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ABSTRACT: Relict permafrost structures (ice-wedge casts and cryoturbation structures) are
present in the Gobi of southern Mongolia. Luminescence dates of sediments are presented to
constrain the age of formation of permafrost structures. These data show that there was a phase
of permafrost development during the latter part of the Last Glacial (after about 22 to 15 ka)
that resulted in cryoturbated sediments and ice-wedge casts. Furthermore, permafrost degradation
occurred during late Pleistocene times (13–10 ka) and was absent during the early Holocene.
These permafrost structures mark the southernmost evidence of permafrost in northern Asia
during late Quaternary times and indicate that the mean annual air temperature was below
approximately −6°C during their formation.  1998 John Wiley & Sons, Ltd.
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Introduction

The Gobi of Mongolia comprises an extensive desert that is
dominantly of reg type, consisting of alluvial fans and deeply
eroded badlands with elevations between 1000 and 2000 m
a.s.l. A series of narrow east–west trending mountain ranges,
the Gobi Altai Mountains, cross the Gobi and reaches a
maximum elevation of ca. 3900 m a.s.l. (Fig. 1). The climate
is of semi-arid continental type, with summer temperatures
that exceed 40°C and winter temperatures that frequently
drop below −40°C. In the winter, the region is influenced
by the Mongolian High Pressure System, which drives strong
westerly winds and produces snow. Most streams are
ephemeral, filling during heavy rainstorms and/or at higher
elevations as snow melts in the spring time. Today, perma-
frost is absent throughout the deserts, but is present as
isolated patches at high elevations in the Gobi Altai Moun-
tains. Throughout the desert regions, however, there is much
sedimentological and geomorphological evidence for the
former existence of extensive permafrost (e.g. Gravis, 1974;
Devyatkin, 1981). Owen et al. (1997) tentatively suggested
that permafrost developed in alluvial fans during the Last
Glacial and degraded with climatic amelioration during early
Holocene times. This paper will describe the characteristics
of the active layer and permafrost structures in the Gobi
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and will present luminescence dates to constrain the timing
of permafrost development and its degradation.

Field methods

Field work was undertaken throughout the Gobi and the
locations of permafrost structures were recorded using a
global positioning system (Fig. 1). The style of permafrost
structures was noted (see Figs 2–9) and samples for optically
stimulated luminescence (OSL) and infra-red stimulated lumi-
nescence (IRSL) dating were collected from key locations.
Samples for luminescence dating were also collected from
stratigraphically younger fanglomerates and alluvium that did
not exhibit any permafrost structures.

OSL dating methods and results

Sample collection and preparation

The location and stratigraphic setting of each sample for
luminescence dating is described in the next section of this
paper. Each of the sediment samples was collected in an
opaque plastic tube and placed into a light tight bag, which
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Figure 1 Map of the Gobi of Mongolia showing the locations of permafrost structures and the areas examined during this research. The
locations of Figures 2 to 9 are shown.

remained sealed until opened under controlled laboratory
lighting. Each sample was dried at 50°C and dependent on
the particle size distribution of the samples, the 90–125 mm
and/or 4–11 mm fractions were separated by dry sieving. The
90–125 mm fraction was treated with dilute hydrochloric
acid to remove any carbonates, and 10% hydrogen peroxide
was used to remove organic matter. Minerals less dense
than 2.62 g cm−3 (mainly feldspars) were removed using a
sodium polytungstate solution. The remaining material was
subsequently treated with 40% hydrofluoric acid (HF) both
to dissolve remaining feldspar grains and to etch off the
outer alpha-irradiated layers of the quartz, and then washed
in 10% hydrochloric acid and oven dried at 50°C. The
quartz fraction was separated from heavy minerals using a
sodium polytungstate solution of density 2.68 g cm−3. The
quartz fraction of each sample was then treated with concen-
trated fluorosilicic acid (H2SiF6) for 5–7 days to dissolve any
remaining feldspar grains. The resulting material was dried
and resieved, retaining the 90–125 mm fraction, and this was
mounted on to 10 mm diameter aluminium discs using a
viscous silicone-based oil. For most of these samples, how-
ever, the coarse-grained quartz fraction either did not yield
sufficient material for measurement, or large signals from
unremovable feldspar inclusions were present and hence a
DE (equivalent dose) value was not estimated.

Standard preparation procedures for fine polymineral
grains (4–11 mm) were used (Zimmerman, 1967) and several
samples were also subsequently treated with concentrated
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fluorosilicic acid for 3–7 days in order to yield fine-grained
quartz (Rees-Jones, 1995). Polymineralic and quartz fine
grains were settled on to aluminium discs from acetone.

Measurement procedures

All luminescence measurements were made using an auto-
mated Risø reader, TL-DA-12, fitted with infra-red emitting
diodes providing stimulation at 880 6 80 nm and a filtered
halogen lamp as a green light source, which provides wave-
lengths between 420 and 560 nm (2.9–2.2 eV). Emissions
were filtered with two U340 and one BG39 glass filters. An
initial ‘LISA‘ (luminescence initial sample assessment) test
(Richards and Rhodes, in preparation) was first applied to
six discs of each sample in order to determine IRSL and
OSL sensitivity. This was used to estimate the DE value from
two single aliquot determinations and to assess the purity
of quartz in the case of non-polymineralic samples.

All DE values were determined using a naturally normal-
ised total integral, multiple aliquot additive dose technique,
fitting a single saturating exponential function. Forty-eight
aliquots were measured at eight dose points, with the
maximum additional beta dose being four to five times
the preliminary DE value. Subtraction of the background
luminescence signal was by the last integral subtraction
method (Aitken and Xie, 1992). The pre-heat treatment used
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Figure 2 Cryoturbation structures in fanglomerates: (A and B) 44°38.2179N 102°07.1929E; (C and D) 44°26.2519N 102°18.7329E; (E)
44°14.9729N 102°34.1589E; (F) 44°15.0139N 102°33.7419E; (G) 44°22.0169N 102°25.6619E, 1700 m a.s.l. See Fig. 1 for locations.

for all quartz subsamples was 220°C for 5 min and for
polymineral samples was 5 days at 100°C followed by 4 h
at 160°C. Measurement of all subsamples was carried out
(both IRSL and OSL) for 50 s of stimulation at room tempera-
ture. In the case of polymineralic samples, IRSL measurement
preceded OSL measurement using the same aliquots.
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The magnitude of a thermal transfer component in the
quartz OSL signal (Rhodes and Bailey, 1997) was determined
using a regenerative X-axis intercept. In all cases, the
magnitude of the thermal transfer signal was found to be
insignificant.

Fading tests for both IRSL and OSL were carried out on
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Figure 3 Cryoturbated fanglomerates showing the locations of the sampling sites for luminescence dating at 44°26.3969N 102°15.5469E,
1730 m a.s.l. The fanglomerates comprise decimetre-thick crudely bedded sandy gravel with centimetre-size pebbles and occasional
centimetre- to decimetre-thick beds of sand. See Fig. 1 for location.

Figure 4 Cryoturbated bedrock comprising Mesozoic marlstones and sandstones overlain by undeformed fanglomerates at 43°41.6439N
102°54.5399E, 1860 m a.s.l., showing the location of the sampling site for luminescence dating within a deformed sand fill. LFA1
comprises cryoturbated purple and blue pebbly marlstone with deformed sand wedges. LFA2 consists of 2–12cm-thick beds of 1–4 cm
diameter pebbles that are subangular and are imbricated. Some of these beds have low-angled and trough cross-stratification. See Fig. 1 for
location.

most of the subsamples measured, and showed no discern-
ible fading over a 10 day period. Longer term anomalous
fading cannot be ruled out for the polymineral subsamples.
Where multiple DE values were measured for the fine-grained
samples (both quartz and polymineralic fractions), the
measurements were combined to produce a weighted mean
DE value.

The environmental dose rate was calculated from neutron
activation analysis of U, Th and K content of each sample.
The cosmic dose rate was calculated according to Prescott
and Hutton (1994), based on the present depth of overburden
and the latitude and altitude of each sample location. The
water content measured for each sample was used to calcu-
late environmental radiation attenuation during burial.

Results

Table 1 shows the values used to determine sample ages.
Table 2 presents the derived age estimates with depositional
environment and location. The DE values derived from IRSL
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and OSL of polymineralic samples show no systematic differ-
ences and have been combined. Sample TB06 provides
the opportunity to compare fine-grained polymineralic, fine-
grained quartz and coarse-grained quartz results. This leads
to increased confidence in the results, both from the point
of view of optical resetting prior to burial and for thermal
stability of the luminescence signals.

Samples TB03 and TB05 had coarse-grained quartz results
with large uncertainties caused by significant scatter in data.
This is attributed to (i) signals from small quantities of
feldspar, probably in the form of inclusions, as small IRSL
signals were observed that grew with dose, and (ii) incom-
plete resetting on deposition. A small IRSL signal was also
observed for TB06 coarse-grained quartz aliquots, which
also grew with dose, but did not appear to lead to significant
scatter in the data.

Permafrost structures in the Gobi

Figure 1 shows the location of cryoturbation structures and
ice-wedge casts that were recorded during the field work.
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Figure 5 Detailed view looking at cryoturbated bedrock comprising Mesozoic marlstones and sandstones that are shown in Fig. 4. Note
the sand wedge to the right of the knife and the sand-filled fissure to the right of the plate. See Fig. 1 for location.

Table 1 Values used to calculate luminescence ages. Under column ‘Type‘ FGP refers to fine-grained (4–11 mm) polymineralic (combined
IRSL and OSL result), FGQ is fine-grained quartz OSL and CGQ is coarse grained (90–125 mm) quartz. DE is equivalent dose (in Gy).
Uncertainties on INAA analyses of U, Th and K are taken to be 10%. The sample numbers, TB02 to TB08, are the numbers used in the
laboratory archive

Cosmic Total
U sed. Th sed. dose rate dose rate DE Age

Sample Type (ppm) (ppm) K sed. (mGy/yt−1) Water content (mGy/yr−1) (Gy) (ka)

TB02 FGP 3.36 8.99 1.89 225 2.0 4990 ± 430 85.1 ± 5.7 17.1 ± 1.9
TB03 FGP 2.27 8.81 2.10 225 2.1 4660 ± 370 104.4 ± 16.5 22.4 ± 4.0
TB04 FGQ 1.61 10.5 1.99 205 17 3220 ± 500 60.6 ± 4.2 18.8 ± 3.2
TB05 FGP 2.85 7.84 2.01 220 13 4120 ± 700 53.3 ± 4.8 12.9 ± 2.5
TB06 FGP 0.70 3.83 2.01 185 0.8 3160 ± 240 33.4 ± 2.3 10.6 ± 1.1
TB06 FGQ 0.70 3.83 2.01 185 0.8 2940 ± 240 28.9 ± 11.3 9.8 ± 3.9
TB06 CGQ 0.70 3.83 2.01 185 0.8 2670 ± 220 37.2 ± 6.9 14.0 ± 2.8
TB07 FGP 0.68 3.43 2.29 210 1.4 3380 ± 270 14.5 ± 1.1 4.3 ± 0.5
TB08 FGP 1.27 4.32 1.87 205 5.1 3200 ± 310 50.4 ± 8.3 15.7 ± 3.0

Table 2 Results for dated luminescence samples. Under column ‘Type‘ FGP refers to fine-grained (4–11 mm) polymineralic (combined IRSL
and OSL results), FGQ is fine-grained quartz OSL, FGP-Q is combined FGP and FGQ results and CGQ is coarse-grained (90–125 mm) quartz

Sample Age (ka) Lithology Environment of deposition Type Location

TB02 17.1 ± 1.9 Fine sand Cryoturbated fanglomerate FGP 44°26.3969N/102°15.5469E
TB03 22.4 ± 4.0 Fine sand Cryoturbated fanglomerate FGP 44°26.3969N/102°15.5469E
TB04 18.8 ± 3.2 Sandy silt Cryoturbated distal fanglomerate FGQ 44°25.099N/102°19.789E
TB05 12.9 ± 22.5 Fine sand Undeformed distal fanglomerate FGP 44°25.099N/102°19.789E
TB06 10.6 ± 1.1 Medium sand Fluvial sediment FGP-Q 43°43.7559N/102°22.3159E

14.0 ± 2.8 CGQ
TB07 4.3 ± 0.5 Fine–medium sand Fluvial sediment FGP 44°22.0169N/102°15.6619E
TB08 15.7 ± 3.0 Medium sand Ice-wedge cast fill FGP 43°41.6439N/102°15.5469E
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Figure 6 Ice-wedge casts: (A) 43°42.2959N 102°54.9829E, 1950 m a.s.l.; (B) 43°43.1999N 102°22.5099E; (C) 44°22.0169N 102°25.6619E,
1700 m a.s.l. See Fig. 1 for locations.
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Figure 7 Ice-wedge cast at 43°43.1999N 102°22.5029E. See Fig. 1
for location.

Both sets of structures occur in unconsolidated Quaternary
fanglomerates and Mesozoic bedrock (Figs 2 to 9). In this
region, the cryoturbation structures are essentially involuted
sediment and rock. Although involutions may be produced
by other mechanisms, such as sediment loading or liquefac-
tion during earthquakes, the occurrence of ice-wedge casts
in the same stratigraphic horizons supports the view that the
involutions studied in this region are the result of active
layer and permafrost processes. These involutions, therefore,
can be called cryoturbation structures.

The cryoturbation structures have a large range of forms
and include: individual folds with small amplitudes (10–
20 cm) and large wavelengths (approximately 2 m) (Fig. 2E;
type 1 of Vandenberghe, 1988); highly irregular decimeter-
size involutions (Fig. 2A, B and C: type 6 of Vandenberghe,
1988); solitary ‘teardrop‘ of diapiric forms (Fig. 2D: type 4
of Vandenberghe, 1988); and fairly regular symmetrical con-
volutions with large amplitudes of 0.5 to 2 m (Figs 3 and 4:
type 2b of Vandenberghe, 1988) and small amplitudes of
decimetre size (Figs 2E, F and G; type 3 of Vandenberghe,
1988). At many locations the horizons containing cryoturb-
ation structures and the cryoturbation structures themselves
are truncated (Fig. 3) and are overlain by undeformed low-
angled planar stratified fanglomerates (Figs 2C, F and G).
The cryoturbation layers have a maximum thickness of
approximately 2 m below the undeformed fanglomerates, or
where the sections are deformed throughout they occur to
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Figure 8 Sections through uncryoturbated fluvial deposits at (a)
43°43.7559N 102°22.3159E and (b) 43°37.4209N 102°50.2299E.
See Fig. 1 for location.

a maximum depth of 2 m below the present surface. Sand
samples (TB02 and TB03) taken from within cryoturbated
horizons are dated at 22.4 6 4.0 ka and 17.1 6 1.9 ka (Fig. 3
and Table 2).

The ice-wedge casts that are present in the Gobi exhibit
the main diagnostic characteristics described by Johnsson
(1959), Black (1976) and Ballantyne and Harris (1994),
namely they taper downwards to a point, the host sediment
is upturned against the side of the cast, the infilling sediment
has slump structures, and pebbles within the fills are verti-
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Figure 8 Continued.

cally aligned (Figs 6 and 7). Sand wedges are also present
at some locations and extend to depths of as much as 1 m
below the palaeosurface. Figures 4 and 5 show a sand wedge
and a deformed sand fill that cross-cut the cryoturbation
structures. A sample of sand was collected from the sand
fill and was dated to 15.7 6 3.0 ka (Fig. 4; Table 2).

Luminescence dates for sediments stratigraphically above
the cryoturbated units yield ages of 4.3 6 0.5 ka,
10.6 6 1.1 ka and 12.9 6 2.5 ka (Figs 8 and 9). In the latter
case (Fig. 9), the underlying cryoturbated sediments have an
age of 18.8 6 3.2 ka.

Figure 9 Sections in distal alluvial fan sediments at 44°25.099N 102°19.7839E. The two sections are about 100 m apart and sample TB05
was taken from uncryoturbated sediment, whereas sample TB04 was from cryoturbated sediment. See Fig. 1 for location.
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Discussion

The luminescence dates within the cryoturbated fanglomer-
ates (TB02 = 17.1 6 1.9 ka, TB03 = 22.4 6 4.0 ka and
TB04 = 18.8 6 3.2 ka) and on the deformed sand fill within
cryoturbated bedrock (TB08 = 15.7 6 3.0 ka) show that these
sediments were deposited during the latter part of the Last
Glacial. These sediments were subsequently cryoturbated by
active layer processes that must have occurred during late
Pleistocene times, that is, contemporaneously and/or after
about 22 to 15 ka. The cryoturbation structures, however,
must have formed before the deposition of the undeformed
sediments that overlie the cryoturbated sediments that are
younger than about 13–10 ka (TB05 = 12.9 6 2.5 ka, TB06
= 10.6 6 1.1 ka and TB07 = 4.3 6 0.5 ka). These data, there-
fore, support the view that active layer processes and perma-
frost was developed in the desert floors and alluvial fans in
this region during Last Glacial times, but that the permafrost
degraded towards the end of the Pleistocene (after about
13–10 ka) and was absent during Holocene times.

The occurrence of ice-cast wedges in sand and gravel
indicates severe winter ground cooling with continuous per-
mafrost and mean annual air temperatures below approxi-
mately −6°C (Péwé, 1966; Washburn, 1979, 1980; Harry
and Gozdzik, 1988; Burn, 1990; Ballantyne and Harris,
1994). The nature of the cryoturbation structures suggest that
there must have been adequate water available for their
formation and the structures may indicate that the maximum
depth of annual freeze–thaw in this region was probably
about 2 m. This is a maximum depth of annual freeze–thaw
because syndepositional sedimentation may have increased
the thickness of the deformation under periglacial conditions,
with lower structures being older than upper structures. The
absence of active layer or permafrost structures in the south-
ern- and westernmost areas probably relates to an insufficient
supply of ground water and/or to the fact that the mean
annual air temperatures were close to 0°C. These permafrost
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structures are, therefore, significant for marking the southern-
most evidence of northern Asia permafrost during the latter
part of the Last Glacial.

Conclusions

Luminescence dates constrain the age of permafrost develop-
ment to the latter part of the Last Glacial and indicate that
permafrost degradation occurred during Lateglacial times and
that permafrost in the desert floors and alluvial fans in the
Gobi was absent during the Holocene. The active layer and
permafrost structures mark the southern evidence of north
Asian permafrost during the Last Glacial and suggest that
mean annual air temperatures were below approximately
−6°C.
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