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Abstract Holocene environmental history in the Tarim
Basin and the Taklimakan Desert is known mainly from
isolated eolian and lacustrine deposits and remain puzzling.
Here we present an adequately preserved loess section,
covering the past 5000 years, at a highland (2,850 m a.s.l)
on the northern slope of Kunlun Mountains. Pollen pre-
served in the section reveal a drying trend with significant
moisture fluctuations around 3000-2600 cal yr BP and
1800 cal yr BP at the study site. Comparing the pollen,
grain size from the same section provides a different scene
occurred in the Tarim basin and the Taklimakan desert.
Comparison of grain size to A/C ration of pollen suggests
that active sand southward shifting in south margin of the
desert is coincident with increasing moisture condition at
the section locality, implying a casual link. This moisture
pattern occurred at the upper and lower elevation of the
slope is best explained by the vertical variation of local
precipitation along the slope.
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Introduction

Climate evolution history in the Tarim Basin, an extremely
arid area, NW China, during the Holocene has drawn much
attention in the last two decades. Concerning palaeocli-
mate, palaeoecolgy and palaeohydrology of the Tarim
Basin, many results have been published with little con-
sensus in between, and palaeoclimate processes varied
from author to author (e.g., Chen et al. 2006, 2008; Feng
et al. 1999, 2006; Jin et al. 1994; Mischke and Wiinnemann
2006; Wiinnemann et al. 2003, 2006; Yang et al. 2002;
Zhao et al. 2008a; Zhong et al. 2004, 2007; Zu et al. 2003).
Even based on the same indicators, such as pollen, sedi-
ment grain size and calcium carbonate contents, two
research groups had broken Holocene records from the
Tarim River valley (Feng et al. 1999) and the interior of the
Tarim Basin (Jin et al. 1994) into similar chronological
segments, but proposed totally different environmental
processes. In general, lacustrine/fluvial deposits from arid
areas keep polyphase processes or provenances, and inte-
grated palaecoenvironmental signals at their relevant time
scales: the water balance among evaporation, precipita-
tion and runoff mainly from melt-water, the influxes of
eolian and fluvial sediments, and the human impacts on
regional vegetation and on lake sedimental processes. It is
hard to separate regional or local signals from the com-
plexities accurately, and further decipher their driving
factors. Details about Holocene palacoenvironment in the
Tarim Basin thus remain vague although the observations
accumulated.

The previous studies on environmental history during
Holocene in the Tarim Basin are known mainly from iso-
lated outcrops and indirect proxies from lacustrine
sediment cores, whereas eolian loess on the Kunlun
Mountains is ignored improperly. Comparing to lacustrine
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sediments, loess is easier to sample, more reliable envi-
ronmental implications because of its clear transporting
and depositing processes, and more credible radiocarbon
age for free from old carbon contamination. Quaternary
loess of predominantly eolian origin blankets much of the
northern slope of the Kunlun Mountains (Yang et al. 2002)
(Fig. 1), which deposits under a drier background than the
Loess Plateau since at least 880 kyr (Fang et al. 2002). The
thickest eolian loess distributes on the northern slope
between Hotan-Yutan south (on northern slope of Kunlun
Mountains from 2500 to 4900 m a.s.l.) with the coarsest
particle (mostly coarse silts and fine sands) (Liu 1965;
Yang 2000). Taklimakan Desert is characterized by lon-
gitudinal ridges with complex barchan dunes and is moving
obviously southwards (Xinjiang Comprehensive Explora-
tion Team and Academica Sinica 1978; Zhu et al. 1988).

The distributive patterns of the loess and desert dunes
indicate two major wind directions in this region, the NW
winds and the NE and NEE winds. The former is the
westerlies over from Pamir, and the latter are derived from
the westerlies after passing through the East Tianshan
Mountains, which finally form an east jet at lower level.
These two currents, commonly carrying dust, converge at
the lower reaches of the Keriya River and form strong
convergent up-rising flow along the northern slope of the
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Kunlun Mountains (Li 2002), lifting fine dusts up to higher
levels and then depositing, or being carried away by wes-
terly jet at higher level. This process occurs all the year
with an annual mean of floating dust days more than
150 days, up to 230 days.

In this paper, we present pollen and grain size results
from a loess section on the northern slope of the Kunlun
Mountains, a continuous, well-preserved record of envi-
ronmental changes of the basin/desert from synchronous
deposits of the desert, to reconstruct the palaeoclimate
history of the latest 5 ka.

Materials and methods

The study section, KMA, locates at 2,850 m a.s.l. on the
third terrace of the Keriya River along a fresh outcrop
(Fig. 1). At a depth of 20 cm, the section can be divided
into two portions. The upper consisting mainly of top-soils
with rich organic matters and bio-holes, and the lower
consisting of massive brownish-yellow loess. As a conse-
quence of altitudinal and climatic contrasts, type of natural
vegetation around the section is mountain desert grassland
consisting dominantly of Ephedra, Artemisia, Ceratoides,
Festuca and Zygophyllum (Wu 1995). There are hulless
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Fig. 1 Location map showing KMA section site (36°14.692' N, 81°43.043’ E) and distribution of eolian facies in the Tarim Basin (redrawn from

Zheng et al. 2003)
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barley (Hordeum) and spring wheat (Triticum) as cultivated
crops, with Populus planted along roads.

The section spans 492 cm in depth. Bulk samples
(weight ca. 200 g each) for grain size and carbonate con-
tent were collected in 2 cm intervals at the upper part while
the lower part below 124 cm depth in 5 cm intervals,
yielding a total of 135 samples. After removal of calcium
carbonate and organic matter, the chemical dispersant
hexa-sodium metaphosphate (NaPOs)s as well as the
ultrasonic machine were employed to completely disperse
the grain size samples (Lu and An 1997; Lu et al. 2002)
before the treated samples were measured with the laser
particle sizer Malvern Matersizer 2000 in the Particle Size
Laboratory of Xinjiang Institute of Ecology and Geogra-
phy, Chinese Academy of Sciences. Grain size parameters
were calculated in the geometric method of moments by
GRADISTAT program (Blott and Pye 2001). Contents of
total organic matters and carbonates were estimated twice
by loss on ignition at 550 and 950°C for 2 h, respectively,
(Dean 1974; Heiri et al. 2001) with absolute errors better
than 1 dw%.

Radiocarbon dating samples, KMA-D1, KMA-D2, and
KMA-D3 were sampled at the depth of 120-124, 328-332,
and 445-447 cm, respectively. The dating data were
obtained by liquid scintillation counting method in the
Radiocarbon Dating Lab of Seismological Bureau of
Xinjiang Uygur Autonomous Region. Radiocarbon ages
were calculated using the Libby half-life of 5,568 years
and calibrated to calendar year (cal yr BP) using Calib
5.0.1 (Stuiver and Reimer 1993; Stuiver et al. 2007) with
the INTCALO4 (Reimer et al. 2004) reference curve, and
calibrated radiocarbon ages are used throughout the paper.

The sampling interval for pollen analysis between the
depth of 0-132 and 132-492 cm is 6 and 5 cm, respec-
tively. Accordingly, 94 samples for pollen analysis were
taken and the temporal resolution can reach ca. 40-
60 years per sample. The pollen samples were treated with
acid-alkaline and heavy liquid flotation. The pollen grains
were distinguished and counted under an optical micro-
scope at a 400x magnification and the average counted
grains was 127 grains with the maximum up to 265 and
minimum 102. Pollen percentages were calculated based
on a sum of all terrestrial pollen.

Results

A total of 26 pollen types were identified from the KMA
section. On the diagram (Fig. 2), pollen spectra was drawn
using the 10 most common taxa (>91% of the total pollen
from each sample), and rare pollen that do not exceed
abundance of 1% in any of the pollen spectra have been
excluded from Fig. 2. Ephedra is the predominant pollen

type in virtually all samples, comprising 16.2-70.9%
(mean 51.9%) of the total pollen sum. Pollen of Cheno-
podiaceae (mean 12.0%), Artemisia (mean 7.3%),
Compositae (mean 5.9%), Ranunculus (mean 5.0%) and
Gramineae (mean 3.4%) is also common. Arboreal pollen
(including Picea, Alnus, Betula, Ulmus, Populus and Tilia)
is a minor component of the pollen record, average 1.9%
per sample with exception between the depths of 0—70 cm.
Artemisia/Chenopodiaceae (A/C) ratio, a moisture indica-
tor due to the former pollen increases and the latter
decreases with decreasing aridity (El-Moslimany 1990),
fluctuate ranging from 0.02 to 1.8 with mean of 0.82. Two
plateaus whose A/C ratio is not less than 1 occur at the
depth of 160-190 and 265-300 cm, respectively.

Mean grain size (Mz) and sand content (P-e3,m) data
derived from bulk samples display large and abrupt shifts
(Fig. 3). Mz values vary from 32.5 to 54.5 pm and P-e3,m
values from 26.25 to 33.78%. The trends of Mz are mostly
parallel to the P.g3,m curve, displaying a noticeable cor-
respondence between them. Furthermore, the Mz and A/C
curves follow a similar pattern between 295 and 392 cm
with high correlation 0.83, and for the whole record the
correlation is relatively significant (correlation coefficient
r=0.51).

Carbonate content, as shown in Fig. 3, shows some
major variations and robust increasing trends in the lower
part 390—492 cm, but commonly remains a higher level of
more than 10% with a slight increase up the section. In
contrast, from the section bottom to the depth of 265 cm
total organic materials (TOM) decrease from ~0.32% to
the minimum 0.16% with several brief excursions, and
followed by a week increasing trend punctuated by three
long-term fluctuations in the upward section.

The chronology is established by linear interpolation
and extrapolation between radiocarbon results (Fig. 2) to
assign age to each sample. The base age of the section is
about 4900 cal years old and a mean sediment accumula-
tion rate of 1.03 mm year™' was determined. Clearly, the
applicable estimation of consistent sediment accumulation
rate may be questioned, particularly to the topsoil and the
depth of 300-265 cm where coarser grain size could alter
sediment accumulation rates. In spite of these limitations,
the calculated ages used in the following provided the best
chronology possible at this time.

Interpretation and palaeoenvironment reconstruction

Loess deposits are transported by wind from the proximal
deserts, and their grain sizes are thus dominantly associated
with the extent of the deserts and wind intensity. Theo-
retically, studies of Pye and his colleague (Pye 1987, 1995;
Tsoar and Pye 1987) show that impact of dust grain size on
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Fig. 2 Pollen percentage and A/C ratio of KMA section. Magnification is used to emphasize to changes in the percentages of the less abundant

taxa

transport distance is notably greater than that of wind
velocity. The maximum transported distance of a dust
particle is inversely proportional to the fourth power of its
grain size, while directly to the wind velocity. Field
observation from Chinese Loess Plateau (Ding et al. 1999,
2005; Yang and Ding 2008) and Alaska (Muhs et al. 2004)
also validated a similar pattern: over a short downwind
distance, sand content in loess abruptly decreases so that
can not be explained by wind intensity, but attribute to
source-to-sink distance of sand-sized particles. Further-
more, wind intensity has no significant variations during
the past 5000 years in the context of glacial and interglacial
cycles (e.g., Kiister et al. 2006; Nagashima et al. 2007). For
sand-sized particles are considerable components of KMA
section (Fig. 3) and their content is dominantly controlled
by the source-to-sink distance, sand content (P-g3,m) Was
employed as an indicator of distance to the Taklimakan
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desert margin. High values of sand contents in KMA sec-
tion are preferred to indicate comparatively close to the
southern margin of Taklimakan desert.

Conventional interpretation of pollen data is usually
based on presences and abundances of the indicator taxa
and on the pollen ratios. The A/C ratio (El-Moslimany
1990) has been widely applied as a moisture indicator to
the pollen spectra from arid regions (e.g., Herzschuh et al.
2004; Sun et al. 1994; Zhao et al. 2008b) to reconstruct
changes in the local precipitation in that Artemisia is an
important steppe component whereas Chenopodiaceae
characterizes the desert vegetation. Sun et al. (1994) and
Yu et al. (1998) proposed that Chinese desert areas yield
A/C values below 0.5, and steppe more than 1. Combined
with other proxies such as Gramineae and TOM content,
A/C ratio provides a possibility for reconstructing moisture
condition of the highland on the Kunlun Mountains.
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(Mz, mean grain size; P-g3,um, (cm) (LOL dw%)  (LOL dw%) GCramineae A/C ratios (cal. yr BP)
sand content; TOM, total 02 04 5 10 0 5 10 05 15
organic materials) and 0 = ‘ L1 L L L 1 | —0
environmental stages named f—
I-VI from result of constrained —
clustering of KMA section - = -
100 — = —1000
200 — = —2000
300 4 = _ 3000
400 — —_— — 4000

If valid, the general climatic trends in both the south
margin of the Tarim basin and the highland of Kunlun
Mountains could be inferred from the proxies. The Mz and
P_63,.m records exhibit a gentle decrease with the exception
of several brief periods of increase up the section, reflecting
the Taklimakan Desert margin slightly retreat punctuated
by transient, but significant advances during the past
5000 years. In contrast, the similar decrease in the A/C
ratios up the KMA section indicates that moisture on the
Kunlun highland lessened occurring over the same period.
This long-term trends in the section locality toward drier
conditions also expressed by a ~10% rise in carbonate
content with most of the change occurring prior to
4000 cal yr BP. This most pronounced dry trend around
4000 cal yr BP probably be counterpart of the major
enhanced aridity following the wet mid-Holocene in west
part of Chinese Loess Plateau (Feng et al. 2004), in the
Inner Mongolia Plateau except in the deserts (An et al.
2006), and even in arid central Asia (Chen et al. 2008).

The detailed environmental subdivisions named stage
I-VI from bottom to top (Fig. 3) in the KMA section were
established on the base of the proxies in Fig. 3 by the
means of stratigraphically constrained clustering using the
DPS program (Tang and Feng 2006).

Stage I (492-395 cm, ca. 4900-3950 cal yr BP). During
this interval proxies of KMA section are primarily

characterized by temporal and high-amplitude variations.
Before ~3950 cal yr BP, although with sharp fluctuations,
A/C slightly higher than mean value of entire section
shows relatively more precipitation occurred at section
locality. This wet condition is supported by relative higher
TOM content and Gramineae in pollen spectra, as well as
lower carbonate content. It is estimated from carbonization
layers and snail horizons in sand-loess deposits by
Wen and Qiao (1992) that temperature was 1°C higher
and precipitation 50-100 mm more than presently ones
from a highland in western Kunlun Mountains at
~4550 £ 230 yr BP (uncablirated age). However, the Mz
which stayed at higher values and punctuated by abruptly
increases suggested high intensity of sand drift activity in
Taklimakan desert and shift southward of the desert. This
interpretation is held out by the increasing sand content. As
it is mainly transported by wind in saltation, higher sand
contents indicated a shorter distance from the section to the
southern margin of the desert. This unstable period may be
a transition from the Holocene Optimum to late Holocene
in this region.

Stage II (395-300 cm, ca. 3950-3050 cal yr BP). Val-
ues of Mz, and sand content which fluctuate at the mean
levels of entire section, indicate that the sand activity from
ca. 3950-3050 cal yr BP was rather stable with a brief
advance-retreat cycle of the desert margin. Similar patterns
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are observed from the TOM and A/C curves: a steady
background interrupted by a temporal excursion with
higher TOM and A/C values suggesting a moisture shift in
situ. These antagonizing interpretations from KMA records
may be implying that two completely different conditions
coexist between the southern margin of the Taklimakan
desert and the KMA locality, a highland on the Kunlun
Mountains.

Stage I (300-260 cm, ca. 3050-2600 cal yr BP).
Maximum sand activity in southern margin of the Takli-
makan desert is indicated by grain size parameters between
ca. 3050 and 2600 cal yr BP, and coincident increases in
A/C ratios and Gramineae pollen suggest that the local
climate became wetter. This event is in good agreement
with the pervasive records in central Asia which correlate
with Holocene Event 2 in North Atlantic (Bond et al.
1997), such as an abruptly increased climatic aridity at
3100 yr BP on the southern Loess Plateau (Huang et al.
2002), desiccation of Eastern Juyanze Lake between 3.2
and 2.9 cal kyr BP (Mischke et al. 2003), and an abrupt
shift from warm-dry to cool-wet climate recorded in Gun
Nuur, northern Mongolia (Wang et al. 2004). Mz and sand
content are the highest in the section that display an
expansion maximum of the Taklimakan desert and reflects
the closest proximity from the section to the desert. At the
section locality, as a contrast to the southern margin of the
desert, A/C ratios are remarkably high and point to a long-
lasting humid intervals. Different from the two previous
periods, TOM reaching its minimum level does not show
similar pattern to the fluctuations of A/C ratios and
Gramineae pollen percentage. One reason for this could be
that blooms of sand activity existed in the desert margin
resulted in high accumulation rates of eolian dust in the
section and diluted the coeval Gramineae pollen sedi-
mentations during this period.

Stage IV (260-175 cm, ca. 2600-1750 cal yr BP). In
general, during the period the KMA section area is under a
stepwise drying condition indicated by decreasing A/C
ratios and lower percentage of Gramineae pollen, and
correspondingly in the southern margin of Taklimakan
desert, the sand drift activity was restrained as shown on
comparably stable Mz value and sand content. Only before
this interval terminated, about 1800 cal yr BP, values of
Mz, sand content, TOM and A/C ratios increased signifi-
cantly, thereby indicating that sand drift activity of the
desert recovered and effective moisture of the KMA sec-
tion areas raised.

Stage V (175-64 cm, ca. 1750-640 cal yr BP). Except
of carbonate content, all proxies during this period show
comparatively low values and are punctuated by a positive
excursion lasting from 1300 to 1200 cal yr BP. In terms of
southern margin of the desert, lower values of grain size
mean weaker sand drift activity, and the positive shift
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relate to relative robust sand drift activity. After
1200 cal yr BP, Mz and sand content curves almost reach
the minimum and last for 100 years or more, meaning the
desert retreat in this interval. And then, at about 900 cal yr
BP the Mz and sand content curves restore to the level
slightly lower than the section mean values. A/C ratios
showing changes of moisture of the section locality con-
firm a similar change with the Mz, and thus display a
palaeoclimatic process that antagonize ones existed in the
southern margin of the desert: since about 1800 cal yr BP
the KMA section locality was drying gradually and cul-
minated around 1200 cal yr BP, and then approached to the
entire section average level.

Stage VI (64-0 cm, 650 cal yr BP to present). This
interval is corresponding temporally to the Little Ice Age.
A typical introduced tree by recent human activity, Popu-
lus pollen appeared only above the depth of 62 cm, close to
the base of this Stage. TOM contents above mean value
and relatively higher Gramineae pollen percentages may
support the interference of agricultural activities on sedi-
ments in KMA section locality. Thus, samples collected
from top of the KMA section would be representative of
the influence of anthropogenic activities, which may
occasionally almost entirely mask the regional environ-
mental information.

Discussion

Previous results showed a consistency of climatic changes
between the southern margin of the desert and the high-
lands of Kunlun Mountains. What is more, some authors
regarded the climatic records from the Guliya ice core
located on the southern slope of Kunlun Mountains as a
substitute of those of Xinjiang Region (e.g., Wang et al.
2001). For lack of a clear boundary of study area, the
reconstructed palaeoclimate in the southern Tarim Basin
would be overinterpreted, these conclusions or hypothesis,
furthermore, are not supported by out data. As shown in
Fig. 3 and mentioned above, the A/C ratio, which recorded
moisture condition of the section locality, has positive
correlation with mean grain size, a proxy of the intensity of
sand drift activity in the southern desert. These observa-
tions suggest a crude simultaneity but opposition of
environmental change between the section locality and the
southern margin of the desert throughout the past
5000 years: an active time of sand drift in the southern
margin of the Taklimakan Desert meets a wet time of the
section locality; on the other hand, dry periods of the
highland of Kunlun Mountains correspond to intervals of
relatively stable sand activity in the desert margin.

Here a previously ignored question arises about linkages
between the southern margin of the desert and the highland
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Fig. 4 Correlation coefficient
between the summer
precipitations in 82-82.5°E
from 1958-2000 and the
vertical velocity of 1000—
300 hPa (TP Tibetan Plateau;
TB Tarim Basin; 7S Tianshan
Mountains) (Modified from
Feng et al. 2005)

Pressure (hPa)
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on the Kunlun Mountains. The importance of the answer to
the question not only lies in understanding of and better
predicting trends of environmental changes in the Tarim
Basin, also may improve the knowledge about the
dynamics of moisture distribution vertically between the
southern margin of the basin and the Kunlun highland.
Recently, an opposite relationship between moisture at low
and high elevations of the southern slope of Qilian
Mountains (Zhao et al. 2008b) is reported and is interpreted
as results of the interactions between subsiding air flow and
monsoon-induced precipitation into the Qaidam Basin:
uplifting air in the surrounding Qilian Mountains causes
the air subsidence to extend into the Qaidam Basin. Dif-
ferent from the Qilian Mountains and Qaidam Basin, the
central Tarim Basin is independent of East Asia summer
monsoon system. So, the mechanisms for our study area
need re-analyses.

Modern meteorological data may help to answer the
question. Feng et al. (2005) discussed the correlation
between summer precipitation and vertical velocity of
1000-300 hPa in 80°-82.5°E from 1958-2000 (Fig. 4)
based on the NCEP/NCAR reanalysis data (Kistler et al.
2001). The obtained results could be available for reference
in answering our question: the correlation coefficients of
southern Tarim Basin and the northern slope of Kunlun
Mountains are over or slightly less than 0.6 (Fig. 4) with a
confidential level of 0.001. As to the KMA section area,
when the dry air of NE and NW winds converge at the
lower reaches of the Keriya River, they are too dry to form
rain; later, they move southward and recharge moisture
from the relatively wet mountains, and thus clouds and
rain, often heavy, occur when they are severely forced to
rise over the Kunlun Mountain range. In consequence,
moisture difference exist between the southern margin and
the highland of Kunlun Mountains, and enlarge when
stronger winds occurred in the southern basin: stronger
winds bring stronger ascending air in highland leading to

30 40 45 50°N

heavier rains. The former result in coarser particle depos-
ited in KMA section and the latter relate to the higher A/C
value.

Concluding remarks

A decades-resolution time series since ~ 5000 cal yr BP is
established for a loess section KMA from Kunlun Moun-
tains based primarily on grain size parameters and pollen
data. It provides a chance for plowing further details and
causes of Holocene environmental history in Tarim Basin.
Significant increase in carbonate content in KMA section
implies a remarkable drying transition around 3900 yr BP
in the section locality, and from then on, this dry condition
remains as a background with minor wet oscillations. A
high correlation between mean grain size and A/C ratio of
pollen suggests a previously unrecognized pattern of
moisture: the wet intervals in highland of Kunlun Moun-
tains correspond to relative dry periods in southern margin
of Tarim Basin. This moisture pattern would be results of
the vertical variations of regional precipitation from the
basin to the section locality.
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