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Upfreezing is an important geomorphic process in the periglacial environment. It is a product of cold climate and thus an im-
portant part of the cryospheric processes. Based on the long-term positioning observations in the source area of the Urumqi River,
this article represents an in-depth discussion of the characteristics of sorted circles and upfreezing mechanisms in the Tianshan
Mountains. In the source area of the Urumgqi River, the intensity of upfreezing is the highest within the top 25 cm near the surface,
while targets with a diameter of 3 cm are least affected by upfreezing. There is no distinct difference between the centre with fine
grains and the margin with coarse debris within the same sorted circle in terms of the intensity of upfreezing. The correlation
analysis demonstrates that temperature plays an important role in upfreezing and the development of sorted circles. A long-time
positioning observation of sorted circles reveals that periglacial landforms are sensitive to regional climate change and respond
quickly to the temperature increase of the recent two decades. Enhanced upfreezing was found to be due to increased soil moisture

content.
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Sorted circles represent a patterned ground in which the
mesh is dominantly circular and has a sorted appearance
commonly due to a border of stones surrounding finer ma-
terial [1]. The sorting effects, including the upward and
edgewise orienting of stones are mainly due to the upfreez-
ing (also known as frost jacking), which is the motion of
objects embedded in soils that undergo frost heave. Previ-
ous studies explained the upfreezing of different objects in
the active layer, such as stones, glass objects, wood pegs
and artifacts, by either the frost-pull or frost-push theory
[2-7]. When the ground expands during freezing it carries
objects with it, yet when it contracts during thawing, fines
adhere to each other and leave objects behind. Repetition of
this process would leads to ejection of objects from fines [2].
This kind of hypothesis is called frost-pull. Grawe [8] con-
tend that upfreezing is explained by the greater heat con-
ductivity of objects than fines, whereby ice forms around
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objects or at their base and forces them up. They suggest
that the seeping in of fines during thawing would prevent
objects from returning to their original position. The above
concept can be called the frost-push hypothesis. Washburn
[2] concluded that moisture was the critical control since the
greatest heave was associated with wet localities, and both
the frost-pull and frost-push mechanisms appear to operate,
and probably reinforce each other. Experimental studies
have examined upfreezing within mostly ice-rich and frost
susceptible sediments [9-11]. The frost-susceptibility of the
stone may also be an important factor [12,13]. In spite of
these studies, the nature of the upfreezing mechanism still
remains unclear.

Since 1990, we have laid various positioning observation
sites in the source area of the Urumgqi River in order to get
first-hand data on the mechanism of upfreezing. Combining
these with the topographic and meteorological data from
this area, we completed an in-depth study on upfreezing in
sorted circle, including its characteristics, its developing
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trend, main influential factors, etc. Here we present the pro-
cess of upfreezing in the mid-latitude arid alpine periglacial
environment and its response to global climate change.

1 Study site

The Tianshan Mountains, located at the central part of the
Eurasian continent, span from 40° to 44°N and stretches
from 70° to 96°E (Figure 1). The climate of this area is of a
semiarid type, and is dominated by the westerly jet stream.

The study site, namely the source area of the Urumgqi
River, is located on the north slope of Mt. Kelawucheng
(43°06'N, 86°50'E), in the central Tianshan Mountains. The
elevation range of the ridges is 4100—4300 m a.s.l., with the
highest peak being Tianger (4486 m a.s.l.). The modern
snowline is located at 40004100 m a.s.l., and the lower
limit of permafrost is 2900-3100 m [14,15]. According to
the meteorological data of Dry Cirque, which is located at
3802 m, the annual average temperature of the area was
—6°C during 1990-2008, and the annual average precipita-
tion was 405 mm, which occurred mainly during the summer
(June—August).

The periglacial zone above 3000 m in this area has de-
veloped various types of patterned ground under suitable
topographic and pedologic conditions, which mainly devel-
oped at the altitude of 3600-3900 m.

In the early 1980s, Ji [16] analyzed the geomorphic and
climatic requirements for the formation of sorted circles,
and dated sorted circles on the basis of their morphology,
state of preservation and the development of vegetation.
Beginning in the 1990s, many studies on the periglacial
landforms in the source area of Urumgqi River have been

Figure 1  Location of the study area. A, B, and C are observation sites.
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done, including repeated measurements, pitting, geophysical
exploration, debris fabric, lichen dating and laboratory
analyses. The morphology, sorting features, fabric of mar-
ginal debris and topographic conditions of the sorted circles
has been observed [17-24].

2 Methods

Observation sites were set up at the base of the back wall in
Dry Cirque, center of Dry Cirque and rock steps of Dry
Cirque, which are marked with A, B, and C respectively and
shown in Figure 1. There are sorted circles distributing in A,
B, C sites, which are inside the Dry Cirques. The conditions
of sorted circles are shown in Table 1. At each observation
site, more than 30 targets of different types of cylindrical
wood pegs are hammered into the ground until the top
reached the ground surface at different positions. One year
later, the amount of protrusion of the stakes was measured
with a tape, and then the targets were hammered to the
ground level again. Different types of targets are used,
which are categorized into targets with different lengths,
targets with different diameters, cross targets, and numbered
1, 2, and 3 respectively. The smallest active layer thickness
is 1.25 m in this area [25]. The length of all targets was no
more than fifty centimeters in order to ensure the target in-
serts into the active layer. We observe and record the heav-
ing height of targets at the same time of each year. However
the method does not provide the real annual heave amounts,
as part of the heave amount must be counteracted by the
subsidence of the wood pegs during thaw consolidation;
Actual heave must be greater. Thus, the data presented in
this paper represents the “minimum” heave amounts.

—
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Table1  Conditions of the different sorted circles in Dry Cirques [22]
Sites Altitude (m) Age (ka BP) Shape Grain size distribution
C 3950 0.4-0.5 bread-like gradually coarser from bottom to top
B 3880 2.0-3.5 higher center gradually coarser from top to bottom
A 3820 10.0-20.0 higher edge fine and coarse grains mixed
3 Results found that the deeper the peg insertion, the less the heave in

3.1 Effects of upfreezing with different target lengths

In order to understand the effects of upfreezing in different
depths of sorted circle, we hammered targets with the same
diameter (namely 3.5 cm) and different lengths (5, 10, 15,
20, 25, 30, 35, 40, 45, and 50 cm) into the centers of sorted
circles of similar scale at A, B, and C sites. This observation
covers the period from 1991 to 2011. Due to increased
measurements, the average value can better represent realis-
tic movement, we adopt the annual average value can be
adopted as the height of upfreezing. In Table 2, the majority
of targets with lengths of 5, 10, 15, and 20 cm are heaved
out of the ground within a year, so the actual height of up-
freezing is far greater than portrayed by the measured data.
Most targets shorter than 15 cm are heaved out of the
ground within one year, and thus the precise heaving heights
are unclear, so the minimums of their heaving heights are
given instead. The average upfreezing heights of each ob-
servation site are as follows: A-1>3.4 cm, B-1>8.6 cm,
C-1>7.5 cm. As shown in Table 1, the individual annual
average heaving heights of targets shorter than 25 cm in A-1
and targets shorter than 20 cm in B-1 and C-1 are almost all
greater than the collective averages of each observation site,
with the only exception being a high value of the target with
a length of 35 cm in B-1. Considering some imprecise data,
we suspect the performance of upfreezing in Dry Cirques is
strongest at the depth of 20-25 cm near the surface. This
phenomenon coincides with the results of Schmid [26], who

Table 2  Average annual heave in different depths
Average annual heave (cm/a)
Depth (cm)

A-1 B-1 C-1
5 >1.7 >5.0 >5.0
10 >4.8 >9.3 >10.0
15 >4.2 >11.8 >12.9
20 35 10.3 9.2
25 3.6 7.6 6.8
30 34 7.1 4.8
35 - 9.3 5.7
40 - 8.0 5.7

45 33 - -

50 3.0 - -

Germany. Czeppe [27] found that wood pegs inserted to a
depth of 15 cm were heaved out within a year in Spitsber-
gen. This phenomenon can be easily understood, since there
is a positive correlation between rate of upfreezing and
number of freeze-thaw cycles [28]. The shallowest targets
had been appreciably heaved by more freeze-thaw cycles.
Another factor to consider is following the lift of an object
by the frost-pull mechanism, thawing of soil above the ba-
ses of the object could lead to collapse of the ground around
its upper portions and thus contribute to its upfreezing,
which would be very obvious if it is located close to the
surface [2].

3.2 Effects of upfreezing with different target diameters

Targets with the same length (namely 35 cm) but different
diameters (1, 2, 3, 4, and 5 cm) were inserted into the cen-
ters of sorted circles of similar scale at A, B, and C sites to
inspect the effects of upfreezing on different target diame-
ters. The observation covers the period from 1991 to 2011.
The annual average value was adopted as the height of up-
freezing. It was found that targets with a diameter of 3 cm
undergo minimal effects of the upfreezing when compared
with targets of other diameters in the same place and same
depth (Table 3). The results are consistent at all three ob-
servation sites. The overall annual average heights of up-
freezing at A-2, B-2, and C-2 observation sites are 3.6, 8.7,
and 6.5 cm respectively, while the targets with a diameter of
3 cm are heaved 2.6, 7.7, and 4.7 cm respectively, which are
1, 1, and 1.8 cm less than their overall averages. With the
upfreezing of stones, large stones would tend to heave more
than small stones [11]. It is puzzling that the medium diam-
eter (3 cm) yields minimum heaves. Further work is re-
quired to confirm and explain such phenomenon.

Table 3 Average annual heave with different diameters

Diameter Average annual heave (cm/a)
(cm) A2 B-2 c-2
1 4.0 9.8 7.0
2 32 8.7 8.1
3 2.6 7.7 4.7
4 5.0 8.5 5.6
5 3.1 9.0 6.9
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3.3 Effects of upfreezing with different positions in
sorted circle

In order to conduct a more efficient discussion of the effects
of upfreezing at different positions within the same sorted
circle, especially between fine center and coarse border, we
set up A-3, B-3, and C-3 observation points.

A-3 was laid in 1990, which consisted of 15 targets of
the same diameter (3.5 cm) and length (25 cm) distributed
in cross-shaped within a single sorted circle (Figure 2). We
categorized the targets into Central targets (numbered 4, 5,
6), the inner targets (numbered 3, 12, 7, 13), the outer tar-
gets (numbered 2, 11, 8, 14), and Marginal targets (num-
bered 1, 10, 9, 15). The annual average upfreezing heights
of these four groups of targets are 4.1, 4.0, 3.1, and 3.6 cm
respectively.

B-3 was laid in 1991, and consisted of 13 targets in the
same diameter (3.5 cm) and length (30 cm). These targets
were also categorized into central targets (numbered 4), the

A-3
43°07"11.52"N
86°49'30.06"E

c-3
43°07'35.46"N
86°49'16.14"E
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Figure 2 The layout of the targets (the diameter of sorted circles is about 2 m).
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inner targets (numbered 3, 7, 12, 14), the outer targets
(numbered 2, 6, 9, 12), and marginal targets (numbered 1, 7,
8, 13). The annual average upfreezing heights of these four
groups of targets are 4.9, 5.4, 5.3, and 6.3 cm respectively.

C-3 was laid in 1992, and consisted of 16 targets in the
same diameter (3.5 cm) and length (30 cm). The central
targets were numbered 4, 5, 6, 13, the inner targets (num-
bered 3, 7, 12, 14), the outer targets (numbered 2, 8, 11, 15),
and marginal targets (numbered 1, 9, 10, 16). The annual
average upfreezing heights of these four groups of targets
are 4.1, 4.6, 1.4, and 5.4 cm respectively.

At A-3, the central targets demonstrated the highest level
of upfreezing and the inner targets follow in terms of annual
averages (Table 4). At B-3 and C-3, the marginal targets get
the highest level and the inner targets follow. As the data
gives no clear distinction between different positions, the
effects of upfreezing were considered to be not significantly
affected by the different position of sorted circle. As the
grain sizes differ widely between center and border, the

B-3
43°07'23.34"N
86°49'06.54"E
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Table 4 Upfreezing of different groups

Average annual heave (cm/a)

Group
A-3 B-3 C-3
Central 4.1 49 4.1
Inner 4.0 54 4.6
Outer 3.1 53 1.4
Marginal 3.6 6.3 54

main mechanism of upfreezing must be different. Cui et al.
[24], and Liu et al. [21] measured thirty-five sorted circles
in Dry Cirque, and found the center mainly comprised by
finer material (<2 mm), and some scattered gravel (2.5-12
cm). The border was comprised of bigger gravel (3.5-17
cm), and according to their pitting, the depth of coarse bor-
der is about 35 cm. We speculate that the targets heaved
mainly by frost-pull in fine center and frost-push in coarse
border. In fine center, the distance an object moves depends
on the frost heaving strain in the soil, the strength of the
adhesion of the object to the freezing soil, and the style of
collapse. In coarse border, the distance an object moves
depends on push by ice lenses, and during freezing the ob-
jects are hindered as their remaining cavities would tend to
be narrowed by frost thrusting.

4 Discussion

In the Dry Cirque, there are three obvious sorted circle
zones, which are named as observation sites A, B, and C.
As the observation of cross-targets undergoes no interrup-
tion from 1991 to 2011, data continuity is good. Analysis of

Average annual heave (cm/a)
[=2]
1
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their changing trends is credible. For site A-3, there is an
overall downward trend of the annual average upfreezing
height from 1991 to 2011 (Figure 3), indicating that the
effect of upfreezing is weakening and the activity of sorted
circle is gradually degenerating. In addition, in our field
survey, we also found the sorted circle shape was not dis-
tinct and had vegetation on it (Figure 4). For site C-3, there
is an overall upward trend of the annual average upfreezing
height, illustrating the strengthening activity of the sorted
circle. In our field survey, we also found the shape of the
sorted circle was distinct, the sorting was good and there
was no vegetation present. For site B-3, the upfreezing
height is relatively greater than those at A-3 and C-3, and it
also shows a greater inter-annual fluctuation. The shape of
the sorted circle was distinct and the sorting was better than
that at site C-3. The annual average heaving heights of tar-
gets at B-1 are the greatest at every depth, followed by those
at C-1 and A-1 (weakest). The annual average heaving
heights of targets in different diameters at B-2 record the
greatest, followed by C-2 and A-2 (weakest). This indicates
that B undergoes the strongest activity of sorted circles,
while A undergoes the weakest, as upfreezing is the main
performance of activity of sorted circle. Generally speaking,
the inter-annual fluctuation of the activities of sorted circles
at the three observation sites are consistent with peaks in
1999, 2002-2003, 2007, and 2010 respectively (Figure 3).
The annual average heave height of targets highly re-
flected the strength of the upfreezing in the area. Higher
heaving of the target indicates more intense upfreezing, and
the intensity of the upfreezing is often directly associated
with the climate. Thus, we conducted a correlation analysis
using the annual average temperature and annual average
precipitation of the Dry Cirque in the source area of the

—— A—a
—— ]
-=--C3

Figure 3 The trend of average annual heave height.
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Figure 4 The morphology of sorted circles in site A (a), site B (b), site C (c), and target (d).

Urumgqi River (data from the Tianshan Mountains Glacio-
logical Station, both from September to next year August)
and the complete annual average upfreezing height data of
the cross-targets at B-3 as variables (Table 5).

Since the binary variables cannot truthfully reflect the
common relationship in some cases, the partial correlation
analysis was used in these instances. The partial correlation
analysis is a method where when two variables are related

Table 5 Meteorological data of research area and B-3 annual average
height of heave

Year B-3 average Annual average Anpqal average
annual heave (cm) temperature (°C) precipitation (mm)
1992 3.12 -6.7 409.3
1993 4.82 -6.3 427.4
1994 4.82 -6.5 459.8
1995 4.82 -7.1 367.6
1996 5.03 -7.3 484.5
1997 5.03 -59 303.0
1998 5.03 5.2 420.1
1999 7.08 =52 454.2
2000 4.11 -6.7 486.6
2001 4.11 —6.2 353.4
2002 6.93 -6.0 458.1
2003 6.93 —6.3 371.9
2004 4.56 =5.7 352.1
2005 4.56 —6.4 445.2
2006 5.95 5.6 414.8
2007 8.31 -5.3 256.0
2008 7.21 -5.0 396.3

with a third variable, the third influential variable is elimi-
nated and the correlation analysis is conducted only be-
tween the other two variables, which truly reflects the cor-
relation between the two variables. We use SPSS software
to analyze the annual average temperature, precipitation and
the upfreezing height, and concluded that the annual aver-
age temperature and the annual average heave height is pos-
itively correlated (R=0.56, P=0.024), while the annual av-
erage precipitation and annual average upfreezing is not
correlated (R=—0.09, P=0.737). Thus temperature plays a
decisive role in the process of upfreezing. However, the
correlation between temperature and the intensity of up-
freezing is not direct. According to Ji [16], the more fre-
quently the temperature fluctuates around 0°C, the more
intense the upfreezing, which better allows for the devel-
opment of the sorted circle. Statistics were used to deter-
mine the number of days which temperature fluctuating
around 0°C in 1992-2008 (Table 6). However, we found
that these days had actually decreased. Obviously, this is not
the reason why the upfreezing enhanced. As the geology,
topography, vegetation and soil conditions remained essen-
tially unchanged over a short period time, we speculated
that the cause of upfreezing enhanced in study area was
most likely due to the increased soil moisture content. As
can be seen from Table 6, in study area the average relative
humidity from May to August tended to increase, which
confirms our speculation. The effects of global warming are
very broad [29-33]. It is the general consensus that perma-
frost degradation is a cause of global climate change [25].
Within inland arid areas, climate transition caused by global
warming enhances the activity of permafrost to a certain
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Table 6 Days of temperature fluctuating around 0°C per year (DTF 0°C) and average relative humidity from May to August (ARH)

Year DTF 0°C (d) ARH (%) Year DTF 0°C (d) ARH (%)
1992 136 63.25 2001 115 70.50
1993 135 69.75 2002 117 75.50
1994 118 65.25 2003 106 78.67
1995 115 68.00 2004 132 71.75
1996 102 68.25 2005 123 77.75
1997 134 69.00 2006 124 73.00
1998 119 76.00 2007 118 -
1999 115 72.75 2008 111 -
2000 108 76.75 - - -

extent. Shi et al. [34] believed that climate transition from
warm-dry to warm-wet was occurring in Northwest China
and the headwater of the Urumgqi River is located in the
significant transition area. And the climate transition is not
an isolated phenomenon due to rapid water circulation
driven by global warming [34]. The climate of study area is
affected mostly by the westerly current coming from the
Atlantic Ocean and the Arctic Ocean, and also partly from
Indian Oceans. For example, the 1990s have been the warm-
est decade recorded in Indian Oceans. In addition, 1998 saw
the strongest El Nino ever recorded. Many corals in this
region bleached and subsequently died [35]. Evaporation of
water is extremely high at this time. Bengtsson [36] esti-
mates that with warming caused by a doubling of green-
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house gases, the water content of the atmosphere will in-
crease by 15%. Therefore global warming will increase the
moisture in the atmosphere in Northeast China. In turn there
will be a decrease in surface evaporation and thus leading to
an increase in soil moisture, which will make the upfreezing
of permafrost more intense.

The evolution of landforms reflects the climatic condi-
tions to some extent. Through long-term observations and
study, a better understanding of the mutual feedback mech-
anism between climate and landform can be acquired. Ac-
cording to meteorological data, the annual average temper-
ature of the Urumqi River region has been on the rise since
1992, while the annual average precipitation has fluctuated
normally (Figure 5). Through the year-round observation of
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Figure 5 The relationship between climate and upfreezing of sorted circles, altitude of equilibrium line, and thickness of active layer.
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the sorted circle activity in the research area, a positive cor-
relation between the sorted circle activity and the tempera-
ture within a certain range was found. The glaciers are also
very sensitive to the climate change. Tianshan Mountains
Glacial No.l1 is located in the research area. The altitude of
its equilibrium line fluctuates in a wide range, but the over-
all tendency is increasing [37], and it demonstrates a posi-
tive correlation with the temperature change. The active
layer lies above the permafrost layer, which characteristi-
cally undergoes freezing in winter and thawing in summer,
is also in a close relationship with climate change. From
1992 to 2008 in the research area, the smallest active layer
thickness is 1.25 m [25] and demonstrated a clear thicken-
ing trend, which responded to the temperature change.

5 Conclusions

Sorted circle is one of the typical landforms of the perigla-
cial regions, which emerges in an active form or remains of
that form. It can be used to infer past climate patterns can
indicate small areas affected by climate change. Through
the long-term observations of the geomorphology of sorted
circles in the source area of the Urumgqi River, in-depth
knowledge of the activity mechanism of the sorted circle
and its response to climate change was acquired. Conclu-
sions are summarized below.

(1) In the source area of the Urumgqi River, the intensity
of upfreezing is the strongest within the topmost 25 cm near
the surface. Among targets with diameters ranging from 1 to
5 cm, those with a diameter of 3 cm are least affected by
upfreezing. The difference between effects of upfreezing on
the center with fine particles and the margin with coarse
debris is not distinct within the same sorted circle.

(2) Sorted circles in Dry Cirques have different activity
trends. The activities of sorted circles at the base of the back
wall in Dry Cirque have become stronger, while those at the
rock steps have become weaker and those in the center re-
main stable.

(3) Among the climatic factors, temperature has the most
significant influence over the development of sorted circles
and upfreezing. Global warming will increase the mois-
ture in the atmosphere in Northeast China. It will in turn
decrease surface evaporation and thus leading to an increase
in soil moisture. The increased soil moisture will enhance
upfreezing.

(4) Glacial and periglacial landforms are sensitive to
climate change. Sorted circle activity, the altitude of the
equilibrium line and the thickness of the active layer all
positively respond to temperature increase in this region.
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