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Abstract: We present the first quantitative estimation of monsoon precipitation during the late
glacial-Holocene in the sandy land of northern China, based on organic carbon isotopic
composition data from a loess-sand sequence at margin of the Mu Us sandy land. We use the
relationship between monsoon precipitation and the carbon isotopic composition of modern
soils as an analogue, with a minor modification, to reconstruct precipitation back to c. 47 ka
ago. The preliminary results indicate that annual monsoon precipitation was high after 8 ka,
with an average of 435 mm; and it decreased during 18 and 8 ka with a mean value of 194
mm. The precipitation value of 47-18 ka varied between the two. We compare the recon-
structed precipitation with other records and paleoclimatic modeling results, showing that our
record agrees with reconstructions of the monsoon precipitation from other sources, even
capturing short climatic events such as the Younger Dryas. We suggest that solar irradiance,
high-latitude temperature/ice volume and local evaporation have together modified moistures
in the sandy land.

Keywords: quantitative reconstruction; organic carbon isotopic composition; precipitation; Mu Us sandy land;
Asian monsoon

1 Introduction

To obtain quantitative estimates of past climatic change is an important goal of the paleo-
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climatic research, essential for testing paleoclimatic modeling output, understanding forcing
mechanisms of climate change, and predicting future climates. Various quantitative methods
have been developed for depositional records, the most widely used approach being transfer
functions based on data collected from terrestrial deposits (pollen, diatoms, insects, mollusks,
etc.) or marine sediments (foraminifera, diatoms, dinoflagelates, etc.) (Guiot et al., 2000). In
a sense, it is much more difficult to obtain quantitative paleoclimate reconstructions from
terrestrial sediments because the relationship between proxy indicators and climate parame-
ters varies from region to region (Mosbrugger and Utescher, 1997).

In recent years, several methods have been applied toward the quantitative reconstruction
of paleoprecipitation in Chinese Loess Plateau, including magnetic susceptibility (Heller et
al., 1993; Maher et al., 1994; Liu et al., 1995; Xia et al., 2012), geochemical transfer func-
tion (Sun et al., 1999), organic carbon isotopes (Ning et al., 2008), and opal phytoliths (Wu
etal., 1994; Lu et al., 1996). However, the results have not been consistent between methods
(Bloemendal and Liu, 2005). It is widely accepted that plant assemblages provide one of the
best paleoclimate proxies in the terrestrial environment. Soil organic matter is derived from
plants, and the plant 5'3C is clearly linked to precipitation (Stewart et al., 1995; Schulze et
al., 1996; Wang et al., 2003; Liu et al., 2005a), therefore, the S1C of organic matter may be
among the most powerful proxies for reconstructing past vegetation and climate (Cerling et
al., 1989; Quade et al., 1989). There is a long history of applying organic carbon isotopic
composition of the loess to reconstruct the past environment changes (Lin et al., 1991; Hatté
et al., 1998; Gu et al., 2003; Liu et al., 2005c; Rao et al., 2006). Recently, the organic car-
bon isotopic composition was also studied in dune fields of northern China (Lu et al., 2012),
however, a quantitative estimation of monsoon precipitation based on organic carbon iso-
topic composition in these sandy land areas has not been undertaken.

A relationship between 8*3C of organic carbon in loess and precipitation was developed to
quantitatively reconstruct paleoprecipitation of the last glaciation at the Nussloch region in
Europe (Hatté et al., 1998, 2001). The relationship between the organic carbon isotopes
(8"Croc) in soil and mean annual precipitation (MAP) in the East Asian monsoon area has
also been investigated, and a preliminary transfer function has been developed (Ning et al.,
2008). This research provides a basic tool for using the organic carbon isotopic composition
to reconstruct the past climate changes.

The Mu Us sandy land is located to the north of the Chinese Loess Plateau, where the
climate is controlled essentially by the Asian monsoon circulation, but with large wet and
dry variations, which resulted in past changes in dune activity and vegetation type. A quan-
titative estimation of late Quaternary precipitation in this region has not been reported. In
this study, we aim to quantitatively reconstruct the paleoprecipitation in this region, based on
the analysis of organic carbon isotopic composition. This is the first test of the use of carbon
isotopes to quantitatively reconstruct the monsoon precipitation during the late Quaternary
in drylands at the monsoon region margin.

2 Sampling and methods
2.1 Sampling and analysis

A loess-sand section at Zhenbeitai (ZBT) (38°20'22"N, 109°44'12"E) in the transitional zone
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between the Chinese Loess Plateau and the Mu Us dune field was sampled (Figure 1). Mean
annual precipitation (MAP) at the study site is 401 mm, most of which (c. 87%) falls during
the growing season (April-September), the annual precipitation variability and monthly pre-
cipitation variability of the past 60 years is about 20.63% and 80.12%, respectively. The
mean annual temperature (MAT) is 8.4°C.
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Figure 1 Location of the study site at Zhenbeitai. The yellow shaded area indicates loess cover, while deserts
are indicated by light yellow shade. Present mean annual precipitation is shown in green

The ZBT section is composed of distinct alternations of sandy loam soils and eolian sandy
loess or sand units (Figure 2). More detailed lithosphere is shown in Table 1. After excavat-
ing a 30-40 cm trough to avoid surface contamination, vertical sections were sampled based
on stratigraphic observations in the field. In order to minimize the influence of modern
vegetation, we begin to sample at a depth of 20 cm. Six OSL samples were collected by
hammering stainless steel tubes into cleaned vertical sections and sealing with black plastic
bags to avoid light exposure and moisture loss. Samples for organic carbon isotope analysis
and magnetic susceptibility analysis were taken at each 10 cm interval from the top to a
depth of 17.3 m, for a total of 174 bulk sediment samples.

In the laboratory, each OSL sample was pretreated with H,O, (30%) and HCI (10%) to
remove organics and carbonates, respectively, then rinsed and wet-sieved to select the
90-125 pum grain size. Etching using HF (40%) for 40 min to remove feldspars was fol-
lowed by re-sieving. All OSL paleodose measurements were undertaken at Nanjing Univer-
sity using a Riso TL/OSL-DA-20C/D reader under the Single Aliguot Regenerative protocol
(Murray and Wintle, 2000). The environmental dose rate was calculated from the U, Th and
K concentrations, measured by neutron activation analysis (NAA) and inductively coupled
plasma mass spectrometry (ICP-MS) inductively coupled plasma atomic emission spec-
trometry (ICP-AES).
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Figure 2 Lithology, OSL dating ages, 613C0rg, magnetic susceptibility (MS) and estimated precipitation of the
ZBT loess-sand section. Data of upper part (younger than ~20 ka) of this section has been reported in Lu et al.

(2013)

Table 1 The detailed lithology of the ZBT section

Depth (m) Lithosphere description
0-0.6 Loosely yellowish brown sandy loam soil, some grass roots can be observed
0.6-1.2 Compactly light-yellow sandy loess
1.2-3.0 Compactly grayish-black sandy loam soil, worm and insect burrows are frequent
3.0-3.8 Compactly reddish-black fine sand
3.8-5.0 Loosely light yellowish-brown coarse silt
5.0-7.0 Loosely yellowish-brown sand, a sedimentary hiatus seems to occur below this layer
7.0-8.6 Compactly light-yellow sandy loess
8.6-12.8 Loosely grey-yellow sandy loess
12.8-15.0 Loosely grey-brown sandy loess
15.0-16.3 Compactly dark red sandy loam soil
16.3-17.3 Loosely grey-brown sandy loess
17.3— The base is not found

For organic carbon isotope analysis, all samples were sieved to <250 pum after being dried

for 48 h at 40°C, in order to remove coarse grains and small plant fragments. Each sieved
fine portion was ground to 200-mesh with an agate mortar. Carbonate was removed by add-
ing 10% HCI and repeatedly rinsing with distilled water (till pH=7). The soil samples were
finally dried at 50°C for isotopic analyses. The carbon isotope composition was determined
with an isotope ratio mass spectrometer (Delta Plus; Finnigan MAT) in State Key Laboratory
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of Lake Science and Environment, Chinese Academy of Sciences. Carbon isotopic data is
expressed as 5°°C, with 8*C=(Rsample/Rstandara)—1, Where R is the **C/**C ratio and standard is
the Vienna Pee Dee Belemnite standard. Magnetic susceptibility (MS) was measured by
Bartington MS2 magnetic meter.

2.2 Method of precipitation reconstruction

Soil organic matter is derived from plants, with little isotopic discrimination (Cerling et al.,
1997; Huang et al., 2001). Since the plant composition is mainly controlled by precipitation
in this region (Liu et al., 2005a, 2005b; Chen et al., 2006; Yao et al., 2011), precipitation and
8"3C of soil organic matter should be related. Although a relationship between §3C and
rainfall was quantitatively reconstructed for Nussloch (Hatté et al., 1998, 2001), only C;
plants grew in the cool high latitude setting of that study, and the same relationship cannot
be applied to warmer and drier middle latitude regions where C, plants are common. Ning et
al. (2008) had developed an empirical relationship between 813C0,g and precipitation based
on the plant and surface soil of the Chinese Loess Plateau, where the mean annual precipita-
tion of the study area has varied between 240 mm and 700 mm during the past ten years. The
model was applied to Lantian and Weinan sections in the southern Chinese Loess Plateau,
and yielded precipitation of 360-792 mm and 348-845 mm during the last gla-
cial-interglacial cycle, respectively. Our study section is close to the surface soil sampling
sites that Ning et al. (2008) studied, and all the sites are dominated by the Asian monsoon
circulation, therefore, we initially estimated the precipitation by using this model (Ning et
al., 2008):

R = [SQRT(7.17%x10%+25.7x §"*Croc)—6.60]/1.29%107%) (1)
where R represents the annual precipitation. The function was originally expressed as fol-
lows:

8"Cr0c=F5"C4+(1-F)5"C5 (2)
where §**Croc is the §**C value of the soil organic matter (%o); 5°C4 and §*°C; are the §**C
values of C4 plants and C; plant, respectively (%), and F is the proportion of C4 plants in a
given ecosystem. For §'3C, and §*°C;, the 8*3C values of both vary negatively with the mean
annual precipitation. The functions can be express as:

§13C5 = —0.00916x — 22.902 (3)

8'3C,4 = —0.0044x — 10.307 (4)

where x is the mean annual precipitation. As for F, it has been demonstrated that there was a
linear relation between the C,/Cs ratios of soils and annual precipitation (An et al., 2005).

F =0.00135R - 0.261 (5)

So, equation (1) was got by combining equations (2)—(5). However, when initially applying

this function to our isotopic sequence, necessary correction was needed, because our study

site is at edge of the region where the above surface sample was taken, the precipitation may

be different from that in central and southern Chinese Loess Plateau, thus, we added a con-

stant 0.86 (modern precipitation of ZBT divided by average precipitation of surface sample

sites) to modify this function, and obtained a transfer function as following:

R= [SQRT( 7.17x10%+25.7x §"*C1oc)—6.60]/1.29x102 x 0.86 (6)

It should be said that considerable uncertainty remains in this transfer function. It should

be kept in mind that the transfer function itself is based on several assumptions, each of
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which can result in uncertainty (Guiot et al., 2000).

3 Results

Dose rates and OSL data are shown in Table 2 and Figure 2. The age at the base of the sam-
pled section is 46.78+3.61 ka, the youngest age is 2.38+0.16 ka at depth of 1.2 m. We con-
structed the time scale of this aeolian sediment sequence by linearly interpolating the age of
each sampling level between the OSL ages and assuming the age of the surface of this sec-
tion is 0 ka. Thus, we obtained a time scale for the 5*C variation (Figure 2).

Table 2 Dose rate and OSL ages for samples from the ZBT section

Sample Depth Water
No. (cm) (%)

Aligouts

Lab.N Num.

K (%) U/ppm Th/ppm De(Gy) Dose rate Age (ka)

NJU221 zbtl2m 120 225 2.13+0.04 2.09+0.09 10.6+0.32 7.92+0.28 3.34+0.18 20 2.38+0.16
NJU222 zbt3m 300 1.29 2.26x0.04 1.00+0.06 4.67+0.18 20.18+1.16 2.82+0.13 16 7.15+0.53
NJU223 zbt5m 500 0.28 2.33+0.04 0.39+0.04 2.11+0.12 35.89+2.82 2.58+0.11 16 13.91+1.23
NJU224  zbt7m 700 0.36 2.28+0.04 0.83+0.05 3.10+0.14 48.50+5.30 2.67+0.12 16  18.14+2.14
NJU225 zbtl5m 1500 3.57 1.89+0.04 2.16+0.09 10.5+0.30 133.00+6.32 2.94+0.17 16  45.30+3.44
NJU226 zbtl6.3m 1630 4.56 1.79+0.03 2.10+0.08 8.60+0.26 125.12+6.43 2.68+0.15 14 46.78+3.61

The stable carbon isotopic composition (5*3C) in organic matter and magnetic susceptibil-
ity from the ZBT section are shown in Figure 2. The 5*3C signal shows three different phases.
In the oldest part, from 46.78 to 18.14 ka, the 5*3C values progressively increase from
—23.5%0 to —23%o. Between 18.14 and 7.15 ka, the 6'°C value is low, at around —25%o, and
during the last 7.15 ka, the 5*3C signal shows the mean values around —22%o. Magnetic sus-
ceptibility shows the same trend as the 5"°C, except a large fluctuation around 2.38 ka to
7.15 ka, with a maximum value of 168x10® m® kg™. Values before 18.14 ka are almost con-
stant with a mean around 32.9x10® m® kg™*. Data of upper part (younger than ~20 ka) of this
loess-sand section has been reported (Lu et al., 2013); in that paper the relationship between
the monsoon intensity and atmospheric CO, was discussed, the topic differed from this
study.

4 Discussions
4.1 Reconstruct precipitation from soil organic carbon isotopic composition

The estimated precipitation is shown in Figure 2. It ranges from 63 to 479 mm from 47 ka to
the present, with an average of 312 mm, the maximum value was observed in the last 2.3 ka
and a minimum in the deglacial period. Variation of the estimated precipitation shows the
same trend as the 8'3C sequence. Precipitation between 47-26 ka was relatively high and
ranged from 181 to 358 mm, with an average of 309 mm. The precipitation between 26 ka
and 18 ka ranged from 131 to 418 mm, averaged 338 mm. The lowest precipitation, ranging
from 63 to 363 mm, with an average of 194 mm was found between 18 ka to 8 ka. Since ~8
ka, the precipitation is high, with a mean value of 435 mm. Compared with the modern pre-
cipitation (401 mm), the average since 8 ka is higher by ~34 mm, the period of 8-18 ka is
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lower by ~207 mm, the period of 18-26 ka is lower by ~63 mm, and the period between
47-26 ka is lower than the modern by ~92 mm.

There have been several studies that presented quantitative estimates of the past precipita-
tion in the Chinese Loess Plateau, finding that precipitation in the early Holocene was up to
25% higher than at present, and during the last glaciation was lower than the present by
~25% (Mabher et al., 1994; Heller et al., 1993). Based on opal phytolith analysis, the pre-
cipitation in the Holocene was higher than the modern by ~200 mm, and lower than the
modern by ~240 mm during the last glacial maximum (LGM, 26-16 ka) at the Weinan site
(Wu et al., 1994). A geochemical transfer function indicates that Holocene precipitation in
Weinan was above 700 mm, while it was less than 200 mm in the LGM (Sun et al., 1999).
Recently, our research (Yu et al., 2013) found that the precipitation in the LGM decreased by
180—350 mm to the modern, and increased by 100-200 mm to the modern in the Holocene
Optimum (HO, 9-5 ka) around our study area, using the sediment analysis and pollen as-
semblage. All of these results are very close to our results, taking into account the regional
precipitation gradient. However, it is difficult to assess which method is the best, because
each transfer function has its own drawbacks (Guiot et al., 2000). For instance, the boundary
conditions are not always the same between modern conditions and the past, proxies used in
the transfer function are not necessarily in equilibrium with the present climate, and the un-
derlying physical processes in-
volved in the proxy data are not di- g 500,
rect. Compared with other quantita- 5 400-| -
tive methods, the major advantage - 590 ol
of the method we used is that the g '
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struction of monsoon precipitation is broadly similar with the 5'®0 records of stalagmites
and Northern Hemisphere (65°N) summer isolation, although the correlation is not signifi-
cant, suggesting that the 8**C reconstruction is capable of capturing past climatic fluctua-
tions at both the orbital and millennial time scales. However, our record shows some incon-
sistent with other two records from low latitude, especially before 18 ka, when our record is
high and the other two records are low.

The generally good correspondence of precipitation changes with Northern Hemisphere
65°N summer isolation suggests that the precipitation was mainly forced by changes in or-
bital parameters. Summer insolation variation changed the continent-ocean thermodynamic
contrast, and thus enhanced or reduced the summer monsoon intensity. In detail, the humid
conditions inferred from the ZBT record in the HO agree with other records in East Asia
(Figure 3). For the deglacial period, all records exhibit increased summer monsoon intensity
and reduced winter monsoon strength, suggesting a progressive warming. Moreover, some
dramatic fluctuations especially the Younger Dryas (YD) cold event can be identified in the
ZBT precipitation reconstruction. This clearly supports the conclusion of Liu et al. (2013)
that high-latitude temperature changes have forced the wed/dry changes in the monsoon
marginal region, and provide more evidences between the high- and low-latitude linkage in
Northern Hemisphere.

However, the discrepancies between our result and others should also be noted. At around
18-21 ka, our reconstruction shows that precipitation was relatively high and varied from
131 to 418 mm, with average of 355 mm, while strong winter monsoon activity recorded by
other records indicates a dry phase. Inconsistencies can also be observed in the period 10-7
ka, when other records reveal a wet climate but it was dry in our research area. This conflict
has been interpreted as the result of enhanced subsidence in drylands north of the monsoon
core, together with greater than modern evapotranspiration (Lu et al., 2005; Mason et al.,
2009).

In addition, climate simulations also provide some results that help interpret climate
changes in East Asia from the LGM and the HO. In LGM, the simulations based on Paleo-
climate Modeling Intercomparison Project (PMIP) indicate that the monsoon was strength-
ened north of 30°N but weakened to the south of that latitude in East Asia, and 14 models
chosen in the study consistently simulated a weaker than present East Asian summer mon-
soon during the LGM, with an average weakening of 25% (Jiang and Lang, 2010). Annual
precipitation and evaporation during the LGM were about 25% less than the present in this
area (Jiang et al., 2011). Given that the present precipitation of 401 mm, the simulated 25%
less yields a value of about 301 mm, which is about 37 mm less than our reconstruction of
338 mm. In the HO, based on the PMIP, the mid-Holocene East Asian monsoon intensity
increased by 32% relative to the present level (Jiang et al., 2013). Converted to precipitation,
this yields a value of about 529 mm, about 94 mm more than our result of 435 mm during
0-8 ka. These differences reflect the need for additional improvement of the accuracy of
both of the data reconstruction and the numerical modeling.

However, the differences between our reconstruction and simulation results are relatively
small given the uncertainties of both models and our preliminary results, and quantitatively
they are the same in terms of the direction of change at various times, suggesting that our
8"Croc reconstruction is helpful in understanding the monsoon precipitation behavior in the
snady land region.
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5 Conclusions

The East Asian monsoon precipitation over the past 47 ka was reconstructed using organic
carbon isotopic composition of aeolian depsoit. Our results suggest that the precipitation was
relatively higher from 47 to ~26 ka, ranging from 181 to 358 mm with an average of 309
mm. For 26-18 ka, the reconstructed precipitation has an average of 338 mm. It has an av-
erage of 194 mm in the deglacial period; the precipitation is relatively higher and has a mean
value of 435 mm since ~8 ka. This is the first to use the carbon isotopic composition of the
aeolian sediments to reconstruct the past precipitation changes in the snady land in northern
China; uncertainty existed and a further research needs to improve the precision.
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