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Abstract  Lake Sugan at the northern edge of the Qaidam 
Basin was selected as the research object. The temporal se-
quence of sedimentary cores retrieved from Lake Sugan 
since 2 kaBP was reconstructed using the 210Pb, AMS 14C and 
conventional 14C dating methods. Carbon and oxygen iso-
topes of carbonate in the fine-grained lake sediments were 
analysed. Combined with the changes of δ 18O values of sur-
face water and air temperature observation data in the study 
area, it might be thought that the δ 18O value of the carbon-
ate indicates effective moisture, and the changes in δ 13C val-
ues are related to annual freeze-up duration of the lake and 
indirectly indicate air temperature changes in winter half 
year. From the above, the sequence of climatic changes in the 
region since 2 kaBP was established. The climatic changes 
experienced five stages: Warm-dry climate during 0－190 
AD; cold-dry climate during 190－580 AD; warm-dry cli-
mate during 580－1200 AD (MWP); cold-wet climate during 
1200－1880 AD (LIA); cold-dry climate during 1880－1950 
AD; and climate warming since 1950s. The air temperature 
changes in winter half year reflected by carbon isotope since 
2 kaBP are in good agreement with the historical literature 
records and other geologic records, which shows that the 
climate changes recorded by the stable isotopes from Lake 
Sugan since 2 kaBP are of universal significance. 
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The time interval since 2 kaBP is an important “time 
window” to link up geologic records, instrumental data 
and literature data, and further to predict the future 
changes of human living environment. Therefore, it has 
long been one of the important time intervals in the study 

of the past global changes (PAGES). Over the past many 
years, the high-resolution climatic changes sequence was 
reconstructed by using the climatic information recorded 
by ice cores[1－3], tree rings[4], lake sediments[5,6] and his-
torical literatures[7－11] since 2 kaBP. Moreover, chara-  
cteristic climatic stages such as the Medieval Warm Period 
(MWP), the Little Ice Age (LIA) and the warming in the 
20th century were identified. The Qaidam Basin, located 
in the northeastern part of the Tibetan Plateau, with an 
area of 121000 km2, is one of the typical arid regions in 
the interior of China or even in Asia. Owing to the limita-
tion of sedimentary strata, the previous researches of pa-
laeoclimatic changes in the Qaidam Basin have two fea-
tures: one is selecting saline lakes as the research objects 
and the other is concentrating on the low-resolution cli-
matic reconstruction on long timescale during the Quater-
nary[12－17]. In addition, no reports of Holocene palaeocli-
matic research were available, especially high-resolution 
climatic changes since 2 kaBP in the region. In view of 
this, the sediments of Lake Sugan at the northern edge of 
the Qaidam Basin were employed to reconstruct the cli-
matic changes sequence since 2 kaBP in the region with a 
resolution of 50a by means of stable isotopic geochemistry. 
The climatic changes history was discussed and compared 
with other relevant records. This paper provides some 
basic data for further understanding the aridification his-
tory and the climatic changes in the characteristic periods 
since 2 kaBP in the Qaidam Basin and northwestern China, 
and it will contribute to a profound understanding of the 
palaeoclimatic implications of carbon and oxygen isotopes 
of lacustrine carbonate.   
1  Materials and methods 

The Sugan Lake basin (38°51′N, 93°54′E) is a closed 
depression mosaic in the Qaidam Basin (Fig. 1). Its relief 
is high in the east and low in the west, with an elevation 
varying between 2800 m and 3200 m a.s.l. Mean annual 
temperature in the western part of the basin is 2.75℃, 
annual precipitation 18.7 mm and annual potential evapo-
ration 2967.2 mm, indicating the hyperarid zone. Vegeta-
tion in the basin is sparse and there are grasslands to the 
east of the lake, where groundwater seeps out. Other re-
gions mostly exhibit a desert landscape, such as gobi, 
sandy gravel land and sandy land. A large part of the re-
gion is sparsely populated and only Kazak people herd 
their livestock there. Lake Sugan as a closed lake is the 
confluence center of surface water and groundwater and 
also the base level of groundwater cycle. The nourishment 
water of the basin mainly comes from the two rivers, the 
Big Harteng River and the Small Harteng River in the 
eastern part of the basin. After reaching the gobi zone of 
the piedmont plain, the river water entirely infiltrates into 
the 8－15 km wide subsurface layer, then it rises to the 
surface as spring water in the fine earthy plain to the east 
of the lake and forms rivers to recharge the lake. Lake 
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Sugan has an area of 103.68 km2, its mean water depth is 
2.5 m, and the water at its sedimentary center is about 5 m. 
Mean salinity of modern lake water is 31.83 g/l, belonging 
to Cl-SO4-Na-Mg chemical type, with a pH value of 8.5 
and an electrical conductivity of 2.18 m/s (25℃). The lake 
water has a higher HCO3− content and Mg2+/Ca2+ ratio, 
and they are 683.5 mg/l and 21, respectively. The data of 
boreholes drilled from the Mahai Lake to the south of the 
Sugan Lake basin reveal that Lake Sugan had been closed 
since the late Pleistocene[18]. Accordingly, Lake Sugan is 
an ideal site for the research of Holocene climatic changes 
in the region. 

ties were calculated and then used for the analyses of 210Pb 
and 137Cs. Owing to lack of terrigenous organic remains in 
the sediments of Lake Sugan, the seeds of submerged 
plants Ruppia maritima in the lake were used for the 
analysis of AMS 14C age. A total of 36 surface samples of 
the lake sediments were collected using the GRAB driller, 
with a drilling depth ranging from 3 cm to 5 cm. In Janu-
ary 2002, 16 surface water samples were collected in the 
basin, including one snowfall sample, one river water 
sample, one spring sample and 13 lake water samples. In 
addition, two snowfall samples were collected at 
Liushaping in the central part of the Qaidam Basin and the 
Dachaidan Town. These snow samples represent the same 
snowfall process. 

In December 2000, five cores were drilled in the sedi-
mentary center of Lake Sugan with the Piston corer. The 
boreholes SG001227-C, SG001227-D and SG001227-E 
were parallel holes (38°51.19′N, 93°54.09′E), with a water 
depth of 4.6 m. The SG001227-C core has a drilling foot-
age of 8.52 m and the core length is 8.34 m. The 
SG001227-D and SG001227-E cores are short-hole drill-
ing and their depths are 3.0 m and 1.2 m, respectively. 
After lifting up the core, both ends of the sampling tube 
were sealed using adhesive tape. From bottom to top, the 
SG001227-C core consists of grayish white silty clay at 
the depth of 852－473 cm, alternately gray-white lami-
nated clay at the depth of 473－178 cm, and dark gray 
silty clay at the depth of 178－0 cm. The core shows a 
good sedimentary continuity and no depositional breaks 
are found. For the sample division, the length of the 
SG001227-C core was calibrated to the actual drilling 
depth and its surface 1－2 mm polluted layer was scraped 
off. Then it was cut into 785 pieces of samples at 1－2 cm 
interval. They were oven-dried to constant weights at   
60℃ and weighed. The SG001227-E core was cut at 1 cm 
interval and oven-dried at 110℃. Their dry bulk densi- 

The modern sedimentation rate of the lake was deter-
mined by the 210Pb and 137Cs dating. 5 g oven-dried sam-
ple was weighed, picked out organic remains and then 
ground to pass 100-mesh sieve. The ground samples were 
placed into a 5ml cylindrical plastic tube and the determi-
nation was conducted using the γ spectral analytical sys-
tem consisting of 16k multichannel analyzer, including the 
high-purity germanium well-type detector, Ortec 919 
spectral controller and IBM microcomputer made by EG 
& Ortec Co. USA. The ages of surface samples of Lake 
Sugan were determined by the conventional 14C dating 
method. Since it requires a large number of surface sam-
ples, five surface samples were mixed to form a dating 
sample and the ages of organic carbon and inorganic car-
bon components of the sample were determined using 
LKB-1220 ultra-low background liquid scintillator. Sur-
face water samples were analysed by a MAT-252 gas mass 
spectrometer using CO2-H2O equilibrium method, with a 
precision of ±0.05‰ , and results were expressed by 
SMOW standard. 

Carbonate content in the SG001227-C core varies be- 
 

 
 

Fig. 1.  Physiographic situation in the study area. 1 Mountain; 2 basin; 3 lake. 
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tween 29.7% and 89.1% and averages 49% above the 
depth of 250 cm. The stable isotopes of carbonate in Lake 
Sugan were analysed using fine-grained sediments. The 
core samples were washed with two layers of sieves. The 
upper one has a sieve mesh of 125 μm and the lower one 
has a sieve mesh of 38.5 μm. The 125 μm sieve was used 
to separate ostracod shells and thereby to eliminate the 
effect of biogenic carbonate on the analytical results, for 
example, the “vital effect”, etc. The samples passing the 
38.5 μm sieve were collected and oven-dried for the 
analyses of carbon and oxygen isotopes. The carbonate 
component in fine-grained samples was determined by 
X-ray diffraction method (XRD). The results (Table 1) 
show that the carbonate minerals are dominated by arago-
nite and calcite, accounting for about 50%, and the dolo-
mite is relatively low (<8.2%). Some fine-grained samples 
were examined under the scanning electronic microscope 
and found that there are rhombohedral calcite and acicular 
aragonite with perfect crystal form, which demonstrates 
that the samples contain large amount of authigenic car-
bonate precipitating from surface lake water. High salinity, 
high alkalinity and high Mg/Ca ratio of a lake are favor-
able to the deposition of dolomite. In the high-evaporation 
environment, dolomite is considered to be an evaporite 
mineral, for example, the modern dolomite is found in the 
lakes in Victoria region of Australia[19]. In some cases, 
authigentic dolomite minerals also exhibit a rhombohedral 
crystal form. Taking the sedimentary environment in Lake 
Sugan into account, authigenic dolomite minerals are very 
likely to occur in the lake. The nourishment water of Lake 
Sugan mainly comes from glacier meltwater. The main 
nourishment source is groundwater in most part of the 
basin and the rivers slowly flowing into the lake are also 
derived from spring. Therefore, there may be no chance 
for the rivers to bring clastic grains to the lake. Moreover, 
precipitation is sparse in the study region and it is insuffi-
cient to cause large runoff. Wind erosion in the study area 
is severe, and especially fine particles are subject to con-
stant deflation. There is no large area of limestone ex-
posed in the region. There is a large area of playa to the 
west of Lake Sugan, which seldom produces clastic car-
bonate. Therefore, the wind-deposited clastic carbonate 
particles in the lake sediments cannot affect the analysis of 
stable isotopes. To sum up, we think that the fine-grained 
carbonate in the sediments of Lake Sugan basically repre-
sents the authigenic carbonate and can be used for the 
isotopic analysis. 

Stable isotopes of core samples were determined by 
phosphoric acid method[20] using Delta Plus gas mass 

spectrometer. 20－30 mg of fine-grained sample was 
weighed, and then 1 ml 100% H3PO4 was added into the 
sample from side neck to react for 20 min at 90℃. The 
resultant CO2 gas was purified and collected for isotopic 
analysis. The precisions of δ 13C and δ 18O were ±0.054‰ 
and ±0.153‰, respectively. The isotopic results are ex-
pressed by R = (Rsample − Rstandard)/Rstandard×1000‰ (PDB,  
R = δ 13C/δ 18O). The upper 29 cm of SG001227-C core 
was used for the isotopic analysis at about 1 cm interval 
and below the depth of 29 cm it was analysed at about 4 
cm interval. 

2  Results 

2.1  Chronology 

The determined results of 210Pb and 137Cs of the 
SG001227-E core are shown in Fig. 2. The age of 210Pb 
was calculated using the constant rate of supply model 
(CRS). The model can quantitatively reflect the variations 
of depositional flux with time and thereby obtain rational 
ages[21,22]. From the sedimentation flux, it has been found 
that the modern depositional rate of Lake Sugan is 0.31 
cm/a through the fitting of least squares method. The age 
of modern sediments at the depth of 26.6 cm in Lake Su-
gan is 1845. A 155-year sequence of the sediments was 
obtained. The results of 137Cs show that it had a marked 
peak value in 1963 and was older than that of 210Pb in the 
same horizon. The same situation has been found in the 
South Hongshan Lake[23] and it may be related to the mi-
gration of 137Cs nuclide[24]. Here, we used the 210Pb dating 
to establish the time sequence of the core. 

The seed amount of Ruppia maritime in the deposits is 
limited and they only occur in a few layers of the 
SG001227 core. Therefore, only four samples can be used 
for AMS 14C dating. Ruppia maritime is perennial or an-
nual submerged plant of Potamogetonaceae with rigid 
subterraneous stem and multiramose aerial stem. It is ces-
pitose and occurs in the tropic oceans and inland saline 
lakes in the world[25]. The KIA18572 sample is a piece of 
plant remains with δ 13C value of −18.29‰ (Table 2). 
Other analyses were not conducted due to the limited 
amount. Judged from the modern environmental features 
of Lake Sugan basin and the value of its carbon isotope, 
the plant remains should come from endophyte of the lake. 
Submerged plants and endophytes can take up soluble 
inorganic carbon in the lake water for photosynthesis, and 
hence the results of 14C dating may be affected by reser-
voir effect. The results of AMS 14C dating (Table 2) show  

 
Table 1  XRD analytical results of carbonate minerals in fine fraction (<38.5 μm) of the sediments in Lake Sugan 

Sample No. Depth/cm Carbonate/% Aragonite/% Calcite/% Dolomite/% 
SG-C-000 0.5 56.4 0 53.4 3.0 
SG-C-051 56.1 52.1 0 48.3 3.8 
SG-C-107 117.2 56.6 23.7 24.7 8.2 
SG-C-207 226.3 53.8 27.2 18.6 8.0 
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Fig. 2.  Determined results of 210Pb and 137Cs of the modern sediments of Lake Sugan. 
 

Table 2  Results of AMS 14C dating of the SG001227-C core in Lake Sugan 

Lab No. Sample No. Material Seed/remains 
number 

Depth 
/cm 

δ 13C 
/‰ 

14C age 
/a BP 

Calibrated age 
/Cal a BC 

KIA18567 SG-C-090 3 98.6 −10.15 2950±35 1209; 1200; 1191; 1177; 
1163; 1140; 1131 

KIA18568 SG-C-117 5 128.1 −9.47 3050±25 1369; 1360; 1347; 
1344; 1316 

KIA18569 SG-C-144 5 157.5 −12.80 3264±49 1521 
KIA18571 SG-C-378 

Seed 

3 422.4 −15.43 5612±43 4455; 4415; 4414 
KIA18572 SG-C-529 Plant remains 1 580.7 −18.29 7004±32 5873; 5855; 5843 

 
that the 14C age at the depth of 98.6 cm is (2950±35) a BP. 
Assuming that the sedimentation rate is approximate to 
0.31 cm/a and constant above the depth of 98.6 cm, the 
14C ages must be significantly affected by reservoir effect. 
Combined with the 210Pb ages, the reservoir effect was 
estimated to be 2200a after the 14C ages were converted 
into the calendar ages[26] (Table 2). 

In order to further check the influence of reservoir ef-
fect, we determined the 14C ages of the surface sediment 
samples of the lake. PM value of inorganic carbon of the 
surface sample is 0.9951±0.0077, and the age of inorganic 
carbon is about 2594a, being slightly older. Organic car-
bon PM value is 1.0147±0.0075, with aδ13C value of 
–16.2‰. The age of organic carbon is about 2433a, being 
slightly older. Considering the errors of the AMS 14C dat-
ing and the conventional 14C dating and burial depth dif-
ference of the surface samples, it is reasonable to deduct 
the reservoir effect (2200a) from the 14C ages. Through 
the field investigations and the sampling of surface sedi-
ments, it has been found that there is a large amount of 
Ruppia maritime on the floor of the lake. They are the 
main source of organic matter in the surface sediments. 
Hence, the reservoir effect on the ages obtained from the 

Ruppia maritime seeds is relatively approximate to the age 
from the organic carbon in the surface sediments and this 
also has been demonstrated by theδ13C value of the or-
ganic matter in the surface sediments. Based on the linear 
regression of the ages deducted the reservoir effect, the 
temporal sequence of the lake sediments since 2 kaBP was 
established and the age at the depth of 212 cm is about 
2000 Cal aBP. The resolution of each sample above the 
depth of 29 cm in the SG001227-C core is 9－11a, while 
the resolution below the depth is 42a. 

2.2  Stable isotopes 

The δ 18O values of snow samples vary between   
−20.79‰ and −29.36‰. The δ 18O values of the Small 
Sugan Lake water and the Sugan River water are essen-
tially the same within the analytical accuracy, and they are 
−4.33‰ and −4.30‰, respectively. The δ 18O value of 
spring water to the east of the lake is −2.98‰. The δ 18O 
values of Lake Sugan water vary between 2.40‰ and 
5.85‰ with a mean value of 4.00‰. 

The stable isotopic results of carbonate from Lake Su-
gan are shown in Fig. 3. The δ 18O values vary between  
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Fig. 3.  Variations of stable isotopic values of carbonate in Lake Sugan since 2 kaBP (a) and during the period of 1800－2000 AD with a 
resolution of 9－11a (b). The numbers of 1－5 represent climatic change stages, and vertical dotted line indicates the boundary of cli-
matic change stage. 

 
−8.47‰ and 3.90‰, with a mean value of 0.99‰. On the 
whole, the oxygen isotopic values fluctuated around its 
mean value, and five remarkable negative values occurred 
in 190 AD, 1200 AD, 1370 AD, 1460 AD and 1720 AD. 
The carbon isotopic values vary between −3.27‰ and 
2.06‰, with a mean value of −0.08‰. The variations of 
δ 13C values can be divided into five stages, and its high 
values occurred in 0－190 AD, 580－1200 AD and 1960
－2000 AD and its low values occurred in 190－580 AD 
and 1200－1960 AD. There are some secondary fluctua-
tions in the two low value stages. The higher carbon iso-
topic values occurred in 320 AD and 450 AD during the 
period of 190－580 AD, and they are −1.10‰ and 0.37‰, 
respectively. The higher values occurring in 1330 AD, 
1420 AD and 1590 AD were −0.56‰, 0.06‰, and 0.69‰, 
respectively. The carbon isotopic values covary with that 
of oxygen isotope with a small variation amplitude during 
580－1200 AD stage. Both of them became negative si-
multaneously around 800 AD, and became negative in 

phase during 580－800 AD and positive in phase during 
800－1200 AD. 

3  Discussion 

3.1  Climatic implication of carbon and oxygen isotopes 

Variations of oxygen isotope of authigenic carbonate in 
lakes mainly depend on δ 18O composition of the lake wa-
ter and settling temperature of carbonate[27,28]. For the 
closed lakes in arid regions, δ 18O variations of authigenic 
carbonate mainly depend on the oxygen isotope composi-
tion of the lake water, and the variations of δ 18O values 
mainly reflect the ratio of precipitation to evaporation 
(P/E) in catchment[29－31]. Factors affecting the oxygen 
isotope of lake water include evaporation processes, water 
source of a lake (meltwater or precipitation changes due to 
the alteration of circulation pattern) and changes of pre-
cipitation season and lake level[32]. Lake Sugan basin is 
located in the hyperarid zone of China, hence, the precipi-
tation amount or seasonal changes of precipitation in the 
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basin have little influence on the isotopic composition of 
the lake. Lake Sugan is mainly fed by meltwater and the 
oxygen isotopic changes of the lake water are controlled 
by the ratio of inflow to evaporation (I/E). The δ 18O val-
ues of snowfall samples, spring samples and lake water 
samples exhibit a gradual increase tendency, suggesting 
the effect of evaporative enrichment in the basin on the 
oxygen isotopic fractionation. It can be seen that the 
changes in δ 18O values of carbonate in Lake Sugan 
mainly reflect the I/E ratio or effective moisture in the 
basin[33]. 

Temperature effect is little (0.0355℃−1) in the sedi-
mentation process of authigenic carbonate in lakes, and 
the fractionation effect of carbon isotope between the total 
dissolved inorganic carbon (TDIC) and the solid-phase 
carbonate is also small[34], hence the δ 13C changes of 
carbonate mainly depend on the carbon isotopic composi-
tion of TDIC[35]. The carbon isotopic composition of 
TDIC is mainly controlled by two factors. One is CO2 
production rate caused by local biological action; the other 
is the degree of exchange between lake water and atmos-
pheric CO2, with the latter as a leading factor[29,36]. As for 
the Manas region, Rhodes et al. suggested that when 
the δ 13C value is <−2‰, it perhaps records environmental 
processes, such as short residence time of lake water, 
longer annual freeze-up time and intense organism activity; 
when δ 13C value is >2‰, it reflects the equilibrium state 
with atmospheric CO2, i.e. a longer residence time and/or 
well mixed lake water[29]. From the research of carbon 
isotope of ostracod shells in Lake Aibi since the late 
Pleistocene, Li Guosheng found two noticeable negative 
δ 13C values and thought of them as two events of sharp 
decrease in air temperature in the region[36]. In fact, the 
increase in freezing time of a lake would reduce the car-
bon isotope exchange between the lake and atmospheric 
CO2, and then result in the negative δ 13C value of carbon-
ate in the cold region[37]. The biological productivity is 
low in the study area, and the organic carbon transported 
to the lake seems unlikely to have an important role in 
changing the carbon isotopic composition of TDIC. 
The δ 18O variations shows that the oxygen isotope has 
been in a relatively stable state since 2 kaBP except for the 
several short negative intervals (Fig. 3), which means the 
lake inflow (meltwater transforming into groundwater) is 
relatively stable. Also, the Mg/Ca ratio of ostracod shell in 
the SG001227-C core has been relatively stable since 2 
kaBP. That is to say, the salinity of the lake is relatively 
stable, and the lake productivity has little changes. The 
biomass in the lake might have little influence on the car-
bon isotopic composition of TDIC. Accordingly, the δ 13C 
changes of TDIC are related to the exchange degree with 
atmospheric CO2. Lake Sugan is located in the northeast-
ern part of the Tibetan Plateau with high elevation, its 
freeze-up period lasts from November to next March and 

the annual freeze-up duration can directly affect the ex-
change between the lake water and atmospheric CO2. 
Therefore, the δ 13C variations of carbonate may indirectly 
indicate the air temperature changes in winter half year in 
the basin[33]. 

Mean monthly air temperature variations from No-
vember to March of next year since 1957, observed at the 
Lenghu Meteorology Station (60 km from Lake Sugan), 
can be divided into two stages: 1957－1980 and 1980－
2000 (Fig. 4). The temperature in the latter was 0.7℃ 
higher than that of the former. Similarly, the variations 
of δ 13C can also be divided into the two stages (Fig. 4). 
Despite a low resolution of carbon isotopic record, it has a 
corresponding relation with the mean monthly tempera-
ture in winter half year in the variation tendency. Consid-
ering that each carbon isotope sample represents the cli-
matic information of 3－5 years, the mean air temperature 
corresponding to the δ 13C value in the air temperature 
variation sequence was extrapolated forward and back-
ward for two years, respectively, i.e. five-year mean value 
as the temperature of the interval, and then a correlation 
analysis with the carbon isotope sequence was made. They 
have a better positive correlation (r=0.64), which supports 
the explanation on the climatic implication of carbon iso-
tope. 
 

 
 

Fig. 4.  Comparison of the δ 13C values of Lake Sugan with the mean 
monthly air temperature from November to next March observed at the 
Lenghu Meteorology Station since 1957. Dotted line represents average 
value of the mean monthly air temperature in winter half year during 
1957－1980 and 1980－2000 periods[33]. 

 
The carbon and oxygen isotopes exhibit a noticeable 

covariance during the period of 580－1200 AD (Fig. 3). 
The covariance of δ 13C and δ 18O in a closed lake mainly 
reflects the changes of lake hydrologic process, exchange 
of CO2 gas, lake productivity and total CO2 concentra-
tion[38,39]. In the case of intense evaporation and longer 
residence time for the lake water, 18O will be enriched in 
lake water. Meanwhile, the condensation of lake water due 
to evaporation and lake water warming results in release 
of CO2 from the lake water and increase in vertical mixing 
degree of the lake water, and leads to the improvement of 
lake productivity, which causes 13C enrichment of TDIC. 
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The covariance of carbon and oxygen isotopes in 580－
1200 AD interval reflects intense evaporation in the basin. 

As described above, the stable isotopes of carbonate in 
Lake Sugan can reveal the climatic variations of the re-
gion. The changes of oxygen isotope indicate the effective 
moisture changes of the basin, while the carbon isotope 
reflects the freeze-up time of the lake and indirectly re-
flects the air temperature variation in the winter half year 
or even variation of air temperature on greater timescale in 
the region. 

3.2  Climatic changes since 2 kaBP  

The climatic changes recorded by the stable isotopes of 
sedimentary carbonate in Lake Sugan can be divided into 
five stages (Fig. 3): 

Stage 1 (0－190 AD): Carbon and oxygen isotopes had 
high values. A dry and warm climate prevailed in the 
study area. The effective moisture in the basin was low 
and air temperature was relatively high in winter half year. 

Stage 2 (190－580 AD): Oxygen isotope had a signifi-
cant negative value in 190 AD, but it lasted a short time. 
The δ 18O value was high in other time. This shows that 
the effective moisture increased around 190 AD while the 
climate was dry in other time intervals. A noticeable nega-
tiveδ13C value also occurred around 190 AD, but the 
δ 13C reached the lowest value around 280 AD. They in-
creased around 320 AD and 450 AD but were lower than 
those of stage 1. A negative δ 13C value occurred around 
500 AD again. On the whole, the δ 13C indicated the cold 
climate but the air temperature rose during 320－450 AD 
period. In this stage, a dry and cold climate prevailed.  

Stage 3 (580－1200 AD): Carbon and oxygen isotopes 
have a covariance in their changes, which indicates a dry 
and warm climate. The values of them became negative 
around 800 AD, indicating a weak cold-wet climate events. 
The carbon and oxygen isotopes variation trend reflects 
that the climate was warmer and drier during 800－1200 
AD than during 580－800 AD. The stage corresponds to 
the Medieval Warm Period (MWP).   

Stage 4 (1200－1880 AD): Four negative values of 
oxygen isotope suggest the discontinuity increase in effec-
tive moisture in the region. On the whole, carbon isotope 
in this stage generally showed the negative values and 
indicated cold winter. The stage with cold-wet climate 
corresponds to the Little Ice Age (LIA), during which 
there were three climatic fluctuations in the stage and the 
coldest climate occurred in 1200 AD, 1370 AD, 1500 AD 
and 1810 AD. 

Stage 5 (1880－2000 AD): The δ 18O had a high value 
but theδ13C had a low value and changed with a small 
amplitude, which indicates a cold and dry climate during 
1880－1950 AD period. In the 1950s, carbon and oxygen 
isotopes had low values and then the δ 18O frequently 

fluctuated, suggesting the fluctuations of the effective 
moisture in the region. After the 1960s, the δ 13C value 
rose dramatically, reflecting the fact of winter warming in 
the 20th century[9].  

The climatic change pattern in the study area roughly 
exhibited a warm-dry and cold-wet assemblage, which 
may be related to the fact that the Sugan Lake basin is 
located in the hyperarid zone of China, the annual poten-
tial evaporation is much larger than the precipitation, and 
only under the temperature drop condition can the effec-
tive moisture increase. The wet events recorded by oxygen 
isotope of carbonate in Lake Sugan in 190 AD and LIA 
are all associated with the sharp decreases in temperature. 
The warm-dry event during the period of 0－190 AD 
should be included in the warm period during the West 
and East Han Dynasties of China (206 BC－220 AD). 
Through the combined research of ice cores, tree rings, 
fluviolacustrine sediments, lakeshore terraces, paleosols 
and literature records, Yang et al.[40] suggested that the 
climate in the arid northwest China was warm and wet at 
that time, which is different from the dry climate reflected 
by the δ 18O of Lake Sugan. The Medieval Warm Period 
recorded in Lake Huguangyan[41] includes two stages: 670
－760 AD and 880－1260 AD, when the climate was dry. 
This is basically in agreement with the climatic changes 
recorded in Lake Sugan. In addition, the records of Guliya 
ice core in China[42], Quelccaya ice core in Peru[42] and 
Lake Moon[43] in the Great Plain of North America also 
indicate a dry climate in the Medieval Warm Period. The 
wet climate in the Little Ice Age has been confirmed by 
the records of Guliya ice core[1], Lake Qinghai[6] and Lake 
Huguangyan[41]. The warming of the 20th century indi-
cated by the carbon isotope of Lake Sugan has also been 
found in Lake Qinghai[6]. The warming since 1980 not 
only has been demonstrated by the observation data at the 
local meteorology station but also coincides with the re-
cords in the whole northwest China[44]. 

Yang et al.[45] synthesized the palaeoclimatic records 
such as lake sediments, tree rings, ice cores and literatures, 
and obtained the regional area-weighted temperature 
changes in China since 2 kaBP (Fig. 5). The major cold 
periods occurred in 240－600 AD and 1400－1920 AD, 
while the warm periods occurred in 0－240 AD, 600－
1400 AD and 1920 AD－present. The climate experienced 
secondary fluctuations on decade to century timescale. 
Basing on the records of historical literatures, Ge et al.[9] 
reconstructed the temperature anomaly variation sequence 
in winter half year since 2 kaBP in East China, with a 
resolution of 10－30a (Fig. 5). The warm periods occurred 
in 0s－200s AD, 570s－770s AD, 930s－1310s AD, 
1920s AD－present, while the cold periods occurred in 
210s－560s AD, 780s－920s AD, 1320s－1910s AD. The 
δ 13C of Lake Sugan clearly recorded the 0－190 AD 
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tures demonstrate that the abrupt climatic changes occur-
ring in the 280s AD and 1230s AD were characterized by 
temperature decreases[10], which is in agreement with the 
temperature decrease reflected by the δ 13C of Lake Sugan 
around 280 AD and 1200 AD. Such phasic characteristics 
also show that the climate became warm around 360s AD 
and became cold after 490s AD, and it gradually turned 
warm during 560－580 AD and lasted until 1230s AD. It 
is similar to the climate changes reflected by δ 13C. It can 
be seen that the phasic characteristics of the climate in 
China since 2 kaBP also support the history of climatic 
changes inferred from the carbon isotope as described in 
this paper. 

warm period, 190－580 AD cold period, MWP, LIA and 
warming in the 20th century, and has a better comparabil-
ity with the two records or even in detail (Fig. 5). A cli-
matic change pattern of two troughs and one peak oc-
curred during the 3rd－6th centuries for all of the three 
records. The temperature in the weighted sequence and the 
sequence of winter half year sharply decreased during 
1230－1250 AD and around 1180 AD, respectively, which 
is consistent with the temperature decrease at the begin-
ning of LIA as reflected by the δ 13C of Lake Sugan. The 
average value of temperature anomaly in the mean tem-
perature variation sequence of winter half year in East 
China during 210s－560s AD was lower than that of 
LIA[9]. It is consistent with the fact that the δ 13C value 
during 190－580 AD was lower than that of the period of 
1200－1880 AD. In addition, the three records all display 
the climatic warming trend in the 20th century (Fig. 5). 
However, the climatic change in MWP recorded by carbon 
isotope of Lake Sugan was more stable, and there was 
difference in the start and termination time of climatic 
stages recorded by stable isotopes and other two records. 
For example, the initial time of LIA in the stable isotope 
record was 1200 AD with 100－200 years earlier than that 
in East China and the whole China. The presence of the 
difference may be related to resolution of the isotopic re-
cord of Lake Sugan and responses of different climatic 
proxies or different regions to climatic changes. 

In a word, the stable isotopes of Lake Sugan can record 
the climatic changes in the characteristic periods since 2 
kaBP, such as 3rd－6th centuries, MWP, LIA and warm-
ing in the 20th century. Furthermore, the climatic changes 
and its abrupt events also coincide with other records, 
especially air temperature variations reflected by the car-
bon isotope. 

4  Conlcusion 

Stable isotopes of carbonate in Lake Sugan better re-
corded the climatic changes. The oxygen isotope indicates 
the effective moisture in the region, and the carbon isotope 
indicates the freeze-up duration of the lake and further 
reveals the air temperature variations in winter half year. 
The climatic changes in the study area have experienced 
five stages since 2 kaBP: 0－190 AD, warm-dry climate; 
190－580 AD, cold-dry climate; 580－1200 AD,  

The characteristics of the climate evolution phase in 
China during the past 2000 years obtained from the analy-
sis of climatic information recorded in historical litera- 
 

 
 
Fig. 5.  Comparison of the δ 13C value variations of Lake Sugan since 2 kaBP (curve 1) with regional area-weighted temperature curve in 
China[45] (curve 2) and mean temperature variation sequence in winter half year in East China[9] (curve 3). Curve 3 is a 3-point moving 
average curve. 
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warm-dry climate, corresponding to the Medieval Warm 
Period; 1200－1880 AD, cold-wet climate, corresponding 
to the Little Ice Age; 1880－1950 AD, cold-dry climate; 
and from 1950s onwards, climate warming, which is con-
sistent with the observation data. The climatic changes 
history recorded by stable isotopes of Lake Sugan since 2 
kaBP, especially the climatic cooling and warming varia-
tions revealed by carbon isotope, not only has better com-
parability with other records, but also coincides with the 
temperature variations recorded by historical literatures of 
China. It can be seen that the climatic changes recorded by 
stable isotopes since 2 kaBP are of universal significance, 
and it means that the research of palaoeclimatic changes in 
the lake still has a great potential. However, further re-
search is needed. The accurate ages of the lake sediments 
need to be further determined and an attempt is being 
made to determine the ages of authigenic carbonate in the 
sediment using the thermal ionization mass spectrometric 
technique (TIMS) so as to check and correct the reservoir 
effect of the lake. In addition, the carbonate mineral com-
position of the lake and the fractionation mechanism of 
carbon isotope in the atmospheric CO2-lake wa-
ter-carbonate system also need to be further understood. 
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