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ABSTRACT

Differences in permafrost conditions between the Qinghai-
Xizang (Tibet) Plateau and the Mackenzie Delta region primarily
relate to their Quaternary histories and their current climates.
For example, the Tibetan Plateau has experienced uplift of at least
3,000 m during the last 2 million years. Under the present climatic
conditions, the lower altitudinal limit of the plateau permafrost
in the north is at 4,150 m a.s.l. This suggests that if the Plateau
were 1,000 m lower than its present elevation, there would be no
" permafrost. During the Quaternary, the Tibetan Plateaulremained
unglaciated. This has meant that little water was available for the
formation of massive ground ice, in contrast to the Mackenzie Delta
region.

Located at 68-69°N, the Mackenzie Delta region experiences a
combination of low air temperature in winter, a long solar night
and a short thaw period in summer. The result is a relatively thin
active layer. Located at 30-34°N, the Tibetan Plateau experiences
much higher solar insolation, and a diurnal temperature rhythm. The
thickness of the active layer is much greater than in the Mackenzie
Delta region and varies between 1.3 and 3 m or more.

Permafrost on the Tibetan Plateau is much warmer and thinner
chan that in the Mackenzie Delta region. One consequence is that it

is more sensitive to any changes in climate and surface conditions.
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Deep ground temperatures in the Pleistocene Mackenzie Delta
indicate a recent warming trend, while & cooling trend in the
Modern Delta likely relates to local factors such as channel
shifting and emergence and/or sedimentation in the Mackenzie River.
Water bodies are a cause of geothermal disturbances common to
both regions. Mumerical simulation of rapid coastal retreat in the
Mackenzie Delta region indicates that subsea permafrost is at least
3°C warmer than adjacent terxestrial permafrost. On the Tibetan
Plateau, fauvlting also disturbs the geothermal regime.
Measurements of in situ permafrost creep in the Fenghuo Shan
area are one indicator c¢f the warmer pefmafrost temperatures on the
Tibetan Plateau. The average creep velocity ranges from 0.16
cm/vear at 2.8 m depth to 0.54 cm/year at 1.6 m depth. These
velocities are greater than those recently obtained from the High
Arctic of Canada and are approximately of the order of magnitude as
those obtained in the Mackenzie Valley. Inter-continental
comparison of creep data suggests that climate controls the
regional (large scale) magnitude of creep, and that ground ice is
a local factor controlling creep rate in a particular area or site.
A constitutive relationship (secondary creep power flow law) was
applied to the field creep data; and creep parameters A and n were
determined for each of the three different depths in the West

Valley, Fenghuo Shan area, Tibetan Plateau.
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PART ONE

BACKGROUND

CﬁAPTER ONE - AIMS AND OBJECTIVES



1.1 Introduction

Permafrost is a product of the long-term energy exchanges
between the atmosphere and the ground. Permafrost is here defined
as ground remaining at or below 0°C in temperature for at least two
yvears (ACGR 1988, pé63). This definition 1s based on temperature
only, irrespective of the state of any moisture that might be
present. The definition is generally accepted in North America
(e.g. French 1976; Lachenbruch 1968; Péwé 1583; Washburn 15981;
Williams and Smith 19$89). This contrasts with the former USSR and
People's Republic of China, where permafrost has been defined as
earth material containing ice for at least 3 year's duration (e.g.
Tsytovich 1975; Lanzhou Institute of Glaciology, Geocryology and
Desert Research 1975).

More than 20% of the land area of the world is underlain by
permafrost ( Melnikov and Tolstikhin 1988; Péwé 1983). The former
Soviet Union possesses the largest extent of permafrost in the
world; it is estimated that about 11 x 10° km* of permafrost exists
in that country, about 49% of its territory (Melnikov and
Tolstikhin 1988; Tsytovich 1975). The second largest area of
permafrost is in Canada. About 50% of Canada (5.7 x 10° km®) is
underlain by permafrost (Fig. 1.1). The People's Republic of China
ranks third, with an area of 2.15 x 10° km? being underlain by
permafrost (Fig. 1.2). This is 22.3% of its entire terxritory
(Lanzhou Institute of Glaciology and Geocryology 1988). In
addition, more than 80% of Alaska is underlain by permafrost, and

alpine permafrost with areas of >100,000 km® occurs in the western
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contiguous United States (Péwé 1583). Smaller permafrost bodies
occur in Scandinavia, Greenland, Antarctic and the various alpine
mountains throughout the world.

Permafrost enviromments occur in two contrasting and
overlapping geographical regions; namely, high-latitude and high
altitude areas (Harris 1986, 1988). Accordingly, permafrost can be
classified into cne of the following categories: 1) polar (or
latitudinal) permafrost, e.g. permafrost in the arctic regions, 2)
alpine permafrost, e.g. permafrost in mountainous regions, 3)
plateau permafrost, e.g. extensive permafrost at high elevations,
such as on the Qinghai-Xizang (Tibet) Plateau of.China: and 4)
subsea permafrost, e.g. on the continental shelf of the Laptev seaz,
Siberia and Beaufort Sea, North 2America. The differentiation
between plateau permafrost and alpine permafrost is especially
important when dealing with the Tibet Plateau, since conditions in
the latter are quite different to the well-known alpine
environments of mid-latitudes. For example, when one arrives on the
top of the Qinghai-Xizang (Tibet) Plateau, the traveller does not
see many rugged mountain ridges or glaciated peaks. Instead, the
plateau surface is rather flat. That is why Chinese sclentists have
named the broad areas between the mountain ranges the ‘high
plains'. An important feature that differentiates the Plateau from
alpine enviromments is that unconsolidated sediments on the Plateau
may exceed 1,000 m in thickness (Guo et al. 1982). Recently, the
rerm 'mountain permafrost' has been used to include both alpine and

plateau permafrost (e.g. Cheng and Dramis 1992; Harris and Corte



% Zone of continuous permafrost (>80% of area underlain by permafrost)
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Figure 1.1 Permafrost in Canada (Source: ACGR 1988).
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1892).

The Qinghai-Xizang Plateau is often referred to as 'the roof
of the world'. Glaciologists and geocryologists in China refer to
it as the 'the third pole' of the earth because, in its simplest
terms, permafrost is a result of its high elevation.

The earliest Chinese publication on permafrost described
investigations carried out along the Trans-Plateau Highway (Chinese
Academy of Sciences 1965), and the first text on permafrost in
China appeared in 1975, written by the Lanzhou Institute of
Glaciology., Geocryology and Desert Research (1375). Since then, a
large literature has appeared, much of it in the Jourpnal of
Glaciology and Geocrvoloqy ana in the Proceedings of various

Chinese Conferences.

1.2 2aims and Objectives

This thesis discusses the permafrost conditions on the
Qinghai-Xizang Plateau, China and in the Mackenzie Delta region
NWT, Canada. It compares the geocryological conditions of the two
areas and characterizes their geothermal regimes and the nature and
significance of thermal disturbances. The Mackenzie Delta region is
relatively well known in the western permafrost literature on
account of the ice-rich nature of its permafrost, resulting in
numerous pingos, ice wedges and massive ice bodies (see Mackay
1962, 1963a, 1971, 1973, 1979). It is also an area in which
detailed field measuremenﬁs of geomorphic processes have been

undertaken (e.g. Mackay 1975, 1979, 1989, 1990a, 1990b). The
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Quaternary history is equally well known (e.g. Rampton 1988).
However, it is mistakenly regarded as a ‘'classic' or 'typical’
periglacial environment and is widely used as an example in
textbooks (e.g. French 1976; Washburn 198738). In reality, the
Mackenzie Delta is a rather unique permafrost environment, since it
is essentially a deltaic region of numerous lakes, thick deposits
of unconsolidated Quaternary sediments, and an abundant and
luxurious tundra, and shrub-tundra ecosystem. The so-called typical
periglacial environment characterized by 'rock rubble' or ‘'frost-
shatter zones' (e.g. Budel 1982) does not apply to the Mackenzie
Delta.

By contrast, the Qinghai-Xizang Plateau (29-36°N) is poorly
known in the North American and European permafrost literature. It
ié also not tvpoical of the well known alpine periglacial regions of
rhe world since it is at a low latitude and experiences a dry

continental climate. The Qinghai-Xizang Plateau lies between the

—

ofty Himalayas to the south and Quidam Basin to the north. The
Piateau has an average altitude of 4,500 m a.s.l., and is the
highest extensive land area on Earth. It is also the coldest part
of the middle latitudes of the world. Permafrost is widespread on
rhe Plareau, with its total area being 1.5 x 10° km?.

Two specific aims of the thesis are:

1) To _compare permairest conditions in both areas in order to

gain -a better understanding of how differences 1in Quaternary
nistory and climate result in different permafrost environments.

Unique characteristics of permafrost conditions of an area are
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often more apparent and easier to understand when a comparison 1is
made with other regions. For example, Brown (1967) recognized scme
of the unique characteristics of permafrost in both Siberia and
northern Canada by comparing glacial history, climate, and terrain
conditions of both areas.

2) To examine geothermal regimes and disturbances in both
areas by examining surface energy exchanges, active-layer
development, and geothermal gradients, and to discuss the
palaeoclimatic implications of deep ground temperatures. The
geothermal regime is an important parameter since it determines the
sensitivity and response of permafrost tb disturbances and any
changes in climate.

-In aédition to these two aims described above, a field

i ncluded tl £ 4 . :
the Oinghai-Xizang (Tibet) Plateau. The aims here are to provide in
situ creep data relevant to engineering activities on the Plateau
and to compare typical permafrost creep rates of low latitude
plateau permafrost with those reported from high latitude
permafrost of northern Canada. A further aim is to determine creep
parameters from the f£ield data, as cefined by the secondary (steady
state) creep flow law. The rationale for this field component lies
in the fact that, although laboratory studies on frozen soil creep
have been carried out for a number of vears, there is still a need
for long-term creep data obtained at low stresses and relatively
warm temperatures. This is because most experimental tests have

been performed at very low temperatures (down to -30°C) (e.g.
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Parameswaran 1982) and stress levels more than 300 kPa (e.g.
McRoberts 1988), which are far greater than those experienced in
the field by piles and natural slopes (e.g. Morgenstern 1581,
1985). Furthermore, with few exceptions, laboratory creep tests
were run over short time periods and terminated before the onset of
the secondary creep stage. This also contradicts field conditions
where piles and slopes undergo long-term and low-stress secondary
creep. Pile design and slope-stability analysis are usually
concerned with rheological properties of permafrost at warmer
temperatures (e.g. -1 to -5°C), since engineering structures often
encounter safety problems within this temperature range due to
excessive creep deformation.

Permafrost creep also plays a role in slope processes in areas
underlain bv permafrost. According to Mackay (1988), permafrost
creep may contribute towards rampart formation of pingos especially
during the collapse stages that would accompany climatic
amelioration. Permafrost creep has been observed in the downsiope
curvature of ice wedges (Bozhinskiy and Konishchev 1982; Gasanov
i981). A recent review by Lewkowicz (1988) indicates that one of
the advances in periglacial slope process studies is the
recognition of permafrost creep as a potentially important
denudational process in regions with 'warm' permafrost.

The safe operation of the Trans-Plateau Highway and the oil
pipelines on the Plateau have been of primary concern of permafrost
scientists and engineers in China. The highway has been repaired

many times, but permafrost-related problems have never been
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entirely solved. There is also a possibility that a proposed trans-
plateau railway will be built in the future. If this were realized,
there would be a great need for in situ creep data.

On the Tibet Plateau, in situ creep occurs in a warm
permafrost environment; thus, creep data obtained are of great

interest to both engineering design and slope analysis.

1.3 History of Permafrost Investigations in the Mackenzie Delta

and on the Qinghai-Xizang (Tibet) Plateau

Early permafrost_invegtigétions in Canada in the 1960's were
largely centred upon the Mackenzie Valley and Delta. Many field
studies are still conducted in the Mackenzie Delta region, largely
because of the proximity of the PCSP (Polar Continental Shelf
Project) base at Tuktoyaktuk and the Inuvik Research Centre. It is
not necessary to outline these activities since they are well known
in the Canadian permafrost literature (e.g. see Proceedings of the
Fifth Canadian Permafrost Conference 19390).

Early observations of periglacial phenomena in the Himalayas-
Tibet Plateau region were made by foreign expeditions (Troll 1958).
As early as 1925, Odell reported the occurrence of patterned ground
phenomena at 5100 m a.s.l. in the Mt Everest region (Odell 1923).
Solifluction, stone streams, and patterned ground were some of the
major subjects of early observations (e.g., Heim 1936; Heim and
Gansser 1939). Heim also noticed that the lower elevational limit

of frost soil (permafrost ?) on the Plateau decreased from south to
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north. But during that time, permafrost on the Plateau was not
specifically mentioned.

Althoughk descriptions of snow, ice and frozen ground appear in
ancient Chinese literature of 2,000 years ago, scientific
permafrost investigations on the Qinghai-Xizang Plateau are very
recent. They are closely related to the develcpment of the Lanzhou
Tnstitute of Glaciology and Geocryology, Chinese Aacademy of
Seiences. In 1958, the Chinese Academy of Sciences organized a
'Snow-Tce Research Group'. This led to the establishment in 1965 of
the Lanzhou Institute of Glaciology, Geocryology and Desert
Research. In 1978 this Institute was split into the Lanzhou
Institute of Glaciology and Geocryology. and Lanzhou Institute of
Desert Research (Shi 1988).

The first permafrost investigations conducted by scientists on
the Qinghai-Xizang Plateau were initiated in the 1960's (Shi 1988).
Two vears of fieldwork suggested that predominantly continuous
permafrost was extensive in the area between the Kunlun Shan to the
north and the Tangula Shan to the south. & resulting memoir,
published in 1965 by the China Science Press, included papers on
periglacial geomorphology (Du and Xie 1965), ground ice (Wu 1965a),
groundwater (Wu 1965b)}, vegetation (Sun 1863), and permafrost
conditions (Tong 1965; Zhou 1965).

Anticipated construction of the railway and the operation of
the existing Trans-Plateau Highway provided the need for more
detailed information on engineering, geclogic and hydrogeologic

conditions on the Plateau. A consequence was the comprehensive
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permafrost investigations conducted during the late 1960's and
1970's by joint groups, largely focussing on engineering geology
and hydrogeology (e.g. Qiu 1980). Unfortunately, because of the so-
called 'cultural revolution', very few papers were published during
the period between the first memoir, published in 1965, and the
first issue of the Journal of Glacioloav and Geocrvology, published
in 1979. Some of these early results have been published later in
the Journal of Glaciology and Geocrvologv and in some conference
proceedings (e.g. Lanzhou Institute of Glaciology and Geocryology
1982a, 1982b, 1983a, 1983b, 198%a. 1985b).

Permafrost investigations on the‘ Plateau have largely centred
on the Trans-Plateau Highway corridor because of easy
accessibility. A permafrost map (1:600,000) along the highway
produced in 1980 (e.g. Guo 1881; Tong et al. 1982, 1983) summarizes
information obtained during the period 1960 - 1979. Prior to this
map, only some zonation maps had been compiled, showing the local
distribution of permafrost (e.g. Tong 1965; Zhou 1563).
Investigations focussing on ground ice were carried out mainly from
1977 to 1980 in order to provide information for the construction
and design of engineering facilities on the Plateau (Qinghai-Xizang
Highway Research Group 1983; Li, Lie 1982; Li and Xing 1980)}.

Permafrost conditions on the Plateau are now summarized by
many investigators (e.g. Wang et al. 1979; Zhou and Guo 19582,
1983). Tong and Li (1983) and Cheng (1988) give good accounts of
the factors influencing permafrost. Frost blisters and pingos on

the Plateau have been studied by Cheng (1979), Cheng and Qiu
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(1983), Wang (1983a) and Wang and Yao (1981); ground wedges by Guo
(1979), Liang and Cheng (1984) and Zhang (1983); thermokarst by
Wang (1983b, 1986, 1990); and rock glaciers by Cui (1983). Other
investigations relate to the ground thermal regime (e.g. Wang and
Li 1983); taliks (e.g. Guo et al. 1982; Qiu 1982; Qiu and Guo
1983); permafrost history (e.g. Ding and Guo 1982; Guo 1988; Pu et
al. 1982; Zhang and Cai 1981; Wang 1989; Wang and Zhang 1985);
plateau permafrost zonation {e.g. Cheng and Wang 1982; Cheng and Wu
1984); hydrogeology (e.g. Hu and Xu 1582; Zhai 1982); solar
radiation (e.g. Kou et al. 1982; Zeng et al. 1982); frost heave
(e.g. Tong Changjiang 1982, 1983; Tong and Yu i983); and physio-
mechanical properties of permafrost (e.g. Wang Yaging 1983; Wu

1979, 1982; Wu et al. 1982, 1983a, 1983b; Zhu et al. 1982a, 1982b}.



CHAPTER TWO - REGIONAL BACKGRQUND

14



15

2.1 Introducticn
Permafrost terrain in the Mackenzie Delta region and on the
Qinghai-Xizang Plateau represents important and different types of
permafrost environment. Besides climate, permafrost occurrence is
controlled mainly by such factors as vegetation, soil/rock type,
topography, etc. Differences in these factors may cause quite
different permafrost conditions (e.g. Brown 1867, 1969, 1978; Cheng
1988; Melnikov and Tolstikhin 1988; Smith 1975a, 1976). Under
certain circumstances these variables break the regional climatic
patterns and determine the presence/absence and/or thermal regime
of permafrost. Therefore, this chapter provides regional background
to both the Mackenzie Delta region and the Qinghai-Xizang Plateau,
and supplies information on relevant physiography, Quate;nary

history, vegetation, permafrost history and geocryology.
2.2 Mackenzie Delta Region

2.2.1 Physiography

The Mackenzie Delta region lies between latitudes 68° and
70°N., immediately south of the Arctic Ocean. Most of the region is
flat and below 60 m in elevation. It includes two major
physiographic regions: 1) the Modern Mackenzie River Delfa and 2)
the Pleistocene Coastal Plain, which lies to the east of the Modern
Delta and the Caribou Hills (Figure 2.1). This general area has
been described systematically by Fyles et al. (1972), Mackay

(1963a, 1978), and Rampton (1988). The surficial geclogy of this
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Figure 2.1 Location map and physiographic divisions of the Mackenzie Delta region

(Source: Rampton 1988).



17
area is illustrated in Figure 2.2.

The Mackenzie Delta region is characterized by a sub-arctic
tundra climate (Burns 1973a, 1973b). The mean annual air
temperature (MAAT) in the study area ranges between -9°C and -12°C,
and the mean annual ground surface temperature from -3.0 to -9.0°C
{(Judge 1973). The mean annual air temperature range is between 26
and 30°C. The annual total precipitation ranges between 150 and 300
mm, and the net radiation between 10 and 20 kly/yr. Only a weak
latitudinal zonation (i.e. the higher the latitude, the lower is

the air temperature) exists in the region.

Modern Delta

The Modern Delta is about 200 km long and 65 km wide. The
floodplain decreases from an altitude of about 10 m a.s.l. at the
south to sea level at the north. All of the delta is susceptible to
flooding. The higher southern portion may flood at breakup, usually
in earlv June, whereas the seaward part may flood either at breakup
or in association with storm surges in summer or early fall (Mackay
1978).

The delta surface (Figure 2.32) is a complex network of lakes
and anastomosing channels (Heginbottom and Tarnocai 1983). Lakes
cover more than 30% of the upper part of the delta, 15-30% of the
middie part, and less than 15% of the distal part (Mackay 1963a}.
J.R. Mackay believes that most lakes in the Mackenzie Delta are of
floodplain rather than thermokarst origin. On the other hand, as

arqued by Fyles et al. (1972), lakes are most abundant in the
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Figure 2.3 Landscape of (A) the modern Mackenzie Delta, and (B) the Pleistocene Delta.
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southern part of the delta where permafrost, vegetation, and
drainage conditions favour thermoerosion and subsidence.

The Modern Delta is postglacial in age. A radiocarbon date of
6,900 years B.P. has been obtained from a depth of 38 m at a site
8 km southwest of Inuvik (Johnston and Brown 1963, 1964). Probably
most of the upper 30 m of the delta sediments has been deposited in

the past 5,000 years (Mackay 1978).

lei : 1 Plaj
The Pleistocene Coastal Plain (Figure 2.3b), previously termed
the Elﬁiangsene__CQas;lanﬁs (Mackay 1963a), the PRleistocene
Mackenzie Delta (Mackay 1962), and the TIuktovakruk Coastlands
(Rampton 1988), borders the easéern edge of the Modern Delta and
the Caribou Hills. To the south is the northern limit of the
anderson Plain (Figure 2.1). The coastal plain includes Tuktoyaktuk
Peninsula, the southern side of the Eskimo lakes, Richards Island,
and a group of offshore Islands (Mackay 1978). The Coastal Plain
has been described by Mackay (1%63a, 1978) as consisting “....
mainly of Pleistocene marine and fluvial sands, silts, gravels and
clays, veneered ror the most part with glacial till. Most of the
area lies below altitudes of 60 m with about 50% below 30 m".
Much of the sediment was probably deposited by an ancestral
Mackenzie River during interglacial periods when sea level was 10
to 20 m higher than the present coastal plain. Most of the
Pleistocene Coastal Plain, with the possible exception of the

eastern third of the Tuktoyaktuk Peninsula, has been glaciated
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(Mackay 1978; Rampton 1988). However, the Lace Wisconsinan ice

extended little, if any., distance across the Tuktoyaktuk Peninsula.

2.2.2 Quaternary Geology

The Quaternary history of the Pleistocene Coastal Plain has
been summarized by Rampton (1988). Most of the coastal plain in the
lower Mackenzie Delta region lies within the limits of continental
glaciation. During the Mason River glaciation of Middle Pleistocene
age, northwesterly moving ceontinental ice halted on Cape Bathurst
Peninsula, leaving an unglaciated terrain to the north {Figure
2.4). )

Northwesteriy flowing ice again covered most of the area
during the Toker Stade of Early Wisconsinan age. The Laurentide Ice
Sheet persisted in the southern Mackenzie Delta and Sitidgi Lake
areas (Figure 2.4), depositing till (Sitidgi Member). During this
time, glaciers were confined mainly to the trench underlying the
Modern Mackenzie Delta and adjacent lowlands. Much o©f the
cortinental shelf was exposed during the Late Wisceonsinan and
earlier glaciations, allowing permafrost to develop (Heginbottom
and Tarnocai 192). During the Middlie Wisconsinan, the Laurentide
Ice Sheet was subject to melting because of climatic amelicration,
but the extent of the ice at that time is a matter of debate
{Dredge and Thorleifson 1987).

Numerical modelling of permafrost aggradation in the Mackenzie
Delta indicates an Early Wisconsinan and Late Wisconsinan surface

temperature of about -18°C and a Middle Wisconsinan rise to -8°C,



Limit of Mason River Glaciation = = =
Limit of Buckdand Glaciation ——
Limit of Sitidgi Stade ~d

Figure 2.4 Glacial limits during the Middle Pleistocene Mason River Glaciation,
the Early Wisconsinan (Buckland Glaciation) and the Late Wisconsinan (Sitidgi

Stade Glaciation) Glaciations (Source: Rampton 1988).
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similar to the mean surface temperature today (Allen et al. 1988a,
1988b) .

Thermokarst was extremely active in this area during the
regional climatic optimum between 8,500 and 4,000 yrs B.P. (Rampton
1988; Harry et al. 1988). Thermokarst proceeds primarily through
the development and expansion of thaw slides and slumps.

The Modern Delta has formed since the retreat of the Late
Wisconsinan ice. Silt and clay is being deposited in the Mackenzie
Canyon and other glacially eroded channels that traverse the

continental shelf (Heginbottom and Tarnocai 1983).

2.2.3 Vegetation

Vegetation patterns (Figure 2.5) in the Mackenzie Delta have
been discussed by many investigators (e.g. Lambert 1972; Mackay
19632; Ritchie 1972, 1984; Tarnocai and Hill 1878). The Modern
Delta may be divided into three distinct zones {(Figure 2.6): a
southern boreal forest portion, a central forest-tundra zone and &
cundra area at the mouth of the Delta. These zones grade from one
o another and seldom possess sharp boundaries (Lambert 1572). The
Modern Delta, because of active alluvial activity and the tempering
effect of Mackenzie River waters, has a vegetation cover
significantly different from the surrounding terrain. In the
southern part of the Delta, the vegetation is dominated by white
spruce (Picea glauca) and balsam poplar (Populus balsamifera).
Spruce stands are present in the Delta region well north of their

extent in adjacent areas. Shrubs such as aldex (Alnus sp) and



Figure 2.5 Vegetation in the Mackenzie Delta region: A - Boreal forest near Inuvik, and
B - Tundra near Tuktoyaktuk (ibuyk pinge in the background).
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Beaufort Sea

a - Treed with spruce
b - Shrubs and poplar
¢ - Sedges and willows

Figure 2.6 Vegetation of the Mackenzie Delta region (Source: Rampton 1988).
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willow (Salix sp.) are important components of the vegetation
because of their role in plant succession following depesition of
alluvium. The central part of the delta is dominated by willow and
alder, although low areas are characterized by aquatic vegetation.
Poplar extends into this belt, well beyond the limit of spruce. The
outer islands are covered mainly by sedges (Carex sp.) and willows
and are subject to frequent flooding.

The Pleistocene Coastal Plain also contains three vegetation
zones: boreal forest, forest tundra, and shrub-tundra. Shrub
tundra, described by Mackay (1963a) as being composed of "scrub
willow and ground birch®, covers much of the southern limit of the
low arctic tundra zone. This community is dominated by dwarf birch
(Betula glandulosa), willow {(mainly Salix glauca), and numerous
heaths (cf. Vaceinium spp., Ledum decumbens, Empetrum nigrum).

The forest tundra is the narrow transition belt where boreal
forest gives way to low arctic tundra. Trees are scattered and in
clumps amongst the dense shrub cover dominated by scrub birch,
willows, and heaths. The northern treeline is formed by clumps and
individuals of white spruce (Picea glauca).

South of Inuvik and Sitidgi Lake, boreal forest, albeit quite
open near its northern extent, is present. The forest is dominated
by black spruce (Plcea mariana), white spruce (Picea glauca),
birch (Betula sp) and poplar (Populus sp.) (Ritchie 1984).

By 13,000 years B.P., the Tuktoyaktuk Peninsula was ice-free,
as the ice retreated to the southeast (Dyke and Prest 1986, 1987).

Ritchie (1972, 1984) has reported upon the vegetation evolution of
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this area following the retreat of the ice sheet in terms of the
pollen stratigraphy. Pollen analyses suggest an extension northward
into the Tuktoyaktuk Peninsula of continuous spruce forest between
8,500 and 4,000 B.P.. Ritchie (1984) concludes that the mean daily
temperature for the warmest months was about 5°C higher than at
present, and that the growing season was about 30 days longer than
present. Such an amelioration in climate would require a
displacement of the median July position of the Arctic Front about

350 km north of its present position.
2.2.4 Permafrost history and geocryology

Permafrost historv

The permafrost history of the Mackenzie Delta region is
closely associated with its Quaternary history because at some time
during the Quaternary, ice sheets covered all of the region except
for the northeast corner of Bathurst Peninsula {(Mackay 1978).

It has been postulated that the temperature beneath much of
the Laurentide Ice Sheet was below 0°C (e.g. Brown 1967; Mackay and
Black 1973). Consequently, although permnfrost was probably
widespread, it was also thin due to ice-bottom teﬁperatures being
close to 0°C. Permafrost may have been thicker towards the margins
of the ice sheets. Investigations indicate that much of the
permafrost in the Mackenzie Delta region is more than 40,000 years
old (Mackay et al. 1972), and probably more than 100,000 vears old

(Mackay 1978). Recent numerical paleoclimatic modelling suggests
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that permafrost has aggraded since the end of the Sangamonian
(75,000 years B.P.) when surface temperatures were approximately
-1°C (Figure 2.7). It is also possible that pre-Sangamonian
permafrost thawed completely during the interglacial, or was much
more restricted and thinner than today.

Although detailed information on the chronology cf permafrost
is still sketchy, it is certain that the Pleistocene Coastal Plain
was free of glacial ice much earlier than the Modern Delta. Thus,
the Pleistocene Coastal Plain has been subject to low air
temperature imposed on an unprocec;ed ground surface for a much
lorger time than the Modern Delta, resulting in permaﬁrost that is

thipker. older and colder.

Geocxyology

The Mackenzie Delta region lies within the zone of continuous
permafrost (Figure 1.1). More than 80% of the area is underlain by
permafrost. In the Modern Delta, permafrost is usually less than
100 m in thickness (Smith 1976)) and in its youngest parts, where
the sediments are just above sea level, permafrost is only tens of
metres thick, and ground temperatures may be as high as -1 to -2 °C
(Mackay 1978). However, in the Pleistocene Coastal Plain,
permafrost depths range from about 200 to 600 m or more, and mean
annual ground temperatures are between -6 to -9°C (Judge 1973).

The Mackenzie Delta region has one of the world's largest
concentration of pingos. The great majority (about 1350) are in the

Pleistocene Delta, but only a small number (about 80} occur in the
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Modern Delta (Mackay 1978). Ice wedges are widespread, and are best
developed on poorly drained flats. Along some coastal exposures,
relict ice wedges can be seen at a depth of 2 te 5§ m, the tops
having thawed during the hysithermal warm period. Syngenetic and
epigenetic ice wedges have been known for a long time (e.g. French
and Gozdzik 1988). Mackay (1990a) recognised a third type of ice
wedges in the Mackenzie Delta region, namely, anti-syngenetic ice
wedges. A final interesting characteristic is that many large
tabular ground ice bodies are exposed along the coast of the region
(e.g. French and Harry 1990; Mackay 1971; Mackay and Dallimore
1992). '

Many of the geomorphic features of the region are of
thermokarst origin (Rampton 1§74; Harry et al. 1988). A substantial
proportion of the lakes are partly thermokarst in nature {Mackay
1978; 1992). Many lakes have been impounded by damming as a result
of ice-wedge growth and have later become drained from ice-wedge
erosion (Mackay 1978). Sediments with high ice content have been
the cause of rapid coastal retreat where the mean rate of retreat

may exceed 8 m/yr.
2.3 Qinghai-Xizang Plateau

2.3.1 Physiocgraphy
The physiography of the Qinghai-Xizang Plateau (Figure 2.8) is
different from the Mackenzie Delta region in terms of both

topography and landscape. The name 'Qinghai-Xizang Plateau' 1is
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Highway corridor, MAGT=mean annual ground temperature (according to Tong et al. 1982).
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derived from the fact that this Plateau is located between Xizang
{(Tibet) Autonomous Region to the south and Qinghai Province to the
north. In Chinese literature this name is abbreviated as 'Qing-Zang
Plateau' (e.g. Cheng and Qiu 1983; Tong and Li 1983; Wang et al.
1979; Zhou 1965). The total area of the Plateau is approximately
2.2 million km® (Zeng et al. 1882), with 75% of it being underlain
by permafrost. Permafrost conditions mapped adjacent to the Trans-
Plateau Highway are illustrated in Figure 2.8 (after Tong et al.
1982). On the Plateau, relative relief may be as much as 500 m.
This is especially true in the middle portion of the Plateau. In
general, the Pléteau is characterized by hills, flats and inter-
hill valleys (Figure 2.9). Typical rugged mountains can hardly be
seen ori the Plateau. Many large rivers of continental Asia
originate from this Plateau, including the Yangtze River, the
largest river in China. Since the precipitation on the Plateau is
meagre, and evaporation is several times greater than
precipitation, lakes on the Plateau cannot be maintained by
precipitation. Instead, lakes are maintained largely by snow and
glacier ice-melt or by springs, and runoff is concentrated in the
summer and fall periods. Taliks (either open or closed) exist
beneath those lakes, and some of the lakes are oriented in an east-
west direction (Tong and Li 1983). Snowline elevations on the
higher mountains vary between 5,000 to 6,000 m a.s.1.

The mean annual air temperature {MAAT) in the permafrost areas
of the Plateau is between -2 and -6.6°C, and the ground surface

temperature between 0 and -4.3°C (Xie 1982). The annual range of



Figure 2.9 Typical landscape on the Qinghai-Xizang Plateau: (A) - hills and valleys,
and (B) - the "high piain’ .
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temperature is from 15 to 24°C, and the net radiation from 60 to 80
kly/yr., much higher than in the Mackenzie Delta region. The annual
total precipitation ranges from 200 to 600 mm, but evaporaticn is
more than 1,300 mm (2hang 1983). The MAAT on the Qinghai-Xizang
Plateau changes with both latitude and altitude (Ding and Xu 1982;
Xu et al. 1981). The lapse rate of the MAAT on the Plateau ranges
between 0.44 and 0.55°C/100 m, with an average of 0.5 °C/100 m (Xie

and Zeng 1983}.

2.3.2 Quaternary history

The Quaternary history of the Qinghai-Xizang Plateau is
directly related to its continuing uplift during the last 2 million
vears, triggered by the collision between the Indian and Eurasian
Plates during the Tertiary. Various lines of evidence, including
karst topography, flora and fauna, and pollen within lakes on the
Plateau, indicate that during the Pliocene, the area was tropical
or subtropical, with an average altitude of about 1,000 m a.s.l.
{(Li et at. 19739).

The Plateau started to uplift at the end of the Plioccen=, and
now its altitude ranges from 4,500 to 5,000 m a.s.l. Thus, the
Tibetan Plateau has experienced uplift of at least 3,500 m during
the Quaternary. Especially rapid uplift occurred in the Late
Pleistocene with rates of more than 10 mm yr™ (an uplift of 1,500
to 2,000 m over about 130 ka, see Figure. 2.10}.

The Quaternary deposits vary greatly in thickness, £rom

several metres to 1,000 m {(Guo et al. 1982). This is because
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differential movement (i.e. faulting) has accompanied the uplift of
the Plateau. A geological cross-section through the Plateau is
given in Fig. 2.11.

Investigations of contemporary and Quaternary glaciations on
the Plateau have been made since 1950's. Various lines of evidence
suggest that during the Pleistocene, no ice sheet covered the
Plateau. Only scattered mountain glaciers developed (Fig. 2.123),
with valley glaciers rarely extending far from the surrounding
mountain ranges (Shi et al. 19%0). Although M. Xuhle (1885)
proposed a unified ice sheet model for the Qinghai-Xizang Plateau
(Fig. 2.128), this is not generally accepted by glacioclogists and
Quaternary geologists iﬁ China.

According to Shi et al. (199%0), the extent éf mountain
glaciation varied from time to time during the Pleistocene because
of the fluctuation of climate, but glaciers did not coalésce to
form a unified ice sheet covering the entire Plateau. The reason is
that, before the Late Pleistocene, the Plateau was not high enough
for the ice sheet to form. During the Late Pleistocene, the
altitude of the Plateau progressively increased, and air
temperatures lowered. At the same time, the monscon climate was
replaced by a continental climate because of the barrier effect of
the Himalayas which prevented moist ocean air of the Indian Ocean
from reaching the Plateau. Therefore, the Plateau became
progressively drier, and no adegquate water source existed for the

expansion of mountain glaciers.
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2.3.3 Vegetation

Unlike the southern part of the Mackenzie Delta, the Qinghai-
Xizang Plateau is devoid of trees, and it lacks a continuocus
vegetation cover. This is attributed to the high aridity and strong
wind on the Plateau. The vegetation of the Plateau has been studied
by Xu (1959) and Sun (1965). It falis inteo feur categories: 1)
pountain-tundra desert zone, 2) semi-axid steppe zone, 3) subs
mountain steppe zone, and 4) wet bog zone. These different zones
are shown in Figure 2.13. The mountain-tundra desert zone, located
at elevations above 4,900 m a.s.l., is characterized by cold and
arid conditions, intense frost weathering and eolian action. The
weathering products of local bedrock are widespread and soils are
not well developed. Consequently, vegetation is limited to grasses
{e.g. Pestuca sp.).

A semi-arid steppe zone exists along river wvalleys, on
floodplains and on some gentle slopes above 4,500 m a.s.l.,
especially where sand and gravel predominate. This zone is
dominated by grasses(e.g. Poarossbergiana) and other herbs (e.g.
Stellaria decumbens and Myricaria hedinii).

A sub-mountain steppe zone includes river terraces, alluvial
fans and some gentle slopes. Typical alpine and sub-alpine species
include: Oxygraphis glacialis, Ranunculus involucratus, Anemone
imbricata, Delphinium tanquticum, Nasturtium tibeticum, Potentilla
subacaulis, Aster sp., and Pedicularis s8p..

The wet bog zone consists of poorly drained areas where sedges

(Robresia robusta and Kobresia tibetica) dominate.
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2.3.4 Permafrost history and geocryology

Permafrost history

The history of plateau permafrost is closely related to the
uplift of the Plateau and to Quaternary climatic fluctuations (Ding
and Guo 1982; Guo 1968; Guo and Li 1982; Pu et al. 1982; Zhou
1965).

Information concerning the inception of permafrost is sketchy,
but numerical modelling indicates that permafrost first developed
in the Early Pleistocene and then completely thawed (Ding and Gue
1982). Subsequently, permafrost reformed during the Middle
Pleistocene and disappeared during the Middle Pleistocene
interglacial when the MAAT was believed teo be about 11°C higher
than it is today (Guo 1988; Guo and Li 1982; 2Zhang and Cai 1981l).
Some argue that the Plateau was not high enough for permafrost to
form before the Late Pleistocene (e.g. Li et al. 1979).

More data have become available for the Late Pleistocene.
During this time period, the altitude of the Plateau was close to
4500 m a.s.l. This, coupled with the cooling trend of Ilate
Cuaternary climate, produced a MAAT of -10°C or lower on the
Dlateau (Guo et al. 1982). Permafrost aggraded, and various ground
wedges (originally reported as sand wedges, and/or ice-wedge
pseudomorphs), and polygons formed. Radicocarbon dating of organic
matter in these wedges produced ages varying from 23,500 teo 15,340
yvears B.P. (Guo 1979; Guo and Li 1982; Liang and Cheng 1984; Wang

1989). Most of the ground wedges are found in fluvial terrace
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sediments. The present author uses tlhe term "ground wedge" as
proposed by Harry and Gozdzik (1988) for these features. They are
unlikely to be ice-wedge pseudomorphs because most are restricted
to the active layer, to judge by their sizes. In any case, once a
continental climate had been established in the Late Pleistocene,
there was little water for the formation of ice wedges, although
permafrost was more widespread and thermal contraction cracking was
probably more active then (Guo and Li 1982).

Holocene permafrost history can be considered in two stages:
1) 10,000 - 3,000 year B.P., and 2) 3,000 - present (Wang 1989}.

The first stage-was marked by climatic warming and permafrost
degradation. The hysithermal warm period (climatic optimum) on the
Plateau occurred between é,OOO and 3,000 year B.P. during which
time permafreost was subject to thaw. Thermokarst features, in the
form of thaw lakes and depressions, and active laver detachments,
developed (Guo and Li 1982). Because of its high elevation,
permafrost did not disappear during this time periocd, but numerical
modelling suggests that the permafrost table was lowered to a depth
of 15 m below the ground surface (Ding and Gue 1982); and this
conclusion is supported by a thaw unconformity at a depth of 16 m
observed by Wang (1989). During the second stage, permafrost
aggraded between 3,000 and 2,000 year B.P. (Little Ice Age), and
newly formed permafrost and relict permafrost came into contact in
many places (Ding and Guo 1982). Although the climate fluctuated

after the Little Ice Age, permafrost conditions have not changed

significantly.
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If we consider uplift as the only cause for the formation of
permafrost on the Qinghai-Xizang Plateau, then plateau permafrost
did not come into existence until the Late Pleistocene. If correct,
this means that during the Early and Middle Pleistocene, the
Pla-eau was not high enough for permafrost to form (Li et al.
1979). One feature used to infer the presence of Early and Middle
Pleistocene permafrost is the involutions. Because the formation of
these structures does not necessarily require the presence of
permafrost (e.g. French 1976), the existence and extent of Early

and Middle Pleistocene permafrost is still open to debate.

Geocxrvologqy

‘Permafrost on the Qinghai-Xizang Plateau 1is mapped as
‘predominantly continucus' (with 70 to 80% of area underlain by
permafrost), and 'isolated' in distribution (less than 40 to 60% of
area underlain by permafrost) by the Lanzhou Institute of
Glaciclogy and Geocryology (1988). Those terms, often used in
Chinese literature, are highly inconsistent with these in North
America. Their equivalent terms in North American literature are
the 'widespread zone' and 'sporadic zone' (e.g. ACGR 1988; Harris
1986, 1988).

Most permafrost investigations on the Qinghai-Xizang Plateau
have been carried out along the Trans-Plateau Highﬁay (i.e.
Qinghai-Xizang Highway) which starts from Golmud in the north and
ends at Lhasa in the south (Fig. 2.8). Plateau permafrost ranges

from a few metres to 130 m in thickness, and the mean annual ground
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temperature (at the depth of zero annual amplitude) is from a
fraction of a degree below 0°C to -3.5°C (Li 1982). The distribution
and thickness of permafrost, together with temperature and
topography along the highway are shown in Fig. 2.14. The effect of
elevation on the thickness of permafrost can be easily recognised
from this graph.

One of the distinctive features of plateau permafrost is its
combination of both vertical (altitude) and horizontal (latitude)
zonation. Permafrost thickness increases with latitude at a rate of
between 10 to 30 m per degree. Also permafrost thickens
approximately 15 to 20 m for each increase of 100 m in elevation
{(e.g. Shang 1982; Tong and Li 1983; Zhou and Guo 1982).- A unique
characteristic of plateau permafrost is its lower altitudinal limit
(i.e. the zone above which permafrost occurs). The lower 1limit
becomes higher from north (4,150 m a.s.l.) to south (4,800 m
a.s.1l.) on the Plateau, at a rate of about 110 m per latitudinal
degree. There is also a relationship between the lower limit and
latitude. For instance, it decreases from 5,300 m a.s.l. on the
north-facing slope of Himalayas to about 4,200 m a.s.l. at Xidatan
{i.e., the northern edge of the Plateau). The lower altitudinal
limit of permafrost on the Plateau is usually 800 te 1,100 m lower
than the snowline (e.g. Tong and Li 1983; Zhou and Guo 1982). The
mean annual air temperature at the lower limit is in the range of -
2.5 to -3.6°C (Tong and Li 1983), considerably lower than that of
the Rocky Mountains in North America (0 to -1°C) (Péwé 1983) and

that of the southern boundary of high latitude permafrost in Canada
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(about =-1.1°C) {(Brown 1967, 1969, 1970; Brown and Pewe 1973; Ives
1973). A recent survey by Harris (1989) indicates that the MAAT at
the lower elevational limit of permafrost in the Canadian Rocky
Mountains is lower than that suggested by previous studies.
Ground-ice distribution is controlled largely by topographic
location and soil type (Qinghai-Xizang Highway Research Group
1983). Although ice-~rich permafrost is frequently encountered (e.g.
Guo et al. 1982; Cheng 1982, 1983), tabular ice bodies and ice
wedges like those reported from the Mackenzie Delta region (e.g.
French and Harry 1590; Mackay 1989) have not been obsexrved on the
Qinghai-Xizang Plateau. Pingos are rare on the Plateau. Temperature
conditions in the middle po;tion of the Plateau are suitable for
the formation of thermal-contraction cracks (see Burn 1880a;
Romanovskiy 1973; Harris 1988), but it appears that the aridity
limits the growth of ice wedges. According to Harris (1588),
thermal-contractionhcracking occurs only at suitable sites north of
50°N in North American Cordillera. This is because of the general
rule that mountains are drier than the polar regions due to better

drainage conditions.

2.4 Conclusions

The Mackenzie Delta region and the Qinghai-Xizang Plateau are
two quite different permafrost environments. The Mackenzie Delta is
a subpolar area, characterized by high latitude and low elevation.
The Qinghai-Xizang Plateau, however, is a mid-latitude high

elevation area. Thus, both vertical and horizontal variations in
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air temperature and permafrost conditions are evident and contrast
sharply with the Mackenzie Delta region. Moreover, because of the
lower values of solar radiation, the MAAT in the Mackenzie Delta
region is lower. Although precipitation on the Plateau is slightly
greater than in the delta region, the evaporation rate is several
times higher. Thus, the Plateau is more arid.

The most fundamental difference relates to the Cuaternary
histories of the two areas. Tectonically, the Qinghai-Xizang
Plateau is very active; at the end of the Tertiary, the altitude of
the Plateau is estimated to have been only 1,000 m a.s.l.
Therefore, the Plateau has experienced uplift of at least 3,000 m
during the last 2 million years. Accordingly., plateau permafrost
can be viewed as being the direct result of uplift of the land
mass, and did not exist until the late Pleistocene when the Plateau
reached approximately its present level. Under present climatic
conditions, the altitude of the lower limit of plateau permafrost
along the northern edge is at 4,150 m a.s.l. This suggests that if
the Plateau were 1,000 m lower than its present elevation, there
would be no permafrost. By contrast, the Quaternary histoxy of the
Mackenzie Delta region is most closely related to its Pleistocene
Glaciation. During the Middle Pleistocene and the Early Wisconsinan
age, the delta region was covered by the northwesterly flowing ice
sheet, and during this period of time, permafrost was thin, if it
existed at all. Following the deglaciation, uplift has been minimal
and the Mackenzie Delta has been formed by ongoing fluvial

deposition.



PART TWO

GEOTHERMAL MODELLING

CHAPTER THREE - THE GROUND THERMAL REGIME

48



49

3.1 Introduction
This part (Part Two) examines some basic aspects of the
gez:zhermal regimes and their Jdifferences between the Qinghai-Xizang
Plateau and the Mackenzie Delta region. Here, in this chapter, the
surface energy exchange is considered. In chapter four, details of

some of the more obvious site-specific modifications are given.

3.2 Surface energy exchanges

Factors influencing the permafrost thermal regime include
variables both above and bglow the ground surface; the most
fundamental variable above the ground surface is the radiant enexrgy
from the sun. Potential insolation, often used in solar radiation
studies, is the quantity of solar radiation that the ground surface
receives in a specified time period, neglecting all other
atmospheric influences, vegetation and topographic shading (Dingman
ané XKoutz 1974). Primary dependence is upon the angle of incidence
of the sun's rays on :e surface, and hence upon latitude. For
example, Figure 3.1A shows the potential insolation,.expressed as
a percentage of the amount received at the equator, as a function
of latitude. Accordingly, if the potential insolation at the equator
is 3.12 x 105 ly/yr., then the potential insolation values calculated
from Figure 3.1A for the Mackenzie Delta flat. 68-70°N) and the
Qinghai-Xizang Plateau (lat. 29-38°N) are 1.56 x 10% 1ly/yr and 2.68
% 10° ly/vr, respectively.

Elevation is anoth~- factor influencing solar radiation. For

example, the Fenghuo Shan area on the Plateau is at the same
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jatitude as, but 3500 m higher than, Xian in central China. Actual
solar radiation on the Plateau :is much higher than at Xian (Fig.
3.1B). This is because the water vapour and aerosol content in the
atmosphere decrease with increasing elevation, which in turn causes
less cloud cover and greater transparency in the atmosphere at high
elevations (e.g. Kou et al. 1982; Zeng et al. 1982). The same
principle applies to the Tibet Plateau and the Mackenzie Delta
region, except that the Mackenzie Delta region is located at a much
higher latitude and much lower elevation (=sea level), which makes
the Jdifference in solar radiation between the two areas even
greater..Forléxémpler the net radiation on the Qinghai-Xizang
Plateau is 60 to 80 kly/yr; while it is only 10 to 20 kly/vyr in the
Mackenzie Delta.

The annual fluctuation of sclar radiation and air temperature
create unicque and quite different freezing and thawing conditions
for both the Mackenzie Delta and the Qinghai-Xizang Plateau.
Freezing and thaw conditions for Tuktoyaktuk in the Mackenzie Delta
region {B) and Fenghuo Shan on the Qinghai-Xizang Plateau (D),
rogether with other periglacial regions of the globe are given in
Figure 3.2.

In polar latitudes, the diurnal thermal pattern is extremely
weak, while the seasonal pattern is strong. By contrast, the piateau
and alpine permafrost environments of low to middle latitudes
possess a well-developed diurnal and seasonal thermal pattern.
Another difference between polar permafrost areas and alpine/plateau

permafrost areas is that the number of frost-free days in the polar
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A. Yakutsk D. Fenghuo Shan

\ 126

Days»0°C

B. Tuktoyakiuk E. Mont Blanc Station. Peru
27 ;:

C. Spitsbergen TN F. Summit Station, Peru

Days<0°C

A - C: High latitude, low elevation
D - F: Low latitude, high elevation

Figure 3.2 Freezing and thawing conditions in various periglacial environments of the world.
A-Yakutsk (Lat. 62°01'N, Long. 129°43'E, altitude 108 m), Siberia, B-Tuktoyaktuk {L.at. 69°
27'N, Long. 133°02'W, altitude <10m), Mackenzie Delta, C-Spitsbergen (Lat. 78°02'N, Long.
14°14°E, altitude 7 m), D-Fenghuo Shan (Lat. 34°20'N, Long. 92°52'E, altitude 4,800 m),
Qinghai-Tibet Plateau, E-El Misti (Mont BlancStation), South Peru (Lat. 16°16'S, Long. 71°
25'W, altitude 4760 m), and F-El Misti (Summit Station), South Peru (Lat. 16°16'S, Long.
71°25'W, altitude 5850 m) (A, C, E, and F from Troll 1958).
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regions are greater. For example, the average annual number of
frost-free days in Fenghuo Shan area is 11, while in Tuktoyaktuk it
is 108. This is in spite of the fact that the MAAT (mean annual air
temperature) at Tuktoyaktuk is about 4.7°C lower than in Fenghuo
Shan area. This reflects the extremely low winter temperatures which
occur for a long period of time in the polar environments. This
suggests a smaller annual temperature range for the plateau
environment than for polar rec.ons. This is probably another ¥eason

why thermal-contraction cracking on the Tibet Plateau is not as

freyuently reported as in the Mackenzie Delta region.

3.3 Active-layer thermal regime

Although the mean annual surface temperature in permafrost
areas may be below 0°C, the surface temperature will fluztuate
during the vear, causing the surface layer of ground to thaw in the
summer and freeze in the winter. This layer of ground that is
subject to annual freezing and thawing in areas underlain by
permafrost is termed the ‘'active laver' in North aAmerica (ACGR
1988), and sometimes the 'seasonally thawed layer' in China (Lanzhou
Institute of Glaciology, Gebcryology and Desert Research 1975) and
rhe former USSR (Melnikov and Tolstikhin 1988). The thermal regime
of the active layer is complicated because of ;he effects of the
periocdic freezing and thawing (Lachenbruch 1859}, and the surface
canopy (vegetation and snow cover, for example). From becth
enyineering and geomorphic viewpoints, the nature and rate of the

spring thaw and the fall freeze-back are of interest (French 1988).
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The spring thaw influences the nature of spring runoff and the
amount of surficial water into the ground. Together they both
influence the nature of frost heaving and ice segregation in the
soil, as well as the stability of near-surface soil bodies.

For the Tibet Plateau, Figure 3.3 shows variations of shallow
ground temperature with time in the active layer and the upper few
metres of permafrost in the Fenghuo Shan area. Figure 3.4 shows
detailed thawing and freeze-back conditions. The latter also
indicates that the ground begins to thaw (i.e. the active layer
begins to develop) in middle April. This is almost a month earlier
than in Inuvik, N.W.T., where thawing begins in middle May ({see
Figure 3.5). Thawing progresses until early October for both Fenghuo
Shan and Inuvik. The thawing process is one-sided, from the surface
downwards.

The fall freeze-back process of the active layer begins in
early October at both Fenghuo Shan (Figure 3.4) and Inuvik (Figure
3.5). In permafrost areas where there is no thawed layer sandwiched
between the active laver and the underlying permafrost, the freezing
is two-sided, occurring both downwards from the surface and upwards
from the permafrost table (Figure 3.6). In other words, two freezing
fronts co-exist in the active or seasonally frozen layer, and move
towards each other as the freezing proceeds. The downward-advancing
front usually moves faster, because of the colder air temperature
and steeper temperature gradient. The two fronts can be regarded as
the lower and upper boundaries for a thawed layer in between.

Theoretically, since temperature at the two fronts remains at 0°C
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Ground experiencing annual freezing and thawing

Figure 3.4 Thermal process of the active-layer development in 1983 for a gentle
slope of Fenghuo Shan area, Qinghai-Xizang Plateau. The temperature data were
thermistor readings from a 30 m borehole at the Fenghuo Shan Permaifrost Research
Station of the Lanzhou Northwest Railway Institute (According to B.Wang 1984).
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throughout the freezing process (indicating a zero thermal gradient
in the thawed layer between the two fronts), there is no heat flux
through this layer. As a result, the layer remains isothermal for
as long as it takes to freeze the active layer. This retarded
residency of 0°C (assuming freezing point=0°C) in the soil has been
termed the 'zerc curtain' phenomenon (ACGR 1988; Melnikov and
Tolstikhin 1988). It can be visualized clearly in figure 3.5 (the
temperature during the period from lats September to November) .

Kudryavtsev (1961) believes that upward freezing in the active
layer occurs only in permafrost areas where the mean annual ground
temperature (MAGT) is colder than -3.5°C. However, studies in the’
People's Republic of China provide proof that it also takes.placé
in warmer permafrost areas (see Table 3.1). Table 3.1 indicates that
the thickness of the soil layer frozen by the upward freezing
process can be substantial. This layer amounts to 32% of the total
thickness of the active layer at Garry Island, N.W.T., Canada
(Mackay 1973, Figure 1), greater than the percentage for the Fenghuo
Shan area of the Qinghai-Xizang (Tibet) Plateau (Table 3.1). This
is because {(a) the MAGT at Garry Island is much lower, and (b} Garxy
Tsland is located in a maritime environment where the downward
freezing of the active layer is slower due to higher moisture
content in the soil, other cenditions being the same.

The thickness of the active layer varies intimately with the
surface energy exchanges. In the Pleistocene Mackenzie Delta,‘the
combination of low air temperature in winter, the short summer thaw

period, and relatively thick organic cover leads to the development
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of a thin active layer (usually less than 0.5 m). On the Tibet
Plateau, however, the thickness of the active laver varies between
1.3 and 3 m or more because of sparse vegetation, lack of organic
cover, high solar insolation, and less moisture in the soil.

Monitoring the thickness of the active layer is a good way to
study short-term climatic changes. For example, measurements by J.R.
Mackay of the active layer at Garry Island and Inuvik, N.W.T. in the
summer of 1990 suggested that the active layer in the Mackenzie
Delta region reached the maximum depth in 1990 of the last 25 years
(Mackay 1990, personal communication). Above-normal air temperature
during that summer also initiated many skin flows in the region. The
nature of these, and other mass-wasting processes operating in the

active layer, have been summarized recently by French (1988).

3.4 Geothermal gradients

The term *mean annual ground temperature® (MAGT) has often been
used to describe permafrost conditions. It refers to the ground
remperature measured at the depth of zero annual amplitude, the
level beneath which there is practically no annual fluctuation in
ground Ctemperature (ACGR 1988). Field measurements of ground
temperature illustrate that MAGT is -7°C at Tuktoyaktuk, N.W.T.
(Fujino et al. 1988), and -3.0°C at Fenghuo Shan, Tibet Plateau (Li
1982; Tong and Li 1983).

Below the level of zero annual amplitude, the ground
temperature distribution is controlled largely by the geothermal

gradient and thermal conductivity of the soil, for geothermal heat
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flow depends upon these two parameters. This generalization assumes
no complicating factors such as water Dbodies, geological

irregularities, etc.

3.4.1 Mackenzie Delta region

The deep ground temperature data shown in Figure 3.7 were taken
from five exploratory boreholes in the Mackenzie bDelta region.
Boreholes 1 and 2 are located in the Modern Delta; the rest are in
the Pleistocene Delta (borehole 3 on Richards Island and boreholes
4 and 5 on the Tuktoyaktuk Peninsula). They indicates a temperature
drop and an increase in thickness of permafrost from the Modern
Delta to the Tuktoyaktuk Peninsula. The reason for this phenomenon
is 1) the youthness of the Modern Delta sediments which have not
been exposed to the cold air for as long as in the Pleistocene
Delta, and 2) the Mackenzie River channels have been a source of
heat.

The temperature profiles also indicate a departure Ifrom
linearity in the upper 100 to 300 m. The almost linear portions of
the curves at depth represent a steady heat flow from the earth
chrough relacively homogeneous unconsolidated materials.
Extrapolation of these curves to the surface vields a temperature
of about -10°C for the Pleistocene Delta and 0 to +1°C for the
Modern Delta. Today, in the Pleistocene Delta, the ground surface
temperature is approximately -8°C (Judge 1973). In the Modern Delta,
extrapolation of the measured temperatures suggests a present

surface temperature of ~5°C (Fig. 3.7). Thus, the curvature in the



Temperature (°C)

5 10 15 20
i | !

A

Depth {m)

Extrapolation line

Fig. 3.7 Measured ground temperatures in the Mackenzie Delta region. Curves1and2
are from the Modern Delta, while 3, 4 and 5 from the Pleistocene Coastal Plain (Data
source: Judge et al. 1979; Tayior and Judge 1976; Taylor et al. 1982).
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upper portion of the temperature profiles of boreholes 3 to 5
evidently represents a departure from eguilibrium caused by a recent
trend toward higher mean ground-surface temperatures. In other
words, the curvature suggests an increase in temperxature at the top
of permafrost of about 2°C. Similar temperature trends have been
reported by Lachenbruch et al. (1966, 1982, 1986, 1988) from the
arctic slope and coastal plain of Alaska. According to Lachenbruch
et al. (1986, 1988), this temperature increase commenced several
decades to a century ago.
The ground temperature profiles for the Modern Delta (profiles
1 and 2 in Fig. 3.7), however, show an opposite trend (i.e. a
cooling trend); the lower portions of the temperature profiles in
Fig. 3.7 were established when the mean ground-surface temperature
was between 0 and +1°C. BRecause the present ground surface
temperature is about -5°C, this indicates a decrease in mean annuval
surface temperature of about 6°C in the Modern Delta. A change of
this magnitude is unlikely to have been caused by climatic change.
More plausible is that the changes are related to the development
of the Delta itself. During the time when the lower po;tion of the
ground temperature profile developed, the sediments muét have been
submerged, and water bottom temperature was probably about 0 to
+1°C. With the continued sedimentation, delta growth, and probably
channel shifting, the sediments emerged to experience colder ground-
surface temperature, but still under the influence of periodic (i.e.
annual} submergence. Thus, the cooling trend indicated by the

borehole temperature profiles in the Modern Delta has little to do
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with the large scale climatic change. Instead, rhe data are prcbably

associated with the thermal effects of water body and sedimentation.

3.4.2 Qinghai-Xizang (Tibet) Plateau

Ground thermal conditions on the Qinghai-Xizang Plateau are
illustrated in Fig. 3.8. Curves 1, 2 and 3 represent the ground
temperatures in predominantly continuous permafrost areas. Curve 4
shows the higher ground temperature and thinner permafrost due to
the thermal effect of Bugqu River. Fig. 3.8 indicates that permafrost
thicknesses on the Plateau are usually less than 100 m, except for
rhe mountain ranges (see Fig. 2.14). Because of the higher
permafrost temperature on the Plateau, the influence of thermal
disturbances, such as those caused by water bodies and faults, is
believed to be more important than in the Mackenzie Delta. For
example, much greater areas of permafrost would disappear in Tibet
than in the Mackenzie Delta region if the MAGT increased by 1°C,
because about 75% of Tibetan plateau permafrost has a MAGT of
between -0.5 and -1.5°C (see Figure 2.8).

The average geothermal gradient on the Qinghai-Xizang Plateau
is 4.6/100 °C/m in permafrost, and 5.1/100 °C/m below permafrost.
This is higher than in the Mackenzie Delta region where it 1is
usually less than 2/100 °C/m in permafrost, and about 3/100 °C/m
welcw permafrost. The higher geothermal gradient on the Plateau
reflects the fact that the Plateau is geologically'young and active,.

Available boreholes on the Qinghai-Xizang Plateau are not

suitable for studying changes in near-surface ground temperatures
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Figure 3.8 Measured ground temperatures in the Qinghai-Xizang Plateau: 1-FenghuoShan
area, 2-Kunlun Shan Pass, 3-Wudaoliang, and 4-Buqu River valley (Data source: Tong and
Li 1983; Wang and Li 1983; Zhou and Guo 1982).
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since they are too shallow to show changes in geothermal gradient.
According to the distribution of ground temperatures Vs depth,
boreholes drilled for the purpose of paleoclimatic reconstruction
should be at least 200 to 300 m deep {Gold and Lachenbruch 13973).
Thus, dJdeep boreholes are needed in order to investigate the

geothermal history on the Plateau.

3.5 Discussion and conclusions

The net radiation on the Tibet Plateau is much higher than that
in the Mackenzie Delta region. This is due to the higher elevation
and lower latitude of the Plateau. The differences in surfa_ce ene'rg;}
exchanges in both areas lead to different active laver regimes. The
active layver on the Plateau begins to thaw almost a month earlier
than in the Delta region. However, upward freezing in the Delta
region is more significant; up to 32% of the active layer freezes
from below. As a consequence of these differences in surface energy
exchanges, the active layer on the Plateau is much thicker than in
the Mackenzie Delta region.

The surface energy exchanges also influence ground temperatures
at depth. Ground-temperature data indicate that the MAGT varies from
above -4°C in the Modern Delta to at least =-7°C in the Pleistocene
Delta region, and from -0.5°C to -3.0°C on the Tibet Plateau.

The geothermal gradient on the Tibet Plateau is roughly 2 and
3 rimes higher than that in the Mackenzie Delta region. This is
because the Plateau is geoclogically young and active.

Deep temperature measurements both in the Pleistocene Mackenzie
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Delta, and in Alaska, point out some of the systematic temperature
changes which have taken place in the North American Arctic. These
changes are indicated by the anomalous curvatures in the upper 200
m or so of temperature-depth profiles. The anomalies can be
interpreted confidently in terms of the surface temperature history.
This is because of a special property of cold continuocus permafrost:
unlike most near-surface earth materials, it is unaffected by
circulating groundwater. Thus heat transfer within it is exclusively
by conduction. According to Lachenbruch et al. (1986, 1988), the
'surface’ whose temperature is being analyzed is the upper surface
~of .permafro'st that lies beneath the active layer. This temﬁerature
differs from the standard ‘'surface air temperature' frequently
analvzed by clirﬂatologists. It also differs from the mean ground
temperature taken at the top of the snow pack, when it is present,
or the ground surface when it is not. It is believed, however, that
change in temperature at the top or bottom of permafrost represents
secular change in climatic processes.

Temperature data from the Pleistocene Delta indicate an
increase of 2°C at the top of permafrost; this increase is believed
to have commenced several decades to a century age. Although
comparable data from the Modern Mackenzie Delta suggest a cooling
trend, this has little to do with large scale climatic changes,
since it is related to the thermal effect of the Mackenzie River and
sedimentation.

Unfortunately, no deep ground temperature data are available

on the Qinghai-Xizang Plateau to investigate the geothermal history



and /or to identify any global climatic warming.
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4.1 Introduction
Chapter three examined certain common aspects of the grounc
thermal regimes in both areas. The regional pattern so described is
complicated and disturbed, however, by a number of important, site-
specific controls. In certain circumstances, these controlling
factors assume dominance and cannot be ignored. Accordingly, this
chapter now examines the impact that site-specific variables have

on permafrost.

4.2 Geological structure, Iibet Plateau

On the Qinghai-Xizang Plateau geological structure constitutes
the most important control over permafrost distribution. This is
because the Qinghai-Xizang Plateau is geologicall: active.

There is evidence that faulting has a close relationship with
permafrost thickness. By using DC-electrical sounding methods,
Huang and Mi (1983) have demonstrated that the permafrost thickness
in the fault zone can be 100 m thinner than the surrounding areas
(Figure 4.1). Based on geotechnical and hydrogeclogical
investigations on the Plateau, Tong and Li (1883) conclude that
faults have a significant effect on the thickness of permafrost.
Their survey indicates that ground temperatures on the upthrust
block of a reverse fanlt are higher than on the downthrust block
(Table 4.1).

There is also a clear relationship between faults, taliks and
hot springs. & large number of hot springs (Table 4.2) on the

Qinghai-Xizang Plateau are the direct result of faulting. The kind
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Table 4.1 Effects of reverse faults
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on permafrost

(Source: Tong and Li 1983)

Location Part of fault Groungdwater Permafrost
discharge thickness, m
{1/sec.m)
Budong-Quan Upthrust side 15.3 0.0
Downthrust 0.004 55.0
side
Wuli Upthrust side 4.3 0.0
Downthrust 0.6 8.1
side
Erdao-Gou Upthrust side 4.3 0.0

Table 4.2 Water temperatures and origin of hot springs

(Source: Guo 1985)

e

Locality Water temperature,°C | Intersecting faults
and their strikes

Xidatan 0.3 to 3 EW/NS faults

Budong Spring 2.0 NW/NE faults

Xanxin range 20.5 NW faults

Bugu river valley 18 to 68 Nw faults

Tanggula mountain 15 to 20 NW/NNE faults

_Euena lake 15 to 83 NE/NEE fauits

e e
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of taliks associated with geclogical structures and volcanic
activities are termed "structural-geothermal taliks". These hot
springs and taliks are often located at the intersecting zone of
faults of different strikes.

The effect of geological structure upon permafrost can best be
described in terms of the geothermal heat flux. Investigations
indicate that the geothermal flux in younger and active geclogical
units is higher than in older and geologically stable units (Table
4.3). Because the uplift of the Qinghai-Xizang Plateau is a late
Cenozoic event (post-Pliocene), the average geothermal flux is
believed to be higher than 2.2 pcalcm™=s™. This is especially true
along the fault zones. Groundwater is usually under‘great pressure
and rises along the faults, bringing geothermal heat to the
surface.

Sometimes, the formation of frost mounds on the Tibet Plateau
is associated with faults. An example is the pingo located in the
Xunlun Shan Pass along the Trans-Plateau Highway (Figure 4.2}.
Groundwater (mud) emerged from a borehole drilled through the
pingo,to a depth of >57 m (the permafrost base). It seems unlikely
that a subpingo water lens exists because the groundwater did not
come immediately from beneath the ice.core, but from the aguifer
below the permafrost base (water (mud) jetted up to the air more
‘than 20 m high when the borehole penetrated the permafrost)
Investigations have confirmed that the pingo 1lies at the
intersection of two faults. One is a normal fault with a NE strike,

the other is a reverse one with a NNW strike. It is hypothesized,
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Table 4.3 Mean geothermal flux in geological units of

different age (Source: Geothermal Group 1878 ).

L |

Geological age

Geothermal flux, ncalcm s

P;ecambrian 0.83
Palaeozoic 1.11 to 1.24
Mesozoic 1.42
Cenozoic 2.20

—

—



76

Figure 4.2 A photo showing the collapsed pinge at the Kunlun Shan Pass. It is the largest
one found on the Tibet Plateau. The road by the pingo is the Trans-P'ateau Highway (Photo
taken by Wang Shaoling in the1970's).
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therefore, that the pingo was formed by the freezing of artesian
groundwater injected up through the fault zone (An 1980). This
process is also responsible for the origin of many other pingos on
the Plateau. Thus, Guo (1985) has tabulated several pingo groups
formed in this manner. In all probability, similar pingos occur on
Prince Patrick Island (Pissart 1967) and Amund Ringnes Island
(Balkwill et al. 1974) in the Canadian Arctic.

4.3 Coastal retreat, Mackenzie Delta

In the Mackenzie Delta region, the proximity of the Beaufort
Sea is an important influence upon permafrost. First, thermal
erosion and rapid coastal retreat of unconsolidated ice-rich
sediments leaves an offshore zone of relict permafrost beneath
challow water. and second the thermal regime in such areas
progressively adjusts to the new upper boundary zone created by the
coastal retreat. A numerical modelling was employved to better
understand these changes. Moreover, the possibility of hydrocarbon
development on the Beaufort Sea shelf and the location of
processing and transportation facilities at the coast necessitates
an understanding of permafrost conditions in these dynamic littoral

environments.

4.3.1 Evidence for coastal retreat
Coastal recession, caused by thermal erosion and ablation of
jce-rich sediments, has been reported from many areas of northerxrm

Alaska (e.g. Hume et al. 1972; Reimnitz and Maurer 1973; Vigdorchik
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1980; Walker 1988), northern Siberia (e.g. Are 1983; Molochushkin
1978; Novikov and Fedorova 1989), and the Western Canadian Arctic
(e.g. Dalllimore et al. 1988; Harry, et al. 1983; Mackay 1986a,
1987). In the Laptev Sea, certain islands have disappeared 1in
historic times, on account of extremely rapid coastal recession
{(Barr 1976). On the Yukon Coastal Plain, the grave of a member of
Aamundsen's expedition had to be moved landward several times due to
coastal retreat (Mackay 1963b). Recent field investigations along
the Beaufort Sea coast in the Mackenzie Delta indicate that the
retreat rate varies between less than one metre to 8 m/year,
dependingrmainly on ice content, degree of lithification of the
sediment: ind the activity of storm surges and longshore currents.
For e-uiole, typical rates of coastal retreat are 8 m/year for
high centred polygons underlain by a high ice content diamicton at
Tuk 3 site; 7 m/year for tabular body of massive ground ice at
peninsula Point (Figure 4.3) (Mackay 1986a); 3 m/year for ice-rich
sandy coastal bluffs (Figure 4.4); and 1 m/year or less for ice-
poor sandy bluff and sand bars (Dallimore et al. 1988)). Elsewhere,
maximum retreat rates as great as 15 to 20 m/year have been
documented for parts of the Laptev Sea, Siberia {Molochushkin

1878).

4.3.2 Numerical simulation
Numerical modelling of seafloor temperatures is useful since
it enables prediction of permafrost changes without expensive

offshore measurements. Mean annual seafloor temperature (MAST) is



Figure 4.3 A 1971 air photo (A22535) of Peninsula Point, 6 km southwest of Tuktoyaktuk,
N.W.T., showing the shoreline positions at different times (Source: Mackay 1986a).
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Figure 4.4 Rates of coastal retreat at North Head, Richards Island, Mackenzie
Delta region (Source: Dallimore ei al. 1988).
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taken as a boundary condition. For the Mackenzie Delta region, a
mean ground surface temperature (Ts) of -8.0°C is typical (Judge
1973). Recent studies indicate that seafloor temperature decreases
with increasing water depth and remains below 0°C for much of the
year (Dyke 1991; Hunter 1988; Sellmann et al. 1952). In the
Mackenzie Delta region of the Beaufort Sea the MAST ranges mostly
between 0 and -2°C. In this study, values of between -1 and -2°C are
assumed for all areas between Herschel Island and King Point, plus
the offshore areas of the Pleistocene Mackenzie Delta. The
discharge of the Mackenzie River mixes with sea water to give above
0°C temperatures, but this effect is restricted to shallow depths
only {(Dyke 1991; Hunter 1988). The MAST in this area is assumed to
be 0 to -1°C. Following shoreline~retréat the submerged permafrost
is subject to degradation although MAST can be below 0°C (Nixon
1986) . The depth of thaw has been discussed by Dyke (1991), Hunter
(1988) and Nixon (1986). This section, however, focuses mainly upon
the temperature variations of nearshore permafrost after rapid

coastal retreat, regardless of the phase change.

The model

The first problem to consider is the thermal disturbance due
to the ocean, where the shoreline is supposed to have shifted
during some brief interval of time in the past, and to have since
remained stable. The earth's surface can be considered as a plane
(z=0), composed of the land surface and the ocean bottcm.

Neglecting relief in this way can be justified along the Western
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Aretic Coast of Canada because of the gentle sleping continental
shelf and low relative relief. In a two-dimensional model, the
shoreline is represented by a vertical line (Z=0, X=0), the land
surface by 2=0, X<0, and the ocean bottom by Z=0, X>0 (Figure 4.5).
The basic equation describing the heat distribution is the two

dimensional Fourier equation (Lachenbruch 1957a):

F9,F0_ 1B (4.1)

ox2 9z: & Ot
The problem is to find the increase in temperature caused by
coastal retreat at any subsurface point (x. z) that satisfies
equation (4.1}). ﬁt the same time, Equation (4.1) needs to satisfy
several conditions. First, it is assumed that pricr to initiation

of coastal retreat, there was no thermal disturbance, i.e.:

e(x:zr t) =0, (z>0: t"—_O] (4-2)

Second, after the beginning of retreat, although thermal
disturbance at the sea bottom occurs, it is assumed that there is
no change in ground surface temperature (i.e. Ts remains constant).
The sea bottom disturbance is the difference between the mean
annual temperatures of the land surface and seafloor, represented
by A. Furthermore, at an infinite depth beneath land (z==), it is
assumed that the thermal disturbance caused by coastal retreat is

Zero:

B(x,0,t)=0,(t>0,x<0,2=0) (4.3)

8(x,0,t)=A4, (0,20, 2=0) (4.4)



Shoreline

x<0, z=0 x=0, z=0 x>0, z=0
Land Sea bottom
E
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Figure 4.5 Coordinates used in the model.
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8(x, =, t) =0, (£>0,x<0} {4.5)

Equation (4.2) is an initial condition, while (4.3) to (4.53) are

boundary conditions.

Stationary shorelines
For a stationary coastline, the thermal disturbance can be

solved from the foregoing equations as follows {Lachenbruch 1957a):

8(x,z,t) =Aw(i;,m) _ (4.6)
where
X _1 1 e/x _ dv
¥ (<, m) —EerfCJE+;!§’ exp[-m(1+v) I —— (4.7)
and
3 zz
Y-y (4-8)

where a=thermal diffusivity (cm?/sec), t=time since coastline
retreat (vr), v=integration variable, A=difference in temperature
petween the ocean bottom and land surface, and m=coefficient.
Therefore, the thermal regime at any point (x,z) is the temperature
before disturbance (Tu) plus the temperature increase caused by

shoreline retreat:
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T(x, z) =Tu+b (x, z, t) = {Ts+Ggz) +AT (-’;f,m) {4.9)

Retreating shoraelines

An unstable (i.e., retreating) coastline is a more realistic
scenario for the ice-rich unconsolidated sediments of the Mackenzie
Delta. The restriction that a shoreline moves suddenly, at t = 0,
to a new position, x = 0, can be removed by superposition of
solutions of the form of (4.6) so that a.numerical simulation of
permafrost conditions can be made for retreating shorelines. In the

general case when n stages of shoreline retreat are considered,

solution {4.6) becomes:

-A["zf[‘!*(’“‘*1

m) - (X%, my 1+ e (2, m1 (4.10)
i=1 * z - z
The model here simulates the thermal regime of permafrost by
tracing shoreline retreat over the last 300 years. Assuming a
maximum retreat rate of 8 m/yr as typical of exceptional rapid
retreat, the coastline of certain part of the Mackenzie Delta
region would have been 2,400 m seaward of its present position.
This shoreline retreat during the last 300 years can be
divided into several stages: when the coastline moves from (1) %,
= o tox = 2,400 mat t, = 0; (2) x, = 2,400 m to x;, = 1,600 m at

£, =100 years; {(3) %, = 1,600 m to x; = 800 m at t, = 200 years; and

(4) %, = 800 m to X, 0 at t; = 300 years. For such a four-stage
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retreat model from t, = 0 {(i.e. 300 years ago) to &= 300 year (i.e.

oresent), solution (4.10) beccmes (Lachenbruch 1857a):

,m,) - ‘E("_ﬁi,ml)m'f( 3, m,) ?c_ﬁ,md

X'x;

+ [P ,m,)-?(.";:i,m,)lnr(""‘l,mn (4.11)

where

-z (4.12)
B Laie-t) .

Solution to the equations is made by routine calculations
following the methods of Smith (1953)'and Lachenbruch (1957a). A
major problem in this model is the calculation of the disturbance
function ¥ from egquation {(4.7). This involves the complementary

function erfc(x) which itself relates to an error function erf(x):

erfc(x)=1-erf{x) (4.13)
where
erf(x) =—2-ffexp (-t2) dt (4.14)
N3

Solution of these functions can be found in engineering mathematics
textbooks (e.g. Kreyszig 1966). A second problem relates to the

second term cf equation (4.7) which is an integral. Smith (1953)
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has made a solution in the form of a series expansion:

/z _ 2 dv

FPexp-m(1+v )1-—-—1+v2

. ()3 na . 1s
=sa:f:r;>(-::z);.>:“.° TS (1+ﬁ+...._ﬁ_!) (4.15)

for x/z<=1, and

<% 4o X /7 - -m(=
=51 erfymert(ym) —exp [-m( 212]>‘

m(X)2 (m(X)2]2
= (-1)=2 z z
Sy (e 2T

Z

) (4.16)

for x/z>1.

Results

The thermal regime of nearshore permafrost in the coastal
retreating zone is finally predicted by equation (4.3) unéer three
different seafloor temperatures (Tsf). The results are shown in
Figures 4.6 and 4.7. Predictably, these diagrams indicate that,
although there is a minor difference in permafrost thickness
betweenn land and sea, the temperature beneath the'sea is warmer
than beneath land. For example, the offshore ground temperature
predicted under the condition of Tsf=0°C is mostly above -4°C. By
contrast, the temperature beneath land 500 m away from the

shoreline may be as low as -6°C.
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Figure 4.6 Predicted ground temperatures for the near-shore permairost under three different
seafloor temperatures Tsf (A: Tsf = 0°C, B: Tsf=-1°C, C: Tst = -2°C).
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Figure 4.6 shows that permafrost can be expected to persist at
a significant distance offshore following rapid ccastal retreat.
This has been proven in the offshore areas of the Pleistocene
Mackenzie Delta where drilling has indicated subsea permafrost
several tens of km offshore (Hunter et al. 1976; Mackay 1972).
Such extensive subsea permafrost may be due partly to rapid coastal
retreat. This inference is supported by the temperature data
measured from Norton Sound area of the Bering Sea, where nearshore
subsea permafrost is present only in areas of rapid coastal retreat
{Osterkarp and Harrison 1982).

Figure 4.7 indicates that with rapid coastal retreat the
extent and thickness of subsea permafrost within 2,500 m of the
shoreline (curve D) can be almost as thick as that on land (curve
A), but warmer. The most significant increase in temperature oCcurs
near the surface (i.e., the seafloor). The temperature increase
within 100 m of sea bottom may be as much as 4-6°C during the first
several hundred vears of submergence caused by coastal retreat.
Data which support this model have been reported from the Laptev
Sea, USSR (Molochushkin 1978), and from Prudhoe Bay, Alaska -
(Lachenbruch and Marshall 1877} . Another phenomenon associated with
coastal retreat is the presence of a negative geothermal gradient

in the upper 100 m of subsea permafrost (Figure 4.7) .

4.3.3 Discussion
This analysis identifies several problems concerning offshore

permafrost. The first relates to the thickness of relict offshore



91
permafrost. Given the rate of coastal retreat used in this model,
the thickness of subsea permafrost 2,000 m offshore is predicted to
be about the same as that on land. However, its temperature would
be higher. The model shows that the equilibrium thickness of
permafrost beneath land, under current ground surface temperatures
(s = -8°C), is about 350 m. Because seafloor temperatures (?sf)
are mostly between -1 and -2°C, (i.e. about 6 to 7°C higher than Ts)
much subsea permafrost must be relict and is degrading. If a
geothermal gradient of 0.0l °C/m is assumed for the sea bottom, the
equilibrium thickness of permafrost would be 200 m. Thus, one can
infer that the thickness of relict degrading qffshore permafrost
may be as much as 350-200 m (i.e., 150 m}. As a regional maximum
rate of coastal retreat has been assumed in this simulation, areas
with slower retreat rates will have thinner relict permafrost.

A second problem concerns the origin of offshore permafrost.
This has been discussed by many investigators (e.g. Mackay 1972;
Osterkamp 1875; Vigdorchik 1980). One mechanism relates to the
emergence-submergence of the land during the Plelistocene. Because
most of the coastlands of the Western Canadian Arctic were
unglaciated during Late Wisconsinan times (Rampton 1988}, shallow
areas below present sea level were exposed as dry land. Permafrost
would have grown in response to cold air temperature, the thickness
of which would depend on the duration of exposure (Mackay 1972).
Upon submergence, terrestrial permafrost would have become subsea
permafrost. But subsea permafrost may also originate in a number of

other ways. As demonstrated by this simulation, extensive and rapid
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coastal retreat can result in relict permafrost existing in
offshore areas. Since continuing and rapid coastal retreat is a
widespread geomorphic phenomenon of the western arctic coast of
Canada, it may have played a more important role in the formation
of offshore permafrost than originally thought.

By definition, permafrost, or perennially cryotic ground, need
not contain ice even though its temperature remains below 0°C (ACGR
1988) . Therefore, the permafrost base does not always coincide with
the lewer limit of ice-bonded permafrost. This model delineates the
boundary between cryotic and noncryotic ground in the seafloor
uéing the 0°C isotherm. However, the lower limit of ice_—bonded-
permafrost cannot be directly predicted by the model because the
freezing point of the seafloor changes considerably with soil type,
salinity, pressure, etc.

The simulated results of this model also lend insight into the
relationship between the deep ground temperature and surface
climatic change. Figure 4.8 shows measured ground-temperature
profiles from £four drillhdles at separate localities along the
alaskan arctic coast. Lachenbruch et al. (1969, 1982) conclude that
the curvature in the upper 100 m or so of these temperature
profiles represent a climatic warming trend. However, caution must
be exercised, because these boreholes are located along the coast
and the curvatire may be caused partly by the thermal effect of the
ocean and coastal retreat. Curve b in Fig. 4.7 represents the
temperature profiles predicted at the shoreline. Although climatic

warming over the last several hundred years is not explicitly
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Figure 4.8. Generalized profiles of measured ground temperature on the Alaskan arctic
coast (solid lines). Dashed lines represent extrapolations, 1-Cape Thompson, 2-Cape
Simpson, and 3-Prodhoe Bay (Source: Gold and Lachenbruch 1973).
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considered in the model, the curvature of the ground temperature
profiles beneath the coast is evident. This may be because of the
significant warming effect produced by shoreline retreat in the
upper lavers of permafrost. It follows that ground temperature
profiles in coastal areas are not good indicators of climatic
change.

Finally, a disadvantage of this model is the neglect of the
effect of unfrozen water content on the thermal diffusivity of the
sediments. Since the thermal diffusivity is equal to the ratio k/c
(where k is thermal conductivity; ¢ is heat capacity), its
variation with water content and temperature depends on the
interplay of these two defining properties. The thermal diffusivity
of frozen soil is highly temperature dependent and is dominated by
the heat capacity term, especially within the range of 05C to -3°C.
The thermal diffusivity increases with decreasing unfrozen water
content of the soil, within certain temperature range (e.g. from
freezing point to -4°C) (cf. Williams and Smith 1989, pp. 89-94).
For seabed sediments, this relationship is complicated by the
infiltration of salt water into sediments. This infiltration is
especially important for recently submerged terrestrial sediments
Gue to sea-level rise and/or rapid coastal retreat. This means that
the unfrozen water content in the submerged sediments will
increase, and that the value of the thermal conductivity is likely
to decrease. The neglect of the variations of the thermal
diffusivity with unfrozen water content and temperature may exert

a significant impact on, but unlikely alter the order of magnitude
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of, the results of the model.
4.4 Other disturbances

4.4.1 Lakes

In the Mackenzie Delta region, several studies upon the
effects of lakes on the permafrost thermal regime have been carried
out {(e.g. Johnston and Brown 1963, 1964; W.G. Brown et al. 1964;
smith 1972, 1976). According to Johnston and Brown (1964), even
relatively shallow lakes do not freeze to the bottom, because of
the presence of snéw cover on the lake ice during winter, although
the MAAT is as low as -10°C. Mackay (1878) also reports that open
(through) taliks exist beneath some of the big lakes in this
region.

If one assumes a constant value of the geothermal gradient,

the linear variation of temperature with depth is:
T, (2) =T +G, 2 (4.17)

where Tu(z) is undisturbed ground temperature at depth Z; Ts is
mean annual ground surface temperature, °C; Gg is geothermal
gradient, °C/m.

In the viecinity of a lake, however, ground temperature (Tu) is
modified by the thermal influence of the lake. An important and
intrigquing geothermal problem, is to determine the disturbance that
results when the surface temperature within some finite region such
as a lake differs from that of the surrounding. A sclution to this

problem has been derived by Lachenbruch (1957b} as follows:
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A (x, v, 2, t) (4.18)

B{x,y. =z, t)=(Tw-Ts)2360

where

d>=[—-1——e:fc[“ A 1- 1 erfc[-@]]

2 2
,l1+(%)2 Vet .\1+(.Rz=_:) Vet (4.19)

Under steadv-state conditions this disturbance function .can be
simplified as the following eguation for the case of a circular
lake:

8(z) =(Tw-Ts) [1- ] (4.20)

Therefore, the ground temperature in the vicinity of a circular

lake with a radius »f R is:

ﬁ ]

T(2) =Tu{z) + (Tw-Ts) [1-

(4.21)

Application of this heat conduction theory to the upper
Mackenzie Delta led Smith (1976) to conclude that permafrost is
absent beneath lakes that are wider than 80 to 100 m. In his
calculations, he assumed Ts = -4.2°C, Tw = 3.2°C for lake water

cemperature, and Gg = 2.5/100 °C/m. The maximum thickness of
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permafrost in his study area was about 100 m (Smith 1973a). This
means that if the width of a lake is roughly equal to the thickness
of permafrost, an open talik might be expected beneath the lake
centre. However, in the Russian literature, it is known that
through taliks occur beneath lake centres only if the width of the
jake is more than twice the permafrost thickness (e.g. Kudryavtsev
1959, 1978).

The same model can be applied to the lower Mackenzie Delta
region by assuming Ts = -8.0°C, Tw = 2°C, and Gg = 2.2/100 °C/m.
Figure 4.9 shows ground temperature profiles which are predicted
for lakes of different sizes for the lower Mackenzie Delta regionl
Curve 1 is the undisturbed ground temperature, and curves 2, 3, 4,
and 5 are the computed curves whén the lake radius is assumed to be
100, 200, 300, and 400 m, respectively. It is seen from this
diagram that, under current conditions, permafrost still exists
under a 200m-radius lake in the lower delta region. In the
Mackenzie Delta, the critical radius of a lake beneath which a
through-going (open) talik would develop is 250 m. This indicates
+hat the Russian value of the critical size of a lake to produce an
open talik is greater than needed, unless different conditions
prevail.

Figure 4.10 illustrates the ground temperatures beneath lakes
of Qifferent sizes in Fenghuo Shan area on the Qinghai-Xizang
Plateau (in calculation, Ts = -4.2°C, Tw = 2°C, Gg = 5.4/100 °C/m}).
The straight line represents undisturbed ground thermal regime, and

lines 2, 3, 4, and 5 are predicted ground temperatures when the
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lake radius is assumed to be 20, 30, 40, and 50 m, respectively. It
is indicated in Figure 4.10 that the critical radius of a lake
beneath which an open talik forms is 45 m.

These numerical simulations suggest that, in both areas, tne
ground thermal regimes under a lake are severely modified,
especially in the upper portion of the profiles. The increase in
temperature at a depth of 100 m can be as much as 5°C or more,

depending upon the size of the lake.

4.4.2 Snow

The influence of snow cover on permafroét thermal‘regime-is
far-reaching in the Mackenzie Delta region, and discussed in great
detail by a number of researchers (e.g. Brown 1970, 1573, 1978;
Goodrich 1978; Mackay and MacKay 1974, 1976; Smith 1975a, 1§75b,
1976). However, this effect is neglectable on the Plateau since
there is little snow accumulation on the ground surface in winter.
Therefore, analysis of the manner in which snow affects the

geothermal regime is excluded Trom this thesis.

4.4.3 Elevation

2An important characteristic of plateau permafrost in Tibet is
that permafrost conditions change not only with latitude but alsc
with relief and slope aspects. First, the effect of topography
relates to the lapse rate of air temperature change with elevation.
The lapse rate on the Plateau ranges from 0.44 to 0.54 °C/100 m,

with a mean of about 0.5 °C/100 m (Xie and Zeng 1983). The ground
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surface temperature is roughly 2°C higher than the alr temperature
on the Plateau (Xie 1982). Therefore, the variation of permafrost
thickness with elevation can be expressed by the following

equation:

E= (T, - 0.005 &H + 2) / G, (4.22)

where E=changes in permafrost thickness (m), Ta=mean annual air
temperature (°C), and aH=changes in elevation (m). According to
this relationship, an increase of 100 m in elevation will cause an
increase of about 15 m in permafrosﬁ thickness. This is consistent
with field investigations carried out by Shang (1982).

The impact of topography on permafrost on the Plateau also
relates to slope aspects. Permafrost investigations on the Plateau
indicate that permafrost beneath north-facing slopes is usually
rhicker than beneath the south-facing slopes. Field investigations
suggest that the difference in permafrost thickness between slopes

of different aspects ranges between 50 and 70 m (Table 4.4).

4.4.4 Eolian sand

Sand dunes are widespread on the Qinghai-Tibet Plateau; this
is because 1) the Plateau is arid and has a sparse vegetation
cover, 2) winds are strong, as great as 28 m/sec, and 3)
unconsolidated surficial sediment, altered by £frost action,
provides a material source for the formation of sand cover and/or

dunes.

sand cover and dunes exert profound modifications to the
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Table 4.4 Effect of slope aspects on permafrost,

Qinghai-Tibet Plateau (Source: Tong and Li 1983)

e

M

Topographic Elevation Ground Permafrost
location a.s.l., m temp., °C thickness, m
Sw-facing slope 4712.8 -2.2 72.8
Valley floor 4676.7 -2.8 %4.0
NE-facing slope 4710.5 | -4.4 146
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ground thermal regime. Figure 4.11A indicates that the depth of
thaw under 20 cm sand cover is 1.85 m greatex than the ground
without a sand cover. At some localities, permafrost shrinks
greatly in thickness, even disappears under large sand dunes
(Figure 4.11B). This is because the thermal conductivity of sand is
greater than the surrounding ground. As a consequence, the sand
absorbs more solar heat, which in turn, increases ground
temperature.

Some of the sand dunes on the Plateau move quite fast.
Airphoto studies indicate that one dune has moved 88.4 m in the
last 22 years, approximately 4 m/year. Exceptional rates of
migration has been witnessed along the Trans-Plateau Highway. One
sand dune (Figure 4.12) moved from one side of the highway to the
other side (a distance of at least 100 m) in four years (1987 —‘
1991). The influence of migratory sand dunes on permafrost differs,
depending upon their rates of migration. Fast moving sand dunes
will cause a transient geothermal regime to certain depth of
permafrost, but will not thin the permafrost. Slow moving ones,

however, may also cause the permafrost to degrade temporarily.

4.5 Conclusions

Some of the variables that affect the geothermal regime are
unique to each area. Only lakes are common modifiers of ground
temperature. On the Qinghai-Xizang Plateau, although elevation
(topography) and sand dunes play a part 'in influencing the

geothermal regime, faults constitute the most important and
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Figure 4.12 A migratory sand dune in Wudaoliang area, Tibet Plateau. It was on the
other side of the road in 1987 (Photo taken in September 1991).
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powerful control. Along the fault zones permafrost is usually
thinner and temperatures are higher. Sometimes groundwater, often
under pressure, moves up aleng fault zones to form pingos, and even
hot springs.

The presence of the Beaufort Sea and rapid coastal retreat in
rhe Mackenzie Delta region provide an interesting field of study in
terms of geothermal regime and subsea permafrost. A very fast rate
of coastal retreat was used in the modelling of nearshore
permafrost thermal regime. Following the retreat, ground
temperature undergoes a increase of 4 to 6 °C within 100 m of the
sea bottom during the.first several hundred years. Although the
emergence-submergence process of land during the Pleistocene is the
primary origin of subsea permafrost, in areas where the shoreline

undergoes rapid retreat, subsea permafrost is currently forming.
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PART THREE

IN SITU PERMAFROST CREEP

CHAPTER FIVE - FIELD SITES AND INSTRUMENTATION
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5.1 Introduction
This section describes a field project on the Tibet Plateau
aimed at quantifying the nature of plateau permafrost so that it can
be compared to the high-latitude permafrost of northern Canada.
Instrumentation, installed in the West valley of the Fenghuo
Shan area, Qinghai-Xizang (Tibet) Plateau in the summer of 1981
investigated the geothermal nature of the Tibet permafrost and
magnitude of mass wasting and in situ permafrost creep. Ultimately,
ground temperatures and ground-ice contents were related to site-
specific permafrost creep. This chapter. describes the
instrumentation and geotechnical conditions of the field sites. The

next chapter provides a discussion of the results.
5.2 TField sites and instrumentation

5.2.1 Field sites

Fieldwork undertaken in early August 1991 identified sites for
study while actual drilling and instrumentation was accomplished in
late September 1991.

The West Valley of Fenghuo Shan (Figure 5.1) was chosen because
previous investigations had indicated the permafrost in this area
to be ice-rich. As a consequence, it 1is especially prone to creep
deformation. In addition, the area possesses good logistics since
che Permafrost Research Station built by the Northwest Institute of
Railway exists close to the Trans-Plateau Highway at this point. The

disadvantage of the area was that disturbance and even damage (made



109

58S piol} U BUIMOYS OS[E ‘NBajeld 16qlL ‘eese Ae|iBA 1sem ou) jo dew ojydeiSodoy 1 Bl

———

se/loN

uojjelg yaressoy
1s02jellile g UBYS onybue

£ eus

4820

£s|[eA 159M

098y




110
by humans and/or animals) to instrumentation can be a problem.

The Fenghuo Shan terrain is characterized by undulating hills
and valleys. It is one of the few hilly areas between the Kunlun
Shan Mountains to the north and the Tangula Shan Mountains of the
Plateau to the south. The altitudes of the instrumented sites range
between 4,780 and 4,900 m a.s.1l. (Figure 5.1). The highest elevation
in the area is approximately 5,200 m. The hills on either side of
the West Valley trend in a nearly east-west direction, and probably
reflect structural control.

Bedrock underlving the unconsolidated deposits in this
area is Tertiary-age sandstone, siltstone and shale. The surficial
deposits are thin and derived primarily from the cryogenic
weathering of these bedrock strata. Cryogenic weathering leaas to
rhe development of considerable quantities of silt and silty clay
materials; these are particularly frostc-susceptible and conducive
to the growth of ice lenses and/ox frost heave.

In order to investigate the nature and magnitude of in situ
permafrost creep, six sites were selected (four on the north-facing
slope, and 2 on south-facing slope) in the West Valley of Fenghuo
Shan (Figure 5.1). Profiles of the instrumented slopes are given in
Figure 5.2.

The slopes of the West Valley are moderate in angle (Fig.
5.3). The north-facing slope (transect A-A') rises from the wvalley
bottom at an angle of 10° at site #4 and changes to 25° at site #1,
while the south-facing slope ranges from 11° at the toe, 15° at site

45 ro 21° at site #6 (5.2}.
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Fig. 5.3 The terrain of the West Valley of the Fenghuo Shan area, Tibet Plateau.
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5.2.2 Instrumentation

An important constraint was to instrument in a manner which
allowed direct comparison with North American data.

Numerous instruments and techniques are available for the
investigation of rcck/soil lateral movement {(Dunnicliff and Green
1988), but only borehole inclincmeter systems provide data over a
full vertical profile with the accuracy necessary to resolve creep
deformation. Inclinometer systems have already proven reliable in
the study of soil creep (e.g. Wilson 1870), glacier movenment (e.g.
Meier 1960, Savage and Paterson 1963), and of particulaxr relevance
here, in the in situ creep of permafrost (Bennett 1589, Savigny
1980) . Multi-string YSI thermistor cables were used in conjunction
with the inclinometer system in order to Eorrelate movement with
thermal regime. Upward movement (presumably frost heave) was
measured by heavemeters which were manufactured at LIGG.

To complement this approach, near-surface downslope movement
(i.e. solifluction) was monitored by measuring small objects (metal
rings, in this case) inserted into the seasonally thawed laver.
However, these data are not yet available for presentation in the
thesis, because a minimum 2-3 year period of cbservation is

required. LIGG personnel will obtain these data in 1994 and 1995.

Inclinometer asystem
Inclinometer systems fall within the category of transverse
deformation gauges. Inclinometers are defined as devices for

monitoring deformation normal to the axis of a pipe (or casing) by
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means of a probe passing along the pipe. The pipe contains gravity-
sensing transducers designed to measure inclination with respect to
the vertical. The pipe or casing may be installed either in a
borehole or in fill. Inclinometers are also referred to as slope
inelinometers, probe inclinometers, and slope indicators (Dunnicliff
and Green 1988) . Although many types of inclinometers exist, a Terra
Technology MP-20 mini-probe inclinometer (Figure 5.4) was used in
this study. This inclinometer, manufactured by Terra Techneology Corp
in Redmond, Washington, D.C., is designed to generate reliable data
in case of very limited deformation. It provides accurate data at
the extreme sub—zéro temperatures experienced in permafrost
enviromments. Similar equipment has been used by both Savigny (1980}
and Bennett- (1989).

The MP-20 inclinometer has four primary components. These are:
cthe inclinometer probe itself or torpedo, the readout unit, the
interconnecting cable, and the grooved inclinometer casing. In the
mini-probe, two fluid-damped, metal flexure suspension servo
accelerometers are mounted in the sensor housing. The sensitive axis
of the two accelerometers are aligned at 90 degrees to each other
so that one (the A axis sensor) measures the component of tilt
rowards or away from the probe's spring loaded wheel, while the
other (B axis sensor) measures the tilt component aligned at 90
degrees to the spring loaded wheels. The system is designed to
detect changes in the downslope configuration of slope soils to
0.0003 cm over a 30 cm vertical distance. Accuracy of the system,

however, as measured in field test is demonstrated by maximum
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Figure 5.4 A diagram showing the Tema Technology MP - 20 mini-probe inclinomeler syslem.
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variability of 0.0061 cm for repeated readings at a single point.
Results are well inside the resolution of the system (e.g. Bennett
1989). The inclinometer is connected to a digital readout unit
(Terra Technology., Model TPC-101) by a 15 m-flexible, epoxy-encased
cable.

PVC casing was purchased from RST Instruments, Port C&quitlam.
B.C., Canada and shipped by air direct to Lanzhou, China. The casing
came with an outside diameter of 7.09 cm and a length of 3 m. The
casing contains 4 longitudinal pre-cut grooves which are located
equidistance arocund the interior. The bottom of the casing was
seaied by the manufacturer, and the top was capped. The grooves
within the casing keep the inclinomgter from rotating and allowed
a precise directiénal positioning of the inclinometer each time a
site was monitored. Markings of the cable at 1 foot intervals (30.48

cm) allowed for a precise depth positioning of the probe.

Thermistor cables

Five multi-thermistor strings with a length of 3 m were
constructed of a nine-pair conductor cable. Thermistors were placed
at intervals of 0.5 m (6 thermistors for each string). ¥SI {(Yellow
Springs Instrument Co, U.S.A.} 44033 thermistors with an accuracy
of = 0.05 °C were used. These multi-thermistor cables were tied on
the outside of the casing and lowered into boreholes. Ground
temperatures were measured at six levels (0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0 m) at sites from #2 to #5, inclusive, but at 5 levels (0.0,

0.5, 1.0, 1.5, and 2.0 m) at site #6. Site #1 was not installed with
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a thermistor cable. Pre-existing ground temperature observations of
deep boreholes in this area were employed to estimate the mean

annual ground temperature.

Heavemeters

Since the inclinometer system provides only horizontal
displacement, five telescoping tube heavemeters made of aluminum and
steel were installed at sites #1, #2, #3, #4, and #5 to estimate
upward (vertical) movement. It should be emphasized that the
(vertical) direction of the mgasured heave by the tubes is not
normal te the slopes. The heavemeters were made up of three heave
rubes and a central rod (Figure 5.5 and Table 5.1) to measure frost
heave at three different levels in the active layexr. For each site,
the heavemeter was located within 1 m distance from the inclinometer
casing. An installed heavemeter is shown in Figure $5.6. Telescoping
tube heavemeters have been proven to be an effective tool for the
measurement of frost heave in the field (e.g. Mackay et al. 1979;

Smith 1985; Bennett 1989; Burn 1989, 1990b).

Drilling and installation

Drilling was undertaken in late September 1991 using a QPC-30
Drill manufactured by Changsha Mineral Exploration Machinery Co.,
P.R. China (see Figure 5.7). The drill is owned by the Qinghai-
Xizang Plateau Comprehensive Research Station of LIGG at Golmud and
was transported to field sites by truck. It is an auger-type drill

and no water was used during drilling. Two holes were drilled for



Central rod ——

~ Rt L3
1 2

R3

Figure 5.5. Design of the heavemeters (see Table 5.1 for details).

Table 5.1. Details of the five self-made heavemeters.

Unit: mm
Number HM? HM2 HM3 HM4 HMS
- L1 1370 1450 1350 1400 1400
B
S | L2 1170 980 1060 970 1170
-l
L3 750 650 500 560 550
.§ R1 32 a3 42 42 42
£
2| R2 25 25 30 30 30
5
g R3 10 20 25 21 21
5F | o1 35 35 3.0 3.0 3.0
g =
22, D2 2.0 2.0 2.0 15 20
F2l
,—,—‘:_.9-;| D3 15 15 15 |. 15 15
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Figure 5.7 The QPC - 30 Drill in operation in the West Valley, Tibet Plateau.
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each site, one for the inclinometer casing and thermistor cable, and
another for the heavemeter. The boreholes were 10.5 cm in diameter.

At the time of drilling, borehole logs were made for each site,
and soil samples taken for the determination of water/ice content
and bulk density.

Upon completion of each borehole to a depth of 3 m,
inclinometer casings and thermistor cables were installed into
place. The thermistor strings were wrapped to the outside of the
casing and lowered into the boreholes together with the casings.
Since the casing was sealed at the base a clean interior for the
inside operation of the inclirometer torpedo is assured. The space
between the PVC casing and the borehole wall was backfilled with the
soils that were dug out by drilling. Long thin metal rods were used
to tamp the backfill soil. The installation allowed 10 to 20 cm of
casing to be exposed above the ground surface. After the first
reading was taken, the casing and thermistor strings (but the
heavemeters) were buried in order that damage and disturbances can
be avoided.

Heavemeters were installed in separate boreholes at each site.
At site 5 the hole for the installation of the heavemeter was made
by a thick metal rod. Careful backfilling assured contact between
the meter and the wall. At the instrumented sites, where the depth
of the active layer ranges from 1.25 m at site #4 to 1.60 m at site
26, different depths were chosen for the heave measurements. Certain
.t.ube lengths were exposed above the ground surface so that readings

could be made easily. Subsegquent measurements of the distance
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between the tubes determined whether heave or settlement had

occurred. An installed site is shown in Figure 5.8.

5.2.3 Measurement procedures

The field sites were visited twice during the remainder of 1991
and 7 times in 1992. For permafrost creep measurements, a borehole
is surveyed initially by lowering the inclinometer torpedo to the
bottom of the casing with successive readings taken from there up
to the ground surface. At each reading point, the A and B axis
displacement measurements are recorded. Then the torpedo is raised
by the wheel base length, 24 inches (60 cm) and the A and B axis
readings are again recorded through the readout unit. This process
is repeated until the torpedo Ireaches the ground surface. The
torpedo is then rotated 180 degrees and lowered back to the bottom
of the hole and brought up as before. The readings are then averaged
and are ready for interpretation or further reduction.

On each site visit, the heavemeters were surveyed by measuring
the exposed length of different tubes by tape measure. In
calculating the heave, measurements from one set of readings were
compared with those from the previous set, thereby indicating
whether heave or settlement occuxred. The resistance measurement of
rhe thermistors was made by a Beckman Tech 310 multimeter, and
remperatures are obtained by a resistance-temperature relationship.

Measurements continue to be made by LIGG personnel and will continue

into 1994 and 19895.
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Figure 5.8 A photo showing the exposed portion of the inclinometer casing,
heavemeter and thermistor cable at site #5.
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5.3 Thermal conditions

5.3.1 Scils

Surficial material in the West Valley consist of silt/stoney
silt, silty clay/stoney silty clay, clay/stoney clay, and sandstone
fragments (see drillhole logs, Figures 5.9 to 5.11). The upper
slopes, as revealed by boreholes at sites #1, #2, and #6, are
covered by a layer of silt/stoney silt whose thickness ranges
between 20 to 85 cm. Sandstone fragments were encountered éduring the
drilling on upper slopes, for example at sites #1, #2, and #6.
Drillhole logs at sites #3, #4 and #5, however, show that the lower
slopes are covered by silty clay/stoney silty clay which is
underlain by clay/stoney clay. Sandstone fragments were not
encountered.

Bulk densities were determined in the field for the top metre

or so at sites #3, #4, and #5, and ranged from 2.16 to 2.45 g/cmd.

5.3.2 Ground temperature

The mean annual ground temperature at Fenghuo Shan is
approximately -3.0°C. This is obtained from previous direct
measurements in deep drillholes (Wang 1984).

Ground-temperature measurements were made iﬁ the preéent: study
by using thermistors arranged in a multi-conductor cable. Direct
readings, in ohms, were taken by a multimeter and converted to
temperatures. Although a resistance (R} versus temperature (T) table

is attached to each thermistors, this conversion still cannot be



Deopth (m)

Depth (m)

124

Site #1 lce content by weight (%)
Q 20 40 60 80 100 120
I 1

1 1 L] ]

Sitt

'
zo2| Stoney silty clay

Silty clay -

;,” :; Permatrost table .
R A4 (1 4 rn) -

ryJ
i

beM=vy Sandstone
ety = Sy oy
bS] fragments

lce

Yoy
PAEIISS

sa-527 Stoney silty clay

PraS PP A Silty c[ay

3 dzsrssss -

Site #2 - ice content by weight (%)
o 10 20 30 40

) |

Sitt

4 Stoney silty clay

Sitty clay

Permafrost table (1.4 m)

Clay

Sihy clay

Sandstone fragments
Stoney clay -

Figure 5. 9 Drillhale logs and ice contents at sites #1 and #2



Site #3 ke content by weight (%) Bulk density (g/cm3)

0 40 80 1%0 o] ‘ll ? ’3
o AR, a
: Silty clay ¢ ¢
[ ] L ]
E
£ ~ Permafrost table .
D lco (1.4m) .
e L ]
.
[ ]
Stoney clay
{lce-rich}) *
28
Site #4 lce content by weight (%) Bulk density (g/lcm )
0 20 40 60 8¢ 100 O 1 2 3
2 2 L 1 1 1 1 ]
0 A
cesesss
G Sinyciay . .
. °
Clay .
i .
3= Permafrost table b b

Depth (m)

Clay

Figure 5.10 Drilihole logs, ice contents and bulk densities at sites #3 and #4.



Depth (m)

Stte #5

AR
;;;;;;

rrrrrr

Silty caly

Stonay silty clay

Sitty clay

‘i Fermatrost table

Depth {m)

-3

126

Ice content by weight (%)
0, 1% 500

Bulk density (g/cm®)
2 3

b 1 i A

Site #6

P LS PISE
':If/l’f’c

1 Sity clay

-4
|
\
N
N
N
X
\
N

s Sty o Pye iy
rressesey Sandstone lragments
o 2 00ty 0 By 0 8 )

Bl Rt Rl Al
prrrersdssd
'I’lll‘/lq

224 sity clay

Tk
Poe s ot o

Sandstone fragments

Figure 5.11

Permafrost table (1.6 m)

L L ~

Ice content by weight (%)
20 GP

1 1

100
B |

Drillhole logs, ice content, and bulk density at sites #5 and #6.



127

made easily because the relationship between T and R is nonlinear,
and there has been no equation develcoped for this conversion. A
converting equation is developed in this study and presented here
for the future convenience of others. Resistance values were
converted into temperatures with the SAS (Statistical Analysis

System) program. The equation that best fits the T - R curve is in

the form of

T = 585.14 - 281.80 (InR)*/2 + 29.82(1nR) - 0.12(1nR)*® (g5 1)

Te:hperatures for each site are given in Figures 5.12 and 5.13.
Figure 5.12 p&esents ground temperatures measured from the north-
facing slope (transect A-a'}, while Figure 5.13 from the south-
facing slope (transect B-B'). These ground-temperature profiles show
a similar range and trend of temperature variation. The near surface
temperature changes between 7 and -12 °C at the times of recording:;
this range attenuates to -1.0 to -8.0 °C in permafrost. Near-surface
permafrost presumably creeps faster in summer when the temperature
is highest. The temperature ranges during the warm period £from
slightly below 0°C to about -3°C. These values constitute an
important temperature range for permafrost creep. The temperature
data alsco indicate that the south-facing slope is 0.3 to 1.0°C

warmer than the north-facing one.

5.4 Ground ice

Soil samples were collected at each site during drilling in
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Figure 5.13 Ground temperatures measured at sites #5 and #6.
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order to determine ice contents. A power generator and a microwave
oven were brought to the field for this purpose. However, because
of the malfunction of the generator, some of the samples were dried
by a coal-burning stove which was used primarily for heating
purposes. Ice contents are finally calculated by the following

relationship:

7c = Joss of moisture . 140y = B M 100% (5.2)
dry mass o, -

where IC is ice content (%); m; is mass of container (g); m, is mass
of container and wet soil (g); and m; is mass of container‘and dry -
soil (g)-

Tce contents for six sites are given in Figures 5.9 to 5.11.
The dﬁta indicate that ice content ranges from 10% up to 837%. Icy
layvers were encountered at sites #3, #4 and #5, and permafrost at
these three sites is regarded, therefore, as being ice-rich
(Tsytovich 1975; Phukan 1985). For each site, the maximum ice
content occurs at or near the permafrost table, as commenly found
in high-latitude permafrost (e.g. Pollard and French 1980). Since
the drilling took place in late September, the frost table was
regarded as the permafirost table. Comparisons of the
cryostratigraphies at the six sites demonstrate that ice layers
develop preferentially on the lower slopes. The highest ice content
was from site %5 located in the south-facing slope cf the West
valley. This is probably because the grain size is finer in the
lower part (see drillhole loys), and the lower portion of slopes is

more gentle (Figure 5.2). This gives rise to a poor drainage
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condition, and thus, favours ground-ice growth.

S.4.1 Frost heave

Details of the emplacement of the five heavemeters is shown in
Table 5.2. Frost heave was measured at three different levels in the
active layer. The central iren rods (anchor rods) of the heavemeters
extended below the permafrost table for approximately 50 cm.

The first set of readings, taken on 26 September, 1991, is
treated as a datum mark for subsecuent readings. Unfortunately by
12 septembex, 1992, heavemeters at sites #1, #2, and #3 had been
destroyed (the heave tubes were taken away bec§use_the§ were not
buried). Frost-heave measurements at the five sites of the West
Valley are tabulated in Table 5.3. The maximum heave recorded in
this study was 3 cm over an individual layer, and the average heave
over an entire winter was 2 cm for certain layers.

The heave data shown in Table 5.3 are approximately of the
order of magnitudes as those cbtained by Smith (1985), but smaller
than those of Mackay et al. (1979) and Burn (1990b) for the
Mackenzie Delta region.

Peak values of frost heave occur at different times from site
to site; these different times lend insight into the relationship
between frost heave and the hydrological regime in the active layer.
It is plausible that meltwater accumulates in summer at site #4,
jocated near the bottom of the West Valley where the hydraulic
gradient is small. Thus, water migrates from the base of the active

layer to the top layer of permafrost to form segregated ice lenses



Table 5.2. Emplacement of the heavemeters at the instrumented sites,
Waest Valley, Fenghuo Shan area, Tibetan Plateau.

Site #1 Site #2 Site #3 Site #4 Site #5
0-59 0-41 0-68 0-56 0-50
Level ot
meﬁsurement 59-86 | 41-92 68 - 104 56 - 88 50 - 106
cmj) . '
86-126| 92-116 | 104-119| 88-129 106 - 120
Thickness of
active layer 130 140 140 125 150
(cm)
Length of centre
rod below permna-
frost table (cm) 54.1 46.3 47.4 64.9 32.0




Table 5.3 Frost heave (cm) in the active layer of the instrumented sites of
the Wast Valley, Fenghuo Shan area, Tibetan Plateau

1991 1992
Site | Depth (cm)
26/09 05/11 0412 | 08/03 1(/O5 09/06 10/08 12/09 0S/11 04/12
0-59 0 07 24 24 20 17 12
#
59-86 0 09 23 25 20 18 14
(25°)
86-126 | ¢ 1.0 23 27 21 12 15
0- 41 0o 01 06 07 06 11 03
#2
#1-92 | 0 04 04 | 05 04 09 O
(17} '
92-116| 0 04 04 05 04 09 O.1
0-68 0o 05 23 24 30 08 03
s
i | BI04 | 0 0e 20 17 21 03 07
104-118 | 0 02 22 20 23 03 -04
0-56 0 07 12 22 18 21 18 22 24 21
#4
5688 | 0 04 -07 18 12 16 15 19 21 17
(7°) .
88-129| 0 03 -06 20 15 19 17 21 27 21
0-50 o 03 07 14 11 18 13 12 07 13
#5
50-106 | 0 06 04 17 16 13 15 14 11 09
(159 | 106-120| 0 07 o8 13 12 08 12 10 08 05

* 4 cm of the heavemeter tube was in permafrost {see table 5.2).
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(Cheng 1983; Mackay 1983). The drop in heave after August at site

#5 may be caused by thaw consolidation.

5.4.2 Heave susceptibility

A frost-heave coefficient (%) was estimated as follows:

L | =?X100% (5-3)

where aH - increase in thickness by heaving, and E - total thickness
of the frozen soil layer.

A maximum frost-heave coefficient value was calculated for each
site by dividing the peak heave value by the corregponding depth
range (Table 5.4). The coefficient ranges between 1.76% and 15.33%,
with a mean of 5.6%, much higher than the values (1.0% to 4.0%)
reported by Tong (1983) for the same area. For simplicity, the three
depth ranges are marked from the surface downwards as level 1, level
2, and level 3 in Table 5.4. The data indicate that the frost-heave
coefficient is greater in the lower portion of the active layer.
According to Tong (1983), the materials of the West Valley are
either heave-susceptible (1>3%)ox very heave-susceptible (f>5.6%).

Frost-heave coefficients calculated from data of Burn (1990b)
and Smith (1985) are about twice as much as on the Qinghai-Xizang
(Tibet) Plateau; this is because less moisture is available for ice
segregation (forst heaving) in the active layér of the Tibetan

plateau than in the Mackenzie Delta region.



Maximum frost-heave coefficients (%) at the instrumented sites

Table 5.4.
Site #1 Site #2 Site #3 Site #4 Site #5
Level 1 4.07 2.68 4.41 3.83 2.80
Level 2 9.26 1.76 5.83 594 3.04
Level 3 6.75 3.75 15.33 5.12 9.29
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CHAPTER SIX - IN SITU PERMAFROST CREEP
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6.1 Introduction

Investigations of in situ permafrost creep were carried out
in the West Valley of Fenghuo Shan area. The investigation is
restricted to the top 1.5 m of permafrost. This chapter presents
the results of the in situ measurement of permafrost creep and
determines the creep parameters as defined by the power flow law.

Numerous studies on solifluction have been carried ocut (e.g.
Williams 1957, 1966:; Dylik 1967; Benedict 1970; Price 1572; Jahn
1975; Washburn 1979; Mackay 1981; Smith 1988, 1992). It is not the
intention of this thesis to review and summarize the massive
literature on this topic, simply because solifluction is a process
which is confined to the active layer, if permafrost is present,

and is quite different from the permafrost creep.

6.2 Previous studies in high latitude

Several attempts have been made to monitor in situ permafrost
creep. One of the first was by Thompson and Sayles {1972} who
describe the iIn situ creep in the CRREL permafrost tunnel in
Alaska. It was found that the ice-rich silt in which the tunnel was
excavated deformed 3.3 times faster in the field than in the
laboratory. Another study was by Ladanyi and Johnston (1873) who
carried out a short-term in situ creep test of frozen ground at a
permafrost site at Thompson, Manitoba by using a pressuremeter. A
third study was by Haeberli (1985) and Wagner (1992), who have
measured the in situ creep of rock giaciers in the Swiss Alps by

using photogrammetric and geodetic techniques and a slope
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indicator.

Of particular interest to the present study was the work done
by Savigny (1980) and Bennett (1989) using inclinometer systems.
Savigny measured creep in fine-grained, ice-rich and relatively
'warm' permafrost in the Mackenzie Valley. In terms of ground
temperature, the Mackenzie valley permafrost conditions resemble
these of the Tibet Plateau. The results, published in a series of
papers (Savigny and Morgenstern 1986a, 1986b, 1986¢) indicate
systematic downslope movement in the range of 0.1 - 0.3 cm/yeaxr for
a slope (15°-31° in angle). In situ near-surface permafrost creep
was also ﬁeasured by Bennett (1989) in ‘'cold’ permafrost at Rea
Point, Melville Island, N.W.T.. This study shows that soil creep
rates of between 0.03 to 0.05 cm/year are typical of four sites on
a low angle (5°) west-facing slope (Bennett and French 1988, 1990,
1991). These data confirm that deformation occurs at a
significantly slower rate in relatively 'cold' permafrost.

The in situ determination of permafrost creep on the Tibet
Plateau adds to this data base and represents the first such study

in China.

6.3 Prianciples and data reduction

Slope movement is reflected in the displacement measurements
obtained with the torpedo. Grooves in the casing keep the torpedo
from rotating as it is lowered and raised in the casing, thereby
keeping the torpedec aligned. In this way the direction of casing

rilt {i.e., the direction of the ground movement) can be
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determined.

The signals out of the sensors are proportional to the sine of
the angle between the torpedo's axis and the earth's gravity wvector
{(vertical). The readout unit scales these signals and displays them
as horizontal displacement values relative to base length of the
probe. Figure 6.1 illustrates how the output relates to the
position of the torpedo and how the total displacement is
calculated.

Readings for both A and B axes were recorded on a field data
sheet such as shown in Figure 6.2. The recording procedure
includes: 1) record the data in columns 1 .(&,) ;nd._s' (]éc) every time
when the probe is raised by its base length, keeping track of the
sign (plus or minus) until the torpedo reaches the top- of the -
borehole, and 2) take the torpedc ocut of the casing, rotate it 180
degrees, lower it back to the initial low point and record readings
in columns 2 (&,4) and 6 (B,g)at the same intervals and locations
as before. This completes the field measurement. The third and
seventh columns (3,, and B,,) are generated by subtracting the
second column from the first and the sixth from the fifth and

dividing each by two:

B = A_o‘z;“m (6.1)
By = 220 (6.2)

These equations generate the absolute horizontal displacement for

both axes and for each of the data points. In this study the
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+—— Total displacement X L Sind8 ———-I

L Sin 38 =
1 z
.._._.! %
[ ]
=
@ =N
. ‘?a,é < Rl C)
>
Drillhole bottom

Figure 6.1 A diagram showing the relationship between the torpedo base length (L) and the incremental
displacement (L Sin 38). The calkculation of total displacement is also shown.



1 2
Al AlBO
-0.554 0.322
-0.435 0.249
-0.40% 0.192
-0.38 0.142
-0.402 0.16%
November 5, 1981
AQ Alg0
-0.549 0.332
-0.407 0.188
-0.413 0.198
-0.375 0.157
-0.383 0.17
December 4, 1991
Al AlBC
~-0.5674 0.3076
-0.4371 0.1527
-0.463% 0.1483
-0.4374 0.1004
-0.502¢8 0.088
March 8§, 1892
A AlB0
-0.604 0.22
-0.48 0.085
-0.489 0.122
-0.45% 0.062
-0.61 0.08

Aavg
-0.438
-0.342

-0.2985
-0.261
-0.2855

Aavg
-0.4405
-0.2875
-0.3055

-0.266
-0.276%

Aavg
-0.4375
~0.25949
-0.3061
-0.268%
-0.2553

Aavg
-0.412
-0.2875
-0.3055
-0.2605
-0.338

[CREEP.WK3]A

Acum
-0.438
-0.78
-1.078%
-1.3395%
-1.625

Site #1

Acum
-0.4405
-0.738
-1.0435
-1.3095
-1.58¢6

Site #1
Acum
-0.437%

- =0.7324

-1.0385
-1.3074
-1.6027

Site #1

Acum
-0.412
-(.6895%
-1.005
-1.265%
-1.6005%

BO
-0.622
-0.573
-0.563
-0.525
-0.498

BO
-0.634
-0.554
-0.552
-0.502
~0.516

BO
-0.752
-0.7021
~-0.6537
-0.6248
~-0.6031

B0
-0.842
-0.76
-0.75
-0.722
-0.7

B18O
0.547
0.47¢6
0.482
0.429
0.425

B1B0O
0.553
0.469
0.472
0.424
0.444

Bl80O
0.4431
0.25954
0.3652
0.3156

0.291

B1lE0
0.34
0.252
0.253
0.218
0.105

Bavg
-0.5845
-0.5245
-0.5225

-0.477
-0.462

Bavg
-0.5935
-0.5115

-0.512
-0.463
-0.48

Bavg
-0.5876
-0.45988
-0.5085
-0.4703
-0.4471

Savg
-G.551
-0.506

-0.5025
-0.47
-0.4025

Figure 6.2 A sample page of the field data sheet.

Page 1

Beum
=-0.5845
-1.109%
-1.6315
-2.1085
-2.5705

Boum
-0.5935
-1.10%
-1.617
-2.08
~2.56

Becum
-0.5876
-1.0863
-1.6058

-2.076
-2.3231

Scum
-0.581
-1.087

-1.5885
-2.0685

~2.471

l41
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initial data set is used as a reference preofile for each borehole,
and more recent data are adjusted to this profile. This reflects
the total amount of movement and an average rate. The values in
columns 4 (A..) and 8 (B, represent the horizontal displacement
of the borehole relative to the starting measurement point (the
bottom of the borehole). The relative displacement is determined by
subtracting the current cumulative values from the initial

cumulative values and plotting the difference.

6.4 Inclinometer data

Depths at which measurements have been taken were established
on 26 September, 1991 and all subsequent readings were taken at the
same 1evéls. Nine field visits were made to the instrumented sites
between 26 September, 1991 and 5 December 1992.

One basic factor has to be considered in order to delineate
creep dJdeformation of the boreholes: recovery of ecquilibrium
conditions. Drilling and installation disturb the natural
equilibrium conditions of the slopes and cause small and random
deformation within a <certain time period following the
installation. In Savigny's case where mud-rotary drilling was used,
the random deformation approached negligible magnitudes seven
months after the installation (Savigny and Morgenstern 1986b) .
Since no mud-rotary drilling was used in this project, the random
deformation caused by drilling and installation should terminate in
a shorter time period.

There have been concerns that the casing may be too stiff to
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follow soil movement in soft soils. This concern implies that soil
might flow around the casing. However, available evidence suggests
that the casing conforms with soil movement (cf. Dunnicliff and
Green 1988). This problem is unlikely to happen in permafrost
because the casing and surrounding soils are "frozen" together.

Results for the six sites are presented in Figures 6.3 to 6.8.
The initial position in these diagrams is the September, 1991
readings. Deflection data for the A- and B- direction of each site
are illustrated on the same diagram.

To minimize the effects of transient temperature and stress
field, which developed most rapidly within a sho;t time period
immediately following placement, the first set of readings {(the
September, 1591 readings) is rejected in calculations. Figs. 6.3 to
6.8 indicate that the amount of permafrost creep varies not only
from site to site, but also seasonally. The greatest downslope
displacement occurs in the summer when permafrost temperatures are
warmest. During the winter, upslope movement is measured. This
backward movement was also noticed by both Savigny (1980) and
Rennett {(1989). Savigny attributed it to frost heave; while Bennett
and French (1988) believe that the backward movement is caused by
frost heave and thermal contraction. Because permafrost undergoes
constant creep deformation throughout the year, the net
displacement of the boreholes depends upon the offset between the
upslope and downslope compeonents of the movement. The following
analysis focuses upon the in situ creep measured immediately below

the permafrost table which ranges from 1.25 m to 1.60 m below the
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(A) Displacement (cm) (B) Displacement (cm)
015 005 0 005 015 = 025 02 01 0 01 02 03
1 H G|jA FEB D ¢

_GFDBCE A

y/

A - November, 1991
8 - December, 1991
C - March, 1992

D - May, 1992

E - June, 1992

F - August, 1992

G - September, 1992
H - November, 1992
| - December, 1992

Downsiope «——  —— Upslope Downvalley «—— —— Upvalley

Figure 6.2 Displacement in permafrost in both A (parallel to slope) and B (cross slope) directions at site #1.
The depth to permafrost table at this site is 1.4 m.
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Displacement {cm) Displacement {cm)
1.0 08 -06 -04 02 0 0.2 30 -25 -20 -15 -1.0 -0..5 0 05

| H GF E D ABC

A - November, 1991
B - December, 1951
C - March, 1992

D - May, 1992

E - June, 1992

F - August, 1992

G - September, 1992
H - November, 1952
| - December, 1992

— Upslope Downvalley =—

Figure 6.4 Displacement in permafrost in both A (paraliel to slope) and B {cross slope)
directions at site #2. The depth to permafrost table at this site is 1.4 m.
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{A; Displacement (cm) B Displacement (cm)
3.0 -25 -21.0 1.5 A1 ;0 -0.5 o} 05 1.6 -1.2 -0.8 04 0
H | FGE D A B| C HGt F E D C B A
+0.5 0.5
o0 1.0
s L1.5
\
20 A - November, 1991 ~2.0
B - Dezember, 1981
C - March, 1982
D - May, 1992
2.5% E - June, 15992 25
— \ F - August, 1992
£ . G - September, 1992
= H - November, 1992
= | - December, 1952
8 3.0+ Depth (m) . 3.0
Downslope ~—— —= Upslope : Downvalley

Figure 6.5 Displacement in permafrost in both A (paraliel to slope) and B (cross slope)
directions at site #3. The depth to permafrost table at this site is 1.4 m.
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(A) Displacement (cm) (B} Displacement (cm)
04 02 O 02 04 06 08 06 04 -02 0 02 04 06

G B FHG! DAE c

A - November, 1991
B - December, 1991
C - March, 1992

D - May, 1992

E - June, 1992

F - August, 1982

G - Septemnber, 1992
H - November, 1992
i - December, 1992

E
3
=

Depth (m)

]
3.0+ 3.0+

Downslope —= Upslope Downvalley

—— Upvalley

Figure 6.6 Displacement in permafrost for both A (paraliel to slope} and B (cross slope)
directions at site #4. The depth to permafrost table at this site is 1.25 m.



148

(A) Displacement (cm) {8) Displacement (cm)
10 -08 06 04 -02 0 02 04 06 .02 -01 O 01 02 03 04 05 08

ke

DFE CG AB E C D 2 A GB
\\ 0.5)
1.0+
A - March, 1992
1.5 B - May, 1992 1.5+
C - June, 1952
D - August, 1992

£ - September, 1992
F - November, 1992 20
G - December, 1992 T }

25+
E E
= \ =
g g
Q30+ Q 3.0+
Downslope ~— —— Upsiope Downvalley~—— —— Upvalley

Figure 6.7 Displacementin permafrost for both A (parallel to slope) and B (cross slope)
directions at site #5. The depth to permafrost table at this siteis 1.5 m.
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(A) Displacement {(cm) (B) Displacement (cm)
0.6 04 02 0 0.2 -1.5 -1.0 -0.5 0 0.5 1.0
- 3 x i 2 1 " 1 1 1 } }
D C FH GIHA B GFH EIBDC A
/‘ 0.5 - 05
T1.0
A - Novernber, 1991
145 B - December, 1991 a3
: C - March, 1992 N
D - May, 1992
E - June, 1992
T F- August, 1992 =
= G -September, 1992 =
'g H - November, 1992 ‘;c;.
. 2.
Downslope ~—— Upslope Oownvalley —— —— Upvalley

Figure 6.8 Displacement in permafrost in both A (parallel to slope) and B (cross slope)
directions at site #6. The depth to permafrost table at this site is 1.6 m.
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surface in the West Valley. This movement has nothing to do with

solifluction.

6.5 Upslope movement

Upslope movement of permafrost has been detected in winter at
all the instrumented sites of the West Valley, Fenghuc Shan area.
The magnitudes of upslope (a:ud upvalley) movement over ceétain
periods of time are shown in Table 6.1.

The net upslope movement ranged from less than 0.01 cm up to
0.34 cm during the specified time period, and decreased with depth.
The greatest upvalley displacement was monitored at site #5 where
jce content is the greatest of all the six s;;es (Figure 5.11).

In solifluction investigations. the upslope or retrograde soil
movement has been attributed to a number of origins such as soil
cohesion, interference of soil particles with each other, capillary
pressure, greater desiccation at top of the slope, etc. (cf.
washburn 1979). It is unlikely that these hypotheses are applicable
to the interpretation of the upslope movement in permafrost because
rhe retrograde component in solifluction has been detected only
during thawing season; while the upslope displacement in permafrost
has always been reported to occur during winter months. Frost heave
has been theoretically considered as an initiator of the potential
frost creep {(downslope) (cf. Jahn 1975;: French 1976; Washburn
1979) . Therefore, anyone trying to explain the backward movement of
permafrost by frost heaving - will soon find himself in a major

dilemma. The backward movements were also recorded by Meier (1960)



Table 6.1 Upslope displacement (cm) at various sites,
West Valiey, Fenghuo Shan area, Tibetan Plateau.

Site Depth (m) Upslope (cm) Upvailey (cm) Periced
16 0.10 0.05 11/91 - 03/92
0.03 0.08 11/92 - 12/92
" 22 0.10 0.02 11/91 - 03/92
(25 0.01 0.05 11/91 - 12/82
28 0.07 <0.01 11/91 - 03/82
<0.01 <0.01 11/92 - 12/92
1.6 0.03 0.08 11/91 - 03/92
0.01 0.30 11/92 - 12/92
#2
2.2 0.01 0.04 11/91 - 03/92
179 <0.01 0.16 11/92 - 12/92
2.8 0.01 0.03 11/91 - 03/92
0.01 0.00 11/92 - 12/92
16 0.14 -0.18 11/91 - 0392
0.07 0.10 11/92 - 12/92
#3
22 020 -0.19 11/91 - 03/92
{(11%) 0.18 -0.20 11/92 - 12/92
28 0.06 -0.01 11/91 - 03/92
0.13 0.01 11/92 - 12/92
1.6 0.04 0.08 11/91 - 03/92
<0.01 0.02 11/92 - 12/92
#4
22 -0.06 0.08 11/91 - 03/92
7°) <0.01 0.03 11/92 - 12/92
28 0.06 0.07 11/91 - 03/92
<0,01 0.02 11/92 - 12/92 |
16 -0.06 0.34 11/92 - 12/92
#5
2.2 -0.06 0.31 11/92 - 12/92
{(15°)
28 -0.02 0.22 11/92 - 12/92
1.6 0.01 -0.08 11/91 - 12/91
#6 0.10 0.02 11/92 - 12/92
(25°) 2.0 0.04 -0.07 11/91 - 12/91
0.06 0.03 11/92 - 12/92
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for Saskatchewan glaciers.

Thermal contraction cracking can be a mechanism for the
upslepe permafrost creep where the ground undergoes cracking.
However, heither polygons nor thermal contraction cracks have been
developed on the slope of the West Valley, Fenghuo Shan area. Thus,
it is also hard to interpret the upslope movement by thermal
contraction cracking.

One possibility is that the direction of frost heaving in
reality is not quite normal, but vertical, to the slope surface.
This means that the upslope movement is caused by the upslope
component of frost heaving during winter months. This hypothgéié

contradicts with the conventional "frost creep" mechanism.

6.6 In situ creep velocity

Annual creep rates are calculated according to the readings
over the whole vear period of November 5, 1991 to November S5, 1992.
The.data indicate that downslope permafrost creep for transect A -
A' (the north-facing slope) of the West Valley ranges from 0.07 to
1.44 cm/year at 1.6 m depth (with a2 mean of 0.50 cm/year), from
0.02 to 1.13 cm/year at 2.2 m depth (with a mean of 0.15 cm/vear),
and from 0.02 to 0.08 cm/year at 2.8 m depth (with a2 mean of 0.04
cm/year) (see Table 6.2 and Figure 6.9a).

Downvalley permafrost creep rates, shown in Table 6.3 and
Figure 6.9B, are greater than the downslope rates. This contrasts
with the in sSitu creep data obtained by Savigny (1980, also Savigny

and Morgenstern 1986b) for the Mackenzie Valley and by Bennett



Table 6.2 Downslope permafrost creep rates for transect A-a'

153

(cn/vear)

Depth, m | Site #1 Site #2 ;;;;7#3 Siteh#q

1.6 0.072 0.340 1.420 0.183 0.504

2.2 0.018 0.212 0.188 0.178 0.149

2.8 0.020 0.076 0.033 0.057 0.040
I DR S—
=

mable 6.3 Down-valley permafrost creep rates for transect A-A' {cm/year)
mmw

Depth, m | Site #1 Site #2 Site #3 Site #4 Mean

1.6 0.107 1.440 1.182 0.204 0.733

2.2 0.046 1.130 0.911 0.081 0.542

2.8 0.025 0.429 0.437 0.033 0.231

__—=_____——_——-—_——'.—_—-——*————_J—
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(1989, also Bennett and French 1988, 1990) for the high Arctic of
Canada. In all probability, this is 1likely related to local
topography; the instrumented sites are close to {approximately 500
m) the ends of the hills on either side of the West Valley. Thus,
the terrain slopes naturally towards both the valley bottom and the
downvalley (or cross-slope) direction.

The abrupt increase in creep rate at site #3 (Fig. 6.9) seems
related to an increase in ice content {Fig. 5.10):; howevexr, the
high ice content at site #4 (Fig. 5.10) is not reflected in the
magnitude of the creep rate. Both downslope and downvalley creep
rates at site #1 are the smallest. along thé éransect A-a' (Fig.
6.9), reflecting the low ice content at this site (Fig. 5.9).
However, correlation between creep rate and ice contént is poor at
sites #2 and #6. The increase in downslope creep rate at site #5
from 2.2 to 1.6 m (Fig. 6.10 and Table 6.4) appears to relate to
the existence of an ice layer (Fig. 5.11).

The in situ creep data indicate no clear differences in creep
rates between the two slopes although the south-facing slope is
slightly warmer as suggested by ground temperature measurements.
Therefore, no significant inference can be made as to slope aspect
on creep rate. The same is true for slope angle.

It is useful to compare these data with those of Savigny
(1980) and of Bennett (1989%). Savigny measured permafrost creep 'n
ice-rich sediments in the Mackenzie Valley. The mean annual ground
temperatures were -2.5°C, and creep rates of between 0.10 and 0.3

cm/year were detected at depths of between 5 m to 32 m (Savigny
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Creep rate (cmyear)

0 03 0.6 09
1.0 ! 1 L ] | i 1 i 1
15—
E
i —
7 20-
a
2.5
m Site #5 (Downslope)
O Sie #5 (Downvalley)
© Site #6 (Downslope)
3.0 4 o Site #6 (Downvalley)

Figure 6.10 Creep rate of transect B-B’ (creep rates of site #5 were calculated for the
period of March, 1991 to November, 1992; from November 1991 to November 1982 for

site #4).



Table 6.4 In situ permafrost creep data for transect B - B'

Depth Site #5 (cm) Depth Site #6  (cm/year)
(m) | pownslope | Downvalley | (m) | Downslope | Downvalley
16 0.622 0.147 1.6 0.220 0.820
2.2 9.170 0.124

2.0 0.178 0.356
2.8 0.020 0.072
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1980). Creep rate as high as 0.5 cm/vear was monitored at the top
metre or so of permafrost (see Fig. 10 of Savigny and Morgenstern
1986b) .

Bennett (1989) monitored in situ permafrost creep on eastern
Melville Island of Arctic Canada. At his sites, the mean annual
ground temperature was -16.5°C, and maximum annual rates ranged
from 0.3 cm/year at 35 cm depth to 0.1 cm/year at 65 cm depth.
Average annual rates were less and ranged from 0.11 cm/year at 35
cm to 0.04 cm/vear at 65 cm (Bennett 1983). No measurable creep
deformation was noted at depths below 1.0 m.

The permafrost creep rates measured in the West Valley of
Fenghuo Shan area, Tibet Plateau are greater than those detected by
Bennett {(1989), but approximately of. the .sa.me magnitude as those
reported by Savigny (1980). This reflects the basic control of
ground temperature over in situ permafrost creep. The MAGT in the
West Vallev of Fenghuo Shan area, Tibet Plateau is much highexr than
that on Melville Island of Arctic Canada, thus, the creep rates forx
the West Valley are much greater than those on Melville Island.
When compared with the data from the Mackenzie Valley, the West
valley on the Plateau shows similar creep rates. This is because
rhe terrain in both areas experiences a similar temperature range.
The difference in MAGT between both areas is just 0.5°C.

A cautious conclusion, derived from this limited data base, is
that the regional magnitude of naturally-occurring permafrost creep
is controlled largely by temperature (i.e. ¢climate), although creep

rate may vary from site to site due to changes in ground-ice
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conditions.

6.7 Constitutive relationship

Laboratory studies have indicated that the constitutive
relationship for the secondary creep of ice and ice-rich frozen
soil is in the form of (e.g. Glen 1852, 1955; Nixon 1978, 1990;

Nixon and McRoberts 1976):

E=AT? (6.3)
where & denotes strain rate; T denotes shear stress; A and n are
creep parameters.

A comprehensive literature review by Morgenstern et al. (1980)
concludes that the flow law for ice constitutes an upper bound to
creep tests on ice-rich soils. Using the flow law (6.3}, pile
velocities in ice and ice-rich soils have been predicted and the
predictions are shown to be in good agreement with available long-
term creep data for piles in ice and ice-rich soils. A laboratory
investigation by McRoberts (1988) indicates that most samples
exhibited a secondarv creep mode of deformation similar to that of
ice even with water {ice) contents as low as 22%. Because the water
{ice) contents of the soil samples in this study are mostly greater
than 22%, the slopes of the West Valley are regarded as ice-rich.
Thus, the secondary power £flow law (6.3) is assumed to be

applicable to the creep sites in the West Valley.
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6.7.1 The model
In order to carry out modelling of creep parameters A and n in
equation (6.3) for the slopes in the West Valley, Fenghuo Shan
area, it is necessary to work out the formulation of the shear
stress and strain rate. It can be assumed, following Meier (1960)
and McRoberts (1975), that the strain rate is a function of the
deviator stress and the magnitude of the deviator stress is, in

turn, measured by the octahedral shear stress:

T

o~ %J(Ufcz) 2+ (0,-0;) “+ (0;-0,) 2 (6.4)

where (G., ©,, ©;) are principal stresses.

Similarly, an octahedral shear strain rate &, is defined as:

by = LyTE 51T (55w (65-E,) (6.5)

where (8., &,, £,) are the principal strain rates. The power flow

-

law (or Glen’'s flow law) then can be rewritten as:

g2,= AT, (6.6)

Tf we assume that the slopes in the West Valley to be *ideal"

(i.e. they are uniform in material and geometry), the shear stress
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acting parallel to the straight slope and thus tending to cause
downslope movement is given by (cf. Wiiliams 1982; Williams and

Smith 1989, pl24):

t,=p z g sinp cosp (6.7)

where p is bulk density, g is gravitational acceleration, B is the
slope angle, and z is depth.

As the principal stresses are (G, + T, 6‘,, G, - T,), then we
get the Tfollowing expression by substituting these. principal

stresses into equation (6.4):

To = \l—g- p z g sinP cosp {6.8)

If the creep velocity at any depth is assumed to be V,, then the
engineering shear strain rate can be written as (¢f. McRoberts

1975):

Yy = == : (6.9)

where x is taken parallel to the slope. This 1s also an expreSsion
of creep velocity gradient (year'!), which is what Savigny and

Morgenstezn (1986b) regarded as the shear strain rate. All wvalues
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of shear strain rate are calculated based upon (6.9), which is a
linear regression fit to velocity data over the specified depth
interval (see footnote on page 513 of Savigny and Morgenstern
1986b) . The same method is employed here to calculate the strain
rate from the field creep velocity data, although the classic
rextbook definition of *strain® can not be easily visualized in the
slopes.
Because the principal strain rates are (y/2, 0, =¥/2), the
following relationship is obtained by substituting these principal

strain rates into equation (6.5):

av, (6.10)

Thus, for thé slopes the flow law (6.6) becomes:

1_1_ v, _ ‘3 . a (6.11)
= a2 A ( 3 p z g sinP cosf)

This equation is used to analyze the field data from z!. > West
valley of the Plateau and to calculate the creep parameters A and

Il.

6.7.2 Creep parameters A and n

The shear stress in the slopes acts on soil in two directions
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(i.e. downslope and downvalley) due to local topography of the
field sites. Soils at different depths are subject to different
stresses and yield different deformation; thus it is necessary to
establish separate constitutive relationships for each of the three
depths (1.6 m, 2.2 m, and 2.8 m) at which permafrost creep was
measured.

Shear strain rates so defined were calculated by equation
(6.9). The results indicate that the strain rate measured in the
West Valley ranges mostly between 0.33 x 107 year™ and 20.0 x 107
year'!. But large strain rates ranging from 45.20 x 107 vear™ to
200.00 x 10°% vear™ were also indica;ed.‘$heée variations of strain
rate were between different boreholes on the slopes of the West
Valley. They are much greater than the values of Savigny and
Morgenstern {1986b). Shear stress levels were estimated by equation
{6.7). The shear stress ranges between 5 kPa and 20 kPa over the
depths that this study is concerned. In order to calculate the
creep parameters A and n from the creep power flow law (6.6), a
series of vector analyses was carried out for the shear stresses
and strain rates to achieve their resultants. A wvector sum was
obtained for each pair of stresses and strain rates at each depth
respectively. The hecrizontal movement was calculated from the
readings of the readout unit. Further calculations were then mace
to get the profile of the borehole (casing) and the displacement
parallel to the slopes. The calculated resultants of strain rates
and shear stresses were introduced into equation (6.11); then both

sides of equation (6.11) were plotted against each cther in a log-
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log coordinate (Figure 6.11) in order to convert an exponent curve
into a straight line. Linear regressions carried out for each depth

indicates the following constitutive relationships:

2 =1.93 x 10™¢ ¢1-7° (6.12)
e = B.24 x 1075 ¢1-72 (6.13)
£ =9.9 x 10°¢ ¢2-° (6.14)

Where & is expressed in vear™ and T in kPa {kN/m"?) . Therefore,
equations (6.12), (6.13), and (6.14) are the power flow laws
governing permafrost creep at depths of 1.6 m, 2.2 m, and 2.8 m,
respectively. They demonstrate that the value of n is stress-
dependent and tends to increase with increasing stress level, which
is in good agreement with manv other studies (e.g. Morgenstern
1985; Nixon and Neukirchner 1984; McRoberts et al. 1878).

Laboratory studies on ice and ice-rich soils indicate that the
exponent n ranges between 1 and 3 for strain rate less than 1 x 1072
yvear ™ and for temperatures between 0 and -5°C (e.g. Morgenstern et
al. 1980) and can be as high as 6 at high stresses (e.g. Hooke
1981; Paterson 1977; McRoberts et al. 1978) . Although a value of 3
has been proposed by several investigators for ice-rich soils at

temperatures colder than -1°C and at stress levels lower than 100
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kPa (e.g. McRoberts 1588; Morgenstern et al. 1980; Neukirchner and
Nixonr 1987: Nixon 1990; Savigny and Morgenstern 1986c), a best-£fit
flow law to all available creep data takes the following form

{(Morgenstern 1981; Savigny and Morgenstern 1986&c):

£ =1.,9 x 1075 270 (6.15)

where £ is in year™ and t in kPa. The constitutive relationships
(6.12), (6.13), and (6.14) which were derived from the in situ
creep data measure_d in the West Valley of the Qinghai-Xizang
(Tibet) Plateau are comparable with the power flow law (6.15). It
is believed therefore that the flow laws (6.12), (6.13), and (6.14)
can be used to predict creep deformation of permafrost in the

Fenghuo Shan area.

6.8 Discussion and conclusions

Investigations into the nature of in situ permafrost creep
suggest that it is a complex process. The direction and magnitude
of the movement is dependent upon a number of factors, among which
temperature, frost heave, and ground-ice conditions are the most
important ones. This study indicates that, for plateau permafrost,
the net displacement is upslope during winter and downslope during
summer. The upslope displacement has been previously interpreted as
being caused by "conventional” frost heave and thermal contraction

in Canada. Analysis suggests that neither of these two mechanisms



167
is applicable to the West Valley, Tibetan Flateau. It may be that,
in reality, the direction of frost heaving is not cuite normal, but
vertical, to the surface of the slope. If this is the case, the
upslope displacement of permafrost is then caused by the upslope
component of frost heaving. This interpretation seems tangible
because the timing of upslope movement coincides with that of frost
heaving. The net upslope displacement in permafrost at the
instrumented sites of the West Valley ranged from less than 0.0l em
up to 0.34 cm, much less than the amount of heave measured from the
activellayer.

The permafrost slopes in the West Valley exhibit significant
down-valley (cross-slope) creep rates whicﬁ range, in average, from
0.15 cm/year at 2.8 m depth to 0.63 cm/year at 1.6 m depth.
Downslope creep rates between 0.16 cm/year at 2.8 m depth and 0.44
cm/year at 1.6 m depth have been detected at the instrumented sites
on the Tikbetan Plateau.

Inter-continental comparisons of the creep rates suggest that
climate is the most important factor controlling the regional
magnitude of In situ permafrost creep. However, when comparisons
are made between different sites over the same general area, ground
ice, and frost heave also play an important role. The best-£it
constitutive relationships (flow laws) were determined with the
Glen's flow law for the field creep data, which are the equations

(6.12), (6.13), and (6.14).
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7.1 Geocryolcgy
Differences in Quaternarv history and climate cause quite
unique and different permafrost conditions on the Tibetan Plateau
and in the Mackenzie Delta. Plateau permafrost in Tibet is
discontinuous and belongs to the ‘'widespread' and 'sporadic’
categories in distribution, and is less continucus than the
permafrost in the Mackenzie Delta. Because of its high elevation,
plateau permafrost conditions vary with both latitude and altitude.
Ground-ice conditions in both areas differ considerably; ice
contents are much higher in the Mackenzie Delta region. Ice wedges
and tabular bodies of ground ice are widespread in the Delta, bhut
neither have been reported from the Tibetan Plateau. This relates
to differences in glacial history between the two areas. During the
Quaternary, the Tibetan Plateau remained unglaciated, with valley
glaciers rarely extending far from the surrounding mountaln ranges.
This has meant that there has been little water for the formation
of massive ice on the Plateau. By contract, the Mackenzie Delta
region has been glaciated, ané, during retreat, the glaciers
provided meltwater to the thick unconsolidated deltaic sediments.
Thus, conditions favoured the formation of massive ground ice, ice
wedges, and pingos in the Mackenzie Delta region. However, pingos
on the Plateau are rare and usually associated with faults and

geological irregularities.

7.2 Geothermal regime

The ground thermal regime is a major characteristic of the
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permafrost conditions at any one site since it not only reflects
the sensitivity and stability of permafrost to thermal
disturbances, but also contains information cn permafrost thermal
history.

Tn both areas, the active layer operates in a similar manner
during the spring thaw and the fall freeze-back, except that it
starts to thaw roughly a month earlier on the Plateau than in the
Mackenzie Delta. Temperature data £rom Inuvik, N.W.T., show a
better development of the 'zero curtain' phenomenon.

Plateau permafrost is both warmer and thinner than that in the
Mackenzie Delta region. This is primarily because of the higher
amount of solar radiation on the Plateau. Deep ground temperature
data indicate a warming trend at the permafrost table for the
pleistocene Coastal Plain and a cooling trend for the Modern Delta.
The warming is perhaps caused by large scale climatic change, while
che cooling by site-specific factors such as channel shifting and
sedimentation which are irrelevant to large scale climatic event.
Soreholes on the Qinghai-Xizang (Tibet) Plateau are not deep enough
for similar geothermal history studies. Data which are available
indicate that the geothermal gradient on the Plateau is twice as
high as in the Mackenzie Delta region. This is because the Plateau
is g¢geologically young énd active. The present thickness of
permafrost on the Plateau is in equilibrium with thermal
conditions, implying that the permafrost on the Plateau 1s not
relict. However, the actual thickness of permafrost in some areas

of the Pleistocene Mackenzie Delta 1s much dgreater than the
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equilibrium thickness. Therefore, relict permafrost exists in the

Delta region.

7.3 Geothermal disturbances

Faults constitute the most important and powerful geothermal
disturbances to permafrost on the Tibetan Plateau. Along fault
zones, permafrost is thinner and warmer:; sometimes hot springs,
taliks, and even pingos form. The effects of water bodies ({(ocean,
lakes and river channels) and coastal retreat are more important in
the Mackenzie Delta region. Sand accumulation on the ground
surface of the Qinghai-Xizang (Tibet) Plateau causes an increase in
ground temperature, sometimes an absence of permafrost. There,
migratory sand dunes are the cause of transient geothermal regimes
in the same way as shifting meandering channels influence ground

temperatures on floodplains in the Mackenzie Delta.

7.4 In situ permafrost creep

Investigations of in situ permafrost creep in the West Valley
indicate an average velocity of 0.16 cm/year at 2.8 m depth and
0.54 cm/year at 1.6 m depth. The creep velocities are greater than
those of Arctic Canada, and in about the same range as those of the
Mackenzie Valley. Inter-continental comparison of creep data
suggests that climate is a dominant factor controlling the regional
(large-scale) magnitude of creep, while other factors such as
ground ice play a part at a local scale. Creep parameters were

determined; and constitutive equations were established from the
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field creep data for each of the three different depths (1.6 m, 2.2

m, and 2.8 m).

7.5 Limitations and future research

One limitation of the present study on in situ permafrost
creep is its relatively short duration of measurements. As this
project will continue into 1984 and 1935, the results reported here
will be checked and compared with the long-term values. Future
research on in situ permafrost creep should still focus upcon the
accumulation of the data base and comparisons with creep rates of
non-permafrost regions so that a better knowledge of the controls
over creep can be achieved. |

If one assumes that the Tibetan Plateau is experiencing a
climatic warming trend, permafrost would degrade. A consequence is
that the ground surface will become drier. This will inérease the
intensity of eolian action and form a potential risk of
Gesertification on the Tibet Plateau. Thus, one aspect of future
research in Tibet is to investigate the felationships between
global warming, permafrost, and desertification. For this purpose,
deep borehcles are reguilred.

Frost mounds are another periglacial phenomenonon on the
Tibetan Plateau that merits further investigation. Is their origin
all related to faults? How do they fit the North American

ciassification of frost mounds proposed by J. Ross Mackay (1986b)?
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7.6 Recommendations for casing selection

There are several types of casing available: plastic, aluminum
alloy, fiberglass, and steel, each of which has distinctive
properties. PVC (polyvinylchloride) casing tends to be brittle,
especially at low temperatures. Aluminum alloy casing is subject to
corrosion, and several cases of total corrosion within a perioed of
a few months have been reported (Dunnicliff and Green 1588).
Sometimes, the casing needs tc be treated both inside and outside
with proper coating.

Deformation in a distinct shear zone may cause bending of the
casing, and excessive localized bending will prevent passage of
probe. If substantial deformation is predicted, a large-diameter
casing and small-diameter probe should be used. The greater is the
diameter of a borehole, the more expensive is the drilling
operation.

If the casing will be installed in deep boreholes, steel
casing is preferred because plastic casing may be damaged by

external pressure.-



174

REFERENCES



175

ACGR 1988. Glossary of permafrost and Related Ground-Ice Terms.
Permafrost Subcommittee, Association Committee on Geotechnical
Research, National Research Council of Canada, 156 pp.

Allen, D., Michel, F. and Judge, A. 1988a. Palaeoclimate and
permafrost in the Mackenzie Delta. In: Proceedings, Fifth
International Conference on Permafrost. Trondheim, Norway.
Tapir Publications, Vol.l, 33-38.

Allen, D.M., Michel, F.A., and Judge, A.S. 1988b. The permafrost
regime in the Mackenzie Delta, Beaufor: Sea region, N.W.T. and
its significance to the reconstruction of the palaeoclimatic
history. Journal of Quaternary Science, 3(1)y, 3-13.

An, Zhengyuar 1980. Formation and evolution of permafrost ice
mounds the Qinghai-Xizang Plateau. Journal of Glaciclogy
and . _ .pedology, 2(2): 25-30 (in Chinese) .

Are, F.E. 1983. Thermal abrasion of coasts. JIn: Permafrost:
Proceedings of Fourth International Conference on Permafrost,
Tairbanks, Alaska. Naticnal Academy Press, washington, D.C.,
24-28.

Balkwill, #.R., Roy., X.J., Hopkins, W.S., and Slicer, W.V. 1974.
Glacial features and pingos, Amund Ringnes Island, Arctic
archipelogo. Canadian Journal <f Earth Sciences, 11, 1319-
132S.

Barr, W. 1976. Retreating coasts and disappearing islands in the
Arctic. Musk-Ox, 18, 103-111.

senedict, J.B. 1970. Downslope soil movement in a Colorado alpine

region: rates, processes, and climatic significance. Arctic



176
and Alpine Research, 2, 165-226.

Bennett, L.P. 1989. In situ creep of perennially cryotic ground,
Rea Point, Eastern Melwville Island, N.W.T. Unpublished Ph.D.
thesis, University of Ottawa, 171 pp.

Bennett, L.P. and French, H.M. 1988. Observations on near-surface
creep in permafrost, Eastern Melville Island, Arctic Canada.
In: Permafrost, Proceedings of the Fifth International
Conference on Permafrost, Troncdheim, Norway, Tapir
Publications, volume 2, 683-688.

Bennett, L.P. and French, H.M. 19%0. In situ permafrost creep.
Melville Island, and implications for g;oballthénge.-ln:
Proceedings of the Fifth Canadian Permafrost Conferxence,
Québec City, Collection Nordicana, 54, 115-123.

Bennett, L.P. and French, H.M. 1991. Solifluction and the role of
permafrost creep, Eastern Melville Island, N.W.T., Canada.
Permafrost and Periglacial Processes, Vol. 3: 95-102.

Bozhinskiy, A.N. and Konishchev, V.N. 1982. On the possible
formation mechanism of inclined ice wedges in the Yedoma
sequence of North Yakutiya. (in Russian) Academy of Sciences
of the USSR, Section of Glaciclogy and of the S3oviet
Geophysical Committee and Institute of Geography, Data of
Glaciological Studies, Publication 43, 139-142.

Brown, R.J.E. 1967. Comparison of permafrost conditions in Canada
and the USSR. The Polar Record, 13(87), 741-751.

Brown, R.J.E. 1969. Factors influencing discontinuous permafrost in

Canada. In: The periglacial Environment (edited by Péwe,



177
T.L.), McGill-Queen's University Press, Montreal, 11-53.

Brown, R.J.E. 1970. Permafrost in Canada. University of Toronto
Press, 234 p.

Brown, R.J.E. 1973. Ground ice as an initiator of landforms in
permafrost regions. In: Proceedings, Third Guelph Symposium on
Geomorphology, 1973. Geo Abstract Ltd., 25-42.

Brown, R.J.E. 1978. Influence of climate and terrain on ground
temperatures in the continuous permafrost zone of northern
Manitoba and Keewatin District, Canada. In: Proceedings of the
Third International Conference on Permafrost, Edmonton,
National Research Council of Canada, 15-21.

Brown, R.J.E. and Péwé, T.L. 1973. Distribution of permafrost in
North America and its relationship teo the environments: a
review, 1963 to 1973. Im: Permafrost, Proceedings of che
Second International Conference on Permafrost, Yakutsk,
U.S.S.R. National Academy Press, Washington, D.C., 2115, 71-
100.

Brown, W.G., Johnston, G.H. and Brown, R.J.E. 1964. Comparison of
observed and calculated ground temperatures with permafrost
distribution under a northern lake. Canadian Geotechnical
Journal, Vel. 1, 147-154.

Budel, J. 1982, Climatic Geomorphology. Princeton University Press,
Princeton, N.J., 443 pp.

Burn, C.R. 1989. Frost heave of subagueous lake-bottom sediments,
Mackenzie Delta, Northwest Territories. In: Current Research,

Part D, Geological Survey of Canada, Paper 89-1D, 85-93.



178

Burn, C.R. 19%90a. Implications for palaecenvironmental
reconstruction of recent ice-wedge development at Mayo, Yukon
Territory. Permafrost and Periglacial Processes, Vol.l, 3-14.

Burn, C.R. 1990b. Frost heave in lake-bottom sediments, Mackenzie
Delta, Northwest Territories. In: Proceedings of the Fifth
Canadian Permafrost Conference, Québec city. Collection
Nordicana, No. 54, 103-109.

Burns, B.M. 1973a. The Climate of the Mackenzie Valley - Beaufort
Sea, Volume I, Environment Canada, Climatological Studies No.
24.

Burns, B.M. 1973b. The Climate of the Mackenzie Valley - Beaufért
Sea, Volume II, Environment Canada, Climatelogical studies No.
24.

Cheng., Guodong. 1979. Rock pingos. Journal of Glaciology and
Crvopedology, 1(1): 49-50 (in Chinese).
Cheng, Guodong. 1982. The forming process of thick-layered ground
ice. Scientia Sinica, Series B, Vol. 25, No. 7, 777-788.
Cheng, Guodong. 1983. The mechanism of repeated segregation for the
formation of thick layered ground ice. Cold Regions Science
and Technology, 8, 57-66.

Cheng, Guodong. 1988. Review and prospect of regional geocryology
in China. Journal of Glaciology and Geocryology, Vol. 10, 296-
299 (in Chinese).

Cheng Guodong and F. Dramis. 1992. Distribution of mountain
permafrost and climate. Permafrost and Periglacial Processes,

Vol. 3: 83-91.



179

Cheng, Guodong and Qiu, Guoging. 1983. Classification of frost
heave terrain on the Qinghai-Xizang Plateau. In: Professional
papers on permafrost studies of the Qinghai-Xizang Plateau.
Science Press, 12-22 (in Chinese).

Cheng, Guodong and Wang, Shaoling. 1882. On the zonation of high-
altitude permafrost in China. Journal of Glaciology and
Crvopedology, Vel. 4, 1-17 (in Chinese).

Cheng, Guodong and Wu, Bangjun. 1984. Approach to the mathematical
model of zonality of high-altitude permafrost. Journal of
Glaciology and Cryopedology, vol. 5, 1-8 (in Chinese).

Chinese Academy of Sciences, ;965ﬂ Pefmafrost Investigations along
the Qinghai-Xizang Plateau. Science Press, Beijing, China, pp-.
108 (in Chinese}.

cui, Zhijun, 1983. The Xunlun mountain type rock glaciers. In:
Proceedings, Second National Conference on Frozen Ground of
China, Gansu People's Publishing House, Lanzhou, China, 63-74
(in Chinese).

Dallimore, S.R., Xurfurst, P.J., and Hunter, J.A.M. 1988.
Geotechnical and geothermal conditions o©f near-shore
sediments, southern Beaufort Sea, Northwest Territories,
Canada. In: Proceed:ings, Fifth International Conference on
Permafrost, Trondheim-Norway, Tapir publications, volume 1,
127-131.

Ding, Dewen and Gueo, Dongxin. 1982. Permafrost history, Qinghai-
Xizang Plateau. In: Proceedings, Second Chinese Conference on

Glaciology and Geocryology, Gansu People's Publishing House,



180
Lanzhou, 78-82 (in Chinese).

Ding, Dewen and Xu, Xuezu. 1982. Zonation parameters of frozen
ground in China. In: Proceedings, First National Conference on
Frozen Ground and glaciology of China, Science Press, Beijing
70-73 (in Chinese).

Dingman, S.L. and Koutz, F.R. 1974. Relations among vegetation,
permafrost and potential insolation in central Alaska. Arctic
and Alpine Research, Vol. 6, No. 1, 37-42.

Dredge, L.A. and Thorleifson, L.H. 1987. The Middle Wisconsinan
history of the Laurentide Ice Sheet. Géographie physique et
Quaternaire, Vol. XLI, No. 2, 215-236.

Du, Renhuan and Xie, 32Zicu. 1965. Periglacial geomorphological
characteristics along the Qinghai-Xizang Highway. In:
Permafrost Investigations along the Qinghai-Xizang Highway,
Academia Sinica, Science Press, 44-60 (in Chinese).

Dunnicliff, J. and Green, G.E. 1988. Geotechnical instrumentation
for monitoring field performance. John Wileyv & Sons, 577pp-

Dyke, A.S. and Prest, V.K. 1986. Late Wisconsin and Eolocene
Retreat of the Laurentide Ice Sheet. Geological Survey of
Canada, Map 17022, Scale: 1:5,000,000.

Dyke, A.S. and Prest, V.K. 1987. Paleogeography of northern North
America 18,000 to 5,000 years ago. Geological Survey of
Canada, Map 1703A, Scale: 1:12,500,000.

Dyke, L.D. 1991. Temperature changes and thaw of permafrost
adjacent to Richards Island, Mackenzie Delta, N.W.T. Canadian

Journal of Earth Sciences, 28, 1834-1842.



181
ovlik, Jan. 1967. Solifluxion, congelifluction and related slope
processes. Geografiska Annalar, 49,a, 167-177.

french, H.M. 1976. The periglacial environment. Longman, 308 pp.

French, H.M. 1988. Active layer processes. In: Advances in
periglacial geomorphology (edited by M.J. Clark). John Wiley
& Sons, U.XK., 151-177.

French, H.M. and Gozdzik, J.S. 1988. Pleistocene epigenetic and
syngenetic frost fissures, Belchatow, Poland. Canadian Journal
of Earth Sciences, 25, 2017-2027.

French, H.M. and Harry, D.G. 1590.. Observations on buried glacier
ice and massive segregated ice, Western Arctic Ceoast, Canada.
Permafrost and Periglacial Processes, Vol. 1, 31-44.

Fujino, K., Sato, S., Matsuda, K., Shimuzi, O0. and Kato, K. 19588.
Characteristics of the massive ice body 1in the Western
Canadian Arctic related to palaeoclimatology. In: Fujino, K.
(ed.) Characteristics of the massive ground ice in the Western
Canadian Arctic related ¢to palaeoclimatology, 1986-1987.
Institurte of Low Temperature Science, Hokkaido University.
Xosoku Printing Centre, Sapporo, Japan, 10-23.

Fyles, J.G., J.A. Heginbottom, and V.N. Rampton. 1972. Quaternary
geology and geomorphology, Mackenzie Delta to ﬁudson Bay. In:
Guidebook, 24th International Geological Congress, Field
excursion A30, 22 pp.

Gasanov, Sh.Sh. 1981. Flow deformation of permafrost in ice-ground
system. (in Russian)} Academy of Sciences of the USSR, Section

of Glaciology and Soviet Geophysical Committee and Institute



182
of Geography, Data of glaciological studies, Publication 41,
55-58.

Geothermal Research Group, 1978. Investigations on geothermal
energy. Geothermal monograph. Institute of Geology, Academia
Sinica, Science Press, Beijing, 34 pp {in Chinese}.

Glen, J.W. 1552. Experiments on the deformation oi ice. Journal of
Glacioclogy, 1(12), 11i-114.

Glen, J.W. 1955. The creep of polycrystalline ice. Proceedings of
the Royal Society of London, Series A, Vol. 228, 519-538.

Gold, L.W. and Lachenbruch, A.H. 1973. Thermal conditions in
permafrost: A review of North American literature. in;
Proceedings of the Second International Conference on
Permafrost, vakutsk, - USSR, July 1973, North American
contribution, National Academy of Sciences, Washington, 2115,
3-25.

Goodrich, L.E. 1978. Some results of a numerical study of ground
thermal regimes. In: Proceedings of the Third International
Conference on Permafrost, Edmonton, Canada, National Research
Council of Canada, 30-34.

Guo, Dongxin 1979. Sand wedges on the Qinghai-Xizang Plateau,
Journal_of Glaciology and Cryopedology, 1, 51 (in Chinese).

Guo, Dongxin. 1981. An Introduction to the permafrost map along the
Qinghai-Xizang Highway. Journal of Glaciology and
Cryopedology, Vol. 3, 77 (in Chinese).

Guo, Dongxin. 1985. Influence of geoingic structure of permafrost.

Scientia Geographica, 5(2): 98-105 (in Chinese).



183

Guo, Dongxin, 1%88. Some Pprogress and existing problems in
historical geocryolegy in China. Journal cof Glaciology and
Geocrvology, 10(3), 300-303 (in Chinese).

Guo, Dongxin, Huang Yizhi, Xu Shuying and zhang Linyuan. 1882.
Taliks in the Buqu river valley area, north slope of Tangula
Mountain. In: Proceedings, First Chinese Conference on
Glaciology and Geocryology, Science Press, Beijing, 11-18 (in
Chinese) .

Guo, D-X. and Li, S-D. 1982. Formation and history of thick-layered
ground ice, Fenghuc Shan area, Qinghai-Xizang Plateau. In:
Proceedings of the Second Chinese Conference on Glaciclegy and
Geocryology, 60-66 (in Chinese).

Eaeberli, W. 1985. Creep of mountain permafrost: internal structure
and flew of alpine rock glaciers. Mitteilungen der
Versuchsanstalt fur Wasserbau, Hydrologie und Glaziologie, Nr.
77, Zurich, 142 pp.

Harris, S.A. 1986. The permafrost environment. Croom Eelm,
Beckenham, Xent, 276 pp.

tiarris, S.A. 1988. The alpine periglacial zone. in: Advances in
periglacial geomecrphology (ed. M.J. Clark), John Wiley & Sons
Ltd, U.XK., 369-413.

Harris, S.A. 1989. Continentality Index: its uses and limitations
applied to permafrost in the Canadian Cordillera. Physical
Geography, 13, 367-380.

Harris, S.A. and A.E. Corte. 1992. Interactions and relations

between mountain permafrost, glacier, snow and water.



184
Permafrost and Periglacial Processes, Vol. 3: 103-110.

Harry. D.G., French, H.M., and Clark, M.J. 1983. Coastal conditions
and processes, Sachs Harbour, Banks Island, Western Canadian
Aretic. Zeitschrift fur Geomorphologie, N.F., Supplementband
47, 1-26.

Harry, D.G., French, H.M. and Pollard, W.H. 1988. Massive ground
jce and ice-cored terrain near Sabine Point, Yukon Coastal
Plain. Canadian Journal of Earth Sciences, 25, 1846-1856.

Harry. D.G. and Gozdizk, J.S. 1988. Ice wedges: growth, thaw
transformation, and palaecenvironmental significance. Journal
of Quaternary Science, 3 (1), 39-55..

Heginbottom, J.A. and Tarnocai, C. 1983. Mackenzie Delta and
Tnuvik. In: Guidebook to permafrost and related features of
the northern Yukon Territories and Mackenzie Delta, Canada
‘edited by French, H.M. and J.A. Heginbottom). Guidebook No.
3, Fourth Internmational Conferenée on Permafrost, Fairbanks,
Alaska, 113-146.

Heim, Arnolad. 1936. The glaciation and solifluction at Minya
Gongkar. Geographical Journal, Vol. 87, 444-454.

Heim, A. and Gansser, A. 1939. Central Himalaya: geological
observations of the Swiss expedition 1936. Kommissionsverlag
Von Gebruder Fretz A.G. ZUurich, pp. 246.

Hooke, R.L. 1981. Flow law for polycrystalline ice in glaciers:
comparison of theoretical predictions, laboratory data, and
field measurements. Reviews of Geophysics and Space Physics.

VOL. 18, 664-672.



185

Hu, Haitao and Xu, Gueisen. 1882. The control of geclogical
structures over groundwater on the Qinghai-Xizang Plateau. In:
professional Geological Papers on the Qinghai-Xizang Plateau
{5) -Hydrogeology and Engineering Geology. Geolegical
Publishing House of China, Beijing, 130-144 (in Chinese}.

Huang, Y.-2. 1991. Desertification of the permafrost zone on the
Qinghai-Xizang (Tibet) Plateau. Encyclopedic Knowledge, 6, 48-
49.

Huang, Y-Z. and Mi, F-R. 1983. Geological structure and permafrost
thickness, Fenghuo Shan area, Qinghai-Xizang Plateau. Journal
of Glaciology and Geocryolegy, 5(1), 55-&2 {in Chinese).

wume, J.D.., Schalk, M., and Hume, P.W. 1972. Short-texrm climatic
changes and coastal erosion, Barrow, Alaska. Arctic, Vol. 25,
272-278.

wuncer, J.A. 1988. Permafrost aggradation on arctic coasts of North
America. In: Permafrost, Proceedings of the Fifth
International Conference on Permafrost, Trondheim, Norway.
Tapir Publications, Veol. 3, 27-33.

#unter, J.A.M., Judge, A.S., MacAulay, H.A., Good, R.L., Gagne,
R.M., and Burns, R.A. 1976. The occurrence of permafrost and
frozen subsea bottom materials in the southern Beaufort Sea.
Canada Department of Environment, Beaufort Sea project
Technical report no.22, 174 pp.

Ives, J.D. 1973. rermafrost and its relationship ¢to other
environmental parameters in a mid-latitude, high~altitude

setting, Front  Range, Colorado Rocky Mountains. In:



186

Permafrost, Second Internaticnal Conference on Permafrost.
North BAmerica Contribution. National Academy of Sciences,
washington, 2115, 121-125.

Jahn, Alfred. 1975. Problems of the periglacial zone (Zagadnienia
strefy pervglacjalnej) . Warsaw, Panstwowe wydawnictwo Naukowe,
223 pp.

Johnston, G.H. and Brown, R.J.E. 1963. Eiffect of a lake on
distribution of permafrost in the Mackenzie River Delta. In:
Proceedings, First Canadian Conference on Permafrost (17 and
18 April 1962), Associate Committee on Soil and Snow
Mechanics, National Research Council of Canada, 218-225.

Johnston, G.H. and Brown, R.J.E. 1964. Some observations on
permafrost distribution at a lake in the Mackenzie Delta,
N.W.T., Canada. Arctic, 17, 162-175.

Juége, A.S. 1973. Thermal regime of the Mackenzie Valley.
Information Canada 177 pp.

Judge, A.S., Tayleor, 2.E. and Burgess, M. 1979. Canadian Geothermal
Data Collection--Northern Wells 1977-78, Geothexrmal Series
Number 11, Earth Physics Branch, Energy,Mines and Rescurces
Canada, 188 pp.

Kou, Yuguan, 2Zeng, Qunzhu, Xie, W.-R., and Xian, S. 1982.
Investigation of global radiation on the Qinghai-Xizang
Plateau. In: Lanzhou Institute of Glaciology and Geocryology,
Memoir No. 3, 1-12 (in Chinese). |

Kuhle, M. 1985. Glaciation research in the Himalayas: a new ice age

theory. Universitas, 27(4), 281-294.



187

Kreyszig, E. 1866. Advanced engineering mathematics. John Wiley and
sons, 777 pp.

Kudryavtsev, V.A. 1859. Temperature, thickness and discontinuity of
permafrost. In: Principle of geocryology, Part I, General
Geocryology, Chapter VIII. USSR Academy of Sciences, V.A.
Obruchev Institute of Permafrost Study, Moscow, National
Research Council of Canada, Technical translation, 1187.

Kudrvavtsev, V.A. 1961. Znachyene myerzlotno-temperaturnoy
-onalinochi v formirovani singyenetitseckoy myerzloy tolistoy
tyekstury. sp. Merzlotni isslyedovania, vip.I., Izd-vo MGU {in
Russian) . '

Kudryavtsev, V.A. 1978. General geocryology. Moscow State
University, 463 pp (in Russian). -

tachenbruch, A.H. 1957a. Thermal effect of the ocean on permafrost;
Bulletin of the geoclogical Society of America, Vol.68, 1515-
1530.

t,.achenbruch, A.H. 1957b. Three-dimensional heat conduction in
permafrost beneath heated buildings; U.S. Geoclogical Survey,
wWashingteon, D.C., Bulletin, 1052-B, 19 pp.

Lachenbruch, A.H. 1959. Periodic heat flow in a stratified medium
with application to permafrost problems. U.S. Geological
Survey, Bulletin, #1083-A, 36 pp.

Lachenbruch, 2.H., Greene, G.W. and Marshall, B.V. 1966. Permafrost
and the geothermal regimes. In: Environment o¢f the Cape
Thompson region, Alaska: USAEC Division of Technical

Information, 149-165.



188

Lachenbruch, A.H. 1968. Permafrost. in: Encyclopedia of
Geonmorphology, (edited by R.W. Fairbridge), 8§33-839.

Lachenbruch, A.H. and Marshall, B.V., 1969. Heat flow in the
Arctic. Arctic, Vol.22, 300-311.

Lachenbruch, A.H. and Marshall, B.V., 1977. Sub-sea temperature and
a tentative model for offshore permafrost at Prudhoe Bay,
Alaska. United States Department of the Interior Geological
Survey, Open-file report 77-3385, 54 pp-

Lachenbruch, A.H., Sass, J.H., Marshall, B.V. and Moses, T.H. Jr.,
1982. Permafrost, heat flow, and the geothermal regime at
Prudhoe Bay, Alaska. Journal of Geophysical Research, Vol.87,
9301-9316.

Lachenbruch, A.H. and Marshall, B.V., 1986. Changing climate:
geothermal evidence from permafrost in the alaskan Aarctic.
Science, Vol.234, 7 November, 6839-6396.

Lachenbruch, A.H., Cladouhos, T.T. and Saltus, R.W., 1988.
Permafrost temperature and the changing climate. In:
Permafrost, Fifth International Conference on Permafrost,
Trondheim, Norway, Tapir Publications Veol. 3, 9-17.

Ladanyi, B. and Johnston, G.H. 1973. Evaluation of in situ creep
properties of frozen soils with the pressuremeter. JIn:
Proceedings of the Second International Conference on
permafrost, Yakutsk, U.S.S.R., North American Contribution,
National Academy of Sciences, Washington, 2115, 310-317.

Lambert, J.D.H. 1972. Vegetation patterns in the Mackenzie Delta

area, N.W.T. In: Mackenzie Delta Area Monograph (edited By



189
D.E. Xerfoot), 51-68.

Lanzhou Institute of Glaciology and Geocryology. 1582a. Proceedings
of the First National Conference on Glaciocleogy aad Frozen
Ground (frozen ground volume), Science Press, Beijing, 206 pp
{(in Chinese).

Lanzhou Institute of Glaciclogy and Geocryology. 1982bk. Thermal
conditions for the development of permafrost and glaciers in
wWest China. Memoir 3, Science Press, Beijing, 120 pp {in
Chinese).

Lanzhou Institute of Glaciology and Geocryology. 1983a. Proceedings
of the Second Chinese Conference éf Frozen Ground, Gansu
People's Publishing House, Lanzhou, Gansu 493 pp (in Chinese}.

Lanzhou Institute of Glacioclogy and Geocxryolog Professional papers
on permafrost studies of the Qinghai-Xizang Plateau, Science
Press, Beijing, 26% pp (in Chinese).

Lanzhou Institute of Glaciology and Geocryology. 1888. Map of
snow, ice and frozen ground in China (1:4,000,000). wWith
explanatory notes. China Cartographic Publishing House.

Lanzhou Institute of Glaciology and Geocryology. 1989a. Interaction
among temperature, moisture and stress fields in frozen soil.
Lanzhou University Press, Lanzhou, China, 292 pp {in Chinese).

Lanzhou Institute of Glacioclogy and Geocryology 1989b. Proceedings
of the Third Chinese Conference on Frozen Ground (held in
Harbin, 1986). Science Press, Beijing, 215 pp (in Chinese).

Lanzhou Institute of Glaciology, Geocryology, and Desert Research,

1975. Permafrost. Science Press, Beijing, 124 pp (in Chinese).



190

Liang, Fengxian and Cheng, Guodong 1984. Polygon-veins along the

inghai-Xizng Highway. Journal of Glacioclogy and Geocryology,
6(4), 49-€0 (in Chinese).

Lewkowicz, A.G. 1988. Slope processes. In: Advances in Periglacial
Geomorpholqu (ed. M.J. Clark), John Wiley & Sons Ltd, U.K.,
325-368.

Li, Jijun, Wen, Shixuan, 2Zhang, Qingsong, Wanga, Fubao, Zheng,
Benxing, and Li, Bingyuvan. 1978. Time and magnitude of the
uplift of the Qinghai-Xizang Plateau. Scientia Sinica (serxies
B), 6, 608-616 (in Chinese).

Li, Lie, 1982. Physical-chemical characteristics of ground ice.
Fenghuo Shan area, Qinghai-Xizang Plateau, China (Abstract,in
Chinese). In: Proceedings, First National Conference on
Glaciology and Geocryology (permafrost volume), Science Press,
Beijing, 54-59 (in Chinese).

Li. Lie and Xing. Zemin. 1880. Preliminary studies on ground ice
characteristics of Fenghuo Shan area, Qinghai-Xizang Plateau.
Journal of Glaciology and Cryopedology, Vol. 2, 31-35 {in
Chinese).

Li, Shude 1982. Permafrost temperature and thickness, Qinghai-
Xizang Plateau. In: Proceedings, Second Chinese Conference on
Glaciology and Geocryology, Gansu People's Publishing House,
Lanzhou, Gansu, 7-10 (in Chinese).

Mackay, J.R. 1962. Pingos in the Pleistocene Mackenzie Delta area.
Geographical Bulletin, 18, 21-63.

Mackay, J.R. 1963a. The Mackenzie Delta area, N.W.T. Geographical



181
Branch, Memeoir 8, 202 pp.

Mackay, J.R. 1963b. Notes on the shoreline recession along the
coast of Yukon Territory. Arctic, 16, 195-197.

Mackay., J.R. 1971. The origin of massive icy beds in permafrost,
western Arctic coast, Canada. Canadian Journal of Earth
Sciences, 8, 397-422.

Mackay, J.R. 1972. Offshore permafrost and ground ice, southern
Beaufort Sea, Canada. Canadian Journal of Earth Sciences,
9(11), 1550-1561.

Mackay, J.R. 1973. The growth of pingos, western Arctic coast,
Canada. Canadian Journal of Earth Sciences. 10,979-1004.
Mackay, J.R. 1975. Freezing processes at the bottom of permafrost.
Tuktoyaktuk Peninsula area, District of Mackenzie (107C).

Geological Survey of Canada, Paper 75-1, Part A: 471-474.

Mackay, J.R. 1978. Quaternary and permafrost features, Mackenzie
Delta area. JIn: International Conference on Facts and
Principles of World il Occurrence. Geoleogical and
geoéraphical guide to the Mackenzie Delta area (edited by F.G.
vYoung), CSPG Publication, Calgary, 42-50.

Mackay, J.R. 1979. Pingos of the Tuktoyaktuk Peninsula area,
Northwest Territories. Géographie physique et Quaternaire, 33:
3-61.

Mackay, J.R. 1981. Active layer slope movement in a continuous
permafrost environment, Garry Island, Northwest Territories,
Canada. Canadian Jourxnal of Earth Sciences, 18, 1666-1680.

Mackay, J.R. 1983. Downward water movement into frozen ground,



182
western arctic coast, Canada. Canadian Journal of Earth
Sciences, 20, 120-134.

Mackay, J.R. 1986a. Fifty years (1835 to 1983) of coastal retreat
west of Tuktoyaktuk, District of Mackenzie. In: Current
Research, Part A, Geological Survey of Canada, Paper 86-1A,
727-735.

Mackay, J.R. 1986b. Frost mounds. The Canadian Geographers, 30 (4},
363-364.

Mackay, J.R. 1987. Pingos of the western Arctic coast, Canada.
Ymer'87, Swedish Society of Anthropology and Geography, vol.
107, 155-170. '

Mackay, J.R. 1988. Pingo collapée and paleoclimatic reconstruction.
Canadian Journal of Earth Sciences, 25, 495-511.

Mackay, J.R. 1989. Massive ice : some field criteria for the
identification of ice types. In: Current Research, Part G,
Geological Survey of Canada, Paper 89-1G, 5-11.

Mackay, J.R. 1990a. Some observations on the growth and deformation
of epigenetic, syngenetic and antisyngenetic ice wedges.
Permafrost and Periglacial Processes, 1, 15-30.

Mackay, J.R. 1990b. Seasonal growth bands in pingo ice. Canadian
Journal of Earth Sciences, 27, 1115-1125.

Mackay, J.R. 1992. Lake stability in an jce-rich permafrost
environment: examples from the western Arctic coast. In (eds.
R.D. Robarts and M.L. Bothwell) Aquatic Ecosystem in Semi-arid
Regions: Implications for ﬁesource Management, N.H.R.I.

Symposium Series 7, Environment Canada, Saskatoon, 1-26.



193

Mackay, J.R. and Black, R.F. 1973. Origin, composition, and
structure of perennially frozen ground and ground ice: a
review. In: Permafrost: North America centribution to the
Second International Conference on Permafrost, National
Academy of Sciences, Washington, 2115, 185-182.

Mackay, J.R. and Dallimore, S.R. 1992. Massive ice of the
Tuktoyaktuk area, western Arctic coast, Canada. Canadian
Journal of Earth Sciences, 29, 1235-124S5.

Mackay, J-.R. and MacKay, D. 1974. Snow cover and ground
temperatures, Garry Island, N.W.T. Arctic, Vol. 27, 287-296.

Mackay, J.R. and MacKay, D.K. 1976. Cryostatic pressures in

| nonsorted circles {mud hummocks) , Inuvik, Nerthwest
Territories. Canadian Journal of Earth Sciences, 13(7), 889-
897.

Mackay, J.R., J. Ostrick, C.P. Lewis, and D.K. MacKay. 1979. Frost
heave at ground temperatures below 0°C, Inuvik, Northwest
Territories. In: Current Reseaxch, Part A, Geological Survey
of Canada, Paper 79-1A, 403-40S.

Mackay, J.R., Rampton, V.N. and Fyles, J.G. 1972. Relic
Pleistocene permafrost, Western Arctic, Canada. Science, 176,
No. 4041, 1321-1323.

McRoberts, E.C. 1975. Some aspects of a simple secondary c<reep
model for deformations in permafrost slopes. Canadian
Geotechnical Journal, 12, 98-105.

McRoberts, E.C. 1988. Secondary creep interpretation of ice-rich

permafrost. In: rermafrost: Proceedings of the Fifth



194
International Conference on Permafrost, Trondheim, Norway,
Tapir Publications, 2: 1137-1142.

McRoberts, E.C., Law, T.C., and Murray, T.K. 1978. Creep tests on
undisturbed ice-rieh silt. In: Proceedings of the Third
International Conference on Permafrost, Edmonton, Canada,
National Research Council of Canada, 540-545.

Meier, M.F. 1960. Model of flow of Saskatchewan glacier, Alberta,
Canada. U.S. Geological Survey Professional Paper, 351.
Melnikov, P.I. and Tolstikhin, O.N. 1988. General Geocryoclogy

(Chinese wversion). The USSR Academé of Sciences, Siberian
Branch. USSR Academy of Sciences, Siberian  Branch,
Novosibirsk. Translated by Lanzhou Institute of Glaciclogy and

Geocryology, Science Press, Beijing, 318 pp.

Molochushkin, E.N. 1978. The effect of thermal abrasion on the
temperature of the permafrost in the coastal zone of the
Laptev Sea. In: Permafrost, Second International Conference,
USSR contribution, National Academy Press, 50-93.

Morgenstern, N.R. 1981. Geotechnical engineering and frontier
resource development. Geotechnicue, 31, 305-365.

Morgenstern, N.R. 1985. Recent observations on the deformation of
ice and ice-rich permafrost. In: Field and theory: Lectures in
geocryology (eds: M. Church and ©. Slaymaker), University of
British Columbia, Vancouver, 133-153.

Morgenstern, N.R., Roggensack, W.D., and Weaver, J.S. 1980. The
behaviour of friction piles in ice and ice-rich soils.

Canadian Geotechnical Journal, 17, 405-415.



195

Nixon, J.F. 1978. Foundation design approaches in permafrost areas.
Canadian Geotechnical Journal, 15, 96-112.

Nixon, J.F. 1986. Thermal simulation of subsea permafrost. Canadian
Journal of Earth Sciences, 23, 2039-2046.

Nixon, J.F. 1990. Seascnal and climatic warming effects on pile
creep in permafrost. In: Proceedincs of the Fifth Canadian
Permafrost Conference, Québec City, Collection Nordicana, 54,
335-340.

Nixon, J.F. and McRoberts, E.C. 1876. A design approach for pile
foundations in permafrost. Canadian Geotechnical Journal, 13,
40-57. |

Nixon, J.F. and Neukirchner, R.J. 1984. Design of wvertical and
laterally loaded piles in saline permafrost. In: Proceedings
of the Third International Specialty Cenference: Cold Regions
Engineering, Vol. 1, 131-144.

Nuekirchner, R.J. and Nixon, J.F. 1987. Behaviour of laterally
loaded piles in permafrost. Journal of Geotechnical
Engineering, Vol. 113, 1-14.

Novikov, V.N. and Fedorova, Ye.V. 1989. Coastal erosion in the
southeastern part of the Barents Sea. Polar Geography and
Geology., 13(1l), 46-50.

Odell, N.E. 1925. Observations on the rocks and glaciers of Mt.
Everest. The‘Geographical Journal, Vol. 66, 289-315.

Osterkamp, T.E. 1975. A conceptual model of offshore permafrost.
Geophysical Institute, University of alaska, Fairbanks, Report

AG R-234.



196

Osterkamp, T.E. and Harrison, W.D. 1982. Temperature measurements
in subsea permafrost off the coast of Alaska. In: The Roger
J.E. Brown Memorial Volume: Proceedings of the Fourth Canadian
Permafrost Conference (ed. H.M. French), National Research
Council of Canada, 238-248.

Parameswaran, V.R. 1982. Strength and deformation of £frozen
saturated sand at -30°C. Canadian Geotechnical Journal, 19,
104-107.

paterson, W.S.B. 1977. Secondary and tertiary creep of glacier ice
as measu;ed by borehole closure rates. Reviews of Geophysics
and Space Physics, Vol. 15, 47-55.

Péwé, T.L. 1983. Alpine permafrost in the contiguous United States:
a review. Arctic and Alpine Research, 15(2), 145-156.

Phukan, A. 1985. Frozen Ground Engineering. Prentice-Hall, Inc.,
333 pp-.

pissart, A. 1967. Les pingos de l'Ile Prince Patrick (76°N-120°W}.
Geographical Bulletin, 9, 189-217.

Pollard, W.H. and French, E.M. 1980. A first approximation of the
volume of ground ice, Richards Island, Pleistocene Mackenzie
Delta, Northwest Territories, Canada. Canadian Geotechnical
Journal, 17, 509-516.

Price,lL.W. 1972. The periglacial environment, permafrost, and man.
Association of American Geographers, Comm. on College
Geography Resource Paper 14, 88pp.

Proceedings, Fifth Canadian Permafrost Conference, Québec city,

June, 1990. National Research Council of Canada, and Centre



197
d*etudes nordiques, Universite Laval, Collection Nordicana,
Ne. 5S4, 424 pp.

Q-Y., Wu, X-H, and Qian, F. 1982. Historical change of
permafrost along the Qinghai-Xizang Highway. In: Froceedings
of the Second Chinese Conference on Glaciclegy and

Geocryolegy, 74-77 {(in Chinese).

Qinghai-Xizang Highway Research Group, 1983, Distribution of ice-

Qiu,

Qiu,

Qiu,

rich permafrost along the Qinghai-Xizang Highway. In:
Proceedings, Second National Conference on Frozen Ground,
Gansu People's Publishing House, Lanzhou, Gansu, 43-51 (in
Chinese).

Guoging. 1980. Problems in permafrost engineering geological
survey in the western mountain and plateau areas. Journal of.
Glaciology and Cryopedology, vel. 2, 17-23 {in Chinese).
G-Q. 1982. Distribution of taliks in the Tuo-tuo river basin,
Qinghai-Xizang Plateau. JIn: Proceedings, Second Chinese
Conference on Glaciology and Geocryology, 19-28 (in Chinese).
Guoging and Guo, Dongxin. 1983. Taliks along the Qinghai-
Xizang Highway. In: Professional papers on permafrost on the
Qinghai-Xizang Plateau, Science Press, Beijing, 30-37 (in

Chinese).

Rampton, V.N. 1972. An outline of the Quaternary geology of the

lower Mackenzie Region. In: Mackenzie Delta area monograph

(ed. D.E. Kerfoot), Brock University, 7-14.

Rampton, V.N. 1974. The influence of ground ice and thermckarst

upon the geomorphology of the Mackenzie-Beaufort region. In:



198
Research in Polar and Alpine Gecmocrphology (eds. B.D. Fahey
and R.D. Thompson). Proceedings, Third Guelph Symposium on
Geomorphology, 43-5°.

Rampton, V.N. 1588. Quaternary geology of the Tuktoyaktuk
Coastlands, Northwest Territories. Memoir 423, Geological
Survey of Canada, 98 pp.

Reimnitz, E. and Maurer, D.K. 1879. Effect of storm surges on the
Beaufort Sea Coast, northern Alaska; Arctic, Vol. 32, 329-344.

Ritchie, J.C. 1972. Pollen analysis of late-Quaternary sediments
from the arctic treeline of the Mackenzie Delta region, N.W.T.

vIn: Mackenzie Delta Area Monograph (edited by Kerfoot..D.E.).
Brock University, 28-50.

Ritchie, J.C. 1984. Past and Present Vegetation of the Far
Northwest Canada. University of Toronto Press, 251 pp.
Romanovskiy, N.N. 1973. Regularities in formation of frost-fissures
and development of frost-fissure polygons. Biuletyn

Periglacjalny, 23, 237-277.

Savage, J.C. and Paterson, W.S.B. 1963. Measurements of the
Athabasca Glacier relating to the flow of ice. Journal of
Physical Research, 68 (15), 4521-4543.

Savigny, K.W. 1980. In situ analysis of naturally occurring creep
in ice-rich permafrost soil. Ph.D. thesis, University of
Alberta, Edmonton, Alberta, 439 pp.

Savigny, K.W. and Morgenstern, N.R. 1986a. Geotechnical conditions
of slopes as a proposed pipeline crossing, Great Bear River

valley, Northwest Territories. Canadian Geotechnical Journal,



189
23, 490-503.

Savigny., K.W. and Morgenstern, N.R. 1986b. In situ creep properties
in ice-rich permafrost soil. Canadian Geotechnical Journal,
23, 504-514.

Savigny., K. W. and Morgenstern, N.R. 1986c. Creep behaviour of
undisturbed clay permafrost. Canadian Geotechnical Journal,
23, 515-527.

Sellmann, P.V., Delaney, A.J., Champlain, E.J. and Dunton, K.H.
1992. Seafloor temperature and conductivity data from
steffansson Sound, Alaska. Cold Regions Science and
Technology, 20, 271-288.

Shang, Jianyi. 1982. Some characteristiecs of permafrqst along the
Qinghai-Xizang Plateau. In: Proceedings of the First Chinese
Conference on Glaciology and Frozen Ground (Frozen Ground
Volume), Science Press, Beijing, 38-43 (in Chinese).

shi, Yafeng. 1988. Review and lessons of the last thirty years.
Journal of Glaciology and Geocryology, Vol. 10, 201-214 {in
Chinese) .

shi, Yafeng, Zheng, Benxing and Li, Shijie 1880. Last glaciation
and maximum glaciation on the Qinghai~Xizang Plateau. Journal
of Glaciology and Geocryolegy, 12(1), 1-29 (in Chinese) .

Skinner and Porter, 1989. Physical geology. John Wiley & Sons, pp.
750.

Smith, D.J. 1988. Rates and controls of soil movement on a
solifluction slope in the Mt. Rae area, Canadian Rocky

Mountains, Zeitschrift fur Geomorphologie Supplemenband, 71,



200
25-44.

Smith, D.J. 1992. Long-term rates of contemporary solifluction in
the Canadian Rocky Mountains. In: Periglacial Geomorphology
(edited by Dixon, J.C. and A.D. Abrahams), John Wiley and Sons
Ltd, 203-221.

Smith, M.W. 1972. Observed and predicted ground temperature,
Mackenzie Delta, N.W.T. In: Mackenzie Delta Area Monograph
(ed. D.E. Kerfoot), Brock University, 95-106.

Smith, M.W. 1975a. Microclimatic influences on ground temperatures
and permafrost distribution, Mackenzie Delta, Northwest
Territories. Canadian Journal of Earth Séiences, 12, 1421-
1438.

Smith, M.W. 1975b. Numerical simulation of microclimatic and active
layer regimes in a High Arctic environment. Department of
Indian and Northern Affairs, Ottawa, ALUR 74-75-72, 29 pp.

Smith, M.W. 1876. Permafrost in the Mackenzie Delta, N.W.T.
Geological Survey of Canada. Paper 75-28, 34 pp.

Smith, M.W. 1985. Observations of scil freezing and frost heave at
Tnuvik, Northwest Territories, Canada. Canadian Journal of
Earth Sciences, 22, 283-280.

Smith, R.C.T. 1953. Conduction of heat in the semi-infinite
solid,with a short table of an important integral. Australian
Journal of Physics, wvol.6, 127-129.

Sun, X-B. 1965. Vegetation along the Qinghai-Xizang Highway.
In: Permafrost investigations along the Qinghai-Xizang

Highway, Science Press, 83-86 (in Chinese).



201

marnocai, C. and Hill, R.W. 1978. Earth hummocks and the Mackenzie
Delta area. In: Guidebook for a tour of soil, permafrost and
vegetation relationship, Eleventh Congress of the
International Society of Soil Science, Edmonton, Canada, 70-
78.

Taylor, A.E. and Judge, A.S. 1976. Canadian Geothermal Data
Collection: Northern Wells 1975. Geothermal Suxvey of Canada,
Geothermal Series Number 6, Earth Physics Branch, Energy.
Mines and Resources Canada, 142 pp.

Taylor, A.E., Burgess, M. Judge, A.S. and Allen, V.S. 1982.
Canadian Geothexrmal Data Collection——Northern. Wells 1981l.
Geothermal Series Number 13, Earth Physics Branch, Energy,
Mines and Resources Canada, 153 pp.

Thompson, E.C. and Sayles, F.H. 1872. In-situ creep analysis of
room in frozen soil. Journal of soil mechanics and foundation
division (ASCE) 98: 899-916.

Tong, Boliang. 1965. Permafrost conditions in the Xidatan area,
Qinghai-Xizang Plateau. In: Permafrost investigations along
the Qinghai-Xizang Highway, Science Press, 20-30 {in Chiinese).

Tong, Boliang, Li, Shude, Pu, Jueying, Qiu, Guoging, Wu, Ziwang,
Cheng, Guodong, Guo, Dongxin, Wang, Jiachang, Wang, Shaoling,
Liang Fengxian, Luc, Xiangrui, Yen, Shichong, and Ding,
Linglong. 1982. Permafrost map along the Trans-Plateau Highway
corridor. Shanghai Xinhua Press, Scale: 1:600,000.

Tong, Boliang and Li, Shude. 1983. Permafrost characteristics and

factors affecting chem, Qinghai-Xizang Plateau. In:



202
Professional paper on Qinghai-Xizang Plateau permafrost,
Science Press, 1-11 (in Chinese).

Tong, Boliang, Li, Shude, Pu, Jueying and Qiu, Guoging. 1983.
Permafrost map (1:600,000) along the Qinghai-Xizang Plateau.
In: Proceedings, Second Chinese Conference on Frozen Ground,
Gansu People's Publishing House, Lanzhou, 75-80 {in Chinese).

Tong, Changjiang. 1982. Frost heaving force of foundation. In:
Proceedings, First Chinese Conference on Glaciology and Frozen
Ground, Science Press, 113-119 (in Chinese).

Tong, Changjiang. 1983. Tangential frost-heaving forces of soils
and their classification. In: Professicnal papers on
permafrost studies of the Qinghai-Xizang Plateau. China
Science Press, Beijing, 75-78.

Tong. Changijiang and Yu, Chongyuen. 1583. Investigation on frost
heave. In: Proceedings, Second Chinese Conference on Frozen
Ground, 240-244 (in Chinese).

Troll, C. 1958. Structure soils, solifluction, and frost climates
of the world. Translation 43, US Army Snow, Ice and Permafrost
Research Establishment, Corps of Engineers, Wilmette,
Illineis, pp. 121.

Tsytovich, N.A. 1975. The mechanics of frozen ground. New York:
McGill-Hill Book Co., 426 pp.

Vigdorchik, M.E. 1980. Submarine permafrost on the Alaskan
continental shelf:; Boulder, Colorado, Westview Press, 118 pp.

Wagner, S§. 1992. Creep of alpine permafrost, investigated on the

Murtel rock glacier. Permafrost and Periglacial Processes,



203
Vol.3: 157-162.

Walker, H.J. 1988. Permafrost and coastal processes. I
permafrost, Proceedings of the Fifth International Conference
on Permafrost, Trondheim, Norway, Tapir Publications, Veol. 3,
35-42.

wang, Baolai. 1984. Permafrost conditions in Fenghuco Shan area,
Tibet Plateau: An internal fieldwork report, the Lanzhou
Institute of Glaciology and Geocryology, 24 pp {in Chinese).

wang, Jiacheng and Li, Shude. 1983. Thermal regime of near the
permafrost base, along the Qinghai-Xizang Highway. JIa:
Professional paperg' oﬁ. Qinghai-Xizang Plateau permafrost.
Science Press, 38-43 (in Chinese).

wWang. Jiacheng, Wang. Shaoling aﬁd Qiu, Guoging. 1979. Permafrost
along the Qinghai-Xizang Highway. Scientia Geographica, 34(1).
18-32 (in Chinese).

Wang, Shaoling. 1983a. The pingos along the Qinghai-Xizang Highway.
In: Professional papers on permafrost studies of the Qinghai-
Xizang Plateau. Science Press, 23-29 {in Chinese).

Wang, Shaoling. 1983b. Thermokarst along the Qinghai-Xiznag
Highway. In: Second Chinese Conference on Frozen Ground.
Science Press, 58-64 (in Chinese).

Wang, Shaoling. 1986. Types and characteristics of modern
periglaciation along the Qinghai-Xizang Highway. Journal of
Glacioclogy and Geocryology, 157-164 (in Chinese).

Wang, Shaoling 1989. Formation and evolution of permafrost on the

Oinghai-Xizang Plateau since the Late Pleistocene. Journal of



204
Glaciology and Geocryology, 11(2), 69-75 (in Chinese) .

Wang. Shaoling. 1990. Thaw slides and subsidence in Fenghuo Shan
area, OQinghai-Xizang Plateau. Journal of Glaciology and
Geocryology, Wol. 12, 63-70 (in Chinese).

Wang, Shaoling and Yao, Heqging. 1981. ©On the pingos along both
banks of the Qing-Shui River on the Qinghai-Xizang Plateau.
Journal of Glaciology and Cryopedology, 3(3): 58-62 (in
Chinese).

Wang, Shaoling and Zhang, Weixin. 15885. Permafrost evolution since
the late Pleistocene, Qingsui River region, Qinghai-Xizang
Plateau. Journal of Glacioclogy and Geocryology, Vol. 7, 15-25
{(in Chinese}.

Wang, Yaqging. 1983. Moisture content and density of frozen soils.
In: Professional papers on permafrost studies of the Qinghai-
Xizang Plateau, Science Press, 60-66 (in Chinese).

washburn, A.L. 1979. Geocryology., a survey of periglacial processes
and environments. Edward Arneold, 406 pp.

Wwashburn, A.L. 1981. Permafrost features as evidence of climatic
change. Earth Science Review, 327-402.

Williams, P.J. 1957. Sonme investigations 1into solifluction
features in Norway. Geographical Journal, 123, 42-58.

Willaims, P.J. 1966. Downslope soil movement at a sub-arctic
location with regard to variations with epth. Canadian
Geotechnical Journal, 3, 191-203.

Williams, P.J. 1982. The surface of the earth: an introduction to

geotechnical science. London, Longman, 212 pp.



205
williams, P.J. and Smith, M.W. 1989. The frozen earth: fundamentals
of geocryology. Cambridge University Press, 306 pp.

Wilson, S.D. 1970. Observational data on ground movements related
to slope stability. ASCE Journal of the Soil Mechanics and
Foundations Division, 96(SMS), 285-310.

Wu, Ziwang. 1965a. Ground water characteristics along the Qinghai-
Xizang Highway. In: Permafrost investigations along the
Qinghai-Xizang Highway, 61-72 {in Chinese)}.

Wu, Ziwang. 1965b. Chemical composition and structure of ground ice
along  the Qinghai-Xizang Highway. In: Permafrost
investigations along the Qinéhai-xizang Plateau, 73-82 (in
Chinese).

wu, 2Ziwang. 1979. An engineering classification of permafrost.
Journal of Glaciology and Cryopedology, Vol. 1, 52-60 (in
Chinese) .

Wu, Ziwang. 1982. Engineering classification of frozen ground.
Journal of Glaciology and cryopedology, Vol. 4, 43-48 (in
Chinese}.

Wu, Ziwang, Liu Yongzhi and Zhang Jiayi. 1982. Experimantal studies
on permafrost creep. In: Proceedings, First Chinese Confernece
on Glaciology and Frozen Ground, 128-132 (in Chinese).

Wu, Ziwang, Zhang Jiayi and Liu Yongzhi. 1983a. In situ studies on
the bearing capacity of permafrost. In: Professional papers on
Qinghai-Xizang Plateau permafrost, Science Press, 112-119 (in
Chinese) .

Wu, Ziwang et al. 1983b. Experimental studies on the methods of



206
determining long-term strength. In: Professional papers on
Qinghai-Xizang Plateau, Science Press, 120-123 (in Chinese).

Xie, Yinggen. 1982. Temperature conditions for the development of
permafrost on the Qinghai-Xizang Plateau. In: Proceedings,
First Chinese Conference on Glaciclogy and Frozen Ground, 1-6
{in Chinese).

Xie, Yinggen and Zeng, Quenzhu. 1983. Climatic conditions for the
development of permafrost on the Qinghai-Xizang plateau. In:
Proceedings, Second Chinese Conference on Frozen Ground, 13-20
(in Chinese).

Xu,  Jinzhi, 1959. Physical geography of the Qinghai ;nd Xizang
(Tibet) (Vegetation of the Plateau: 49-51). Science Press, 81
PP- _

Xu, Xiaozu, Fu, Liandi and Zhu, Linnan. 1981. Determination of
permafrost table by 1latitude and altitude. in: Lanzhou
Institute of Glaciology and Geocryology Memoir No.2Z, 17-25 (in
Chinese).

Zeng, Q-Z, Kou, ¥Y-G, Xie, W-R and Xian S. 1982. Investigations cn
radiation Dbalance, Qinghai-Xizang Plateau. In: Lanzhou
Institute of Glaciology and Geocxryology Memoir 3, 32-52 (in
Chinese}.

zhai, Rongting. 1982. Hot ground water along the Qinghai-Xizang
Highway. In: Professional geological papers on the Qinghai-
Xizang Plateau (5)--Hydrogeolegy and Engineering Geology, 72-
81. (in Chinese).

zhang, Y. and Cai, S$-Q. 1981. Permafrost history on the Qinghai-



207
Xizang Plateau. Journal of Glaciclogy and Cryopedoleogy. 3(1l).,
32-36 (in Chinese}.

Zhang, Weixin. 1983. Sand wedges and their chronology along the
Qinghai-Xizang Highway. JIn: Proceedings, Second Chinese
Conference on Glaciology and Geocryology. 52-57 {in Chinese).

Zhou, Youwu. 1965. Permafrost along the Qinghai-Xizang Highway. In:
Permafrost investigations along the Qinghai-Xizang Highway,
Science Press, 1-19 (in Chinese}.

zhou, Youwu and Guo, Dongxin. 1982. Principal characteristics of
permafrost in China. Journal of Glaciology and Geocryolegy,
4(1): 1-19 (in Chinese).

Zhou, Youwu and Guo, Dongxin. 1983. Scme features of permafrcst in
China. In: Proceedings, Fourth International Conference on
Permafrost, National Academy Press, Washington, 2115, 1496-
1501.

zhu, Yunlin and Zhang, Jiayi. 1982a. Thaw subsidence of permafrost.
In: Proceedings, First Chinese Conference on Glaciclogy and
Frozen Ground, 145-150 (in Chinese).

zhu, Yunlin anéd 2zhang, Jiayi. 1982b. Elastic and compressive
deformation of frozen soil. Journal of Glaciology and

Cryopedology, Vol. 4, 29-39 (in Chinese).



208

APPENDIX

IN SITU PERMAFROST CREEP DATA



(o3}

o

9%¥80°C-
AL o
850T°1-
686570~

Ly ¢-
5890°¢-
SBes 1~
L60°T-
16570~
unod

S XATRE A
9L0°¢-
8509°1-
£960°1-
9L65°0-
wnad

9§ ¢-
B0*¢-
L19°%-
SOT 1~
GEGS 0~
wnog

S0LS ¢~
S801°¢-
STE9 1~
60T°1-
G¥85° 0~
wnoag

1 abed

yoLY "0~
S805°0-
6905°0-
6865°0-

SZ0%v°0-
Ly’ 0-
S105°0-
905" 0-
T16G°0-
Baeg

TLPE 0~
EoLY'0-
5606°0-
886%°0-
9L65°0-

bavg

gy 0-
£9v° 0~
Z18°0-
STIS 0~
GeE6G6°0-
Baed

29r "0~
LLY 0~
S22Z5°0-
GPes°0-
5r85°0-
baed

z/(081d-0d) =Daeg

£012°0
LZS52°0
LOvZ 0
ZoveE’ o

SO0E°0
812’0
£52°0
Z52°0
PETO
0s1dg

162°0
9STE" 0
259€°0
¥S62°0
1£6%°0
0818

A28
ver°o
[AA )
6970
£55°0
0819

ETA

T4 At

Zaro

QLY 0

LPS°0
0814

SOEL C-
cvoL 0-
TE€LL O~
SLG8°0~

L°0-

ZeL 0~

SL'0-

9L 0-

Zve°0-
09

1€09°0-
60290~
LESS 0~
120L°0-
¢sL" 0~
0d

915°0-
20s°0-
¢56°0-
PS50~
PESTO-
od

66v"0-
5¢5°0-
£95°0~
£L5°0-
229°0-
od

6982° 1~
Z1en 1~
160L°0-
SLTV 0-
T# 2315

S009°1-
5699¢° 1~
S00°1-
5669°0~
I o-
wnoy
14 8215

£209° -
PLOE 1~
G8£0° T~
PZEL'0-
SLEP "0~
wnay
1k 9118

985° 1~
S60€°1-
SEvo°1-
BEL O~
S0%%°0-
unoy
1§ 231§

S¢9°1-
SGLEE°T-
SBLOT-
8L°0-
BEY'O-
wnoy

Z/(081V-0V) =baey

Tk 22113

L5920~
Te1e°0-
916270~
SLIV' 0~

GEE" O~
5092°0-
S50€°0-
SLBZ°0-
eIe 0~
bBaey

£96C°0-
6892°'0-
190£°0-
6¥62°0-
SLEY 'O~
baey

S9LZ'0-
99¢°'0-
GSQET0-
SL6C 0~
SorY 0-
BAavy

G88C° 0~
19¢° 0~
S86C°0-
cver0-
gepto-
faey

£8L0°0 £SP 0-

LET"O ZL8%°0-

G201 0 LOBY "0~

E0EC' 0 L%09°0-

0150-26

900 19°0-

29070 65F°0-

Z21°0 68%°0-

G60°0 8y 0-

A A v09°0-
081v oY
Z66T '8 Yoaen

880°0 9205°0-

70010 PLED O~

E8VT1°0 6E£9V°0-

LTS1°0 TLEY"O-

9L0€"0C FL9S O~
081v ov

1661 'v Iaquaded

LT'0 £8€°0-

LST"0 SLE O~

8610 EIV 0-

881°0 LoV 0-

ZEE‘0 6%5°0-
091V ov

1661 'S ISQUIAON
691°0 zZov-o-
¢r1-o 8€°0-
¢61°0 SOFT0-
6¥Z'0 SEF 0~

ZTZE'0 FS5°0-
081Y ov

1661 '9g¢ -idas

nealeld 29qI4 ‘esip ueys onybusd JO ASTTEA I88M 911 103 eiep deaid jo Areuwums

v(eyM dd3u0])



[}
™

voZ1Ze

SO0TTZ6

216026

£veTe-
SL80°C-
L29°1-
vOT 1~
£09°0-

Sv09°¢-
9gZ1°2-
659" 1-
34 Bl
SE09 0~

6LS°'C-
A S A
SSP9° 1~
SLIT T~
50970~

SBES C-
101°¢-
£9° 1~
SET1°1-
Gp09°0-

1625672~
SPOT"T-
GGZ9°1-
11°1-

¥109°0-

(AR A A

¢ abed

£18026

65657 0-
509%°0-
IXAN | by
105°0-
£09°0-

S8LY"0
L9F°0-
9¢5° 0~
S615°0
SE09°0

65V 0-
SYLY O
8¢5° 0~
S215°0
509°0-
Z160¢6

SLEV'O
Ly 0-
G915°0
605°0-
Sp09°0

3

t

9pelb 0
6LY 0~
GS15°0-
9805°0-
rT09°0-~

TET¥ 0~

6090¢6

ek’ 0
T0¢°0
892’0
e 0
gBveE"0

€Le°0
991°0
yee'o
I TAARY
£veo

61°0
£61°0
5¢°0
LEZ'O
AR

691°0
(A

6¥e’o
vz o
PFE'O

ELYTO
BECC O
L152°0
61¥Z°0
(XA 21

622170

v{gxm’ J3auD)

015026

899°'0-~
ZL 0~

9LL" 0~
19L° 0~
8680~

¥89°0-
89L°0-
8v8°0-
P1g° 0~
P98°0-

8CZL 0~
9G5L° 0~
908°0-~
88L° 0~
8L8" 0~

90L° 0~
ZPL0-
8L 0-
BLL O~
598°0-

6TOL"0-
ZVEL O~
EGLL O~
ESLLT0-
y098°0-

ZEOL O~

80£0C6

14 23118 103J Aleumng

SP9°1-
G96E£° T~
£80°1-
ZvL o~
6€F° 0~

STve°1-
S65€°1-
ZLo T~
SPL* O~
G8EP "0~
T4 2315

SB819° 1~
S6vE1-
SLS0° T~
SLPL' 0~
Sk’ 0~
1# 2315

ST119°1-
EVE T~
290°1-
6L 0-
Pr0-

14 @318

6685°1-
P9TE T~
LLVO T~
VEEL'O-
90€F° 0-
T# 231s

S019°1-

roctie

S8FTT0-
SETE'0-
TvE°0-
£0L°0-
6EP 0-

Z8e°0-
SL8T"0-
LTL'0-
S90£°0-
G8EP 0~

69¢°0-
26270~
T€°0-

60E"0-
SBLy 0~

G89¢°0-
18¢°0-
1€°0~
Z1e’0-
PE0-

9€Le 0~
L89Z°0-
EFPIE 0-
8e0¢e°0-
90€¥°0-

LETE O~

SOTTI6

880°0
910
881°0
13 AN
L8Z'0

¥80°0
8110
ELT0
8r1°0
8%2°0

S01°0
6Z1°0
9%1°0
PFT°0
SLT°0

101°0
£I1T°0
crito
crito
€Lz o0

¥30°0
¥980°0
T¢1T°0
8tZ1’0
¥5¢°0

£EvLo’0

926016

60F°0-
L9v"0-
Fev 0-
€9 0-
165°0-
voetiee

8p°0-

LSP 0~
80 °0-
S9%°0-
609°0-
SOTTCTE

£epo0-
3] A e
A
FLYO-
209°0-
¢1-60-26

9tk 0~
6p¥ 0~
BLF O~
Z8b 0-
L09°0-
26/80/¢1

1E80°0-
6050 °0-
3L8%°0-
818y 0-
¢L09°0-
60-90-¢6

€LS°0-



—

ol

81 0-
YEESO' O
EF110°0
L2070
LY0 0~

STLO°0-
| 541 01}
S¥00°0
S00°0
S8T0°0-

8050°0~
8¥F1°0-
¥110°0-
¢5960°0
5200°0-

<0°0-
LS0°0-
S¥00°0-
8£0°0
100°0-

070~
LS00~
S¥00°0-
80’0
100°0-

¥980°0-
S¥P0°0-
8690°0-
9GE0° O~
£8¥0°0-

vED"0-
SLT0°0-
SL20°0-
P10 0-
610°0-

6TF0° 0~
8050° 0~
14910°0
6880°0
£100°0-

5910°0-
¢0°o-
5900°0
SE0°0
5000°0-

591070~
¢0°0-
5900°0
Ge0°0
S000°0-

LBT°0-
£60°0-
wnog

912070~
2620°0-
95€0°0-
91¢20°0-
125070~

G800°0-
ST10°0-
P10°0-
5800°0-
S0eZ0°0-

1591070
¥6520°0-
YEESO'D
56280°0
£100°0-

S900°0
10°0-
120°0
SZE00
5000°0-~

5900°0
1070~
120°0
SCL0°0
S000°0-

¢ abed

¥60°0-
£60°0-
Baeg

8¢180°0
5061070
18£00°0
F110°0~
80500~

280’0
SL00°0
S100°0

SY00°0- -

¢0°0~

6Z¥E0°0
680070~
1618070
ZIT1L0°0
150070~

SETO°0
SEQ0°0-
S910°0
8¢0°0
¢00°0-

SET0°0
5¢€00°0-
S910°0
8z0°0
Z00°0-

9070
£50°0

o814

8¢501°0
62010°0
LESTO'0
peo0°0-
BZv0°0-

SPIVO°0
S0¥00°0
50%00°0
6000°0-
891070~

ST680°0
8850°0
(XA TA Y
9¢811°0
88100

ISE0°0
STEZ0°0
8GE0°0
99¢0°0
¥LOC™O

15¢0°0
GTEE0°0
80£0°0
99¢0°0
¥Lo0'0

Y[ EXM* d3aU0]

BZT 0- G620~
EET"0- 6ET 0~
od wnoy
¢ @318

y0s81°0  €LEZSTO
1L090°0 9T0T°0

FeEF0'0  ZBEBOTO
9¢800°C 8Y0£0°0
¥9£0°0- S910°0-

wo §5*Z=Yyout 1

GEZLO'0  G660°0
6€20°0 o0

£LT0°0 £€0°0

GZEO0'0 ZID°0
EYT0°0- S900°0-
T# 2118

£89€0°0 £2290°0
ELEET 0  96LBT'O
pGSET'0 69598170
6008T°0 LPFOZ°O
L0Z50°0 ©0990°0

S¥10°0 S¥Z0°'0
69250°0 PLOTO
£L50°0 SEL0 0
60L0°0 S080° 0
G020°0 9¢0°0
sayout uy

S¥10°0 SKe0°o
§9250°C  VYLO°O
£L50°0 SELOO
60L0°0 508070
5020°0 9¢0°0

9110~ 19T°0 1L0°0-
6€1°0- G620 £20° 0~
Baey 081V ov
1661 ‘gz 1equaidas
Z50ZT°0 L9%20°0 PO
66Z80°0 6EZLO'0 X
1bG90°0 E€B9E0'0 9°1
922¢0'0 S10T0°0 2°'¢
1£€0°0~- 6220°0- 8°'2
wo ut mx.m-m d
SYLV0"0 SOT0°O vo
GZE0'O S8Z0°0 T
GL520°0 SPIO°O 9'1
L2100 v00°0 2°2
€10°0- 600°0- 8'Z
mw:ocﬁ r:.” g SIXY
$0960'Q0 90650°0 F°0
£5180°0 Z9L0'0 T
9101°0 6880°0 9°1
60210 8990T'C 2°¢
LZI00'0 €900°0- 8°Z
AEU «.m.Nu:U:ﬁ .: wo _._ﬁ
£220°0 6E0°0 0
1Z€0°0 £0°0 1
00 SC0°0 g 1
9LE0°0 Zv0° 0 A A
S000°0 G200°0- 8°C
sixXe y :Oﬂum_nso_”mowz
£220°0 6€0°0 GZ9"1-
12€0°0 £0°'C G6EE"T-
F0°0 Gt0'0 GBLD"1-
9Lb0° 0 Zr0‘0 8L°0-
S000°0 G200°0- BEP O-
sSIXP V

sayour uy



o~

o™

¢LBL"0-
ZEIG -
zLBee-o-
9¢€1°0-

TGPL 0~
SE09°0-
L5EV°0-
9G€£C 0~
¥9L0° 0~

105570~
965¥°0-
I¥62°0-
96¢1°0-
6180°0-
unod

8985°0-
PLBY 0~
£T1£°0-
95€1°0-
£680°0-
umog

£9° 0~
£15°0-
S92E°0-
ST¥1°0-
5260°0-
umoag

29°0-
105°0~
GGSE°0-

t abeg

¥LZ 0-
9¢¢°0-
9vST 0~
9ZET1°0-

9TkT 0~
8L9%t°0-
c00¢° 0~
165170~
59L0°C-

G060°0-
S59%1°0-
9891°0-
LEV0'0-
6180°0-
baegd

y660° 0~
T9LT°0-
LSLT" 0~
£9v0° 0
£680°0-
bBaeg

LIT°0-
S98T1T°0-
G81°0-
6¥0°0-
cZ60" 0~
baeg

61T°0-
S6h1° 0~
5891°0-

¢91°0
9e¢1°'0
ELT O
AN

£91°0
Zve’o
2eT1°0
Z81°0
A Y

Z9v0°0
LSe1°0
PETTO
¢10°0
BE0"0
ogtd

55070
8FYET0
€Vl o
£800°0
£v0°0
og1d

6L0°0
SP1°0
AN
10°0
LY0°0
o81e

£BO°0
80T 0
1% 9 1

V[ EMM" d33HD)

98£° 0~
9ZE"0-
Z9ET°0-
ZLETT0-

[AHA NI
9¢6T°0-
£892°0-
¢9t1°0-
601T°0-

8FET’0-
£s0¢° 0~
1€02°0-
€5L0°0-
8521°0-

od

LEPT O~
rPLIC 0~
¥eoc 0-
erso0-
9GET°0-

0d

SST°0-
8ee’ 0~
5¢¢°0-
880° 0~
8ET1°0-
0d

SST°0-
£81°0-
¥oz o~

16509°0-
58¥P°0-
£862°0-
6LFT 0~
ck 9315

818L7 0~
S165°0~
TeEP 0~
1882°0-
T6€Y°0-
Zh 9318

99Z9°0-
£9LV°0-
BLSE 0~
66€Z°'0~
£62T1°0-
unoy
¢4 9315

ZLVL 0~
5p°0-
LLYE 0~
CUAE
9pET " 0-
umnoy
zd @118

5969°0~
SCLY "0~
S9FL°0-
S6€C°0-
VET 0~
umnmoy
Zk @218

269°0-
5005°0-
LEO-

9951°0-
€051 0~
vOST'0-
6LYT G~

£061°0-
FasT 0~
SPT O~
6F¥1° 0~
16£T°0-

POST 0O~
S81I1°0-
61210~
99010~
£62T1°0-

bBavy

ZLec 0~
£20T1°0-
PI0T'0-
BITT C-
9%ET" 0~
Baey

Pz 0-
9Z1°0-
LeT 0~
GG0T°0-
PET 0~
Baey

SI&T 0~
SOET'0-
STT1°0-~

G820°0
Z5e1to
LOST"0
TL92°0

58¢0°0
£90°0

8s2Z1°0
apet-o
8EST'O0

S0°0
LZV0 0
£60°0
902170
90€2°'0
081vY
661

8€SZ°0
59¢€0°0
F80°0
L0OST'0
Love'0
081vY
1661 ¥

£11°0
120°0
¢ot°o
6F1°0
8€2°0
081V
T661'S

8L0*0
¥10°0
Z1'o

Ly8e 0-
£S91°0-
ST°0-
L820°0-
609026

1Z5E°0-
BEST 0~
Tvet10-
ZELT O~
£P20°0-
015026

L0520~
€661 0-
§0ST"0-
§260°0~-
820°0-
oV
‘g yoIeH

90%€°0-
B891°0-
L81I1'0~
8ZL0° 0~
G8T0°0-
ov
xaquadaq

GEE'0-
Tee 0-
gIi°0-
29070~
£0° 0~

ov
JaqUDAON

S0E°0-
Ly2 0~
T1°0-



213

g abed

ZLE’0- SLBT'0- SLLT'0- LEST'0- LPZT°0- 868070~ ¥590°0 1650°0- G¥00°0- T69°0-
SPPT°0- T91°0- S8V1°0- ZLTI"0-  9V0T°0- 160°0- GZhZ0°0 SS0S0°0 8C0°0 S00S°0-
SZIT1"0- SOT1°0- PET’O- 9960°0- - $8L0°0- T€90°0- SZZTI0°0 £220°0 GEZ0°0 LETO-
§690°0- 890°0- 5590°0- S0°0- ZEPO"0- TEEO°0- GT6TO'0 S9800°0 SST0°0 56270~
S610°0- STO0°0- veoto- 91T0°0- 6800°0-  S0-dSG- L600°0 Pr00°0 5000 6€£1°0-
satjout ut SIXe V¢

[T A R4 SOTTZ6 216026 £18026 609026 015026 80E0CH toZtts SO0T1IT6 926016

Z# 93118 103 Axewunsg

I9°1- GELS O- 69870 8L 0~ vo0°1- 61V 0~ Sb°0 88L" 0-
G9E0 T- 529Z2°0- 890°0 Lsv°0- S¥9°0- GZ91°0- LOO7O 81£°0-
PLL" O~ 25270~ G0°0 pSy 0- GZak 0- T9T°0- 611°0 S0¢°0-
¢esto- 509¢°0- £2C70 86¢°0- S0ZE°0-  €9T1°0- 8¥1°0 LT 0~
S19Z°0- G19Z°0- 98170 LEE'O- G851°0- 6851°0- 89¢°0 6¥0°0-
¢k 9318 voetis
£26°1- L9€° 0~ 9€€°0 86€°0- 56£8°0- B1Z°0- £1ro £2e’0-
951" 1~ 5Z9z°0- B6T°0 Lge 0~ 6199°0- 18T°0- £P1°0 612°0-
GE68°0- LOE0- CET'O ¢8E"0- S08F°0- SLST°0- 69170 9%¥1°0-
6985°0- STE'0- ¢8Z°0 89E°0- £€2E° 0~ 651°0- Lo LLito-
5192°0- S19Z°0- E9T°D 9€'0- ¥91°0- P91 0- 8Z'o0 8v0" 0~
Zk 2118 GO0T1IC6
41 89¢°0- (AN Piv°0- 6698 0- S0ZZ°0C- ESO0°O 88e’0-
YIi°1- ST8C°0- 680°0 vib 0~ 6§9°0- G91°0- SSC°0 SLE0-
§2€8°0- SLTZ°O0- £E11°0 LEV O~ Pep o0- S€91°0- €L1°0 t61'0-
GL6S5°0-  LLZ'O- 9ve 0 80L£°0- G0ZE'0-  GLST'O0- S9T1°0 ST1°0-
508Z°0- G08Z°0- LBT'O FLETD- £91°0- £91°0- 96¢°0 €0'0-
¥ 2315 2661 '¢1"2des
GGEE T- 6892°0- GCT°0 Zir 0- LG¥8°0- BI2°0- TEp0°0 60v°0-
£90°1- 599Z°0- €80°0 Sy°0- LLZ9°0-  T191°0- T0E0°O c62°0-
S008°0- 6897°0- CT1°0 FTAMI 999p°0- 9191°0- ¢C6PI°0 PLY O~
(A0 99270~ £2°0 Z0e°0- S0t °0- PPST°0-  BEST'O SST°0-
99¢°0- 99Z°0~ LLT'O SS5E°0~ 9051°0- 90ST"0- ZOLZ'O 1e0°0-
Z1 2318 2661 '€Tasnbny
2910°1- 6ZZ°0- £E1°0 AN £L918°0- 9112°0- S0L0°0 9zZ6€'0-

Y [E9M°d3aud)



=<r

o™l

9pic -
209t 1-
£90° 1~
60587 0-
8ey 0-

66°0-

SGE5°0-
Sgte 0-
SEE’O-
S831°0-

6¥p6°0-
L9ET0-

8sBe¢" 0~
¥991°0-
S6%0°0-

9ceC -
LE99 1~
699¢° 1-
Ly10°1-
8z¥°0-
syxe g
£06°0-
GS9°0-
8t5°0-
S66€°0-
S891°0-
sIxe g

£9LYV°0-
680%°0-
LOBEZ 0~
LELT 0~
SE90°0-

SSL1°0-
60°0-
wnog

S9LL 0~
5G6%°0-
SyoETO- -
S6¥1°0-
sy80°0-
wnoyg

689°0-~
SEV 0-
509¢°0-
SPP1°0-
690°0-
umog

GGE6°1-
LSS5 1~

91121~
TIv6°0-
€9LY 0~

29L°0~
£E19°0-
LLY 0~
SOLE O~
SL8T°0-

605%°0-
ZLLE 0~
968C°0-
¥991°0-
190°0-

9 abed

GG80°0- 1S0°0

60°0- Zvo° 0
Baeg 0g1d
182°0- g€z 0
161°0- 910
ST 0~ 521°0
590°0- £0°0
spe0°0- ZV0°0
baed og1d
psz 0- I NAAN]
SELT'0- P10
911°'0- ¢80°'0
GGL0'0- 8£0°0
690°0- 5€0°0
Baed 0814

vLIB T-  €£900°T-
9LEV‘T-  69CL°0-
E0ET"T- 900¥°0-
£9L8°0- SPSLTO0-
yetk 0- 90017 0-

SSTL 0- Z96L°0-

995°0- €982°0-
Skb 0~ LLST 0~
SpE°0- . 2001°0-

ELT O~ 96€0° 0~

£06€°0~ 99TL°0-
£zt 0- £592°0-
pSyC 0-  P66T°0-
Lz o- 6601°0-
$620°0- 9¢T0°0-

y[eXM° 34340)

Zr'o-
8€1°0-
od

veeo-
zeeo-
G81°0-
1°0-
L2ZT°0-
od

582 0-
L02 0-
ST 0-
€11t 0-
£E01°0-
oga

8LIE O~
o9z’ 0-
LEOT 0~
£LC1°0-
yozro°o

16¢1°0-
SZ0T°0-
2080°0-
98¥0° 0~
S59T0°0
gaynuy ur

8eeo-
1€2°0-
1091°0-
6€80°0-
1000°0-

GZs1°¢- GEGT " 1-
6660~ 666°0-
wnovy baey

GCCL G- L1 1-
G085 b- 2617 1-
11270 N N Z81° 1~
STLT ¢~ S6v1° 1~
€20° 1~ £eo"1-
unoy Baey

GEEG'G- 911 1~
SLIV ¥~ 1211~
G96Z €~ et 1~
11270 A 1A G
620" 1~ 6¢0°1-
wunoy bBAvy

£4 2215

SSLLT Q0 S¥¥B0°0
9ISOT'0  ¥SPEQ"D
9655T°0 LZZITO
809GT°0 9G0LT°0
61820°0 P600°0
4 2315

6690°0 SZEE0"0
P10’ 0 9€10°0
¥190°0 A4 INY
S%190°0 ¥IS0°0
1110°0 LEDO"O

Z1991°0 TOPL°0-
9190°0 F8CT°0

CITE0’0  ¥9950°0
¥98¥0°0 L6TZO0
vovZe 0 8TTI0°0
c# 2118

LZo°1 8z 1-
SZL 0 gL T-
081V ov
1661 'v xoquadad
ZLeo Ly I-
201 ZLE T-
L8 0 6F 1~
L26'0 ZLE T~
9ZL 0 ze 1-
081vY oy
T661 'G I8qUIAON
200°t €2 1~
2001 9£Z 1~
5201 662" 1~
L00"T PRe1-
S16°0 €F1°T-
08IV ov

1661 ‘97 xsquajdag

¥G20°0-
S0€0°0-
99¢L0°0
LSSTT'O
LZ100°0
wo ut
10°0-
¢10°'0-
620’0
550070
5000°0
¢ 9318

F110°0-
Z11L0°0
69650°0
LE6ED"0
LETO'O
wa uy



u

cl

L obeyg

899¢°1- 999¢€°0-

6°0- SELT’0-
69Z9°0- S0BZ°0-
9veE"0- L90°0-
6LZ"0- 61270~

SpSL°T-  S9TL°0-

8es " 0~ SZZET O~
6616°0- G961°0-
61€°0- SkLO°0-

S¥pZ0- SY¥ZTO0-

SLB0°1- CT9E'O-
G6CL 0~ 181°0-
Sppy0-  SO0ST°0-

ez 0- SET°0-
65170~ 66T 0~
9t0°1- S9vE0-
5689°0- SCLZ'O-
LIy 0~ GST°0-
292°0- 6S1°0-
£01°0- £E6T°0-

GEZ6°C-  ESETO-
50L6°0-  ¥61°0-
G9L£°0- GEST'0-

yez o- PET0-
60°0- 60" 0~
unag baeg
£E8°0- 11£°0-
(A4 1¢2°0-
1L 0- G9€T° 0~

A N
¥OT1'0
LCT°0
80Z°0-
L1’ 0

voL o
6EE°0
L80°0
£vo°o
¥8t o0

ZS5E°0
162°0
crio
IST°0
Z81°0

cve’o
£€82’0
¢s1°0
Z61°0
VL0 O

PEE O
691°0
851’0
(A1)
90°0
081d

Le°o
¢L1°0
LPT°0

V[ EXM d8aud]

80F 0~
Evp0-
pEY O~
(AZ N by
88L 0~

62E€" 0~
50L°0-
90t 0-
9010~
s0€°0-

eLe"o0-
1L2°0-
651 °0-
61T 0~
9€1°0~

14€°0-
Z9t'0-
88170~
9¢1°0~
ZET'0-
t# 9315

ZLE' O~
61Z° 0~
LY 0-
9¢1°0-
Z1°0-

od

Z6t°0-
8peo-
9¢170-

59209~
758 p-
ST19°¢-
Lee e~
SE0°T-

S1EZ0°9-
Z68° b~
5209 ¢-
(AX AN A
SE0° T~

Sh6° G-
SOLL V-
posE-
SG81°¢-
St00° 1~

928" 5~
Lve b-
197 €~
soLt g~
XAV

LTV 'S~
vt v-
SL6T €~
§560° ¢~
5B866° 0~
wunoy

6564 G-
99" b~
SgL-

SPLT 1~
sope 1~
SpeE"1-
Z61° 1~
SE0°T-

S691°1-
sebe T~
GO0BE'T-
LBy 1-
SE0° T~

SPLT T~
59071~
SBLE" T~
I81°1-

SP00°1-

6LT 1~
981" 1~
5062 1-
SLPT 1~
€20’ -

tPo I~
5980° Y-
¢0e 1-
L60" 1~
5866°0-

bBaeyy

621°1-
911" 1-
SL6T 1~

10°1
Lo°t
[ AEAN
820°1
vL8 0

L66°0
6L0° T
6021
LT0°Y
598°0

2980
S00° Y
86171
26670
L18'0

690°1
TLo"1
14 1 §
£vot
v16°0

coE o
L6°0
[AY I RS
260
5Z8'0
081Y
2661

Lk
£€0e°1
L2670

6EE" T~
TR 1~
967 1-

96g° 1~
961" 1-
¢160Z6

A 4
b1

(A R by
LSe'1-
S0¢C 1~
£18026

L86"1-
80F"1-
65571~
LE'T-

(A S S
609026

68C°1-
£~

g6L£° 1~
(ATAN
(AN )
015076

P8L T~
€02°1-
TLE T~
pLZ T-
ZLT T-
ov
'8 yoaen

5Z8°'1-
620°1-
89b°1-



218

199¢v°0-

866°0-

SLES'0-
569070~
STLE'O-
SEBT°0-

(AT XA Ay
SLEr -
£L6P 1~
8050°0-
LSSTT°0

88°0~
ve’'o-
5685°0-
2070~
S6F0°0

S0ZT16

T9Ly "0~
wo uf

919°0-
5885 °0-
$605°0-
5E9€° 0-
SLBT 0~
gayouy ut

£GL8°¢C-
ys9i°e-
2L9S T~
LEEZ 0~
8L10 0~

wo uy

ZET"1-
5¢S8°0-
L19°0-
260°0-
£L00°0-

SOTTZ6

FEES 0~

SLLG 0~
G970~
99€°0-
S10Z°0-
1270~

AATAN N
901" 1~
1008°0~
T¥81°0-
Z510°0-

€67 °0-
SPER 0-
STE‘ 0~
SZTLO'O-
900° 0~

216026

Ly 1-
5ZL6°0-
€L 0-

915°0-
TAT AN A

S0E°T1-
GEZO1-
LL" 0~
805°0-
6962°0-

g obed

gsrp-0-
gixe d

SS9V 0-
tov°0-
S5C°0-
SPLI O~
SSLT 0~
syxe g

S6£C° 1~
gE0T" 1~
CLLL O~
¥iL1°0-
¢ST10°0-
sIXe vy

88r*0-
SPEVT0-
30€°0-
5L90°0-
900°0-

£18026

ShLT 0~
SZhT 0-
yie-o-
SE9¢°0-
TATTAN | iy

S182°0-
GESC 0~
T9¢°0~

S162°0-
G96Z°0-

982¢°0-

586£°0-
5062°0-
¥81°0-
S6¥1°0-
60°0-

Zsv0°1-
9568°0-
v6L9 "0~
L8LOO-
€CZ90°0

SITF°0-
£ESE° 0~
SL9C°0-
1€0°0-
S¥2Z0°0

6090¢6

¢90°0
920°0
vZo'o
¥S1°0
Z91°0

£20°0
£L0°0
8z0°0
98170
6¥1°0

Y[ £4M° dAEHD)

¥980°0-

Lreto-
S¥6C°0-
G951°0-
SLIT 0~
PE0 0~

62VL'0-
6Z8G°0-
BLIV O~
30v0°0-
yest10°0

526270~
S62C°0~
ST 0~
810°0-
300°0

015026

L8y 0-
65v°0-
Yoy o-
ELE O~
Epe0-
€4 2315

S 0~
PER 0~
g6V 0-
LIE 0~
¥9E°0-
£t 8315

£€50°0-
€4 9378

SyEC 0~
Se€1° 0~
91170~
S6L0°0-
1Z0°0-
€ 2318

1504270
60680°0
S¢00°0-~
986%T° 0
LYLLD'O
£k 2318

5901°0
GEE0'0
1000~
650°0

S0€0°0

BOLOCE

£§ 923118 103 Areuumns

SETP’9-
1A AR
968" €~

SPLIC-
SEBG 0~

55999~
LZ's-
SET6°E-
SopZ°e-
9€0°1-

£ES0°0-

P17 0-
L8070~
§150°0-
TE0°0-
TZ20°0-

Z95T1°0-
[AXAS M
6SET 0~
80600°0
2¢9L0°0

ST190°0-~
S8P0°0-
GESO°0-
2006°0
€0°0

goyout uy

r02Z116

96T1°1-
STLE T~
STIL T~
161" 1-
SE86°0-

S66€°1-
S95€E°1-
L99°1-
SO0T1¢"1-
9¢€0°1-

¥6ED "0~
up ut

SL80°0-
5090°0-
PR0°0-
500°0-
SS10°0-
soyouy uy

T08% "0~
BLEE 0~
gLb1 0~
Lsv0°0-
FZS10°0

uwd ut

68170~
EET70-
8s0°0-
810°0-
900°0

SOTT16

¥00'1
vt
95°1

r90°1
TL8°0

gev’1
902'1
8051
£90°1
988°0

82
giXe d

xe g

=

DNW -

T
4
4
sixe v

GEES S~
SLIV b~
596¢C £~
9psT‘e-
6201~
8IXe V¥
926016

got 1~
616°1-
£98°1-
srE 1-
960°1-
[LiTARA

£0E" -
LOS T~
9¢8°1-
8sE’1-
9811~
S0t126



I~

o)

ELIP 1~
£598° 1~
SZe1°1-
9E¥6°0-

9%94°1-
8vev-1-
ez’ 1-
£€26°0-

588970~

SEB*T-
9¢°¢-
P98 1-
162" 1-
S0L°0-
umag

SLTIDE-
s81°¢-
SLFL 1-
LBT T~
ZTIL o0~
umnag

56182~
YA A
968°1-
S1ZE 1~
ZeL’o-
umnog

cL ¢~
LTA ] A
S¥S6°1-
SLLE'1-
G6EL Q-
wnog

6999 ° 1~
TI8T°1-
96¢6°0-
BT1% 0~

6 abed

5889°0-

SLS 0~
96€°0-
€LG 0~
98G6°0-
SOL 0-
baeq

STE8°0-
GBEdV O~
S095°0-
SLY 0~
Z1L 0~
baeg

S06¥°0-
62k°0-
GPLS 0-
S68G°0-
ZEL" 0~
baeg

GLSE 0~
8oy 0-
LLG 0~
gEI " O-
S6EL 0~
baed

Feet 1~
9eZ0°1-
LLY9 0~
ZEVY°O-

Zee’o0 SPO° T~

£v¥e o L06°0-
VET O 859°0-
LEE"O 608°0-

Eve’o 628°0-
I ZAMY 9¢6° 0~
og1d od
L1171 L8F 0~
6LE°0 86k °0-
£96°0 8GS6° 0~
£9L°0 L8T 0~
Pl T ¥8c°0-
ogieg o
IAS ! Ly¥S°0-
6E°D 89V 0~
8¢5°0 129°0-
9%5°0 £EE9 0~
989°0 BLL"O-
0818 og
£ee’o z6e°0-~
BLE'O 8cEy 0~
5670 ¥09°0-
609°0 £99°0-
TL°0 69L.°0-
081€ od

ZT10° 1~  ¥188°0-
GLEL'O0- P9PG°O-
L9V 0-  SL6E°0-
LELE 0~ SB6Z O-

vigdM daauol

Sy1r 0~

166°0-
G68%F "0~
GEBE 0~
L9270~
EIT 0~
wnoy

SPI'1-
9970~
£8€°0-
HTE£T 0~
SB11°0-
umoy

€811~
259°0-
S66L°0-
£ve o-
9¢1° 0~
umoay

3T A Bl B
516970~
S28L°0-
L o-
5170~
Wnoy

b4 21185

95650~
rve’o-
9v6T 0~
61020~

SPIT 0-

5505°0-
Z01°0-
S9T1T°0-
pST0-
€110~
Baey

POS*0-
8620~
S1S5T°0-
ET1°0-
G8IT°0-
bBaey

1£5°0-

L TAT AN

5961 °0-

LOT°0-

9€1°0-
bavy

FEYO-
60E°0-
SZI1°0-
8110~
es1°0-
bavy

B8S9E0-
122°'0-

BOET O~
L8Lo’ 0~

9¢¢°'0

62r°0
90°0
101°0
£02°0
€Ce'0
091Y
2661

685°0
891°0
S6T°0
[A4 SV
81270
081V
TH61 'V

BLS'O
9¢1°0
IsT°0
<o
9z’ 0
(HIAA
1661 'S

60E°0
881°0
10°0
8eT°0
89¢°0
o8IV

£C0°0-
015026

¢Bs°0-
byT 0~
¢ET 0~
S0T1°0-
£00°0-
) §
'g yoaew

6TF 0-
gYE 0-
8yT0-
POT 0~
610°0-
ov
Jaquaoad

vev-0-
6LE°O-
Z91°0~
p60°0-
Z10°0-
oy
JA9CUIAON

659°0-
£V’ o-
Sic°0-
860°0-
9€0°0-
ov

1661 ‘9z Iaquaidag

£geeto-
LEST 0~
8TIT 0~
AL

L]

NWY -
™ o~



218

868°¢-
S61v°"2-
696°1-
TvE 1~
SLELO-

59€£6°2-
Syy -
S9L6 "1~
GESE"T-
SYL 0~

SVI6°C-
Fry -
509671~
T9€°T-
6bL" 0~

G9F6°C-
(AN A A
856" 1~
SL9E"T-
SPPL 0~

G06L°C-
589¢C°¢-
BL8 1-

SL6C T-
5269°0-

99°¢-
SOLT T~
9L 1-
SEveT1-

01 abed

SBLY 0~
S0sh ' 0-
8Z9°0-
G£09°0-
SLEL"O-

STI6P°0-
589%°0-
£€29°0-
S809° 0~
S¥L 0~

SOLY 0~
SEBY 0~
5665°0-
Z19°0-
6¥L’0-

SK15°0~
bLv 0~
G065°0-
£E29°0-
SkVL 0~

TAATME | i
S06€°0-
G085°0-
509°0-
5269°0-

G68%° 0~
S01V°0-
G915°0-
§56° 0~

SIZ'0
£6T°0
89E°0
6vE’0
LLY O

9¢¢’ 0
80¢°0
B8SE'O
6vE 0
8y’ o0

£0C°0
0

(XA
VEL'O
Ter'o

vreco
voz'o
61L°0
9¢°0

LLv'0

6UZ° 0
L9c 0
60€°0
£82°0
6yt 0

£12°0
1€1°0
89T°0
9z2°0

Y[ E3M* dAHUD)

ZvL 0-
BOL0-
g8es " 0-
8580~
866° 0~

LSL"0-
6CL°0-
888°0-
898°0-
860" 1~
¥R 23215

BEL O~
L9L" 0~
9.8°0~
68°0~

Leo 1-

GBL 0~
pPPL0-
z98°0~
988°0-
c10° 1~

GEB O~
PIL0-
680~
LZ6°0-
9¢0°1-

95L°0~
69°0-

598°0-~
788°0-

SEF6°0
S0€9°0
SOLY°0
591€°0
S6S1°0

5856°0
SGE9°0
STILV'O
E1E°0-
85170

8kec 1~
6L9°0-
105°0-
vEE'0-
SL91°0

SP6T°T
1L9°0-
6¥'0-

SO0EE"0
S5E91°0

911~
£09°0-
Sy 0-
£62°0-
95¢1°0

GBIT'T
SZPS°0
90%°0-
9LT’0-

£ETE 0~
91" 0~

FST°0-
LST° 0~
5651°0

€LE O~
V91" 0-
G8ST°0
GPST°0
G8S1°0

695°0-
8LT 0~
L9170~
599170
SL9T°0

S£es°0
181° 0~
G651°0
L9170~
SE9T°0

LSS0~
£EST°0-
LST 0~
SL81"0-
5621 0-

21570~
C9ET 0~
£ET 0~
S191°0-

9%T°0
8L0°0
8Le’ 0
981°'0
L1e'0

89T1°0
LO°0

89¢°0
161°0
(AR

ALY
£00°0
6FT°0
1Ze’o0
£€E°0

r5°0
910°0
6¥1°0
[A S A))
32’0

ZES'0
20’0
ST°0
XA
£ve’ o0

Pr9°0
LZ0°0
801°0
s1¢°¢

8r 0-
b4 F A e
£0°0-
8z1°0-
z00°0-
(A XA LA

8LV 0-
852°0-
6¥0°0-
81170~
500°0-
S0T1Z6

8657 0-
£SE0-
SB1°0-
g1t o-
S500°0-
Z16026

905°0-
9%E"0-
LT 0-
Zetto-
T00°0-
£18026

¢85°0-
F8e’o0-
P91 0-
¢o170-
80070~

‘609026

B80S 0-
9re 0~
Za1°0-
LOT°0-



219

TZsv 0~
ByeP1 0~
89¢0°0-
1L260°0
80500°0

BLT O-
L5070~
SFT0°0-
59¢£0°0
200°0

Y AA LA
v6¥S1°0
Ge2C°0-
1811°0-
610°0-

Z81°0
190°0
880°0-
S9%0°0-
SL00°0-

AT A A

66¥5°0-
960¢°0~
655070~
96090°0
¥10°0-

6912°'0-
GZB0°0-
ceo 0~
£20°0
5600°0-~
syxe d

gIy¥ev o
veertto
19¢2°0-
2601°0-
S910°0-

LST°0
350°0
680°0-
£Eve°0-
590070~

¥FO11Z6

G1e8° 1~
L95° 1-
£52°1-
998°0-
S6EV°0-
umnog

kov°0-
Loz’ 0-
¢ST0°0-
T61¢0°0
vZ0°0-

S¥61°0-
S5180°0-
900°0-
591070
5600°0-~

Zie’o-
SLTIE0"C
10£°0-

9¢291°'0-
¥6£0°0-

Y AA R
SZ10°0
581170~
¥30°0-
S510°0-

216026

11

Sp9C'0-
pPIE" O~
L8E0-
S9Zv 0-
S6EV 0~
baeg

£6LS°0-
59L1° 0~
6800°0-
5200
LZT0°0-

59¢2C°0-
5690°0-
SE£00°0~
10°0
500°0-

ESLT 0
L0Zs0°0
T€LE° 0~
LEST 0~
€620°0-

690°0-
5020°0
SLOT 0~
5090°0-
STI0°0-

£18026

obed

1£2°0
BZ'0
£SE°0
96€£°0
T1%°0
ostd

T6L1°0~
9LBEZ"0
TEP6T°0
(AN AR
BEGTTO

s0L0°0-
¥60°0
S9L0°0
80°0
L¥0°0

9L80° 0~
6L922°0
STLT G-
¥850° 0~
1€L90°0

Sye0"0-
5880°0
SL90°0~
£€0° 0~
59¢20°0

609026

V[ £)XM° dARYD)

86270~
8¥L° 0~
Tev"0-
LSk 0-
89¥°0-
od

¥es1°o0
89L8Y"0
EoRsR 0
9E0vE’0
PS6ET’0

90°'0
26170
SP6T'0
PEYI'O
150°0

8LLTIO" O
aveLE"C
L650°0-
¢510°0~
652560°0

L0000
6V1°0
SE€Z0°0-
900°0-
SLEO"O
goyouy ujx
015026

§956°5-
8C0° G-
5025 ¢€-
S9LET T~
SPOT -
umay

S# 2315

1267 0-
S£09¢°0
£L8622°0
TL6TIZ™O
£9L80°0

SI1°0-~
S2¢01°0
S060°0
5980°0
SPEQ’O

£919€°0
PEELS'O
5200°0-
29L00°0
90660°0

SPET’O
9¢¢’0
100°0~
£€00°0
6L0°0

80€0¢6

58260~

SLOS 1-

PET T~

A AN

SpPoT 1~
Bbaey

LSSL'0-
TE8%7°0
L TATAT
LBESP"O

58690°0
wo uy

SL6L"0-
S9LT 0
Loz 0
S061°0
SLZO°0
gayouy

56¥0°0-
L2821'0
£100°0-
6LL60°0
60580°0

S6T0°0-
5050°0
5000°0-
S8E0°0
SLL0°0

S0Z1T6

vé 2315 xo03J Areunnsg

808°0
2881
FAALRNN
£E60° T
Le0° 1
081V
1661

9eve’0-
§2660°0
6S8BFT°0
yeertto

S06T0°0
Bixe g

G560°0-
SLED'O
5850°0
950°0
SLO0°0

g1’ 0-

€€00T°0
Zevo o~
8589¢°0

yS0r0°0
wd uf

SL50°0-
S6L0°0
L10°0-
Leeto
910°0

roTtl1E

6v0°1-
EET 1~
99¢° 1~
TEE T~
8L 1-
ov
‘gz ‘ades

Ixe v

55¢1°1-
S169°0-
SZBL 0~
Le'o-
¢ST°0-
BIXe ¥
926016



o)
ol

1210
502870~
81¥°0-

G9LB T~
Les'1-
SYBT°1-
86L°0-
SLOV 0-

908°1-
Z8b 1-
161" %~
Z8L°0-
B6L 0~

Sov8°1-
L8y’ 1-
S6T°1-
SLLT 0~
S68E°0-

c09° 1~
SLOV 1~
6960°T-
SILL O~
S68E°0-

ST6E 1~
L60° T~
S88L°0-
ST6E°0-
umoag

z1 abed

vEE 0~
5Z0%°0-
81k 0-

S6VET0-
SZvE°0-
G98E° 0~
S06€°0-
SLOV'0-

vee o-
T€€°0-
69€°0-
vaE’0-
86€°0-

SESE”0-
ZEL 0~
8e°0-

558€°0-
568€°0-

SP6T 0-
11£°0-
GZE'0-
Z8e°0-
S68€°0-

Syez’'0-
S80t°0-
96€°0-
qZ6E 0~
baed

690°0
9ET°0
£51°0

8L0°0
(A
A 9 S
XA
£E1°0

9%0°0
¢s0°0
60°0
601°'0
81T 0

6Z1°0
1L0°0
6Z1°0
FET'O
Ler o

TLT°0
¢90°0
SET°0
6€T°0
ST1°0

6¥2°0
90°0
yro
SET°0
081d

V([ £MM° daaUD]

666°0~
699°0-~
£89°0-

1¢9°0-
519°0-
199°0-
859°0-
289°0-

209°0-
19°0-

8y¥9 0~
659°0-
8L9°0-
54 °1

8L5°' 0~
£65°0-
1€9°0~
LE9°0-
269°0-

81¢ 0~
95° 0~

S15°0-
5Z9°0-
629°0~

FE" 0~
L5S°0-
25970~
59°0-

15

od

SkeL €~
S60€°¢C-
SETT T~

9€¢ 9-
£00°5-
SBPLE-
6FF €-
SLST 1~

BLE 9~
SLO0 G-
SLIL"E-
S90F "2~
ST 1-

5991°9-
SEEG V-
5689°¢-
S6S5L° ¢~
SZET T~

¥00°"9-
198" ¢-
S0E9° €~
Log e-
SGET T~

8EB V-
SCI9°¢-
662" ¢~
6Z1°1-
unoy
Gk 2315

SEF 1~
961" 1-
SLIT' 1~

14 XA S

G¥SZ°1-
S66C° 1~
ST62°1-
SLST 1~

So0LZ 1~
6z ' 1-
e’ 1~
Z8e 1~
Skel " 1-

(XA S
gpe’1-
92t 1-
Lz ' 1-
TAN B o

£F1°1-
S0e2°1-
GECeE 1~
STLT T~
SSET T~

I TA A O
GEIL 1~
L1 1~
621°1-
Baey

e’ 1
8v0°1
£66°0

FLE6T0
¥00°T
£01°1
EOT' T
£56°0

8E6° 0
L80°T
T0T°T
8et’ 1
1A

vL60
818°0
STt

910°T
vr6°0

LL6°0
690°1
66171
L00°1
CA K

£90°1
BYT'T
200°1
L6°0
081v
2661

8e9° 1~
PPE"T-
FLe T~
S0T1TZ6

Z60° 1~
S06° 1~
96%° 1~
151 A

29e°1-
216026

£09°1-
€6P°1-
Tes -
9¢h1-
SOE°1-
£180¢6

eev°1-
8L9°1-
Z05° 1~
geP i~
e 1-
609026

60t T~
¢6E°1-
88p 1~
9tL 1~
662 1-
015026

8B8E 1~
6LF"1-
gee 1~
88g " 1-
ov
'g yoaxel



(o]
ol

ZLESSTO
F98p5°0
60E65°0
66LCF 0
989LZ°0

81C°0
912°0
SEETT0
S891°0
601°0

LELY O~
£10¥V°0~
958°0-

£L9920°0
58690°0

5981°0-
BST°'0-
LEE"0-
5070°0
SLZ0'0

¥Y0Z126

SET9°1-
15€°1-

S610°1-
5L69°0-
SOEL’0-

S6GL° T~
ShLY 1~

£l

88¢81°0
S6VET' 0
61062°0
LSSTT'0
19¥50°0 -

zLo°0
S¢60°0
5860°0
SSP0°0
STC0° 0

PLoL 0~
SLEC 0~
969°0-

BI0LT O
V662170

S8LE 0~
SE60°0-
vee'o-
L90°C
150°0

S011¢6

5¢9¢°0~
STEE°0-
¢’ o~
L9€°0-
SOLL’0-

58¢°0-
ze'0-

viexnm

abeg

EpI10-
91010

66E£LT O
ZLZLT'O

8Z180°0
gixe ¢

Sy0°0-
vo°o0
589070
890°0
€070

660L°0-
S£90°0

T6LS°0-
1%81°0~
8LLTO'O

S6LL°0-
S¢0°0
LT AAN o
GZLO 0~
LOO'0

216026

£E00°0
L90°0
SLD'O
L80°0
¥10°0-

£20°0
150°0

*ddauonl

LLPY0 0
6512°0
806SC°0
9€e1Z o
T¥501°0
o

5620°0
580°0
2010
¥80°0
STv0°0
gayouy

9318° 0~
L0260°0
¥005°0-
Z9L0° 0~
9101°0
woy ug
s1ee’0-
502070
L61°0-
€0 0~
¥0°0

£18026

zes’ 0~
965°0-
695°0-
Ly9°0-
SL9°0-

LY5°0-
685°0-

6cco’ 0~
rAXHIANY
z68ve’ o
F11£C'0
Le1’ o

600°0~
80°0
860°0
160°0
50°0

PEES O~
cooveo
161F°0-
BIEFO'0
8¢180°0

1¢'0-
S¥60°0
G910~
L10°0
Zen’o
sayour ufy
609076

G 2318 103 Aapumng

£vit9-
981" 5~
SLS8 L~
99¢ "¢~
LET T~

GEL°9-
STET°S-

£6C8S°0
£1507°0
TSL6EQ
£00PZ°0
LZT'0

56¢¢°0
565170
5961°0
Sv60°0
S0°0

902Z1°0-
atpcy e
beLZ 0~
£S9LT°0
99¢L0°0

SLFO"0-
L91°0
I o-
S690°0
6Z0°0

015026

LS6°0~
gL 1-
ST6P T~
62¢°1-
LET T~

SEIT°T1-
LZE" T~

LLSYY'O
¥Z96€°0
5896T°0
BEGTLO

SSLT°0
961°0
SLLO'O
L0 0

Sk 8215

gLy "0~
9zZ8y'0
LEEZ 0~
5896170
LT060°0
sIXe ¥

61°0

260°0-
SLLO'O
S5t0°0

80E0C6

£€9°0
891°1
Loe'x
6L0°1Y
¥66°0

8¢6°0
961°1

8e° -
68F° 1~
9L9°1-
6LE T~
g1~

[ LI tARA

66271~
8svy 1~



o

o

5066°0-
PLL O~
SOPS°0-
L8E"0-

SBZ6°0-
STEL O
S8p 0~
8yc°0-

SBZ6°0-
889°0-
659 °0-
g0g°"0-
umnmod

156°0-
S08%°0-
£62°0-
S651°0-
unod

Lig o-
S8€2°0-
95s1°0-
SPeT1 0~
unod

S065°0-
5908°0-
SE0C 0~
S991°0-

umog

vy ebed

S91Z°0-
SEEe 0~
SE€S2°0-
L8Z°0-

L61°0-
Gobe 0-
LEC 0-
8v¥e 0-

Sove 0~
62C°0-
15¢°0-
80C°0-
baed

SOLY 0~
GLBT 0=
SLET 0~
§581°0~
bBaeg

S8LG°0-
5¢80°0-
ST£0°0-
1A R
Baeg

¥82°0-
£0T°0-
LEO"0-
5991°0-
baeg

rANAR
LEE’0
ATANY
ELT°0

RATARY

89¢t°0
9¢z'0
801°0

61£°0

[A N1

TLe°0

(A
o814

PSL°0
£L2°0
Loo"0
£€81°0
0814

5070
Z250°0
8e0°0
85170
oetd

B8IT"0
€010
¥00°0
Ze1’o0
081d

Y[ EHM " d3adD)

10¢°0-
PL°0-

£62°0-
10€°0-

L8170~
TA S
vz 0-
88e’0-

z91°0-
BET 0~
1ee 0~
vLe'o-
od

L8t 0-
Z01° 0~
892°0-
8Z1°0~
od

Zer’o-
£ 0-
5¢0°0-
160°0-
o

5¥°0-
€01° 0~
Lo 0~
1027 0-
od

606G~
128"~
S6L8"C-
S89%° 1~

S818°5-
£9e b~
GLE8C-
SE9P°1-

SLBL G-
G662 P~
s0C8 2~
9% 1~
unoy

€9°6-
ST61°F-
ShLL T~
SoCr 1~
wnoy

£L9° G~
SLET ¥~
BoB' -
Ger 1~
unoy

5269°S-
861" ¥-
s8eL T~
s08e" 1-
wnoy

94 931s

885°'1-
STpp 1~
TiP 1-
S89b° 1~

6695 ° 1~
GGeb°1-
pLE T~
SE9b T~

EATE O
GEV T~
S09¢€° 1~
9p°1-
Baey

GBEV 1~
LI 1~
poe" 1-
S0Zy°1-
bavy

SSEP° T~
S6CF T~
£EBE T~
LTA 2
baey

Spev° 1~
G691~
ape’1-
S08C°1-
baey

86°1
62°1
ve't
[A1I

°0s°1
€T
(4 I T
8T'1

885° T
52°1
IFARE
92T’ T
081V
Z66T ‘B0

PoE" 1
Te'1
682°1
PEE'T
081V
166T 'S0

gee'l
BIL’1
PLE T
qit’1
081V
1661 ‘¥

8E* 1
PSE'T
£ez°t
99¢° 1
0BTV

965°1-
£65° 1~
289’ 1-
SE9°1-
609026

605°1-
129" 1~
9pS°1-
L9 1-
0165026

8oy 1-
829°1-
gpst-
14’2 I S
ov
yoaeH

EIs° 1~
PeS°1-
6TP° 1~
L0S° 1~
ov
Iaquanaq

£rS' -
8" 1-
Z6bP " 1-

"S5ES5° T~

ov
IDUIAON

609°1-
S8S° T~
10 1 Ry
S6F 1~
ov

1661 ‘9z laquaidasg



o]
o™

80s00°0
BLLT O~
ZoTE"0-
S061°0-

zao°o
L0°0-
Syei o~
SLO"O-

1A1IfA YA

¥980°0-
£L082°0-
Shee 0~
806270~

ve0 0-
S0T1°0-
SLI 0~
SPIT°0-

S01126

£100°0-
Z91e°0-
o6y’ 0-
y862°0-

wo uy

5000°0-
SpZY O~
£61°0~
SLIT°0-

£16026

6G86°0-
BEL O~
105°0-
SS5¥2°0-

5850°1-
20870~
9€5°C-
Sp9Z°0-

111°1-
S6£8°0-
GLSS°0-
SLLE O~

12 (1 B Ko
SE18°0-
SYps o~
e o-

G1 @bed

65LT° 0~
e 0-
gseb o0~
£562°0-
sIXe ¢

SESD°0-
9¢1°0-

SSLT°0-
S00T°0-

£180¢6

SLYC 0~
Lee o~

555C°0-
SSPET0-

5962°0-
99¢°0-

STLC 0-
Sk9c 0~

siLz 0~
[A: AN Iy
8z 0-
SLLC0-

S69¢°0-
692°0-
SELT 0-
Lz 0~

669570~
PCIE 0~
SE¢8E°0-
S£2e 0~

591Z°0-
€17 0-
IST°0-
880°0-

609026

612°0
¥8t1'o0
AX ALY
89¢°0

SBT1°0
£61°0
66270
[4:1 9V

L1°0

861°0
80L°0
A Y

Z91°0
8810
682°0
(A1 A1)

¥ [ gIM° da3uD)

e 0~

1691°0-
69L2°0~
80T1Z 0~

9¢1°0~
S90°0-
6010~
£80°0-

015026

9Lz’ 0-
62°0-
LLZ' 0~
EZ1°0-

BCL0-
6€L"0-
prero-
Ly 0-

£LE'0-
99¢°0-
Z52°0-
ZET"0-

LLE 0~
SE°0-
85¢°0-
€T 0-

£ETve 0-
Z951°0-
LEEZ 0~
610C°0~

S60°0-
5190°0-
26070~
S6L0°0~

80€07Z6

SL891°0
16591070
8911 0-
9T0T 0~

62900
59000
b0 0-
¥0°0-
SaUDUT Ul
S0C1I16

9§ 2118 103 Aleumumg

5069°6-
B9z b~
€587 ¢~
1] Al

G9ZL'S-
S80€° P~
SEQ6°¢C-
S6p° 1~

£69°S-
HTAA NS 4
S1E6¢-
860" T-

9VL G-
pze v
Y06 2¢-
18F° 1~

Secr 1~
STy 1~

SLeE°1-
331 i

8TV 1-
SOp°" 1~
Ssop° 1~
S6p" 1~

SOLE"T-
e 1-
SLev 1~
ger-1-

(A A A
A R

£y 1-
TBP 1~

£56%0°0
£E00T 0~
610¢C 0~
£E1L°0-
wo uy

S610°0

S6EQ°0-
S6L0°0-
SPFO°0-

POTITTG

9¢'1

ATTAN
BEL° Y
8pZ’'1

ESC°1
ve' T

gre-t
et

(A
Pe 1
£92°1
BEe 1

92°1
26271
AT
91E" 1

N 0N
- 0o

sixe

S¢69°S
861" p-
S8ZL T
S08€°1

sIX®e
926016

S8s°1I-
9157 1-
LSS T~
£99°1-
ro0Z1e6

€867 1-
LS 1-

695°1-
8po 1~
GOTTZ6

LS 1-
295 1~
pes 1~
869" 1-
216026

(AR
88S° 1-
2657 1-
39 1-
£T8026



(o]
]

££00° 1~
960° 1~

L5547 0~
L00Z 0~

56t°0-
STey 0-
SL6Z°0-
6L0°0-

[A:1:) B i
9852 1-
ayv¥e°0-
68¥Z°0-

89F°0-
556%°0-
SZEL"O-
860°0-

122871~
BESE T~
2668°0-
618C°0C-

S025°0-
£EEG°0-
PSE’0-
TTE 0-

91

152" 1~

BLBE 1~
1998°0-
¥59¢° 0~

SZ6V° 0~
L0S° 0~
IvE* Q-
SPOT 0-
goyouy ug

v

abegd

910" 1-
SL8T 1~
968°0-
190£°0-

v o-
SL9Y°0-
LEE'0-
S0Z1°0-

*d434D)

$858°0-
S6L0°1-
SIL 0~
L02° 0~

8ee"0-
TA A
S182°0-
S180°0-

SIXE g

5868 0-
696°0-
6v9°0-
¥S0T1°0-

BEL'0-

ST8E°0-
G55Z° 0~
STPO°0-

L5167 0-
chvo-
€Lz 0-
¥6L20°0
w> uy
S09¢€° 0~
PLI O~
S680°0~
I10°0
sayouy u1

69%65°0
cLeLt'o
5%0Z1°0
8990170

SELTO
890°0
SLPO°O
Zr0’0

g% 2318

NN
-o o

N RN
. .
- OO

SiXe g





