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The magnetic susceptibility (χ) of surface soils on the Chinese Loess Plateau (CLP) has strong positive correlation with mean 
annual precipitation. It is widely accepted that ultrafine magnetite/maghemite grains produced during pedogenesis are responsible 
for the enhancement of χ, and loess χ on the CLP has been widely used as a proxy for the intensity of the East Asian summer 
monsoon. However, few works have investigated mechanisms for the enhancement of χ in the case of surface aeolian sediments 
in westerly-dominated inland China, north of the Tibetan Plateau. Here detailed rock magnetism  and grain size studies of 49 sur-
face samples taken across the southern Tarim Basin for different rainfall/temperature/altitude conditions are presented. The results 
show that samples taken from desert have the lowest χ values and that χ of loessic sand and loess samples decreases with increas-
ing altitude. In addition, the rock magnetism studies suggest that the magnetic properties of surface soils across the southern 
Tarim Basin are mainly controlled by the concentration of coarse aeolian ferrimagnetic minerals. The contribution of ultrafine 
pedogenically produced magnetic grains to χ is very limited.  
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The loess-paleosol sequence and the underlying red-clay 
sequence on the Chinese Loess Plateau (CLP) are regarded 
as one of the best terrestrial paleoclimate archives of the late 
Cenozoic period. Variations in the magnetic susceptibility 
(χ) of surface soils on the CLP have strong positive correla-
tion with mean annual precipitation, and ultrafine magnet-
ite/maghemite grains produced during pedogenesis are con-
sidered to be mainly responsible for enhancements of χ 
[1–8]. Thus, the low-frequency χ of loess can be taken as a 
proxy for paleo-rainfall on the CLP [9–14]. 

In contrast, mechanisms for the magnetic enhancement 
for loess samples taken from outside the CLP are compli-
cated. For example, higher χ during glacial periods and  
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lower χ during interglacial periods have been observed in 
the cases of Alaska loess and Siberia loess. The wind-vigor 
model [15–18] and pedogenic model [19,20] have been 
proposed to explain the complicated correlation. In addition, 
many studies have shown that coarse aeolian magnetic min-
erals also affect χ, especially in the loess-paleosol sequence 
adjacent to the desert edge [21,22]. Thus, studies of the 
distribution characteristics and controlling factors of χ for 
surface soils having different climates and environments 
will greatly improve our understanding of the relationship 
between the climate and χ. 

Previous rock magnetism works have focused on the 
CLP, a region dominated by the East Asian monsoon. In 
contrast, few works have been done to clarify the enhance-
ment mechanisms of χ for surface aeolian sediments in 
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westerly-dominated inland China, north of the Tibetan Pla-
teau. Aeolian sediments were deposited on varying geo-
morphic surfaces across the southern Tarim Basin [23], 
from 900 to 4500 m a.s.l. excluding 1400–2000 m a.s.l., 
where there are Gobi gravels. These aeolian deposits corre-
spond to different rainfall and temperature conditions at 
different altitudes, allowing us to study the mechanisms of 
magnetic enhancement. Here we present a preliminary study 
on the rock magnetism and grain size of 49 surface samples 
taken across the southern Tarim Basin to pave the road for 
more detailed rock magnetism studies in the westerly- 
dominated region. 

1  Samples and methods 

A total of 49 surface soil samples were collected at 20–100 
m elevation intervals between 900 and 4500 m a.s.l. across 
the southern Tarim Basin (Figure 1). These samples cover 
three belts [23] (sand desert below 1400 m a.s.l., loessic 
sand at 2000–2500 m a.s.l. and loess at 2500–4500 m a.s.l.) 
and are from areas having different rainfall and temperature 
conditions [24]. A sample taken at a site was a mixture of 
the top 5 cm of the uncultivated soil profile far from indus-
tries and villages. 

The grain sizes of samples were analyzed using a Micro-
trac S3500 laser particle sizer at the Institute of Tibetan 
Plateau Research, Chinese Academy of Sciences. First, we 
removed organic matter from the samples by boiling sam-
ples in 10% H2O2 solution. We then removed carbonates 
from the samples by putting them in 10% HCl solution. 
Finally, we put samples into 3.6% (NaPO3)6 solution and 
dispersed them in an ultrasonic bath for 10 minutes. 

Magnetic susceptibility was measured using a Bartington 
MS2 susceptometer at frequencies of 470 and 4700 Hz (In 
this paper, χ is the low-frequency mass-specific magnetic 
susceptibility measured at 470 Hz; i.e. χ=χ470Hz). χfd 

(χ470Hz–χ4700Hz) and χfd% ((χ470Hz–χ4700Hz)/χ470Hz×100%) 
were then calculated. The isothermal remanent magnetization 

(IRM) and saturation isothermal remanent magnetization 
(SIRM = IRM1000 mT) were obtained employing an ASC 
pulse magnetizer and Molspin Minispin magnetometer. 
Backward IRM was then imparted at 0.3 T after reversing 
the orientation of the samples. Hysteresis loops and mag-
netization versus temperature curves were obtained em-
ploying the variable field transition balance. All these 
measurements were performed at the National Laboratory 
of Western China’s Environmental Systems of the Ministry 
of Education of China, Lanzhou University.  

2  Results 

2.1  χ, SIRM and grain size  

χ of surface soils across the southern Tarim Basin is gener-
ally low and ranges between 1.5 and 4.0 × 10–7 m3/kg (Fig-
ure 2). In the desert, χ is generally less variable and has the 
lowest values (1.5 × 10–7 m3/kg on average), but in loessic 
sand and loess belts, χ is higher and has an obvious negative 
linear correlation (R2 = 0.78) with altitude (Figure 3(b)). In 
addition, χfd and χfd% are lower and less variable for all the 
samples and there are no obvious correlations between χfd 
or χfd% and χ (Figure 2). 

χ values of more than 160 surface soils in China were 
recorded by Lü et al. to assess the relationship between χ 
and modern climatic parameters and they found that there 
was no obvious relationship between χ and the mean annual 
temperature or mean annual precipitation for surface soils 
across the southern Tarim Basin [9]. This indicates that pe-
dogenically produced ultrafine ferrimagnetic minerals do 
not play a dominant role in determining χ in this area. The 
weak correlation between χ and χfd or χfd% for surface soils 
across the southern Tarim Basin further supports this hy-
pothesis. 

SIRM is largely controlled by ferrimagnetic and canted 
antiferromagnetic minerals, without the influence of para-
magnetic and diamagnetic materials [25,26]. Figure 2  

 

Figure 1  DEM map of the Tarim Basin and sampling locations (triangles). 
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Figure 2  Lithology, mean grain size and magnetic parameter records for 
surface soils across the southern Tarim Basin. 

shows that the SIRM curve roughly duplicates the χ curve. 
Samples from the desert have the least SIRM, and SIRM of 
loessic sand and loess samples decreased with increasing 
altitude, which further supports the systematic variations in 
magnetic properties for different deposit belts and altitudes 
as suggested by the χ values. 

A total of 49 samples collected from the surface soils of 
the southern Tarim Basin give a general picture of the 
grain-size distribution (Figure 2). Samples in the desert 
zone contain a higher percentage of coarser materials and 
the mean grain size (MZ) is generally greater than 100 μm. 
Loessic sand and loess samples consist mainly of silt and 
very fine sand with MZ ranging from 30 to 70 μm. Correla-
tion analysis indicates that MZ and altitude have a strong 
negative correlation (R2 = 0.96) for all surface soils samples 
(Figure 3(a)). In addition, in contrast to the weak correlation 
between χ and χfd or χfd% (Figure 2), MZ and χ have a 
similar trend with increasing altitude (Figures 2 and 3) for 
loessic sand and loess samples, indicating that variations in 
aeolian materials due to wind sorting possibly control the  

magnetic properties of surface samples taken from loessic 
sand and loess. 

2.2  Temperature dependence of saturation  
magnetization 

Magnetization variations with temperature not only indicate 
the magnetic mineral type but also reveal the change in 
magnetic mineralogy during heating and cooling [26]. The 
Ms (T) curves show that all samples have a rapid loss of 
magnetization near 580°C and that the magnetization of 
samples taken from the desert zone drops to zero (Figure 4), 
indicating magnetite is the dominant mineral in these sam-
ples. According to the different characteristics of the Ms (T) 
curves (Figure 4), samples can be divided into three catego-
ries: (1) desert samples, for which the magnetization in the 
cooling curve is slightly greater than that in the heating 
curve, implying that weakly magnetic materials, such as 
iron sulfides or other paramagnetic minerals, are converted 
to strongly magnetic magnetite as a result of oxidation dur-
ing heating [19,20], (2) loessic sand and loess samples be-
tween 2100 and 3300 m, for which the magnetization in the 
cooling curve is less than that in the heating curve, which is 
probably due to thermally unstable maghemite minerals 
converting to hematite, resulting in a loss of magnetization 
[19,20], and (3) loess samples above 3300 m, for which the 
magnetization in the cooling curve is much greater (more 
than double) than that in the heating curve and all heating 
curves have a clear “hump” at around 500°C. These obser-
vations indicate that the types and contents of weakly mag-
netic minerals differ greatly from those of desert samples 
[20].  

2.3  Hysteresis parameters 

The shapes of magnetic hysteresis loops are useful indica-
tors of the grain size and type of magnetic mineral [25]. 
Hysteresis loops for all the samples are narrow at the center 
and the loops are closed by a field of 300 mT (Figure 5), im-
plying a soft (more easily saturated) magnetic component,  

 

Figure 3  Correlation between mean grain size and altitude (a) and χ and altitude (b) for surface aeolian sediments across the southern Tarim Basin. 
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Figure 4  Thermomagnetic curves for surface aeolian sediments across the southern Tarim Basin. 

such as maghemite and/or magnetite, is the major carrier of 
magnetic remanence. 

2.4  IRM and S ratio 

Acquisition of IRM and its back-field demagnetization is an 
important magnetic method for identifying the magnetic 
composition [27]. Stepwise acquisition of the isothermal 
remanent magnetization in a field up to 2500 mT shows that 
more than 90% of the SIRM was acquired in a field of 300 
mT for most surface samples (Figure 6a), suggesting that 
magnetic properties of the surface aeolian sediments across 
the southern Tarim Basin are dominated by low-coercivity 
ferrimagnetic minerals; i.e. magnetite or maghemite. How-
ever, loessic sand and loess samples do not become fully 
saturated even with an applied field of 2500 mT (Figure 
6(a)), reflecting the existence of hard magnetic minerals.  

Progressive removal of SIRM by applying reversed fields 
reveals that desert samples have the lowest values of remanent 
coercivity (40–45 mT) and SIRM (Figure 6(b)), suggesting  

that although low-coercivity ferrimagnetic minerals are the 
major carrier of magnetic remanence in desert samples, the 
content is not high. In addition, in contrast to the decrease in 
SIRM, the remanent coercivities of loessic sand and loess 
samples increase with altitude (50 mT between 2100 and 
3300 m and 55 mT above 3300 m) (Figure 6(b)), indicating 
a greater concentration of high-coercivity magnetic minerals 
in the samples above 3300 m. 

The S ratio (–IRM–300mT/SIRM) further supports the 
above hypothesis (Figure 2). The S ratio serves as a meas-
ure of the relative content of low-coercivity components, 
and samples having a greater low-coercivity component will 
have a higher S ratio [26]. The decrease in the S ratio with 
increasing altitude shows that samples taken from loessic 
sand and loess belts at higher altitude have a greater con-
centration of high-coercivity magnetic minerals. In the de-
sert, however, all samples with a high S ratio have low χ 
and SIRM, suggesting that although magnetic properties of 
the desert samples are dominated by soft magnetic compo-
nents, the content is not high. 
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Figure 5  Hysteresis loops for surface aeolian sediments across the southern Tarim Basin (after slope correction for the paramagnetic contribution). 

 

Figure 6  SIRM acquisition curves (a) and their reverse-field demagnetized curves (b) for surface aeolian sediments across the southern Tarim Basin. 

3  Discussion 

Our results suggest that samples taken from the desert have 
the lowest χ and that χ of loessic sand and loess samples 
decreases with increasing altitude. In general, the variations 
in aeolian facies belts and altitude accompany not only 
changes in rainfall and temperature conditions but also 
changes in the composition of aeolian dust due to wind 
sorting. Therefore, the magnetic properties of surface soils 
may vary across the southern Tarim Basin. However, it is 
worth emphasizing that soil provenance and the surface 
wind field can also affect χ. Examining major-elemental 
and isotopic features in whole-rock samples, previous stud-
ies have found that there is strong homogenization of the 

sands across the entire Taklimakan Desert [28,29]. In addi-
tion, the strong aeolian activity in the Tarim Basin readily 
mixes aeolian sediments above 2100 m. Thus, we argue that 
soil provenance and the surface wind field hardly affect the 
magnetic properties of surface soils across the southern 
Tarim Basin. 

3.1  Desert samples 

Rock magnetism studies suggest that although the magnetic 
properties of samples from Taklimakan Desert are dominated 
by soft magnetic minerals (i.e. magnetite), all samples have 
low values of χ and SIRM, implying the absolute concen-
tration of magnetite is very low. In addition, in contrast to 
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the good positive correlation between grain size and χ or 
SIRM in the case of surface sediments of loessic sands and 
loess (Figure 2), χ and SIRM of desert samples do not in-
crease with increasing grain size. This indicates that the soft 
magnetic minerals, which dominate the magnetic properties 
of the surface soils across the southern Tarim Basin, are 
possibly concentrated in a specific grain-size range.  

Previous rock magnetism studies of loess at the north-
eastern margin of the CLP based on Stokes’ Law have 
found that wind sorting has a significant effect on the com-
position of magnetic minerals [22]. The magnetic properties 
of loess in that area are mainly controlled by the concentra-
tion of coarse aeolian magnetite (31–90 μm). To further 
assess the relationship between grain size and the magnetic 
properties of surface sediments across the southern Tarim 
Basin, we show the correlation between the coarse grain 
population (31–90 μm) and altitude, χ and SIRM in Figure 
7. In contrast to the weak correlation between several grain 
size parameters and χ (Figure 8), the coarse grain popula-
tion (31–90 μm) and χ have a similar trend with increasing 
altitude (Figures 7(a) and 3(b)) and there is strong correla-
tion between the coarse grain population (31–90 μm) and χ 
or SIRM (Figure 7(b), (c)). As expected, this indicates that 
the magnetic properties of surface soils across the southern 
Tarim Basin are mainly controlled by the concentration of 
coarse aeolian ferrimagnetic minerals (31–90 μm). How-
ever, we note that there are differences between grain size  

results obtained employing the two methods of laser granu-
lometry and Stokes’ Law [30] and emphasize that more 
detailed rock magnetism studies are needed.  

3.2  Loessic sand and loess samples 

In contrast to the weak correlation between χ and χfd or 
χfd% (Figure 2), there is strong correlation between the 
coarse grain population (31–90 μm) and χ or SIRM (Figure 
7(b), (c)). These observations indicate that χ of loessic sand 
and loess are not determined by the concentration of pe-
dogenic ultrafine magnetite/maghemite grains but by the 
concentration of coarse aeolian ferrimagnetic minerals.  

However, rock magnetism studies indicate that climate 
conditions may have also affected χ of surface loess sam-
ples above 3300 m. Thermomagnetic plots show that mag-
netization in the cooling curve for surface loess samples 
above 3300 m is much greater (more than double) than that 
in the heating curve and all heating curves have a clear 
“hump” at around 500°C. Because these notable differences 
in mineralogy cannot be explained by the variation in grain 
size alone [19,20], these observations possibly imply that 
climate conditions (i.e. temperature and moisture) may have 
reached a threshold at about 3300 m and some of the mag-
netic mineral changed under the new condition [19,20]. 
According to meteorological records [24], the rate of in-
crease in the mean annual precipitation with altitude for the  

 

Figure 7  Relationships between the percentage content of 31–90 μm grains and altitude (a), χ (b) and SIRM (c) for surface aeolian sediments across the 
southern Tarim Basin. 

 

Figure 8  Relationships between (a) mean grain size and χ, (b) percentage content of grains smaller than 31 μm and χ and (c) percentage content of grains 
larger than 90 μm and χ for surface aeolian sediments across the southern Tarim Basin. 
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Kunlun Mountains is 18 mm/100 m above 2000 m and the 
mean annual precipitation increases from 20–50 mm below 
1500 m to more than 400 mm above 3500 m. Considering 
the significant decrease in evaporation with increasing alti-
tude, we believe that the humidity is sufficient for mineral 
transformation. However, our research is preliminary and 
we emphasize that more detailed rock magnetism studies 
are needed. 

In summary, the above evidence suggests that the mag-
netic properties of surface soils across the southern Tarim 
Basin are mainly controlled by the concentration of coarse 
aeolian ferrimagnetic minerals. The contribution of ultrafine 
pedogenically produced magnetic grains is very limited. 
Thus, there is no obvious correlation between χ and the 
mean annual temperature or mean annual precipitation for 
surface soils across the southern Tarim Basin [9]. 

4  Conclusion 

Our results suggest that samples taken from desert have the 
lowest χ values and that χ of loessic sand and loess samples 
decrease with increasing altitude. Ultrafine pedogenically 
produced magnetic grains make a very limited contribution 
to χ and the concentration of coarse aeolian ferrimagnetic 
minerals controls the magnetic properties of surface sam-
ples across the southern Tarim Basin. 

This work was supported by the Knowledge Innovation Program of the Chi-
nese Academy of Sciences (KZCXZ2-YW-Q09-04) and the National Natural 
Science Foundation of China (40972122, 40402017 and 40920114001). 
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