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Abstract: The upmost segment (Holocene series) of the Milanggouwan stratigraphic section (MGS1) in the Salawusu 
River valley shows 11 sedimentary cycles of dune sands and fluvio-lacustrine facies, or dune sands and paleosols. The 
analysis of the magnetic susceptibility of this segment suggests that there are 11 magnetic susceptibility cycles with the 
value alternating from low to high, in which the layers of the dune sands correspond to the lower value of the magnetic 
susceptibility and the layers of fluvio-lacustrine facies and paleosols correspond to the higher peaks. The study reveals 
that the low and high magnetic susceptibility values indicate the climate dominated by cold-arid winter monsoon and 
warm-humid summer monsoon of East Asia, respectively, and the study area has experienced at least 22 times of mil-
lennial-centennial scales climate alternation from the cold-arid to the warm-humid during the Holocene. In terms of the 
time and the climate nature, the variations basically correspond to those of the North Atlantic and some records of 
cold-warm changes in China as well. They might be caused by the alternation of winter and summer monsoons in the 
Mu Us Desert induced by global climate fluctuations in the Holocene. 
Keywords: MGS1 segment; magnetic susceptibility; millennial-centennial scales climate changes; Holocene; 
Salawusu River valley 

 
 
1 Introduction 
 
Since the 1990s, high-resolution paleoclimate records 
from Greenland ice core (O′Brien et al., 1995) and ter-
restrial sediments in Afro-Asian arid area (Guo et al., 
1999) and marine sediments in the South China Sea 
(Wang et al., 1999) have proved one after another that 
climate changes on millennial-centennial scales oc-
curred from the Late Quaternary-Holocene, and the in-
stability of climate is similar to the Dansgaard/Oeschger 
oscillation.  

The instability of the climate of the Holocene in the 
mid-latitude regions of China, which was strongly in-
fluenced by East Asia monsoon, was also recorded in 
the ice core (Yao and Shi, 1992), the lacustrine sediment 
(Chen et al., 2001) and the peat (Xian et al., 2006). The 
vast areas of deserts in the northern China are ecologi-

cally fragile areas that are strongly influenced by winter 
monsoon, and the extent and the reversion of desertifi-
cation in those areas are also restrained by the frequency 
and the strength of summer monsoon. Therefore, it is 
significant to study the occurrence of the instable cli-
mate of the Holocene in this area to understand the rela-
tions between global climate changes of the Holocene 
and East Asia monsoon environmental evolution in de-
sert areas of China. 

The Salawusu River valley (37°20′–37°58′N, 108° 
08′–108°48′E), situated in the southeastern margin of 
Mu Us Desert on the Ordos Plateau of Inner Mongolia, 
China, preserves abundant information on the environ-
mental evolution of East Asia monsoon since the Late 
Quaternary (Li et al., 1993; 1998), which has been re-
garded as a standard site for the environmental evolution 
study since the Late Pleistocene. Early in 1924, French 
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paleontologists Teilhard and Licent (1924) characterized 
the Upper Pleistocene Salawusu (Sjara-Osso-Gol) For-
mation. In the recent more than 80 years, a great deal of 
work has been done on the Quaternary stratigraphy, pa-
leontology, paleoanthropology and geochronology, par-
ticularly on desert environment evolution in the Salawu- 
su River valley at home and abroad (Jia, 1950;  Woo, 
1958; Pei and Li, 1964; Qi, 1975; Yuan, 1978; Dong et 
al., 1982; 1983; Yuan et al., 1983; Li et al., 1987; Liu et 
al., 2006; Jin et al., 2007; Ouyang et al., 2007). Espe-
cially, some researchers in the 1990s came up with that 
there existed the instable climate of the Holocene in this 
region based on lacustrine-swampy sediment analysis 
(Su et al., 1999), which offered some important clues to 
our deeply study on the millennial-centennial scales 
climate changes of the Holocene in the Mu Us Desert. 
This paper, taking the MGS1 segment of the Milang-
gouwan stratigraphic section as the study object, firstly 
describes the segment, and then discusses the millen-
nial-centennial scales climate changes of the Holocene 
based on magnetic susceptibility distribution and its po-
tential causes. 
 

2 Methods 
 
2.1 Study area   
The Salawusu River valley is located on the southeast-
ern margin of the Mu Us Desert, which acrosses the 
Ordos Plateau and the Loess Plateau. Based on region-
alization of physical geography (Editorial Board of Na-
tional Atlas of China, 1965), the present bioclimatic zone 
of the Mu Us Desert (arid desert steppe and semi-arid 
dry steppe) is a narrow transitional zone between the 
desert and semi-humid forest steppe. The upper reaches 
of the Salawusu River flow through hilly land of the 
Loess Plateau, the middle and lower reaches of it flow 
through low-lying land which lies in the southeast of the 
Ordos Plateau. The Salawusu River valley has an aver-
age annual precipitation of 350–400 mm. The average 
monthly temperature is 22℃ in July and –9.1℃ in Janu-
ary. The direction of surface winds is controlled by the 
monsoons with cold and dry northwesterly winds in 
winter and spring, and warm and wet southeasterly 
winds in summer and autumn. 
  The Milanggouwan stratigraphic section (37°45′47″N, 
108°33′05″E), where the MGS1 segment of this paper 
lies, is situated in the middle reaches of the Salawusu 

River, about 500 m northeast of Milanggouwan Village. 
The section is from the top of modern mobile sands 
dune on the Ordos Plateau to the Salawusu River, with a 
sediment thickness of 83 m, consisting of the Middle 
Pleistocene Lishi Formation, the Upper Pleistocene 
Salawusu Formation and Chengchuan Formation, and 
the Holocene Dagouwan Formation and Dishaogouwan 
Formation (Li et al., 2004). The MGS1 segments of this 
section is in the depth of 0–9.44 m. 
   
2.2 Sampling and analysis methods 
Based on the detailed description in the field, the MGS1 
segment of the Milanggouwan section includes modern 
dune sands (MD), paleo-mobile dune sands (PD), fluvial 
facies (FL), lacustrine-swampy facies (LS) and paleo-
sols (PS). There are totally 22 layers in the MGS1 seg-
ment from 0MD downward to 21FL, with interbeddings 
of dune sands and fluvio-lacustrine facies or paleosols 
(Fig. 1). A total of 162 stratigraphic samples were col-
lected at 5 cm average interval, a few at 4 cm or 7 cm 
interval for magnetic susceptibility analysis, of which 
eight stratigraphic samples for 14C dating and two stra- 
tigraphic samples for TL (thermoluminescence) dating.  
  We measured 162 stratigraphic samples with magne- 
tic susceptibility instrument made in Bartington Com-
pany of England at the Laboratory of Geography De-
partment of South China Normal University, Guangzhou, 
China. The process was as follows: First, the samples 
were dried and put into a nonmagnetic polystyrene con-
tainer with a height of 2.5 cm and a diameter of 2.2 cm, 
then the mass of each sample was weighed. Next, each 
sample was measured 3 times by magnetic susceptibility 
instrument, then we could obtain the average value of 
magnetic susceptibility according to the measuring re-
sults for each sample. After that, the average value of 
magnetic susceptibility was divided by the mass to ob-
tain the final result. Last, all the data were dealt within 
EXCEL, and the curve of magnetic susceptibility could 
be plotted. 
  The eight 14C Era samples were examined by normal 
methods with the following materials: mollusk shells 
from the top of 1PS/LS and 13LS/FL, silts from the 
middle part of 1PS/LS, the middle and lower parts of 
1PS/LS, the bottom of 1PS/LS and from 3LS and 5LS, 
and organic matters and plant remnants from 11PS. The 
14C age determinations were performed at the 14C Labo-
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ratory of Cold and Arid Regions Environmental and 
Engineering Research Institute, Chinese Academy of 
Sciences, Lanzhou, China. These 14C ages have been 
calibrated by the Int cal 04 database of Calib 5.01 pro-
cedure. The two TL ages were dated at the TL Labora-
tory in Guangzhou Institute of Geochemistry, Chinese 
Academy of Sciences. The dating material is fine quartz 
particles of the samples, smaller than 10 µm. 
 
3 Chronology of MGS1 Segment and Its Mag-
netic Susceptibility Distribution 
 
3.1 MGS1 segment and its chronology 
From Fig. 1, 11 sedimentary cycles can be seen, each of 
which consists of a layer of dune sands and its overlying 
fluvio-lacustrine facies or paleosols (0MD and 21FL as 
half a cycle) in the MGS1 segment. 

The layers at the different depths of the MGS1 segment, 
their 14C dating results and TL dating results and relative 
parameters are shown in Table 1, Fig. 1 and Table 2, re-
spectively. The depth of 9.44 m from top to bottom of the 

section approaches the interface between the Dagouwan 
Formation of the Holocene and the Chengchuan Forma-
tion of the Upper Pleistocene acknowledged before (Zhou 
et al., 1982). From Fig. 1, though there is no direct age- 
dating at the bottom of the Dagouwan Formation (21FL) 
in MGS1 segment, the age at the top of 18D, 9 880±900 
yr TL B.P., approaches the beginning of the Holocene. 
The left bank of Dishaogouwan (37°43′26″N, 108°31′ 
02″E) which is adjacent to Milanggouwan section has the 
boundary age between Dagouwan Formation and Cheng- 
chuan Formation, 9 600±160 yr 14C B.P. (Su and Dong, 
1994). Calibrated by Calib 4.4 (Stuiver et al., 1998), it is 
10 868±392 cal. yr B.P. However, if the end of the 
Younger Dryas (i.e., 11 600 yr B.P.) (Taylre et al., 1993) 
is regarded as the beginning of the Holocene, it might be 
more appropriate to take 12 000 yr B.P. as the bottom 
line of the Holocene. In view of the above, the MGS1 
segment is the deposition since 12 000 yr B.P., and the 
age of bottom line of the Holocene of MGS1 segment in 
this paper is consistent with that from other relative re-
search (Niu et al., 2008).

 

 
Fig. 1 MGS1 of Milanggouwan section and curve of magnetic susceptibility 
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Table 1 Distribution depth of each horizon and 14C and 
TL dating of related horizens 

Horizon Depth (m) 
Dating results 

(yr B.P.) 
Calendar age 
(cal. yr B.P.) 

0MD 0–2.00   
1PS/LS 2.00–3.05 Top 1067±67* 965 14C 

  Middle 1450±120* 1330 14C 

  Lower middle 1420±67* 1307 14C 

  Bottom 1480±85* 1350 14C 

2PD 3.05–3.30   

3LS 3.30–3.35 Middle 2330±136* 2346 14C 

4PD 3.35–3.55   

5LS 3.55–3.70 Middle 3623±78* 3958 14C 

6PD 3.70–4.00   

7LS 4.00–4.17   

8PD 4.17–4.27   

9LS 4.27–4.32   

10PD 4.32–4.94   

11PS 4.94–5.18 Middle 4223±86* 4828 14C 

12PD 5.18–5.68   

13LS/FL 5.68–5.97 Middle 5327±204* 6170 14C 

14PD 5.97–6.58   

15FL 6.58–6.85   

16PD 6.85–7.08 Bottom 9700±800**  

17FL 7.08–8.49   

18PD 8.49–8.62 Top 9880±900**  

19FL 8.62–8.81   

20PD 8.81–9.04   

21FL 9.04–9.44   

   Note: * 14C dating; ** TL dating 
 

3.2 Magnetic susceptibility distribution  
As can be seen in Fig. 1 and Table 3, the magnetic sus-
ceptibility of the MGS1 segment has three features. First, 
the magnetic susceptibility values vary extensively from 
the lowest 24.5×10–9 m3/kg to the highest 373.2×10–9  

m3/kg with an average of 134.3×10–9 m3/kg in the whole 
segment. Secondly, although different in each layer of 
the same facies, and even in the same horizon, the mag-
netic susceptibility values of dune sands are relatively 
low, ranging from 24.5×10–9 m3/kg to 174.1×10–9 m3/kg 
with an average of 87.2×10–9 m3/kg, and those of the 
fluvio-lacustrine facies and paleosols are relatively high,  

ranging from 81.7×10–9 m3/kg to 373.2×10–9 m3/kg with 
an average of 183.8×10–9 m3/kg. Third, the magnetic 
susceptibility values change from low to high in each 
sedimentary cycle, lower in the dune sands and higher in 
the overlying fluvio-lacustrine facies and paleosols. As 
the dune sands and fluvio-lacustrine facies or paleosols 
alternating vertically, the curve of the magnetic suscep-
tibility appears fluctuating synchronously with alterna-
tive peak-valleys, thus making up 11 magnetic suscepti-
bility cycles which are roughly consistent with the 
sedimentary cycles. 
 
4 Discussion 

 

The magnetic susceptibility variations mentioned above 
in different sedimentary facies of the MGS1 segment, 
particularly the magnetic susceptibility cycles from low 
to high, which is consistent with the sedimentary cycles 
rhythm, are similar to those in the sedimentary cycles of 
loess-paleosol sequence on the Loess Plateau (Liu et al., 
1990). In terms of the relationship between magnetic 
susceptibility and pedogenesis, high magnetic suscepti-
bility represents a strong pedogenesis, whereas low 
magnetic susceptibility represents a weak pedogenesis, 
which bears a close relationship to the contents of two 
primary magnetic minerals, magnetite and hematite. 
Due to their stability under biochemical weathering, the 
more warm-humid the climate gets, the more abundant 
they will be. Such a viewpoint is almost consistent with 
Kukla′s finding that obvious difference of magnetic 
mineral content occurred in the glacial (loess) and inter-
glacial (paleosol) (Kukla, 1987). In fact, heavy mineral 
analysis of the Upper Pleistocene and the Holocene se-
ries in the Salawusu River valley also greatly supports 
the magnetic susceptibility variations in different sedim- 
entary facies of the MGS1 segment, i.e., high contents 
of magnetite and hematite in the fluvio-lacustrine facies 
and paleosol, and low in dune sands (Li et al., 2000). 
The average magnetite and hematite contents of dune 
sands, paleosol and fluvio-lacustrine facies are 5.5%, 

 

Table 2 TL ages and relative parameters of related horizens in MGS1 segment  

Horizon (number) TL age (yr B.P. ) U (ppm) Th (ppm) K (%) E.D. (Gy) Annual dose (m Gy)

16PD (TGD-781) 9700±800 1.730±0.09 6.130±0.120 1.900±0.015 22±1.650 2.270±0.070 

18PD (TGD-627) 9880±900 0.920±0.05 6.070±0.120 1.910±0.015 33.600±2.120 3.400±0.10 

    Note: Th (thorium) is a natural radionuclides from heavy element; U (uranium), a natural radionuclides from heavy element; K, a natural radionuclides from  
light element; E.D., equivalent dose 
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Table 3 Magnetic susceptibility distribution range 
and average of each horizon 

Horizon  
(sample quantity) 

Distribution range 
(×10–9 m3/kg) 

Average 
(×10–9 m3/kg) 

0MD (20) 30.3–79.3 54.5 

1PS/LS (21) 129.2–373.2 238.0 

2PD (5) 57.5–100.6 77.1 

3LS (1) 184.0 184.0 

4PD (4) 70.9–116.1 87.2 

5LS (3) 81.7–129.3 100.6 

6PD (6) 24.5–41.2 28.9 

7LS (3) 83.3–98.7 90.9 

8PD (2) 40.8–43.6 42.2 

9LS (1) 116.8 116.8 

10PD (12) 42.1–108.5 61.6 

11PS (5) 101.0–153.8 117.4 

12PD (9) 105.1–146.0 126.8 

13LS/FL (6) 130.4–174.9 151.7 

14PD (12) 143.7–174.1 159.7 

15FL (5) 204.5–353.9 311.0 

16PD (5) 98.1–165.7 130.0 

17FL (27) 101.8–358.3 153.3 

18PD (3) 58.2–96.7 73.9 

19FL (3) 203.7–215.8 210.3 

20PD (5) 75.6–116.5 98.0 

21FL (4) 184.0–230.7 205.7 

Note: 3LS and 9LS layers have one sample respectively 
 
14% and 17.6%, ranging from 1.7% to 9.4%, from 8.3% 
to 25.5%, and from 10.6% to 29.7%, respectively (Li et 
al., 2000). Hence, it can be held that the magnetic sus-
ceptibility of MGS1 is a good indicator for reflecting 
climate changes information recorded in the study area. 

Based on the magnetic susceptibility analysis, to-
gether with references to previous researches on the ac-
tivity regulation of modern sand dunes in the Mu Us 
Desert (Li et al., 1998; 2001), the valleys of the mag-
netic susceptibility values are regarded as cold valleys, 
which are influenced by East Asia winter monsoon as a 
result of the high pressure of Siberia-Mongolian anticy-
clone, and the peaks are regarded as warm peaks, which 
are influenced by East Asia summer monsoon. Obvi-
ously, we should take the 11 layers of dune sands, 0MD, 
2PD, 4PD, 6PD, 8PD, 10PD, 12PD, 14PD, 16PD, 18PD 
and 20PD, as the phases dominated by winter monsoon 
(corresponding to C1–C11 in Fig. 1). Accordingly, we 
should take another 11 layers of fluvio-lacustrine facies 

and paleosols, 1PS/LS, 3LS, 5LS, 7LS, 9LS, 11PS, 
13LS/FL, 15FL, 17FL, 19FL and 21FL, as the phases 
dominated by summer monsoon (corresponding to W1– 
W11 in Fig. 1). 

If we calculate the average time for climate cycles of 
the MGS1 segment in Milanggouwan section in the 
Holocene, each cycle experienced nearly 1 kyr, namely, 
there appeared warm and cold climate alternation at a 
average time of 0.6–0.5 kyr B.P. since 12 kyr B.P. Evi-
dently, the magnetic susceptibility cycles have recorded 
the ka-scale climate fluctuations in the Salawusu River 
vally during the Holocene.  

As for the climate changes in the North Atlantic, there 
also existed high-resolution climate changes similar to 
those of the MGS1 segment in the Milanggouwan sec-
tion in the Holocene. On the basis of the study on the 
stained hematite, glass debris in the deep sea sediment 
of North Atlantic, Bond et al. (1997) identified that 
there existed eitght times of IRD (ice-rafted debris) 
events there in the Holocene, and the times of the peak 
occurrence are 1.4 kyr, 2.8 kyr, 4.3 kyr, 5.9 kyr, 8.2 kyr, 
9.5 kyr, 10.3 kyr and 11.1 kyr, around cyclic time of 
1 470 yr. By comparison (Fig. 2), it is not difficult to 
find that the climate changes indicated by the magnetic 
susceptibility of the MGS1 segment in the Salawusu 
River valley have a good correlation with that of the 
North Atlantic, in terms of the time and nature of cli-
mate. Figure 2 shows that the IRD peaks in the North 
Atlantic were almost consistent with all the low mag-
netic susceptibility values of MGS1, in terms of the time, 
especially 4PD, 10PD, 12PD, 16PD and 18PD perfectly 
corresponding to the related peaks. The valleys between 
the peaks in the IRD can be regarded as a warm valley, 
which exactly correspond to the warm peaks of the 
magnetic susceptibility value of MGS1. Interestingly, 
whether the warm period indicated by the significant 
warm valley around 7 kyr B.P. in the North Atlantic in 
the Holocene corresponds to the warm peaks of the 
magnetic susceptibility of 13LS/FL in MGS1 (6 170 yr 
B.P. of 14C calendar year) is not clear. Although the lat-
ter is a weak warm peak, this section contains much 
Gastropoda fossils such as Gyraulus albus Muller, 
Radix sp., Gyraulus convexiusculus Hutton (Li et al., 
1998), especially the current species of Gyraulus con-
vexiusculus Hutton are widely living in tropical and sub- 
tropical zones of China, which reflects the Megathermal
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Fig. 2 Comparison between magnetic susceptibility curve of MGS1 and cold-warm events of North Atlantic 

 
ancient climate information. But, whether the weak 
warm peak is related to an increase of fossil gastropods 
diluting the ferromagnetic minerals is still in question. 

In fact, high-resolution cold events in many locations 
of China in the Holocene have been confirmed, such as 
cold events recorded in the Huguangyan (Liu et al., 
2000), Zoigê (Zhou et al., 2001), Dunde (Yao and Shi, 
1992), and similar incidents were also found in Okinawa, 
Japan (Jian and Meng, 2002). These events also have a 
good correlation with the time of cold valley of mag-
netic susceptibility value in MGS1 (calculated by depo-
sition rate interpolation) (Table 4). The warm events 
were consistent with warm climate in other parts of 
China, in terms of the time of occurrence, for example, 
the paleosol developing around 6.1 kyr B.P. and 1.3–0.7 
kyr B.P. in Hunshandake Desert (Jin et al., 2004) corre-

sponded to 13LS/FL and 1PS/LS, respectively, and the 
latter displayed as an extreme value of the high mag-
netic susceptibility. Moreover, Daihai Lake level sig-
nificantly elevated from 1.2 kyr B.P. to 0.9 kyr B.P. (Jin 
et al., 2002), whose time is also roughly equivalent to 
the age of the extreme high magnetic susceptibility. It 
shows that 11 cycles of magnetic susceptibility valley- 
peak alternating, which appears vertically in the sedi-
mentary cycles of MGS1, reflect 11 cycles of warm-co- 
ld climate alternation .  

The fact that the cold valleys and the warm peaks of 
the magnetic susceptibility in the MGS1 couple with 
cold peaks and warm valleys in the North Atlantic, as 
well as cold-warm changes in some of places of China, 
in terms of time, reflects that these millennial-centennial 
scales climate changes may basically result from global
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Table 4 Comparison of cold events in Holocene (yr B.P.) 

MGS1 
horizon 

MGS1 horizon  
chronology* 

North  Atlantic 
(Bond et al.,1997) 

Huguangyan 
(Liu et al., 2000)

Zoigê 
(Zhou et al., 2001)

Dunde 
(Yao and Shi, 1992) 

Okinawa  
(Jian and Meng, 2002)

0MD 960–0  680  400 600 
1PS/LS 1350–960      

2PD 2240–1350 1400 1640 1500 1500 1700 
3LS 2470–2240      
4PD 3530–2470 2800 2680 2800 3000 3300 
5LS 4000–3530      
6PD 4180–4000  3830 3700   
7LS 4290–4180      
8PD 4350–4290      
9LS 4380–4350      

10PD 4760–4380 4300  4400 4000 4600 
11PS 5040–4760      
12PD 5920–5040 5900 5040, 6290 6400 5400 5900 

13LS/FL 6570–5920      
14PD 8270–6570 8200 8680 8900 8700–8900 8100 
15FL 9020–8270      
16PD 9700–9020 9500 9830 9580 9700 9400 
17FL 9880–9700      
18PD 10160–9880 10300  10200   
19FL 10580–10160      
20D 11080–10580 11100     
21FL 11950–11080      

Note: * is interpolated by the average sedimentary ratios calculated separately through sediment thickness between two ages 
 

high-resolution climate fluctuations in the Holocene. 
When it turned cold globally, the Salawusu River vally 
was subjected to the strong winter monsoon, thus the 
surface ferromagnetic materials were diluted and mag-
netic susceptibility values were low due to the physical 
weathering, erosion and accumulation of the drift sands. 
As it turned warm globally, the summer monsoon pre-
vailed there with strongly biochemical weathering, 
which resulted in sediments in the rivers and lakes, de-
velopment of paleosols and relative accumulation of 
surface ferromagnetic materials with high value of 
magnetic susceptibility. 
 
5 Conclusions  

 
The distribution of magnetic susceptibility of MGS1 in 
the Salawusu River Valley obviously corresponds to 11 
sedimentary cycles of sand dunes and the overlying flu-
vio-lacustrine facies or paleosols, with a good peak- 
valley correspondence. On the basis of the analysis on 
the significance of magnetic susceptibility to the climate 
and environment, this paper suggests that the valleys and 
the peaks reflect the cold-dry winter monsoon climate and 

the warm-humid summer monsoon climate, respectively. 
In millennial-centennial scales, the MGS1 segment has 
totally recorded 22 periods of climate alternatiions from 
the cold-arid to the warm-humid in the study area during 
the Holocene. In terms of the time and the climate nature, 
the variations similarly correspond to those of the North 
Atlantic and some records of cold-warm changes in 
China as well. It indicates that the climate change at mil-
lennial-centennial scales in the Salawusu River Valley 
and the Mu Us Desert in the Holocene was influenced by 
global and regional climate, and it was an integral part of 
global millennial-centennial scales climate fluctuations, 
which can serve as a standard climate stratigraphy sample 
for comparison with warm-cold climate events at the 
same periods in other sandy areas of China. 
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