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a b s t r a c t

Environmental magnetism has been widely employed to reconstruct past climate changes on the Chinese
Loess Plateau (CLP), and several climofunctions based on the magnetic properties of loess have been
developed. However, systematic investigation of the quantitative relationship between topsoil magnetic
enhancement and modern climate remains uncommon. In this study, we obtained surface soil samples
from 257 sites over the CLP and adjacent regions. From this set, we used 180 samples from sites unaf-
fected by potential contamination to investigate the relationship between the commonly measured
magnetic properties of magnetic susceptibility and magnetic remanence and modern climatic variables.
The spatial distribution of the results demonstrates a strong NWeSE gradient of the magnetic
enhancement of surface soils. The results of more detailed magnetic parameters indicate that pedogenic
viscous superparamagnetic and stable single-domain particles are mainly responsible for the magnetic
enhancement of the soils in the studied region; and that the magnetic grain-size distribution of the
ferrimagnetic components of pedogenic origin remains almost constant, independent of pedogenic in-
tensity. The uniform mechanism of magnetic enhancement, mainly linked with the concentration of the
pedogenic components rather than with variations in magnetic grain-size, decreases the level of am-
biguity in climate reconstructions based on magnetic measurements of Chinese loess. Statistical analyses,
including correlation, Principal Component Analysis (PCA) and multiple regression analysis, suggest that
annual rainfall rather than temperature exerts the dominant effect on soil magnetic enhancement.
Finally, we used the results to develop several transfer functions to reconstruct mean annual precipi-
tation (MAP). Transfer functions based on frequency-dependent susceptibility (cfd) and anhysteretic
remanent magnetization (cARM) provide the most reliable estimates of MAP. This study significantly
improves the understanding of the relationship between soil magnetic properties and climate.

� 2013 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

The relationship between the magnetic properties of Chinese
loess deposits and climate has been of significant interest since
Heller and Liu (1984, 1986) found striking similarities between the
magnetic susceptibility of loessepalaeosol sequences and the deep-
sea d18O record. The prevailing evidence indicates that the mag-
netic enhancement of palaeosols interbedded in Chinese loess

deposits is attributable to fine-grained magnetite/maghemite pro-
duced during weathering and pedogenesis (Zhou et al., 1990;
Maher and Thompson, 1991; Verosub et al., 1993; Liu et al., 2005).
Therefore, the magnetic properties have long been used as proxies
of East Asian summer monsoon strength (Heller and Liu, 1984; An
et al., 1991; Chen et al., 1999; Deng et al., 2005; Hao and Guo, 2005;
Hao et al., 2012), with a stronger summermonsoon deliveringmore
moisture to the Chinese Loess Plateau (CLP) which in turn promotes
increased weathering and pedogenesis.

In the temperate zone of the Northern Hemisphere, a general
positive correlation between the magnetic properties of modern
soils and present-day climatic parameters has been observed in
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well-drained, neutral and intermittently wet/dry soils in the CLP
(Lü et al., 1994; Maher et al., 1994; Porter et al., 2001; Xia et al.,
2012), in Europe (Maher and Thompson, 1995), the Russian
steppe (Maher et al., 2002, 2003), the mid-western US (Geiss and
Zanner, 2007; Geiss et al., 2008) and in northern Africa (Lyons
et al., 2010; Balsam et al., 2011). These findings point to the po-
tential utility of magnetic properties to quantitatively reconstruct
various aspects of the paleoclimate of a particular region, especially
precipitation.

Significant efforts have been made to quantitatively reconstruct
past climatic variations based on magnetic properties of the Chi-
nese loess in particular (Heller et al., 1993; Lü et al., 1994; Maher
et al., 1994; Liu et al., 1995; Maher and Thompson, 1995; Han
et al., 1996; Florindo et al., 1999a) and several magnetic climo-
functions have been developed based on the measurement of
modern soils. Lü et al. (1994) used the magnetic susceptibility of 63
modern soil samples to derive the climofunctions based on quartic
polynomial regressions to estimate annual temperature and rain-
fall. Maher et al. (1994) reported a logarithmic rainfall vs. pedogenic
magnetic susceptibility climofunction based on 9 modern soil sites
(represented by 37 individual soil profiles), where the pedogenic
magnetic susceptibility was defined by subtracting the suscepti-
bility values of parent loess layers from that of modern soils. Other
climofunctions have been based on volume magnetic susceptibility
measurements of modern samples obtained in the field (Sun et al.,
1995; Porter et al., 2001). However, significant discrepancies exist
among magnetic susceptibility-based quantitative estimates pro-
vided by these climofunctions, as summarized by Evans and Heller
(2001). Recently, annual rainfall transfer functions based on
frequency-dependent magnetic susceptibility (Song et al., 2012)
and the ratio of frequency-dependent magnetic susceptibility to
‘hard’ isothermal remanent magnetization (cfd/HIRM) have also
been proposed (Liu et al., 2013).

Further investigation of the relationship between magnetic
properties of topsoils on the CLP and modern climatic parameters
is appropriate for several reasons: Firstly, most of the previous
work on the modern soils of the CLP is based on the use of low-
frequency magnetic susceptibility to establish climofunctions.
Other routine magnetic measurements, including frequency-
dependent magnetic susceptibility (cfd) and anhysteretic rema-
nent magnetization (ARM) and isothermal remanent magnetiza-
tion (IRM), often have not been conducted, despite the fact that cfd
and ARM are significantly related to the presence of pedogenic
ferrimagnetic minerals. Secondly, previous soil datasets used to
establish magnetic climofunctions are usually small; and the
spatial coverage of sampling sites needs to be extended in order to
avoid the potential influence of local geomorphological factors.
Thirdly, the relationships between different climatic variables and
the magnetic properties of modern soils have not been investi-
gated systematically. Although most authors agree that rainfall is
the most important controlling variable, the magnetic properties
might also be influenced by temperature (Barrón et al., 2003;
Torrent et al., 2010) or evaporation (Orgeira and Compagnucci,
2006; Orgeira et al., 2011).

In this study, we collected 257modern soil samples from the CLP
and the adjacent regions, among which 180 samples were used to
evaluate the climatic impact on the changing magnetic properties
of modern soils on the CLP. In addition to measurements of mag-
netic susceptibility, ARM and IRM on all of the 257 investigated
samples, IRM acquisition and demagnetization were measured on
samples from NeS and WeE transects to provide more detailed
information on their magnetic mineralogy. Statistical analyses were
carried out in order to evaluate the influence of different climatic
parameters on the soil magnetic properties, with the aim of
providing a robust basis for estimating palaeorainfall. Several new

magnetic climofunctions were also tentatively established and
their potential utility is discussed.

2. Material and methods

2.1. Sampling strategy

A total of 257modern soil samples were collected across the CLP
and the adjacent regions (Fig. 1), west to Lanzhou City, east to
Taihang Mountain, north to the southern margin of the Mu Us
desert, and south to the northern piedmont of Qinling Mountains.
Surface soil samples were mainly collected on the plateau table-
lands, typically developed on L0 (the youngest loess layer deposited
above Holocene palaeosol S0). In the field, sites obviously affected
by erosion, cultivation or burning were carefully avoided. Samples
were collected at 5 cm beneath the soil surface, and any leaves and
roots were removed in the field. In the laboratory, each sample was
air-dried, gently crushed, and passed through 2-mmmesh sieves to
further remove any remaining plant debris and fine gravel, prior to
magnetic measurements.

2.2. Magnetic measurements and data selection

The following routine magnetic measurements were performed
on all samples:

Mass-specific low-frequency (0.47 kHz) and high-frequency
(4.7 kHz) magnetic susceptibility (clf and chf, respectively) were
measured using a Bartington Instruments MS2B sensor. The dif-
ference between the two measurements gives the frequency-
dependent susceptibility as a mass-specific term (cfd) or as a per-
centage (cfd%), and which is sensitive to ultra-fine magnetic grains
at the superparamagnetic (SP)-stable single domain (SSD)
boundary.

Anhysteretic Remanent Magnetisation (ARM), sensitive to the
concentration of SSDmagnetic particles, was measured with a peak
alternating field of 100 mT and a DC biasing field of 0.1 mT. ARM is
expressed as an anhysteretic susceptibility (cARM) by normalizing
by the biasing DC field.

Isothermal remanent magnetization (IRM) was measured in
fields of 20, 40, 100, 300 mT and 1 T (saturation isothermal rema-
nent magnetisation, SIRM), and then reversed fields of 20, 40, 100
and 300 mT, using a 2G Enterprises Pulse Magnetizer. Remanence
measurements were made using a 2G Enterprises Model 760-R
cryogenic magnetometer. All of the remanence measurements
were made at the Geomagnetism and Geochronology Laboratory,
Institute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS).

Soft�40mT reflects the concentration of magnetic minerals with a
coercivity less than 40 mT (i.e. mainly magnetite and/or maghe-
mite). HIRM is an indicator of the content of imperfect antiferro-
magnetic minerals (primarily hematite because the peak field used
for SIRM is insufficient completely to magnetize goethite). The S-
ratio is conventionally used to reflect the ratio of ferrimagnetic to
imperfect antiferromagnetic minerals. Soft�40mT, HIRM and S-ratio
were calculated following Robinson (1986) and Thompson (1986):

Soft�40mT ¼ 0:5� ½SIRM� IRM�40mT�

HIRM ¼ 0:5� ½SIRMþ IRM�300mT�

S� ratio ¼ �½IRM�300 mT=SIRM�
The interparametric ratios cARM/clf and cARM/SIRM are used to

estimate variations in the proportion of SSD particles (Evans and
Heller, 2003), and cARM/IRM100mT is proposed as a magnetic
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proxy to estimate the abundance of pedogenic SSD magnetite
(Geiss et al., 2008).

Incremental acquisition and demagnetization of the IRM of ten
soil samples on NeS and WeE transects over the CLP (Fig. 1) were
conducted in order to further characterize their magnetic miner-
alogy and remanence carriers. A Micromag 3900 Vibrating Sample
Magnetometer (VSM) was used for the measurements. Stepwise
IRM acquisition was imparted in increasing fields from 0 to 1 T,
followed by stepwise demagnetization conducted up to a
maximum reversed field of 1 T in order to determine the coercivity
of remanence (Bcr).

The magnetic data were evaluated firstly to exclude those
samples which were possibly disturbed or contaminated by human

activity (Fig. 1). 77 of the 257 modern soil samples were excluded
because they exhibited extremely low cfd, cfd% and S-ratio values, a
coarse grain-size distribution, or were samples obtained from high
altitude locations (see below). The specific screening criteria were:
1) Samples with cfd% �2% (37 samples), since the concentration of
SP grains is detectable only when cfd% is greater than 2% (Dearing
et al., 1996). 2) Samples with cfd one order of magnitude less
than that of adjacent sites (11 samples). 3) Samples with S-ratio
<0.80 (19 samples), since the S-ratio values of Chinese loess are
typically greater than about 0.85 (e.g. Bloemendal and Liu, 2005). 4)
Samples in the vicinity of Huashan Mountain (34.5e34.6�N, 110.2e
110.9�E) with clf< 75.00� 10�8 m3/kg (8 samples), since the parent
material of these latter samples is likely to be Yellow River alluvium

Fig. 1. Locations of the modern soil sites on the Chinese Loess Plateau. Dashed isolines are (a) mean annual precipitation (mm), and (b) mean annual temperature (�C) for the
interval 1951e1990. (Black stars are selected transect soil samples, from north to south: 2010S-XNW, 2010S-HJZ, 2010S-YA, 2010S-FX, 110817-CL and 110812-DJP; fromwest to east:
2010G-32, LP-15, 2010S-FX, SY-34, SY-46).
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instead of typical loessic material, as indicated by an unusually
coarse grain size distribution. 5) Samples collected from altitudes
higher than 2000 m (2 samples). Thus, the magnetic results of the
remaining 180 samples are presented for statistical analyses in the
present paper. The data for clf and cfd have been previously pub-
lished in a preliminary investigation of their relationship with
modern climatic variables (Song et al., 2012).

2.3. Meteorological data

The climate of the Chinese Loess Plateau is dominated by two
alternating monsoon circulations: the East Asian winter and sum-
mer monsoons (Chen et al., 1991). Cold, dry northwest winds
control this region in the winter season and the warm, humid
southeast summer monsoon penetrates further inland during the
summer season, bringing most of the rainfall. The mean annual
temperature (MAT) ranges from 0 to 12 �C; and the mean annual
precipitation (MAP) ranges from about 150 to 700 mm, which
mainly occurs from June to September and strongly depends on the
summer monsoon intensity. Both MAT and MAP decrease from
southeast to northwest (Fig. 1).

Modern climatic variables for each sample site were derived
from four-decade (1951e1990) national meteorological datasets
maintained by the China Meteorological Administration (CMA).
They consist of daily rainfall, evaporation (pan evaporation), tem-
perature, atmospheric pressure, sunshine duration, snow cover,
vapour pressure and wind speed for 648 stations. We first calcu-
lated the 40-year average rainfall, temperature and evaporation at
each station for each month. We used inverse-distance weighting
(IDW) spatial interpolation to estimate monthly data for each
sampling site. Six annual climatic variables were calculated: mean
annual precipitation (MAP), mean annual temperature (MAT),
mean annual evaporation (MAE), mean annual range of tempera-
ture (MART), monthly precipitation variability (MPV) and MAP/
MAE (Table 1). In this study, Monthly Precipitation Variability is
defined as

MPV ¼
P12

n¼ ijx� xij
12$x

� 100%;

where xi is the 40-year average monthly rainfall for January to
December and x is the average of the twelvemonthly xi values. Thus
MPV is a measure of the seasonality of the precipitation during the
whole year. In the CLP, a higher MPV value reflects the tendency for
rainfall to be more concentrated in summer.

In order to assess the interpolation accuracy of the climatic
variables of the sample sites, 200 meteorological stations were
randomly selected across China to compare the interpolated values
with the observed values. Table 1 gives the regression coefficients
and root-mean-square errors (RMSE), which show statistically
acceptable precisions for each climatic variable.

2.4. Statistical analysis

Correlation analysis, Principal Component Analysis (PCA) and
standard multiple regression were performed using SPSS 16.0
software. Correlation analyses provide quantitative estimates of the
degree of linear correlation between climatic variables and soil
magnetic properties. However, correlation analysis cannot reveal
the true climatic variables determining soil magnetic properties in
a regionwhere those climatic variables are linearly related. In order
to remove the high degree of co-linearity amongst climatic vari-
ables over the study region, PCA was carried out to extract linear-
independent principal climate components. Based on factor
scores of the principal components at each sampling site, standard
multiple regression for each soil magnetic parameter was carried
out to estimate the contribution of each principal component to the
magnetic enhancement. The standardized coefficients of each
principal component give the estimate of their relative contribu-
tions. Multiple regression analysis has been successfully applied to
investigate the controlling factors of soil magnetism in the UK and
in Hainan Island, China (Blundell et al., 2009; Long et al., 2011).

3. Results and discussion

3.1. Magnetic properties

Spatial changes in magnetic properties of the selected 180
topsoil samples are shown in the form of contour maps in Fig. 2,
and bi-plots of the magnetic properties of these samples are shown
in Fig. 3, together with 77 contaminated topsoil samples. The IRM
acquisition and demagnetization curves of ten samples on NeS and
WeE transects across the studied region are shown in Fig. 4. The
plots shown in Figs. 3 and 4 are frequently used to characterize the
magnetic mineralogy and ferrimagnetic grain-size of samples.

The magnetic parameters of the topsoil samples from the CLP
and adjacent regions show a general trend of increasing magnetic
enhancement towards the southeast. Across the entire region, clf
increases from 12.38 � 10�8 m3/kg (SI) to 199.50 SI, cfd from 0.40 SI
to 21.09 SI, cARM from 29.95 SI to 867.93 SI and SIRM from
1.41 � 10�3Am2/kg to 17.90 � 10�3Am2/kg. In the contour maps
(Fig. 2), the most prominent and consistent feature is the south-
eastwards increasing trend with steep NWeSE gradients. Overall,
the isolines are gently convex towards the NWover themain part of
the CLP. For most of the parameters and interparametric quotients
in Fig. 2, steeper gradients are observed in the southernmost part of
the CLP. Several clusters of lowand high values (bull’s eyes) occur in
the central plateau andwhich probably reflect the influence of local
geomorphological factors. The southwards trend of increasing
magnetic enhancement, indicated by clf, cfd, cARM, SIRM and
Soft�40mT, is consistent with the same trend of strengthened
pedogenesis of surface soils (Soil Survey Office of Shaanxi Province,
1992).

IRM acquisition and demagnetization curves of the topsoil
samples on the NeS and WeE transects across the studied region
(Fig. 4) indicate that ferrimagnetic minerals such as magnetite and
maghemite are the dominant magnetic carriers. For all the ten
samples on the NeS and WeE transects, IRM acquisition curves
display a rapid increase below 100 mTand are 90 percent saturated
by 300 mT (Fig. 4a and b), confirming that the dominant magnetic

Table 1
Summary statistics for the meteorological interpolation results. a). Statistics,
regression coefficients and root-mean-square errors (RMSE) between interpolated
and observed meteorological values of test sites across China; b). Statistics of
interpolation data for all sampling sites.

n Minimum Maximum Range R RMSE

a. Test Sites across China
MAP (mm) 200 31.21 2101.82 2070.61 0.96 138.73
MAT (�C) 200 �4.95 23.02 27.97 0.93 2.39
MAE (mm) 200 515.14 6479.72 5964.58 0.76 454.92
ART (�C) 200 10.13 48.62 38.49 0.97 1.96
MPV (%) 200 0.34 1.26 0.92 0.92 0.08

n Minimum Maximum Range Average Standard
deviation

b. All sampling sites
MAP (mm) 257 132.83 639.85 507.02 479.97 116.98
MAT (�C) 257 4.10 14.25 10.15 9.91 2.50
MAE (mm) 257 1109.90 2487.03 1377.13 1684.48 339.60
ART (�C) 257 0.65 0.96 0.31 0.79 0.09
MPV (%) 257 24.53 34.90 10.37 28.81 2.45
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carriers are ferrimagnetic minerals. Above 300 mT, the acquisition
curves still increase by a small amount, indicating the presence of
imperfect antiferromagnetic minerals, such as hematite and/or
goethite. The Bcr values determined by the SIRM demagnetization
curves are lower than 40 mT (20.98e38.44 mT, Fig. 4a and b). The
median remanent acquisition field (MAF), defined as the field at
which the first 50% of the SIRM is acquired and which serves as a
useful parameter to describe IRM acquisition features (Evans and
Rokosh, 2000), ranges from 38.25 to 61.82 mT. The Bcr and MAF
values also confirm that the modern soil magnetic properties pri-
marily originate from magnetically soft components. In addition,
for the samples on the NeS transect, there is a trend that from
north to south samples gradually acquire a higher proportion of
SIRM at low field and the MAF decreases (Fig. 4a), indicating a
southwards-increasing contribution from magnetically soft
components.

Comparison of the bi-plots of Soft�40mT and HIRM with SIRM
(Fig. 3e and f) also suggests dominant contributions from the
magnetically soft components to the trend of southward-increasing
magnetic enhancement. Both Soft�40mT and HIRM have positive
linear correlations with SIRM based on visual examination of the
scatter plots for the 180 sample data set. This indicates that both
ferrimagnetic and imperfect antiferromagnetic minerals are
generated accompanying the increase in pedogenic intensity of
soils over the investigated regions, as is also found in the under-
lying loess deposits (Balsam et al., 2004; Torrent et al., 2007; Hao
et al., 2009). However, the coefficient of determination (R2) of
0.97 for Soft�40mT is much higher than that for HIRM (0.50). In
addition, the slope of the linear fitted line for Soft�40mT is 0.66,
some 29 times greater than that of HIRM. Both the R2 and slope
values point to the dominant contribution of ferrimagnetic min-
erals associated with the magnetic enhancement of the topsoils.
This is also indicated by the southward increase in S-ratio (Fig. 2f),
and the positive relationship between S-ratio and SIRM (Fig. 3g).

The underlying mechanism for the different rate of increase in
the Soft�40mT and HIRM components is unclear. The magnetic
properties of soils are determined by magnetic mineralogy, con-
centration and grain size (Evans and Heller, 2003). Further work is
needed to determine whether or not the observed trends result
from differences in the formation rate of the ferrimagnetic and
imperfect antiferromagnetic minerals, or from differences in the
magnetic grain-size of the neo-formed minerals during modern
weathering. Further work in this area has the potential to improve
our understanding of the pathways of magnetic mineral formation

during pedogenesis (cf. Maher and Thompson, 1999; Balsam et al.,
2004; Torrent et al., 2006, 2007).

The magnetic properties of these topsoils also indicate that the
newly formed ferrimagnetic minerals are mainly ultrafine grained.
cfd and cARM are sensitive to pedogenic magnetic grains at the
superparamagnetic (SP)/stable single domain (SSD) boundary and
in the SSD range, respectively (Stephenson, 1971; Mullins, 1977;
Maher, 1986, 1988; Liu et al., 2004b). cfd and cARM are strongly
correlated with clf (Fig. 3a and b), indicating that pedogenically-
formed ultrafine grains are a major contributor to variations in
the magnetic susceptibility of modern soils. cfd% values are pro-
portional to the contribution of fine magnetic grains at the SP/SSD
boundary to total low-field susceptibility, and high values often
indicate high contributions from SP grains (Dearing et al., 1996).
The southward increase in cfd% (Fig. 2g) indicates an increase in SP
grains with intensifying pedogenesis.

cARM/clf and cARM/SIRM are widely used in loess studies as in-
dicators of ferrimagnetic grain-size (Maher and Thompson, 1991;
Hunt et al., 1995; Wang et al., 2006; Hao et al., 2008a; Oldfield
et al., 2009). The overall southward increases in cARM/clf, cARM/
SIRM and cARM/IRM100mT (Fig. 2hej) are indicative of a higher
concentration of effective remanence carriers (SSD and small
pseudo single domain (PSD) ferrimagnetic particles) produced in
the course of pedogenesis. Therefore, it is clear that the spatial
changes in magnetic properties of the surface soils in the study
region are caused mainly by variations of ultrafine grained ferri-
magnetic minerals of pedogenic origin.

It is well known that the magnetic properties of modern soils
across the CLP reflect contributions frommagnetic particles of both
aeolian and pedogenic origin (Zheng et al., 1991; Evans and Heller,
1994; Chen et al., 1995; Mishima et al., 2001; Hao et al., 2008b). The
presence of an aeolian contribution complicates the interpretation
of several magnetic properties (Hao et al., 2009). To remove the
influence of the aeolian background component, the parameters
cfd%, cARM/SIRM, and cARM/clf were corrected as follows: (clf � chf)/
(clf � clf_0), (cARM � cARM_0)/(SIRM � SIRM0) and (cARM � cARM_0)/
(clf � clf_0), where x0 represents the contribution from the aeolian
component (cf. Deng, 2008). The background values clf_0, cARM_0
and SIRM0 of modern soils over the CLP can be estimated from the
intercepts of linear regressions to cfd versus other magnetic prop-
erties (Forster et al., 1994; Mishima et al., 2001; Liu et al., 2004a;
Deng, 2008). The background values clf_0, cARM_0 and SIRM0 of
modern soils over CLP are estimated to be 32.72 � 10�8 m3/kg,
39.82 � 10�8 m3/kg and 4.66 � 10�3Am2/kg, respectively (Figs. 3a,
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5a and b). These background values fall within the ranges of
Pleistocene loessepalaeosol sequences (summarized in Deng,
2008).

The corrected magnetic parameters reveal a rather uniform
distribution of magnetic grain-size. The uncorrected cfd% generally
increases with clf (Fig. 3c), but tends to ‘saturate’ at about 12%,
which is consistent with previous results from strongly developed
paleosols (Evans and Heller, 1994; Forster et al., 1994; Chen et al.,
1999). After removing the aeolian component, the corrected cfd%
values remain at around 12%, regardless of the increase of clf
(Fig. 5c). The corrected interparametic quotients (cARM � cARM_0)/
(clf � clf_0) and (cARM � cARM_0)/(SIRM � SIRM0) also remain con-
stant with respect to clf, at around 4.63 (dimensionless) and
87.64 � 10�3 m/A, respectively (Fig. 5d and e). These findings

strongly demonstrate that the grain-size of the pedogenic magnetic
particles is invariant with the degree of pedogenesis. In addition,
the fact that cfd is linearly correlated with cARM (R2 ¼ 0.96, Fig. 5a)
also reflects the invariant proportion of SP and SSD pedogenic
grains. These findings are consistent with previous results from the
Chinese loessepaleosol sequences of Pleistocene (Maher, 1998; Liu
et al., 2005) and Neogene age (Nie et al., 2007; Oldfield et al., 2009).
According to previous studies (Liu et al., 2005; Wang et al., 2010),
the dominant magnetic grain size lies just above the SP/SSD
threshold (w20e25 nm) and the grain size distribution (GSD) is
almost independent of the degree of pedogenesis for the late
Pleistocene loessesoil sequences, consistent with scanning and
transmission electron microscopy (S/TEM) observations (Maher,
1998).

To summarize, spatial changes in the magnetic susceptibility
and related magnetic properties of the modern soils over the CLP
and the adjacent regions are dominated by ultrafine-grained
ferrimagnetic minerals of pedogenic origin, as observed in the
loessepalaeosol sequences by previous studies (Maher and
Thompson, 1991; Verosub et al., 1993; Florindo et al., 1999b; Deng
et al., 2004, 2005; Liu et al., 2004c). It is variations in the concen-
tration of pedogenic ferrimagnetic minerals, rather than variations
in their grain-size, that are responsible for the southeastwards
trend of increasing magnetic enhancement revealed in Fig. 2. This
conclusion significantly reduces any ambiguity in the palae-
oclimatic interpretation of the magnetic properties of Chinese
loess.

3.2. Statistical analyses of the relationships between soil magnetic
properties and climatic parameters

Correlation analyses were used to test the strength of linear
relationships between magnetic parameters and climatic variables.
A matrix of Pearson correlation coefficients (R) is shown in Table 2.
MAP, MAT and MAP/MAE are positively correlated with the mag-
netic parameters, while MPV, MART and MAE are negatively
correlated. These results suggest that in the study region increased
rainfall, temperature and soil moisture, and decreased monthly
precipitation variability, mean annual range of temperature and

evaporation, favour the production of ferrimagnetic minerals under
modern conditions. The most favourable conditions for pedogenic
production of magnetic minerals occur in the southernmost sites.
In addition, the results reveal that all of the magnetic properties are
linearly correlated with all of the climatic parameters at the 0.01
significance level (Table 2). MAP andMAT have the highest absolute
R values (mostly>0.700) with most of the magnetic parameters,
followed by MPV, MAP/MAE and MART. MAE is the least strongly
correlated with the magnetic properties. Thus, precipitation and
temperature are the two first ranked potential controlling climatic
variables. The similarity between the spatial patterns of modern
soil magnetic parameters (Fig. 2aej) and present-dayMAP andMAT
(Fig. 1a and b) also suggests the importance of moisture and tem-
perature for soil magnetic properties.

Multiple regression analysis provides a basis for estimating the
relative contribution of different climatic variables to the soil
magnetic properties. The premise of this approach is that there
should be weak co-linearity between the climatic variables. How-
ever, the climate over the study region exhibits a steep NWeSE
gradient (Fig. 1), and therefore climatic variables, such as MAT,
MPV, MAE and MAP/MAE, are linearly correlated. In order to
remove the effects of high co-linearity amongst the 6 climatic
variables used in the multiple regressions, PCA was carried out to
extract the principal linear-independent climatic components.
Fig. 6 shows the PCA results for the first two principal components,
and Table 3 lists the component loadings for each climatic variable,
thus enabling principal components 1 and 2 to be interpreted. The
first principal component (Axis 1 in Fig. 6) explains 65.03% of total
variance with an eigenvalue 3.902; the second principal compo-
nent (Axis 2), 22.47% of variance with an eigenvalue of 1.348. The
first two components (Component 1 and 2) account for 87.50% of
the total variance, sufficient to capture most of the climatic infor-
mation. MAP and MAP/MAE have the highest positive loadings on
Axis 1 (Table 3), whereas MPV and MART have the lowest negative
loadings. Thus, positive loadings on Axis 1 suggest a wetter climate.
In contrast, MAT and MAE have positive loadings on Axis 2, while
MPV andMAP/MAE have negative loadings, indicating that positive
loadings on Axis 2 represent a warmer climate.

Based on factor scores of the first two principal components
at each sampling site, multivariate regressions for each soil
magnetic parameter were carried out to estimate the

Table 2
Correlation matrix of topsoil magnetic parameters and meteorological parameters of corresponding sampling sites on the Chinese Loess Plateau.

Pearson R clf cfd cARM SIRM Soft�40mT S-ratio cfd% cARM/clf cARM/SIRM cARM/IRM100mT

MAP 0.786 0.799 0.796 0.725 0.760 0.733 0.869 0.810 0.821 0.817
MAT 0.760 0.771 0.778 0.734 0.755 0.531 0.764 0.736 0.742 0.737
MAE �0.289 �0.287 �0.253 �0.208 �0.246 �0.499 �0.323 �0.227 �0.281 �0.270
MPV �0.744 �0.759 �0.753 �0.666 �0.711 �0.601 �0.738 �0.664 �0.730 �0.719
MART �0.594 �0.621 �0.605 �0.525 �0.562 �0.647 �0.733 �0.640 �0.655 �0.656
MAP/MAE 0.635 0.644 0.616 0.541 0.591 0.707 0.678 0.582 0.633 0.620

Correlations in Table 2 are significant at the 0.01 level (2-tailed).

Table 3
First two principal component (by PCA analysis) loading matrix of modern climate
variables.

Variables Component loadings

Component 1 Component 2

MAP 0.925 0.116
MAT 0.751 0.604
MAE �0.592 0.776
MPV �0.820 �0.431
MART �0.821 0.110
MAP/MAE 0.885 �0.412
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contributions of each principal component (Table 4). The results
show that for all studied magnetic parameters, R2 is significantly
different from zero, p < 0.001. For all magnetic parameters, their
values of zero-order, partial and part correlations with Compo-
nent 1 are higher than those with Component 2. Standardized
coefficients (Beta) provide non-dimensional relative contribu-
tion estimates of these components. The Beta values of

Component 1 for all the magnetic parameters are all signifi-
cantly greater than that for Component 2 (the Beta coefficient
for S-ratio is not significant), e.g. Beta values for cfd are 0.796
and 0.298, respectively. This demonstrates that the main con-
trolling climatic factor of soil magnetic properties is Component
1, which is primarily related to soil moisture rather than to soil
thermal condition.

Table 4
Multiple Regression Analysis results of modern soil magnetic parameters using the first two principal components of a PCA.

Unstandardized coefficients Standardized coefficients t. Sig. Correlations

B Std. error Beta Zero-order Partial Part

clf: n [ 180, R2 ¼ 0.693, adjusted R2 ¼ 0.690, RMSE [ 24.773, p < 0.001
(Constant) 92.833 1.858 49.975 0.000
Component 1 34.950 1.863 0.781 18.763 0.000 0.781 0.816 0.781
Component 2 12.911 1.863 0.289 6.931 0.000 0.289 0.462 0.289
cfd: n [ 180, R2 ¼ 0.722, adjusted R2 ¼ 0.719, RMSE [ 2.806, p < 0.001
(Constant) 7.345 0.211 34.873 0.000
Component 1 4.240 0.211 0.796 20.073 0.000 0.796 0.834 0.796
Component 2 1.590 0.211 0.298 7.527 0.000 0.298 0.492 0.298
cARM: n [ 180, R2 ¼ 0.714, adjusted R2 ¼ 0.710, RMSE [ 110.358, p < 0.001
(Constant) 318.992 8.288 38.490 0.000
Component 1 160.873 8.311 0.779 19.357 0.000 0.779 0.824 0.779
Component 2 67.592 8.311 0.327 8.133 0.000 0.327 0.522 0.327
SIRM: n [ 180, R2 ¼ 0.587, adjusted R2 ¼ 0.583, RMSE [ 1.906, p < 0.001
(Constant) 81.984 1.426 57.487 0.000
Component 1 20.614 1.430 0.696 14.415 0.000 0.696 0.735 0.696
Component 2 9.490 1.430 0.320 6.636 0.000 0.320 0.446 0.320
SoftL40mT: n [ 180, R2 ¼ 0.648, adjusted R2 ¼ 0.644, RMSE [ 0.117, p < 0.001
(Constant) 44.679 0.878 50.878 0.000
Component 1 14.671 0.881 0.742 16.660 0.000 0.742 0.781 0.742
Component 2 6.161 0.881 0.312 6.996 0.000 0.312 0.465 0.312
S-ratio: n [ 180, R2 ¼ 0.556, adjusted R2 ¼ 0.551, RMSE [ 0.019, p < 0.001
(Constant) 0.894 0.001 636.055 0.000
Component 1 0.021 0.001 0.746 14.893 0.000 0.746 0.746 0.746
Component 2 0.001 0.001 0.019 0.371 0.711 0.019 0.028 0.019
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These observations provide statistical support for the major role
of rainfall in soil magnetic enhancement, suggesting that the use of
magnetic properties for palaeorainfall reconstructions is more
appropriate than their use for palaeotemperature reconstruction, at
least in the CLP.

3.3. Magnetic-MAP climofunctions

MAP climofunctions based on clf, cfd, cARM, SIRM, Soft�40mT and
S-ratio were developed using a curve estimation method. Linear,
logarithmic, exponential, quadratic, cubic and power fitting models
were used. Here, we list the most significant MAP estimates with
largest R2 and smallest RMSE values for each magnetic parameter
(Fig. 7 and Table 5). MAP Equations (1)e(6) are all significant at the
0.001 level, with coefficients of determination (R2) of 0.53e0.78
and RMSE of 44.37e64.35 mm. Most of the equations are not linear
functions. MAP climofunctions based on cfd and cARM (Equation (2)
and (3)) have the highest R2 values (0.78 and 0.77, respectively) and
smallest error estimates (RMSE values are 44.37 and 45.07 mm,
respectively) compared to other magnetic parameters, such as clf,
cfd%, SIRM and S-ratio.

Before using these climofunctions, it is important to consider
their limitations. In particular, the climofunctions developed in this
study are based on soil magnetic properties observed within the
MAP range of w150 mmew640 mm. The lower limit of applica-
bility could be estimated by reference to the background clf_0,
cARM_0 and SIRM0 values. These background values represent sit-
uations in which the soil magnetic properties are derived from
aeolian magnetic inputs with a negligible contribution from
pedogenic particles. According to climofunctions (1), (3) and (4),

the clf_0, cARM_0 and SIRM0 values corresponds to estimated mod-
ern MAP values of 365.10 mm, 304.63 mm and 401.36 mm,
respectively. Because of the high precision of the cARM transfer
function (Equation (3) in Table 5), the lower threshold of MAP can
be determined convincingly to be around 304.63 mm, which is
similar to previous results of northwest margin of the Loess Plateau
(Li et al., 2013). This is also supported by approximate overlapping
of the 300-mm MAP isoline (Fig. 1a) and the inferred 0 SI of the cfd
isoline based on extrapolation using the cfd contour map (Fig. 2b).
These findings demonstrate that pedogenic magnetic enhancement
commences where rainfall exceeds about 300 mm, near the
present-day boundary between the arid and semi-arid climatic
zones in the CLP.

It has long been recognized that a rainfall threshold exists
above which pedogenic magnetic enhancement is not favoured (Lü
et al., 1994; Han et al., 1996; Balsam et al., 2011). Several threshold
values derived from surface soils over large areas have been pro-
posed: 1100 mm in northern China (Lü et al., 1994; Han et al.,
1996); 1500 mm in England and Wales (Blundell et al., 2009);
and 1500 mm (Maher and Thompson, 1995) and 1000e1200 mm
(Balsam et al., 2011) in the Northern Hemisphere. Since previous
investigations have usually focused on clf versus MAP relation-
ships, we compared the c-MAP data for the CLP with published
worldwide data in order to extend the scope of application of the
climofunctions developed in this study. For rainfall values less than
1000 mm/y, a general positive correlation between magnetic
susceptibility and MAP was found for modern soils over the
Northern Hemisphere (cf. Geiss et al., 2008) (Fig. 8). The different
slopes are probably due to regional differences in the mechanism
of magnetic enhancement. As rainfall exceeds the threshold of
1000e1200 mm/y, clf values start to decline (Lü et al., 1994;
Balsam et al., 2011). Since cfd and cARM are strongly linearly
correlated with clf, it can be inferred that these pedogenic proxies
are also subject to an upper threshold value of around 1000 mm.
Thus, the climofunctions developed in the present study are
applicable where palaeorainfall is in the range of 300e1000 mm/y
over the Chinese Loess Plateau.

4. Conclusions

This study presents a systematic investigation of the routine
magnetic properties of surface soil and their quantitative re-
lationships with modern climatic variables, based on analysis of

modern soil samples and climatic data from the Chinese Loess
Plateau. We draw the following conclusions:

(1) The spatial distributions of all of the studied routine mag-
netic parameters (clf, cfd, cARM, SIRM and Soft�40mT),
demonstrate a trend of magnetic enhancement which in-
creases to the southeast. Changes in the concentration of
pedogenically-formed ultrafine-grained viscous SP and SSD
ferrimagnetic particles are responsible for the magnetic
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Table 5
MAP transfer functions of modern soil magnetic parameters.

Order Parameter Equation R2 RMSE (mm) Degree of freedom (df) Sig.

(1)a clf y ¼ �0.013*x2 þ 4.442*x þ 233.775 0.70 51.91 F(2, 177) ¼ 209.81 0.000
(2)a cfd y ¼ 87.501*ln(x) þ 360.636 0.78 44.37 F(1, 178) ¼ 638.39 0.000
(3) cARM y ¼ 108.786*ln(x) � 96.131 0.77 45.07 F(1, 178) ¼ 613.29 0.000
(4) SIRM y ¼ �0.098*x3 þ 0.574*x2 þ 38.910*x þ 217.492 0.61 60.06 F(3, 176) ¼ 89.89 0.000
(5) Soft�40mT y ¼ �6.478*x2 þ 100.574*x þ 208.730 0.67 54.90 F(2, 177) ¼ 178.17 0.000
(6) S-ratio y ¼ 2443.697*x � 1681.228 0.53 64.35 F(1, 178) ¼ 198.42 0.000

a Published in Song et al. (2012).
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enhancement in these modern soils, and the grain size dis-
tribution of these particles is invariant in relation to the
degree of pedogenesis.

(2) Multivariate statistical methods, including correlation anal-
ysis, PCA and multiple regression analysis, were employed to
evaluate the controlling effects of different climatic variables
on the modern soil magnetic properties. The results
demonstrate that annual rainfall rather than temperature is
the dominant controlling climatic factor on soil magnetic
enhancement in the CLP.

(3) We provide optimum fitted curves for the magnetic param-
eters cfd, cARM, SIRM, Soft40mT and S-ratio versus modern
MAP. cfd and cARM are found to better reflect the MAP vari-
ations than clf. In combination with the results of other
workers, we have determined that the transfer functions
developed in this study are applicable where the palae-
orainfall is in the approximate range of 300e1000 mm/y.
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