage, followed by the growth of a pingo has
been precisely observed from a sequence of air photos (Mackay, 1973; 1976) taken in
1935 (when the lake still existed), in 1950 (when the lake had drained due to coastal
erosion), and in 1976 (when 4 pingos had formed in the lake bed on the sites of 4
ponds which still survived in 1950). Two of the pingos which had appeared exceeded
6.5 m in height by 1978,

The existence of pockets of non-frozen sediments beneath Arctic lakes has been
observed, most notably by Johnson and Brown (1961). As mentioned earlier, Mackay
(1977; 1978; 1979) has demonstrated the existence of pockets of water beneath
growing pingos. The hydrostatic pressure of the water is sometimes sufficient to lift
not just the pingo but sometimes the entire lake bed. Thus in the Mackenzie Delta
the bottom of a lake underlain by 55 m of permafrost dropped by 2.5 cm after the
drilling of a hole which allowed the escape of the water under pressure (Mackay, 1979,
p. 23). Assuming a density of 2 g/cm® the hydrostatic level must have been 35 m
above the lake level. However, Mackay has stressed (1979, p. 9) our general ignorance
as to the origins of the closed system. It may result either from permafrost entirely
surrounding a talik, or by the presence of an unfrozen pocket constrained laterally
by frozen sediments and at depth by an impermeable layer, or again the system may
not be completely closed, so that the water may escape slowly at depth.

The type of ice. Mackay (1971;1973; 1978) has introduced significant modifica-
tions to this scheme. On the basis of theoretical considerations which we will exam-
ing below, he believes in fact that within the core of a pingo segregation ice is very
abundant, and that it may even occupy a more important place than injection ice
(1973, p. 999). However, this injection ice appears within the core of the pingo
because the water is under pressure. Hence in every case this pressure constitutes the
fundamental mechanism for the appearance of pingos.

Mackay (1978, p. 141) cites references to more than 25 authors who have de-
scribed the existence of segregation ice in pingos, in both closed and open systems
from the USSR and North America. He adds (Mackay, 1978, p. 142) that observa-
tions made in the frozen cores of 17 pingos in the Tuktoyaktuk area (east of the Mac-
kenzie Delta) have revealed that 2 pingos contained only cores of frozen sediment with
a high ice content, 5 contained segregation ice and sediments, 4 contained both segre-
gation ice and injection ice, and only 6 were composed entirely of injection ice. The
description of the first two frozen cores does not permit an interpretation of the type
of ice responsible for the uplift of the ground. Moreover, identification of the causal
mechanisms is not always possible even when one can observe the ice, as is indicated
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by the article by Gell (1978), who carefully studied samples of ice taken from 3 differ-
ent pingos.

The significance of segregation ice in pingos is still a matter of debate. While it is
certain that lenses of segregation ice exist in the cores of certain pingos, it is possible
that this type of ice represents only a very small part of the ice which has accumu-
lated.

The origin of the pressure exerted on the water, as first invoked by Porsild in
1938, derives from the volume increase (9 percent) accompanying the change from
water to ice. If the mass of water exists in a closed system which constrains this
expansion, the change of phase does not occur; the water remains in the liquid state
but its pressure increases. This pressure becomes increasingly great as the temperature
drops; it may exceed 2,000 kg/cm! at a temperature of -22°C. However, the pressures
involved in the formation of pingos do not reach such high values as this. A few
kg/cm?® would be sufficient to explain the forms which we are now studying.

In coarse sediments such as sands or gravels, as long as the sediments are complete-
ly saturated, the increase in volume at the moment of freezing of the interstitial water
has the effect of causing expulsion of water from the sediment. The water moves
freely between the pebbles or grains of sand. If this water cannot escape it will lift the
overlying ground.

In fine sediments the processes are more complex. Two phenomena operate con-
currently: water is sucked towards the freezing front (giving rise to segregation ice), or
water is expelled, comparable to what happens in coarse sediments, The minimum
pressure which provokes the switch from one type of behavior to the other is termed
the “shut-off pressure.” It may be determined in the laboratory.

In applying the data presented in Table 1, one should note that in the absence of
other phenomena, in fine silts, assuming a sediment density of 2 kgfcm?, a sediment
thickness of 2.5 m, which corresponds to an overlying pressure of 0.5 kg/cm?, is suffi-
cient to prohibit the appearance of any segregation ice.

However, Mackay (1971; 1973; 1978) has stressed that if the interstitial water is
itself under pressure, that pressure will counteract the effect of the pressure, thus
limiting the possibility of segregation ice formation.

The formula used by Mackay (1979, p. 35) to express the possibility of the ap-
pearance of segregation ice is that proposed by Everett (1961) and by Williams (1967).
The formula may be written:

o< Pt- Pw < 2?_
where pt is the pressure opposing the uplift due to freezing, i.e., the pressure of the
overlying sediments, plus the resistance to deformation if the uplift is accompanied by

deformation of the sediments; py is the pressure of the water at the ice contact; o is
the ice/water surface tension; r is the radius of the largest interstices in the material.
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TABLE 1

Pressures (in kg/cm?) Which Limit the Appearance of Segregation Ice Where ‘
the Interstitial Water Is Not Itself Under Pressure
(after Williams (1967) and Mackay (1971))

Type of material Pressure (kg/cm?)
Coarse sand 0
Medium-grained and fine sand . 0-0.075
Medium-grained silt , 0.075-0.15
Fine silt 0.15-0.5
Silty clay 05-2
Clay 2

0
The term on the right side of this equation, i.e., 2; is typical of the material used.
The values which correspond to it, as measured in the laboratory, are given in Table 1.

Hence this equation shows that segregation ice may appear at any depth and at
any pressure as long as the interstitial pressure is slightly below the pressure necessary
to raise the overlying material, (If py becomes greater than py, injection of water oc-
curs, hence the need for the term 0 < p¢ - pw.)

On the basis of this equation and of Table 1, one can determine that in coarse
sands segregation ice cannot appear at all, in any fashion. The possibility of it form-
ing in medium-grained and fine sands, and indeed in medium-grained silts, is very low
(Table 1). For that to occur the pressure must not be either greater than or less, by an
amount of less than 0.15 kg/em? (Table 1), than the pressure necessary to lift the
overlying layer. For this situation to persist it is necessary that the amount of cold
reaching the location where the segregation ice forms corresponds to the amount of
water expelled from the sediment. In fact, if the entire mass of expelled water does
not freeze to form the lens of segregation ice, the pressure rises and water is injected.
Subsequently, even if the pressure drops back to a level favorable to the appearance of
segregation ice, the pocket of free water which has appeared within the permafrost
prevents the formation of new segregation ice.

If one considers finer sediments such as silts, for which the values of the “shut-off
pressure” are higher (Table 1) the appearance of segregation ice is easier to understand;
on the other hand its formation is complicated by the low permeability of the ma-
terial.

Hence, on the whole, the appearance of segregation ice appears to occur quite

rarely beneath pingos.. It can form, as Mackay has demonstrated, but in my opinion
it constitutes only a small part of the total amount of ice forming the core of a pingo.
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Closed system pingos which have appeared other than through the freezing of a lake
bed

Closed system pingos, such as those east of the Mackenzie Delta, are classically
located on the sites of former lakes, and, as we have seen, are associated with the evo-
lution of the latter. Pingos which are entirely comparable in origin have been described
in connection with other phenomena which result in the appearance of a talik which
subsequently freezes. Here are the examples known at present.

Pingos which appear in connection with river courses. In 1963 Mackay (p. 89)
observed that some pingos in the modern delta of the Mackenzie had appeared on the
sites of abandoned channels. Some of them were elongated in form and were aligned
in a sequence along the former channel.

In 1976 Pissart and French described 17 pingos, the highest reaching 14 m in
height, in the middle of the alluvial plain of the Thomson River and its tributary, Able
Creek, on Banks Island (Canadian Arctic). Very similar forms have been described
from elsewhere on Banks Island by French and Dutkiewicz (1976) and also from
Mongolia by Rotnicki and Babinski (1977) and from China by Shaoling and Heqing
(1981). They all appear to be linked to the appearance of taliks beneath river chan-
nels which subsequently freeze following the lateral displacement of the river.

Pingos related to fluctuations in sea level. On Prince Patrick Island Pissart (1967)
has described the existence of pingos which appear to be related to fluctuations in sea
level. They are located on alluvial plains, immediately adjacent to the sea. Sea level
fluctuations would have given rise to the formation of a ria beneath which the perma-
frost would have melted. Because the ria was narrower near the sea, when the newly
emerged bottom of the ria refroze a closed system resulted (Pissart and French, 1977).
The latter thus dictated the appearance of a pingo almost 1,600 m in length, since
jection occurred into the site of a stream channel which retarded the freezing process.

Svensson (1969) has described a pingo of the closed type from Svalbard. Ahman
(1973) interprets it as resulting from the development of permafrost in recent sedi-
ments following the accumulation of the sediments and uplift of the land during post-
glacial time. '

Enigmatic pingos. In addition, almost 140 pingos have been described from the
sand and gravels of the Beaufort formation on the summit of Prince Patrick Island
(Pissart, 1967). From their position in the topography an open system origin is incon-
ceivable. Since these forms are arranged in two approximately parallel lines, 2 km
apart, the hypothesis has been advanced that with the freezing of the Beaufort sands
following the melting of an ice cap, pockets of unfrozen sediments were entrapped;
structural control, in which faults played a role, is presumed to have dictated the size
and shape of these unfrozen pockets.

Submarine pingos. Forms absolutely identical to the pingos east of the Mackenzie
Delta have been identified (Shearer et al.,, 1971) on the bed of the Beaufort Sea 120
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km north of the Tuktoyaktuk Peninsula. 78 mounds were recorded within an area of
5,000 km? at depths not exceeding 65 m. The mean diameter of the mounds at their
bases is 400 m, while their mean height is 30 m. Others have been found at a few loca-
tions outside the 5,000 km? area, which demonstrates that they are numerous on the
continental shelf of the Beaufort Sea. The origin of these mounds is still little known.
It is not known whether they were submerged after they appeared, or whether they
formed on the bed of the sea. In either case, a Mackenzie-type origin is involved, re-
lated to the freezing of former lake beds. However, both hypotheses run into objec-
tions. It is difficult to imagine that these pingos could have withstood erosion during
the marine transgression. On the other hand, while the water temperature at the sea
bed in September 1970 was generally below -1°C (and in some places as low as -1.8°C,
which is the lowest possible temperature, given the salinity of the water), it is logical
to question whether with a temperature so minimally lower than 0°C freezing pene-
tration would be rapid and significant enough to give rise to closed system pingos.

Open system pingos

With regard to open system pingos, we do not have available at present studies
~ comparable to those which Mackay has pursued for several decades in the Mackenzie
Delta area. As a result, these forms are much less well known.

The distinction between the two types of mounds is based on genetic considera-
tions rather than morphological. Pingos almost as high as closed system pingos and
identified as open system pingos have been observed. ‘A form 42 m high has been
described from Svalbard by Liestgl :(1977); mounds 30 m high were observed by
Miiller (1959) in Greenland and by Holmes, Hopkins and Foster (1968) in Alaska.
The genetic mechanism is in principle the same, i.e., that of water in the ground placed
under pressure. As in the case of the closed system studied above, this exertion of
pressure gives rise to the appearance of significant ground ice masses. However, in this
case it is not cryostatic pressure which is involved but rather a simple hydrostatic phe-
nomenon due to the pressure developed in an aquifer as a result of differences in ele-
vation.

In the most common situation, i.e., that which exists in Siberia (Shumskii, 1959),
central Alaska (Holmes, Hopkins and Foster, 1968) and the Yukon in Canada (Hughes,
1969), these forms occur in the discontinuous permafrost zone, Hence, as the diagram
demonstrates, the water circulates mainly immediately beneath a relatively thin perma-
frost. Pewe (1975) believes that the location of the majority of the pingos observed in
Alaska and the Yukon by the authors cited above, i.e., at the foot of south-facing
slopes, may be explained by the fact that the water can penetrate into the ground
more easily on an adret, rather than on an ubac slope.

These pingos generally occur at the foot of slopes near the contact with the valley
bottom. They generally form on moderate slopes, for example slopes of between 2
and 26° in the Yukon (Hughes, 1969). The uplifted materials consist of slope depos-
its, consisting of bedrock debris, eolian deposits or colluvium. The influence of frac-
tures in the substrate has commonly been observed in the location of these pingos.
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Fig. 3. Origin of open system or East Greenland type pingos, according to Holmes,
Hopkins and Foster (1968).

These involve zones where water circulation is facilitated (Holmes, Hopkins and Fos-
ter, 1968). To my knowledge there has been no record of a pingo in the discontinu-
ous permafrost zone in Alaska or the Yukon which has uplifted and deformed the
bedrock.

These pingos are commonly very widely scattered. However, in Alaska their den-
sity may in places attain 10 per 260 km? (10 per 100 sq. miles). They are very rare in
areas which have been glaciated within the past 25,000 years (Pewe, 1975). The
reason for this is still uncertain. Hughes (1969) sees in this the effect of the reworking
of superficial deposits by the glacier, or else the different characteristics of the perma-
frost associated with the development of the glacier.

From Greenland and Svalbard pingos have been described in areas which appear
to possess continuous permafrost. Proof of the presence of continuous permafrost is
sometimes difficult. The assemblage of data collected by Liestpt (1977) from Svalbard
demonstrates variations in permafrost thickness ranging from 75 to 450 m in the
region of Svalbard from which he described almost 70 pingos. In northeastern Green-
land, Cruickshank and Colhoun (1965) mentioned variations in permafrost thickness
ranging from 80 to 220 m in a region where they describe 5 typical pingos; they state
that they are located in a region of continuous permafrost. Miiller (1959), in similar
fashion, considered that the pingos of East Greenland had formed in a continuous
permafrost zone.

In Greenland (Miiller, 1959; Cruickshank and Colhoun, 1965), Svalbard (Ahman,
1973) and Siberia (Shumskii, 1959), there exist forms which have developed by up-
doming the bedrock. This type of pingo may be related to secondary faults, as
O’Brien (1971) has suggested from Greenland. However, the majority of these forms
have developed in spreads of unconsolidated materials, namely slope deposits, fluvial
deposits or marine terraces. What appear to be perennial springs have commonly been
observed in association with pingos, both in Alaska (discontinuous permafrost)
(Holmes, Hopkins and Foster, 1968) and in Greenland (continuous permafrost)
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(Miiller, 1959). They may give rise to groups of pingos, with some mounds appearing
on the flanks of others: Miiller (1959) has published an excellent photo of this situa-
tion. Very probably when the spring was stopped up by the pingo the flow of water
was diverted to the side, forming another pingo close to the first. These outflows of
water produce naledi (icings) in winter; these have been observed and well described
from Spitzbergen (Akerman, 1980; Liestdl, 1977). They had earlier been reported by
Miiller (1959) from Greenland.

These outflows of water suggest that certain of the forms are still in the process of
developing at present. Moreover, examination of their morphology would indicate
that a certain number of these mounds are completely formed, whether they be in
Alaska, Svalbard or Greenland (Holmes, Hopkins and Foster, 1969; Ahman, 1973;
O’Brien, 1971).

Several authors have raised the question of how much pressure is required to raise
- the ground. Miiller (1959) calculated that to raise the ground the pressure did not
need to exceed 3 or 4 atmospheres; but to dome up frozen ground, greater pressure is
necessary, possibly exceeding 10 atmospheres or so. Miller estimated the total pres-
sure required to lie between 2.5 and 18 atmospheres. Holmes, Hopkins and Foster
(1969) for their part made reference to 6 to 22 atmospheres. Since in some cases the
relief did not appear to be sufficient to provide the necessary pressure, Holmes, Hop-
kins and Foster (1969) wondered whether in some cases cryostatic pressure augmented
the hydrostatic pressure to give rise to the pingos which they were studying.

To my knowledge, the existence of high pressure beneath an open system pingo
has been demonstrated only in the case of a pingo 18 m high and still growing (at 20
cmfyear), located on the Qinchai-Xizang plateau in China (Shijiu, 1980). Situated in a
region where the author believes there to be continuous permafrost (although the
mean annual temperature is only -4°C, personal communication), the pingo was inves-
tigated by means of drilling. After the drill had passed through 14 m of ice, a gusher
of water, gas and mud shot up to a height of 22 m. Unfortunately we possess very few
details on this study, although the author does report that the pingos are located at a
site where faults cross. The height of nearby summits (at 4,650 m) exceeds that of the
site of the pingo by 500 m.

The type of ice forming these open system pingos has rarely been described.
O’Brien (1971) observed large ice crystals in a Greenland example, which he consid-
ered to be typical injection ice. Apparently there is no reason to believe that the
nature of the ice is different from that in closed system forms.

Thus open system pingos are associated with the circulation of water under pres-
sure, beneath or within the permafrost. The conditions of this water circulation -
depend on the nature and the disposition of the unconsolidated deposits, the jointing
of the bedrock and also the local characteristics of the permafrost. These highly vari-
able factors mean that as Holmes, Hopkins and Foster (1969) have indicated, the
mechanism of formation of these pingos is still very poorly understood.
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Another type of form, of very similar origin has recently been described from
China, from the Wuli Mountains and from the foot of the Tanggula Mountains (Zhiju,
1979). These involve what appear to be closed system mounds which may reach
heights of 3 m. These mounds literally explode in late June or July. Mud and water
are shot into the air to heights of 10 to 15 m over a radius of 10 m. This phenomenon
is explained by the existence in the cores of the mounds of significant quantities of gas
(probably CO?). The explosion produces a deep crater on the site of the phenome-
non. The author proposes calling this type of form a “Mount Wuli pingo.” Since they
persist for only a few months, these forms do not appear to merit the name pingo.
They would be more felicitously termed “Mount Wuli seasonal mounds.”

PALSAS

Introduction

There exist mounds other than pingos, whose uplift is also due to the formation
of ground ice masses which persist for many years. These forms are known as palsas
and in general are not easily confused with pingos. Since the distinction between them
and pingos lies essentially in the mechanism which gives rise to them, we will begin by
discussing the mode of formation of these mounds.

Mechanism of formation

All authors are in agreement that palsas are mounds which form following the
formation of segregation ice in the ground. This ice develops through cryosuction,
without the water being subjected to pressure as in the case of the mechanism which
produces pingos. Moreover typical palsas coincide with islands of permafrost. No
controversy has emerged in the literature concerning the genesis of these forms, at
least not since the origin of segregation ice has been recognized, following Tahﬂr ]
studies around 1930. Previously their origin had been unexplained.

Seasonal mounds

In this review article it seems nécessary to say a few words about seasonal mounds,
in that they strongly resemble pingos, although they are generally much less than 3 m
in height. The forms in question are mounds formed by the development of a mass
of ice within the active layer. Hence these mounds are destined to disappear during
the summer following their formation, or if melting is not complete during the first
year, then during succeeding summers.

According to Shumskii (1959) these mounds, like pingos, may develop through
freezing of water in a closed system within the active layer, or by the buildup of pres-
sure in an aquifer feeding the active layer, In view of their ephemeral duration these
forms are not considered to be pingos. Porsild (1938) described and photographed a
seasonal mound on the site of a spring where a pingo subsequently grew (Mackay,
1979). The seasonal mound developed from the 1nJect10n of water mto the active
layer, but apparently it persisted for only 2 or 3 years.
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Fig. 4. Dome-shaped palsa near Kevo in Finnish Lapland.

Description of palsas

The morphology of palsas is even more varied than that of pingos. Wrammer
(1967), Schunke (1973) and Ahman (1977) have produced classifications which all
resemble each other fairly closely. I shall reproduce below that of the last author
cited; it combines form and internal structure in the description. This work of Ahman
(1977) was based on palsas in northern Norway; however, his classification appears to
be applicable on a global scale. He distinguished 5 types of palsas (p. 5), namely:

Dome-shaped palsas. These bear an external resemblance to pingos. They pre-
sent a circular or oval shape in plan. They may exceptionally attain a height of 10 m
above the surrounding surface. These forms generally appear in locations where there
are considerable thicknesses of peat, commonly exceeding 3 m. Segregation ice forms
in the peat. When it forms in the underlying mineral materials the shape of the mound
is modified, becoming more complex.

Esker-shaped palsas. These appear as long ridges 2 to 6 m high and 50 to 500 m
long. The long axis is aligned parallel to the slope. In the most typical forms segrega-

tion ice develops in the underlying mineral material.

String palsas. Their height does not exceed 2 m; their length varies between 25
and 100 m. They appear as parallel ridges aligned at right angles to the slope. A tran-
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sition has been observed between this type of form and string bogs. The forms are
generally composed of peat but where the latter material is not deep enough, the min-
eral soil contributes to the relief of the feature.

Palsa plateaux. They generally do not exceed 1.5 m in height. They commonly
cover an area of 1,000 to 50,000 m? but may attain an area of 1 km?. The surface of
the palsa is slightly undulating and commonly displays some water-filled thermokarst
depressions. The side slopes of these palsas are steep. The peat covering them is only
50 to 75 cm deep. The segregation ice has accumulated in the underlying mineral
material.

Complex palsas. These assume a very complicated shape and cover significant
areas. Individual forms are difficult to identify. Eroding and disintegrating forms are
juxtaposed with growing forms. In general the segregation ice is developed in the min-
eral material.

Mineral and organic palsas

All these palsas are associated with peat bogs. Hence many authors consider that
the peat cover constitutes one of the fundamental characteristics of palsas (Lundquist,
1965; Friedmann, et al., 1971; Seppala, 1972). The latter author even proposes dis-
tinguishing between pingos and palsas solely on the basis of this criterion. Since 1910
the term “palsa” in the scientific literature has applied to forms consisting solely of
peat (Ahman, 1977). However, it is now clearly established that many palsas result
from an accumulation of ice in the mineral soil beneath the peat. In certain cases the
layer of peat may be very thin, or even absent. Friedman et al. (1971) have described
a section from Iceland, revealing only 25 cm of peat on the summit and 15 cm on the
sides. Seppala (1980) studied a palsa in British Columbia which was covered by only
7 cm of peat. Wrammer (1967) has described true mineral palsas without any surficial
peat from Lapland. Moreover the existence of such forms had earlier been suspected,
particularly following the work of Svensson (1964). Similar forms were also described
by Lagarec from Quebec in 1973, Hence Ahman (1977) has proposed that the term
palsa be applied to a mound caused by the formation of segregation ice in the ground
without there necessarily being any peat on its surface. In the latter case the forms
would be purely mineral palsas. It was under this heading of “‘mineral palsas” as dis-
tinct from ““organic palsas” that Dionne (1968) described numerous forms from the
James Bay area of subarctic Quebec, demonstrating that they were identical with the
cryogenic mineral mounds reported by various authors (Payette et al., 1976; Payette
and Seguin, 1979; Lagarec, 1978). These Canadian studies, which describe and illus-
trate a wide variety of forms, are at present the most important works on the subject.
I believe that many of the fossil forms which at present are thought to be traces of
pingos are in fact traces of mineral palsas. This is certainly the case with regard to the
“viviers” of the Hautes Fagnes in Belgium, which are evidence of the formation during
the late Dryas of dome-shaped, esker-shaped and complex mineral palsas (Pissart,
1974; Pissart and Juvigne, 1981).
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Fig. 5. Mineral palsa in the valley of the Aveneau, 30 km east of Fort Chimo,
Canada.

Climate and permafrost as related to palsas

Wherever they have been observed palsas are at the limit of permafrost, i.e., in
regions where the mean annual temperature lies between -1° and -5°C. The following
are some mean annual temperatures which have been cited in association with palsas:
-2 to -3°C, Norway, Ahman (1967); -1 to -4°C for wooded palsas and -4 to -4.5°C for
the main zone of non-wooded palsas, James Bay area, Quebec, Dionne (1978);-1.2 to
-1.9°C, Iceland, Friedman et al. (1971); -5°C, Quebec, Hamelin and Cailleux (1969);
-4.5°C, Quebec, Heim (1976); -2 to -3°C, British Columbia, Seppala (1980); -1.2°C,
Manitoba, Zoltai and Tarnocai (1971). Payette et al. (1976) have reported that the
range of mineral palsas extends farther north than that of organic palsas. Hence these
forms invariably coincide with the zone of discontinuous permafrost; indeed they
commonly represent the most southerly islands of permafrost. They indicate the
existence of local, sporadic permafrost (Dionne, 1978). Permafrost exists only be-
neath the palsa; it is totally absent from the surrounding area.

The thickness of the permafrost beneath a palsa has rarely been observed. Zoltai
and Tarnocai (1971) have described a zone of frozen ground of the order of 5.5 m
thick beneath a wooded palsa 1.5 m high. Evseev (1973) has indicated that in the
USSR the thickness of the permafrost is a function of the height of the palsa. It gen-
erally attains depths of 6 to 8 m for palsas 1 to 2 m high, 10 to 12 m for palsas 2 to 4
m high, and 15 to 20 m for palsas 8 to 10 m high. However, variations do occur de-
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pending on the mean temperature. Thus Evseev reports that, in the European part of
the USSR in the case of a palsa 3.5 m high, the depth of the permafrost is 11 m at the
southern limit of the zone of palsa occurrence, and 16 m at the northern limit,

The depth of the active layer on palsas is variable; 30 to 60 cm and 60 to 95 cm
respectively for the regions studied by Schunke (1973) and Friedman et al. (1971) in
Iceland; 43 to 127 c¢cm on a wooded palsa studied by Zoltai and Tarnocai (1971)
‘in Manitoba. Seppala (1976), who recorded the temperature in the core of a palsa
throughout a summer, has demonstrated that thaw depth is greater on the south-facing
slope.

Type of ice

The segregation ice observed within palsas appears principally in the form of hori-
zontal lenses. In the upper part of the section horizontal and vertical veins give the
ground a typical brecciated appearance (Svensson, 1964; Ahman, 1977). The ice
lenses may be very thick, e.g., 15 cm (Seppala, 1980), 10 cm (Zoltai and Tarnocai,
1971). The amount of water they contain is clearly very considerable, It may reach
178 percent by weight of a sample extracted from the core of a palsa mound (Ahman,
1977).

In order for palsas to form, the first prerequisite is the presence of a material fav-
orable to the formation of segregation ice. For this reason silts represent a preferred
material in terms of the development of these forms. Ahman (1977) has cited silt and
clay contents of 19 to 50 percent in the case of palsa plateaux. In the case of complex
palsas the same values lie between 57 and 86 percent. These data derive from analyses
performed at four different sites in Lapland.

Table 1, referred to earlier, presents values for pressure (kg/cm?) which limit the
growth of segregation ice at the ice/water interface where the growth of the ice lens
occurs, as based on laboratory experiments. Assuming one knows the density of the
overlying formations, it is possible to deduce from this table the depth to which segre-
gation ice may appear. Assuming a mean density of 1.5, that depth would be 0.5 m in
medium and fine-grained sands, 1 m in medium silts, 3.3 m in fine silts, 13 m in silty
clays, and even greater depths in clays. Since this segregation ice forms at a certain
depth, it is clear that palsas can practically never exceed a height of 10 m.

With regard to this calculation one should also add that the density of the up-
lifted material plays a major role in determining the height of the mounds. In light
peat growth is much easier since the overlying pressure is less.

A sufficient moisture content is also indispensable in permitting the growth of
the ice lenses. Moreover, it is essential that the ground not thaw in summer, and hence
that the amount of heat which penetrates in summer is less than that which escapes in
winter. The insulating role played by the peat, especially in summer has been invoked
by Ahman (1977) and by Zoltai and Tarnocai (1971). Dry peat is in fact a good insu-
lator during the warm season. In winter when it is frozen and contains a certain quan-
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tity of ice, its thermal conductivity increases considerably. The snow cover plays a
very important role (Svensson, 1961). The summits of palsas are generally blown clear
of snow by the wind (Ahman, 1977). If not completely clear of snow, the accumula-
tion is commonly less on the summits (Payette and Lagarec, 1972). Hence the frost
penetrates more easily during the winter (Brown, 1970) and surficial drying proceeds
more rapidly during the summer (Lindqvist and Mattson, 1965). In the case of
wooded palsas described by Zoltai (1970) and by Zoltai and Tarnocai (1971), wind
action is of necessity very limited, Indeed these authors mention that towards their
southern limit palsas may support dense stands of black spruce and, less commonly,
willow. This tree cover has a very great effect on the depth of the active layer; in the
forest it decreases mainly in relation to decreasing snow depth (Zoltai and Tarnocai,
1971).
Surface aspect

The surfaces of palsas generally reveal a network of yawning fissures which extend
down through the active layer and in some cases even penetrate to 10 to 20 c¢m into
the permafrost (Ahman, 1977). According to Svensson (1961), these fissures may pos-
sibly result either from tension caused by the growth of the mound, or from desicca-
tion effects caused by the drying of the peat uplifted by the palsa, or finally from the
effect of thermal contraction in winter when the wind has removed the snow. Ahman
(1977) believes that the fissures penetrating the permafrost are due to this latter phe-
nomenon.

According to Seppala (1976), these cracks do not appear to encourage more rapid
thawing in their vicinity, since the cold air accumulates and persists in them over the
summer. On the other hand, since rain water can penetrate more easily into the
ground via these cracks, it encourages melting.

Thawing forms

Many palsas are undergoing processes of erosion and thawing which result mainly
from thermokarst phenomena. Even during their growth palsas are commonly sur-
rounded by a circular flooded depression. It is suggested (Ahman, 1977) that this is
due to subsidence of the peat due to the weight of the growing palsa. Subsequently
this pond expands by thermal erosion into the heart of the palsa itself (Svensson,
1961; Wrammer, 1967; Hamelin and Cailleux, 1969), attacking it laterally and pro-
voking the collapse of the covering material. This thus involves a true cycle in the
evolution of palsas. Mackay (1978) has emphasized the basic difference between
pingos and palsas during the process of melting: destruction from the center with a
volcano-like shape in the case of pingos; lateral collapse in the case of palsas. This
evolution seems to be quite commonly verified in the case of organic palsas. By con-
trast various observations (Lagarec, 1973; Dionne, 1978; Pissart and Gangloff, in prepa-
ration) indicate that in the case of mineral palsas, melting may take place from the
summit.

Independently of this regime of growth followed by melting, which is unaffected
by climate, a climatic warming is clearly likely to provoke the degradation of numer-
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ous palsas within an area. Having studied the mean temperatures in Lapland, Ahman
(1977) has suggested that the numerous forms in a state of degeneration:derive from
the rise in the mean temperature which occurred from 1931 to 1960. The tempera-
ture decrease observed between 1960 and 1974 was thought to be responsible for the
existence of numerous embryonic forms.

While the majority of authors interpret palsas as forms which result directly from
local uplift of the ground, some authors, especially Schunke (1973) have described
fields of palsas from Iceland which they believe are due to degradation due to melting
of a surface which has been heaved up by freezing. Various authors, including Jahn
(1976), Lagarec (1976) and Payette et al. (1976) confirm that these two types of
palsas do exist.

Dating

Palsas may, however, be extremely old. On the basid of C!'4 dates Ahman (1977)
estimates that two forms studied in Lapland began to form 750 years ago in one case,
and 2,450 years ago in the other. Heim (1976) proposed an age of 4,900 years for a
palsa which he studied in Nouveau Quebec. Dates such as these should be interpreted
with caution, since they establish simply when the peat ceased to accumulate.

CONCLUSION

The distinction between the different types of periglacial mounds which we have
been studying must be based on the mechanisms which give rise to them,

In the light of this statement, and following a proposal advanced by Wrammer in
1972, the term “pingo” should be restricted to perennial mounds (formed of segrega-
tion or injection ice) which have formed following the exertion of pressure on ground
water. If the pressure is exerted due to the process of freezing, the pingos are those
resulting from cryostatic pressure, and are known at present as closed system pingos
or Mackenzie type pingos. Water placed under pressure due to the force of gravity in
an area of high relief produces pingos resulting from hydraulic pressure; in the litera-
ture they are known as open system pingos or Greenland type pingos.

The term “‘palsa” should be reserved for all perennial mounds resulting from cryo-
suction, without any pressure being applied to the aquifer. Commonly very complex
in shape, these mounds generally appear in peat bogs (organic palsas); however, they
may also exist independently of any peat cover and in that case merit the name min-
eral palsas.

The term “pingo” is used to describe a mound which is clearly demarcated at first
glance. The term “palsa” by contrast may be applied to a mound which is much less
apparent in the landscape when the form involved is more extensive (palsa Platea).
However palsas are always bounded by a clearly demarcated steep front, which is well
marked in the topography. If one specifies that such a clear-cut steep front is an essen-
tial component of a palsa, there is no longer any risk of confusing palsas with a surface
which has been heaved up by segregation ice. :
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As mentioned earlier, several authors have proposed that a peat cover be consid-
ered as the characteristic distinguishing palsas from pingos. From the genetic point of
view this proposal would signify that the poor thermal conductivity of the uplifted
peat is the essential feature of these forms. Without wishing to diminish the impor-
tance of this phenomenon, one should however note that several objections may be
formulated against this proposal: 1) some typical pingos are covered with peat (see

‘Mackay, 1979, Fig. 29, p. 20); 2) there exists every kind of transitional form between
organic and mineral palsas; 3) mounds which have appeared beneath peat in the zone
of deep, continuous permafrost should be considered as palsas (forms described by
A.L. Washburn at the Fourth International Permafrost Conference in 1983).

Palsas are located within the discontinuous permafrost zone. Pingos resulting
from hydraulic pressure also exist in the same zone; others occur in the continuous
permafrost zone, Pingos resulting from cryostatic pressure require deep permafrost,
corresponding to a mean temperature lower than that necessary for the preceding
forms.

Scars of periglacial mounds which one can find particularly on the plateau of the
Hautes Fagnes in Belgium (Pissart and Juvigne, 1981) and in Wales (Pissart, 1963) are
incontestably the fossil scars of well-developed mineral palsas, the equivalent of which
may currently be found in Northern Quebec (Pissart and Gangloff, 1984), It would be
wrong nowadays to identify evéry depression surrounded by a rampart as the fossil
scar of a pingo. They can in fact also result from the melting of mineral palsas.
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