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ABSTRACT

We present a first combined environmental magnetic and geochemical investigation of a loess-paleosol
sequence (<55 ka) from the Chuanxi Plateau on the eastern margin of the Tibetan Plateau. Detailed
comparison between the Ganzi section and the Luochuan section from the Chinese Loess Plateau (CLP)
allows quantification of the effects of provenance and climate on pedogenic magnetic enhancement in
Chinese loess. Rare earth element patterns and clay mineral compositions indicate that the Ganzi loess
originates from the interior of the Tibetan Plateau. The different Ganzi and CLP loess provenances add
complexity to interpretation of magnetic parameters in terms of the concentration and grain size of eolian
magnetic minerals. Enhanced paleosol magnetism via pedogenic formation of ferrimagnetic nanoparticles
is observed in both sections, but weaker ferrimagnetic contributions, finer superparamagnetic (SP)
particles and stronger chemical weathering are found in the Ganzi loess, which indicates the action of
multiple pedogenic processes that are dominated by the combined effects of mean annual precipitation
(MAP), potential evapotranspiration (PET), organic matter and aluminium content. Under relatively high
MAP and low PET conditions, high soil moisture favours transformation of ferrimagnetic minerals to
hematite, which results in a relatively higher concentration of hematite but weaker ferrimagnetism of
Ganzi loess. Initial growth of superparamagnetic (SP) particles is also documented in the incipient loess
at Ganzi, which directly reflects the dynamic formation of nano-sized pedogenic ferrimagnets. A humid
pedogenic environment with more organic matter and higher Al content also helps to form finer SP
particles. We therefore propose that soil water balance, rather than solely rainfall, dominates the type,

concentration and grain size of secondary ferrimagnetic minerals produced by pedogenesis.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Environmental magnetism is an interdisciplinary subject that
involves a wide spectrum of geological and environmental prob-
lems (Dekkers, 1997; Q.S. Liu et al.,, 2012 and references therein;
Oldfield, 1991; Thompson and Oldfield, 1986; Verosub and Roberts,
1995). Loess deposits provide semi-continuous records of terres-
trial paleoclimate and are a key archive with which to recon-
struct monsoon evolution, aridification history, and abrupt climate
change using magnetic properties (An, 2000; Deng et al., 2006;
Ji et al., 2004; Liu et al., 2007 and references therein). However,
loess magnetism depends on different regional paleoenvironmental
factors, which complicates magnetic interpretation. For instance,
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the magnetism of loess-paleosol sequences in Alaska and Siberia
is explained by a wind-vigour model, whereby eolian iron ox-
ide grains play a dominant role in controlling magnetic proper-
ties (Begét et al., 1990; Chlachula et al.,, 1998). In contrast, loess
sequences in Eastern Asia and Europe contain magnetically en-
hanced paleosol layers that result from pedogenic formation of
ultrafine superparamagnetic (SP) and single domain (SD) magnetite
and/or maghemite grains (Boyle et al., 2010; Dearing et al., 1996;
Liu et al., 2007; Zhou et al., 1990). Therefore, to understand the en-
vironmental magnetic signal carried by loess-paleosol sequences,
two key problems must be addressed. First, magnetic minerals
from different sources must be identified, characterized and quan-
tified. Second, the identified minerals must be attributed to specific
environmental processes.

Many studies have addressed the first problem through use of
rock magnetic and mineralogical methods (Egli, 2004; Geiss and
Zanner, 2006; Heslop et al., 2002; Heslop and Roberts, 2012a;
Roberts et al., 2000, 2006). Hu et al. (2013) integrated dynamic
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Fig. 1. (a) Map with regional elevations and location of the Ganzi section and adjacent areas. Elevation data are from the International Scientific & Technical Data Mirror
Site, Computer Network Information Center, Chinese Academy of Sciences. (b) Schematic map of the studied area with monsoon illustration. The Ganzi area is mainly under
the influence of the Indian monsoon flow from the Arabian Sea and Bay of Bengal in summer and westerlies during winter. In contrast, the East Asian Summer and Winter

monsoon is the dominant atmospheric circulation system on the CLP.

dissolution, rock magnetic and diffuse reflectance spectrometer
(DRS) techniques to separate and quantify lithogenic and pedo-
genic magnetic minerals in Chinese loess. The aim of this paper
is to build on previous work to evaluate environmental factors
that control the magnetic properties of loess-paleosol sequences.
The influence of provenance factors on soil magnetism, such as Fe
supply (Dearing et al., 1996; Maher, 1998), topography (Liu and
Liu, 2014), and climatic factors, such as mean annual precipita-
tion (MAP) and potential evapotranspiration (PET) (Balsam et al.,
2011; Liu et al., 2013; Maher et al., 1994; Orgeira et al., 2011;
Porter et al., 2001) have been investigated in modern soils. In well-
studied parts of the Chinese Loess Plateau (CLP) loess-paleosol
sequences (e.g. the Malan loess), which are developed on simi-
lar topography, provenance and climate have been shown to be
the most important factors that control the magnetic signal (Evans
and Heller, 2001; Liu et al., 2007). On this basis, comparative en-
vironmental magnetic studies on loess-paleosol sequences in dif-
ferent climate zones with different source areas are needed ur-
gently.

Loess—paleosol sequences are widely distributed in China,
which provides an opportunity for comparative studies. Environ-
mental magnetic investigations have been performed widely on
loess deposits from the CLP, but comparative studies outside the
CLP are rare despite their potential to provide insights into rela-
tionships between magnetic properties, climate and source mate-
rial variations (Y. Liu et al., 2012; Wei et al., 2013; Zan et al., 2010;
Zhang et al., 2007). Continuous loess deposition also occurred over
the Chuanxi Plateau, southeastern Tibetan Plateau (Fig. 1a). The
climate of the Chuanxi Plateau is largely controlled by interac-
tions among the Tibetan monsoon, Indian monsoon and westerlies
(Chen et al., 2002; Pan and Wang, 1999), and the loess source area
is potentially different from the CLP (Fang, 1994; Fang et al., 1996;
Qiao et al., 2006; Wang et al., 2003). Therefore, the Chuanxi loess
provides an opportunity to quantify the effects of source material
and climate on pedogenic magnetic mineral formation. We present
an integrated rock magnetic, geochemical and DRS investigation
of a Chuanxi loess-paleosol sequence, which has been forming
since ~55 ka. By comparing the Chuanxi loess-paleosols to con-
temporaneous CLP deposits, we provide new lines of evidence
concerning the dominant factors that influence the magnetism of
loess—paleosol sequences.

2. Material and methods
2.1. Geographic setting and sampling

The Chuanxi Plateau is bordered by the Sichuan Basin to
the east, the Jinsha River to the west and the Yunnan-Guizhou
Plateaus to the south. Its elevation decreases from 4000-4500 m
in the west to 3000-3500 m in the east (Fig. 1a). As a result of
multiple Quaternary uplift episodes of the Tibetan Plateau, river
terraces have formed by erosion. Loess deposits are widely and
continuously distributed over higher river terraces. The Ganzi loess
section (31°30.994'N, 99°58.590'E, 3455 m elevation) is located in
the western Chuanxi Plateau (Fig. 1a). MAP in this area is 660 mm
(30 yr average from 1971 to 2000). Most precipitation occurs in
the summer (May to September), which accounts for ~81% of the
annual total. The mean annual temperature (30 yr average from
1971 to 2000) is 5.6°C, with a maximum of 13.9°C in July and
a minimum of —4.4°C in January. Today, the Ganzi section is un-
der the influence of the Indian monsoon and westerlies in summer
and winter, respectively (Fig. 1b).

The Ganzi section is located on the fifth terrace of the Yalong
River (Fig. 1a). It has a thickness of 14.5 m and is composed of
seven main units, which are described following the CLP conven-
tion: (1) a brown cultivated topsoil, which is excluded from this
study; (2) modern loess - LO; (3) a Holocene paleosol - SO; (4) the
last glacial Malan loess - L1, which in turn includes two loess sub-
layers (L1L1 and L1L2) and two weakly developed paleosols (L1S1
and L1S2). These layers are described in Table A.1. The section was
sampled at 2-cm stratigraphic intervals for this study; 725 samples
were collected. Five samples for optically stimulated luminescence
(OSL) dating were taken by driving stainless steel tubes into the
fresh outcrop at each stratigraphic boundary. Fine quartz particles
were selected for OSL dating and were prepared following J.F. Liu
et al. (2010). Measurements were performed using a Daybreak
1100 TL/OSL automatic measurement system in the Luminescence
Dating Laboratory of the State Key Laboratory of Earthquake Dy-
namics, Institute of Geology, China Earthquake Administration. The
five resulting OSL ages are shown in Fig. 2a, which demonstrate
that the Ganzi section has been forming since the early part of
marine isotope stage (MIS) 3 (dated at 55.2 £ 2.7 ka).

We compare the Ganzi loess that was deposited through the
last glacial cycle (including SO, L1L1, L1S1, L1L2, L1S2) to contem-
poraneous material from the Luochuan section on the central CLP
(Fig. 3). MAP at Luochuan is 511 mm (1971 to 2000), with summer
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Fig. 2. Stratigraphic profile, and magnetic and geochemical depth series from the Ganzi loess: (a) OSL ages; (b) magnetic susceptibility (xir);

(d) frequency-dependent magnetic susceptibility (xrp); (e) susceptibility of anhystereti

(c) post-CBD xir-ceD;
¢ remanent magnetization (xarm); (f) post-CBD xarm-cep; (g) saturation isother-

mal remanent magnetization (SIRM); (h) post-CBD SIRM_cpp; (i) S_300 ratio; (j) xarm/SIRM; (k) hematite concentration; (1) goethite concentration; (m) Fe?*/Fe3+ ratio, and

(n) CIA value.

precipitation (June to September) on average accounting for ~71%
of the annual total. The mean annual temperature is 10°C (1971
to 2000), reaching a maximum of 23 °C in July and a minimum of
—5.5°C in January. Currently, Luochuan is under the influence of
both the summer and winter components of the East Asian mon-
soon (Fig. 1b).

2.2. Methods

2.2.1. Mineral magnetic measurements

Mass-specific magnetic susceptibility (x) was measured using
a Bartington Instruments MS2 magnetic susceptibility meter at
dual frequencies of 470 Hz (xir) and 4700 Hz (xyr). The absolute
frequency-dependent susceptibility is defined as xrp = XLF — XHE-
An anhysteretic remanent magnetization (ARM) was imparted in
an alternating field (AF) of 80 mT with a superimposed 50 uT

bias field and is expressed in terms of a susceptibility (xarm =
ARM/50 uT). An isothermal remanent magnetization (IRM) was ac-
quired in a field of 1 T, after which a backfield of —300 mT was ap-
plied. The corresponding forward and backfield IRMs are referred
to as the saturation IRM (SIRM) and IRM_3qq, respectively. The S-
ratio (S_sgp) was calculated as S_3gp = 0.5 * [—IRM_309/SIRM + 1]
(Bloemendal et al., 1992). All remanences were measured using
a 2-G Enterprises Model 760 cryogenic magnetometer at the In-
stitute of Geology and Geophysics, Chinese Academy of Science
(IGGCAS), Beijing. First-order reversal curve (FORC) diagrams were
measured with a Princeton Measurements Corporation vibrating
sample magnetometer (Micromag VSM 3900). For each sample,
150 FORCs were measured with a field step of 1.2-1.5 mT; data
were processed using the algorithm of Heslop and Roberts (2012b)
with a smoothing factor of 5. Low-temperature x-T curves were
measured with an MPMS in an AF of 0.4 mT at two frequencies
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Fig. 3. Stratigraphic profile, and magnetic and geochemical depth series from the Luochuan section: (a) OSL ages from Lai (2010); (b) xir; (c) xep; (d) xarm; (e) SIRM;
(f) xarm/SIRM; (g) S_300 ratio; (h) hematite concentration; (i) goethite concentration; (j) Fe>*[Fe>* ratio, and (k) CIA value. See Fig. 2 caption for parameter descriptions.

(1 Hz and 100 Hz, from 10 K to 300 K). For the low-temperature
measurements, frequency-dependent susceptibility is defined as

X1Hz-100Hz-

2.2.2. Citrate-bicarbonate dithionite extraction

Fifty representative samples were treated using citrate-bi-
carbonate dithionite (CBD) extraction (Mehra and Jackson, 1960)
(Fig. 2¢, £, h). Following the procedure of Torrent et al. (2007), 1.2 g
of sodium dithionite was added to 1 g of sample in a sodium cit-
rate solution buffered with sodium bicarbonate. The residual was
washed twice with 0.01 M CaCl,, twice with deionized water and
then dried at 36°C in preparation for x;r, ARM and SIRM mea-
surements.

2.2.3. Geochemical measurements
Major elements were analysed at the Major Elements Labora-
tory, IGGCAS. Mixtures of bulk sample powder (0.5 g) and Li»B407

+ LiBO, (5 g) were heated and fused into glass disks, which
were then analysed by X-ray fluorescence (XRF) spectroscopy with
an AXIOS Minerals spectrometer. The analytical uncertainties are
0.1-1%. Loss on ignition (LOI) was measured by heating 0.5 g of
powdered sample to 1100°C for one hour. Fe?* was measured us-
ing the solution Potassium Permanganate Titration method, under
the protection of CO; gas, after dissolving with HF-H,S04. Trace el-
ement compositions were determined using an inductively coupled
plasma mass spectrometer (ICP-MS, EIEMENT, Finnigan MAT) at IG-
GCAS. The samples were digested in HNO3 (1:1) and HF under high
temperature and pressure. Measurement of two certified reference
materials (GSR-1 granite and GSR-3 basalt) indicates that analyti-
cal uncertainties for all trace elements in this study are <3%. Five
samples from both the Ganzi and Luochuan sections were analysed
(Table A.2).
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2.2.4. X-ray diffraction measurements

X-ray diffraction (XRD) patterns for clay minerals were obtained
with a PANalytical diffractometer with monochromatized CuKo ra-
diation and a step size of 0.008° 20 from 2° to 35° applied to
oriented mounts of non-calcareous clay (<2 pum) particles sepa-
rated using the pipette method. Analyses were performed on the
two least-weathered L1 samples from the Ganzi and Luochuan sec-
tions. For XRD measurements, three specimens of air-dried loess
(Mg-ethylene-glycol-saturated, and K-saturated after heating for
2 h at 550 °C) were analysed. Identification and semi-quantification
of clay minerals was made following Z.F. Liu et al. (2010). Illite
crystallinity (IC) was also obtained from the half-height width of
the 10 A peak on the ethylene-glycol curve.

3. Results

All results shown in figures in this paper that have not been
previously published are uploaded into the PANGAEA database
(http://doi.pangaea.de/10.1594/PANGAEA.836298).

3.1. Rare Earth Element (REE) and clay composition of Ganzi loess

Rare earth elements have extremely low mobility and their
characteristic features, including Eu anomalies and fractionation of
light REEs to heavy REEs, represent compositional differences re-
lated to sediment origin. Therefore, REEs and related ratios are
widely used as reliable tracers of parent material (Ferrat et al.,
2011; Taylor and McLennan, 1985; Zhang et al., 2009). In this
study, REE concentrations were normalized to post-Archean Aus-
tralian shale (PAAS: Taylor and McLennan, 1985; indicated by a
subscript ‘P’), which has proved to be more effective when com-
paring REE patterns (Ferrat et al, 2011; Zhang et al., 2009). Eu-
anomalies (Eu/Eu*)p are defined as Eup/+/Smp * Gdp. The Luochuan
and Ganzi loess are clearly separated on bivariate plots of Y/Tbp
versus (Eu/Eu*)p and Y/ X'REE versus (La/Yb)p, which remove dilu-
tion effects of certain minerals and are only weakly size-dependent
(Ferrat et al., 2011). Values from the Luochuan section are located
close to published CLP and Chinese desert values, while Ganzi sam-
ples only overlap with Tibetan soils (Fig. 4a, b). Li, Ni, Zr, Rb and
Cs are strongly enriched in the Ganzi loess (Table A.2), which is
also observed in Tibetan loess (Sun et al., 2007).

Clay mineral assemblages for the least weathered samples from
Ganzi and Luochuan consist mainly of illite, kaolinite and chlorite
(Fig. 4c). Smectite is not detectable in the Ganzi loess, but accounts
for 4.6% of clays in the Luochuan loess. Smectite is typically formed
from basic volcanic rocks in alkaline environments. Geological in-
vestigations indicate that the Tibetan Plateau is largely covered
by Mesozoic limestones, siltstones, shales and weakly metamor-
phosed felsic rocks, while surface soils from arid northwestern
inland China are dominated by Pre-Cambrian to Paleozoic vol-
canic and strongly mafic metamorphosed rocks (Sun et al., 2008;
Yang et al, 2010). Additionally, illite in the Ganzi loess is more
crystalline than at Luochuan (IC value: 0.213 and 0.244, respec-
tively), which likely indicates that it formed in a colder and drier
environment, such as the Tibetan Plateau. Therefore, differences in
clay mineral compositions provide evidence that the Chuanxi loess
originates from the interior of the Tibetan Plateau.

3.2. Stratigraphic variations of magnetic parameters

3.2.1. Ferrimagnetic minerals

Relative abundances of soft ferrimagnetic and hard antiferro-
magnetic minerals are commonly quantified using the S_3gq ratio
(Bloemendal et al., 1992; Evans and Heller, 2003). The Ganzi and
Luochuan sections have mean S_3gp values of 0.93 and 0.96, re-
spectively (Fig. 2i and Fig. 3g). This demonstrates that ferrimag-
netic minerals are magnetically dominant in both sections.

In both sections, the Holocene soil has the highest xir, X,
xarm and SIRM values (Fig. 2b, d, e, g and Fig. 3b, c, d, e),
which indicate the highest concentrations of ferrimagnetic min-
erals. However, while subpaleosol layers (L1S) in the last glacial
portion of the Luochuan section are magnetically strong (Fig. 3b, c,
d, e), the two corresponding layers at Ganzi are not as significantly
magnetically enhanced as at Luochuan (Fig. 2b, d, e, g). More-
over, mean values of xir, xrp, Xarm and SIRM for the Ganzi sec-
tion are 45.2 x 1078 m3/kg, 2.9 x 1078 m3/kg, 1.4 x 107% m3/kg
and 4.5 x 1073 Am?/kg, respectively, which are approximately
half those at Luochuan (94.4 x 10~ m3/kg, 8.5 x 10~8 m3/kg,
3.1 x 107 m3/kg and 8.3 x 103 Am?/kg, respectively). Never-
theless, a consistent linear relationship is observed between i,
xarMm, SIRM and ypp (Fig. 5a, b, c), although the data from Ganzi
are more scattered. This consistency implies that pedogenic for-
mation of SP/SD magnetite/maghemite accounts for most of the
magnetic variability. Variations in detrital mineral input may con-
tribute more to the magnetic properties of the Ganzi loess, which
would explain the greater scatter for the Ganzi data compared to
CLP correlatives. The observed linear relationship breaks down at
low ¥ values (< 3 x 1078 m3/kg) in the Ganzi loess. Instead,
XLF» XARM and SIRM remain relatively constant, while xgp starts to
gradually increase (Fig. 5a, b, c insets).

Detrital magnetic minerals have previously been characterized
using the linear intercepts of various magnetic parameters with
respect to xpp (Deng, 2008; Forster et al.,, 1996; Liu et al., 2004a,
2004b). These intercepts are designated as xiro, Xarmo, SIRMp,
etc. (Table 1). xarmo is 35.5 x 1078 m3/kg for Ganzi and only
9.1 x 1078 m3/kg for Luochuan, SIRMp is 2.9 x 10~3 Am?/kg
for Ganzi and 3.7 x 1073 Am?/kg for Luochuan, which indicates
more SD-like and less coarse detrital magnetic minerals in Ganzi
loess.

Detrital magnetic minerals can be also represented by magnetic
properties after CBD treatment. During CBD treatment, pedogenic
fine-grained iron oxides, including maghemite, magnetite, hematite
and goethite are preferentially dissolved, leaving mainly coarse-
grained eolian magnetite and titanomagnetite (Deng et al., 2005;
Hu et al,, 2013; Hunt et al., 1995; Singer et al., 1995). Thus, mate-
rial with lower xir and SIRM in the upper part of subpaleosol L1S2
after CBD treatment may indicate a localized drastic reduction in
coarse eolian magnetite input (Fig. 2c, h).

3.2.2. Hematite and goethite

Quantification of hematite and goethite was made using DRS
(detailed procedures are described in Torrent et al., 2007). Depth
distributions of hematite and goethite are shown in Fig. 2k, I and
Fig. 3h, i. In general, the Ganzi and Luochuan sections have similar
average hematite concentrations (6.07 and 5.87 g/kg for Luochuan
and Ganzi, respectively) with lower values in loess and higher
values in paleosols. However, during the last glaciation, the Lu-
ochuan section has consistently lower hematite concentrations. In
contrast, the average goethite concentration at Ganzi is more than
twice that of Luochuan (10.9 g/kg and 4.63 g/kg, respectively). At
neither section is there a correlation between goethite and xpp
(Fig. 5f), which probably suggests that goethite formation is inde-
pendent of ferrimagnetic nanoparticle production (Q.S. Liu et al.,
2012). Hematite is positively correlated to ypp at Luochuan, which
is consistent with the results of Torrent et al. (2007) (Fig. 5e). In
the Ganzi section, only the Holocene soil and subloess L1L1 have
comparable hematite-ypp correlations, which indicates a similar
magnetic enhancement mechanism in which ferrimagnetic min-
erals formed during transformation from ferrihydrite to hematite
(Torrent et al., 2007). For L1S1 and L1S2, hematite concentrations
are variable (from 5 to 9 g/kg) while xpp has relatively low val-
ues (~4 x 1078 m3/kg) (Fig. 5e); L1L2 samples have both low
xrp and low hematite concentrations. These results indicate that
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different pedogenic processes must be involved in producing and
transforming antiferromagnetic and ferrimagnetic minerals in the
Ganzi loess.

3.2.3. Magnetic grain size

The xarm/SIRM ratio provides a grain size indicator for fer-
rimagnetic minerals in well dispersed sediments, which peaks
in the SD range and then decreases with increasing grain size
(Maher, 1988). High xarm/SIRM is observed for paleosol layers
from both Ganzi and Luochuan (Fig. 2j and Fig. 3f), which indi-
cates a finer grain size distribution. The upper part of subpaleosol
L1S2 at Ganzi has xarm/SIRM values as high as in the Holocene

soils. A nonlinear relationship exists between xarm/SIRM and xpp
(Fig. 5d) and a second-order polynomial fit is used to estimate
(xarM/SIRM)p, which represents the yarm/SIRM value of parent
material. (xarm/SIRM)g is 1.6 x 104 m/A and 1.1 x 10~* m/A for
Ganzi and Luochuan, respectively, which indicates a finer grain size
for the eolian input at Ganzi.

FORC diagrams provide a means of identifying magnetic mineral
components, their domain state, and magnetic interactions (Pike
et al.,, 1999, 2001; Roberts et al., 2000, 2006; Egli et al., 2010). In
Fig. 6, the main part of the FORC distributions for paleosol sam-
ples (Fig. 6a, c, e, f, h) has a ridge-like component at By =0 mT
that intersects the origin of the FORC diagram. This indicates the
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Table 1
Mineral magnetic parameters for eolian contributions at Luochuan and Ganzi over
the last glacial cycle.

Parameters Ganzi® Luochuan®

XiFo (1078 m3/kg) 20.07 +0.84 21.53 +1.49
Slope-xie 8.724+0.23 8.6140.16
Xarmo (1078 m3/kg) 35.48 £3.15 9.07 +5.50
Slope-xarm® 36.64 +0.86 35.68 +0.59
SIRMg (1073 Am? /kg) 2.90 +0.07 3.70+0.18
Slope-SIRM (104 A/m)? 5.3840.19 5.4240.20
(xarM/SIRM)o (1074 A/m) 1.57 £0.07 1.08+0.18

2 Slope- refers to the gradient of linear correlation among magnetic parameters
and ypp. For example, Slope-y refers to the gradient of the linear correlation be-
tween xir and xgp.

b Uncertainties are given at the 95% significance levels.

dominance of magnetically non-interacting SD and thermally re-
laxed SP particles near the SP/SD threshold size (Roberts et al.,
2000; Pike et al., 2001). Some paleosol samples have a weaker part
of the FORC distribution with greater vertical spread and triangu-
lar contours that are likely to be due to a coarser PSD compo-
nent (Roberts et al., 2000; Muxworthy and Dunlop, 2002) (Fig. 6c,
h). FORC diagrams for loess samples have relatively large vertical
spread (Fig. 6b, d, g), which indicates the presence of both fine
SP/SD particles and coarser PSD particles in both sections. Corre-
sponding hysteresis parameters are also shown on Fig. 6. Paleosols
have higher M;s/M; and lower B.;/B. values than loess, which is
consistent with xarm/SIRM ratios and FORC distributions, which
also indicate a finer grain size distribution in the paleosols.

Grain size distributions for SP particles can be determined from
low-temperature susceptibility curves, which record unblocking

of fine ferrimagnetic particles during warming (Liu et al., 2005;
Worm et al., 1991). In Fig. 7a, ¢, d, X1Hz-100Hz reaches a maximum
between 150 and 200 K in Ganzi paleosols, while for Luochuan
paleosols, it monotonically increases up to 250 K with a smaller
slope at 300 K. Following Liu (2004) and Liu et al. (2005), unblock-
ing results were converted into a grain size distribution (Fig. 7g,
h), which was fitted with a lognormal distribution between 10 nm
and 25 nm and extrapolated to 80 nm. Peaks of the SP grain size
distribution occur at ~20.0 to ~20.7 nm and ~23.0 to ~24.8 nm
for the Ganzi and Luochuan samples, respectively. The correspond-
ing distribution widths are ~0.44 to ~0.51 and ~0.56 to ~0.65,
respectively.

3.3. Geochemical results

Chemical index of alteration (CIA) values and Fe?*[Fe3* ra-
tios provide a broad outline of weathering intensity and degree
of transformation of Fe-bearing minerals into iron oxides. For the
Luochuan section, the Holocene soil has high CIA values and low
Fe2*|Fe3+ ratios, which suggests intense chemical weathering and
ferric iron oxide formation (Fig. 3j, k). In contrast, during the last
glacial period, the Luochuan loess has consistently low CIA val-
ues and high Fe?*/Fe3* ratios, which suggests weak weathering
intensity. However, for the Ganzi section, weathering and iron ox-
ide production was significantly enhanced in the last glacial period,
particularly in subpaleosol L1S2, as indicated by high CIA and low
Fe?*/Fe3* values (Fig. 2m, n). Moreover, the Ganzi loess has higher
overall CIA values and lower Fe2*/Fe3t ratios than the Luochuan
section, which indicates stronger weathering intensity.



P. Hu et al. / Earth and Planetary Science Letters 409 (2015) 120-132 127

(a) GZ 280 cm (SO)

(b) GZ 512 cm (L1L1)

B, mT]

Yo/ SIRM=50.6 T/ SIRM=23.6

u

B [mT]

M, /M =0.16
B_/B=4.00 :
/SIRM=44.2 Yapn/ SIRM=47.1

Xarnt

(c) GZ 632 cm (L1S1)

(d) GZ 858 cm (L1L2)

M,_/M=0.08
B,/B=5.15

/SIRM=33.2 /SIRM=18.3

Taru Xarm

0 50 100

(g) LC 200 cm (L1L) (h) LC 400 cm (L1S)

M, /M=0.15
=3 B,/B=3.01
Yo/ SIRM=19.8 Yng/ SIRM=38.0
0 50 100 150 0 50 100
B, [mT] B, [mT]
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significant at the 95% significance level (Heslop and Roberts, 2012b). The units for values of xarm/SIRM are 10~> m/A.

4. Discussion
4.1. Parent material and magnetic properties of loess

Trace elements and clay minerals help to discriminate differ-
ent source areas for the Ganzi and CLP loess. The Tibetan Plateau
is the major eolian source for the Chuanxi loess, which is con-
sistent with observations of eolian features and fluviatile/glacial
surface textures in the Ganzi loess (Fang, 1994; Fang et al., 1996;
Qiao et al,, 2006; Wang et al., 2003). In contrast, CLP loess source
regions include the Badain Juran and Tengger deserts, and the
Qaidam basin in northern China and the Gobi Desert in southern
Mongolia (Chen et al., 2007; Sun et al.,, 2008). These provenance
differences could give rise to different iron sources; eolian iron-
bearing minerals will, thus, influence soil magnetism.

The influence of initial Fe input was discussed by Dearing et al.
(1996), who reported a positive, albeit weak, correlation between
total Fe and soil magnetic susceptibility. Maher (1998) provided an
alternative interpretation, however, concluding that Fe input will
rarely be a limiting factor. Total Fe at Ganzi is comparable to that at
Luochuan (3.2% and 3.25%, respectively, from major element anal-
ysis), but values of xir, xrp, Xarm and SIRM are around half those
observed at Luochuan (Figs. 2, 3). Thus, our data favour the expla-
nation of Maher (1998) that higher Fe content does not necessarily
result in stronger ferrimagnetism and that specific pedogenic pro-
cesses, rather than total Fe supply, have a greater influence on
ferrimagnet formation.

Provenance differences will also change the composition of
detrital magnetic mineral assemblages. Higher xarmo and lower
SIRMp values indicate more SD-like and less coarse detrital
magnetic minerals in Ganzi loess (Table 1). The concentration-
independent ratio (xarm/SIRM)p also indicates a finer grain size
for the eolian input to Ganzi loess. The xarm/SIRM peak in subpa-
leosol L1S2 at Ganzi corresponds to a sudden decrease in post-CBD
xir and SIRM (Fig. 2c, j), which also indicates that a sharp decrease
in coarser eolian ferrimagnetic particles is responsible for the finer

grain sizes observed in L1S2. Stronger source area weathering is
a possible explanation for those observations. Fang (1994) anal-
ysed more than 2500 quartz sands from different loess sections
on the Tibetan Plateau and surrounding areas, including the west-
ern CLP. The concentration of quartz sands altered by chemical
weathering increased toward the interior of the Tibetan Plateau.
This indicates that chemical weathering on the Tibetan Plateau
is generally stronger than in the northern Asian deserts, which
is likely to produce finer detrital magnetic iron oxides. Sorting
during wind transportation is another possible mechanism with
westerlies dominating the Tibetan Plateau in winter. Finer parti-
cles are more likely to be dispersed higher into the atmosphere,
which means fine dust can be transported by upper-level wester-
lies (Pye, 1995). Additionally, the intrinsic properties of dust source
areas could result in more SD particles and finer magnetic par-
ticles in the loess parent material. However, both sections have
large source areas, so detrital materials are expected to be thor-
oughly mixed before deposition, which suggests that the initial
composition of source material is not likely to play a dominant
role.

The Ganzi loess also has high goethite contents compared to
contemporaneous CLP loess (Table 1, values from Deng, 2008).
Goethite formation is favoured by cool and relatively humid cli-
mates, such as in the Chuanxi Plateau and Tibet, rather than the
dry climates of northern Chinese deserts. Additionally, the arid
northwestern interior of China is dominated by Paleozoic and older
rocks, which usually have lower goethite contents (Cornell and
Schwertmann, 2003).

Despite the discussed influences of eolian input on magnetic
records, the Ganzi loess has still been magnetically enhanced at
similar levels to the CLP loess; specifically, maghemite nanopar-
ticles formed by in situ pedogenesis give rise to strong paleosol
magnetism, which is characterized by a linear relationship be-
tween Xir, XD, XArM and SIRM (Fig. 5a, b, c¢). This similarity
indicates that pedogenic processes and their controlling climate
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factors, rather than eolian input, are the major factors that control
iron oxide formation and transformation.

4.2. Pedogenic pathways of iron oxides and magnetic properties of loess

4.2.1. Formation of SP ferrimagnetic particles

Although loess from Ganzi and Luochuan yields almost identi-
cal linear relationships between xpp and xir, and between xarm
and SIRM, it appears that the particles that account for the initial

Xxep increase exert little influence on xir, xarm, and SIRM, that re-
sults in a plateau near the origin of Fig. 5a, b, c (inset panels). xgp
is sensitive to grain size changes for particles around the SP/SD
boundary (Worm, 1998; Liu, 2004), therefore, this behaviour sug-
gests that the initial ypp increase probably resulted from a change
in grain size distribution rather than a change in ferrimagnetic
mineral concentration. Data from weakly weathered loess (L1L2)
fall on this plateau, therefore, it is reasonable to propose that when
fine pedogenic particles start to form, their grain size increases
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gradually toward the SP/SD threshold size, causing a considerable
increase in xpp with only minor influence on yir, xarm, and SIRM.
Therefore, initial growth of SP particles is recorded in Ganzi loess.
Most CLP loess does not record this initial growth phase because
loess weathering is too weak and chemical weathering in pale-
osols reaches a stable state due to carbonate leaching and addition
of calcareous dust, which produces a more uniform ferrimagnetic
grain size distribution (see also Q.S. Liu et al., 2010).

From the estimated grain size distribution of SP particles
(Fig. 7), we infer that the grain size dispersion at Ganzi is sig-
nificantly smaller than at Luochuan. Additionally, the distribution
mode at Ganzi is shifted to smaller grain sizes (~20 nm), which
indicates that production of SP particles is limited to a narrower
and finer grain size range than at Luochuan. At the initial stage of
pedogenesis, a finer grain size composition of pedogenic ferrimag-
netic minerals is indicated with A xarm/ASIRM higher at Ganzi
than Luochuan (Fig. 5d).

Several factors could be responsible for finer SP particles at
Gangzi. Silicates, phosphates and organics in soil solution may in-
terfere with iron oxide crystal growth because they interact with
crystal surfaces (Cornell and Schwertmann, 2003). Synthetic exper-
iments demonstrate that the size of nanoscale magnetite precipi-
tated in aqueous solution decreases with ionic strength due to the
lower surface tension of particles in these milieus (Vayssiéres et
al., 1998). The concentration of organic matter, especially organic
acids, will also have an effect on magnetite particle size via surface
charge effects. For example, a greater amount of either humate or
citrate can result in smaller magnetic particles by preventing ag-
gregation (Hajda et al., 2009). All of these factors could account
for the finer SP particles in the Chuanxi loess because compared to
the warmer climate on the CLP, colder and more humid conditions
(higher soil moisture, as discussed in Section 4.3) would favour a
higher concentration of organic matter. Production of fine SP parti-

cles may also not be independent of parent material. A more felsic
provenance is potentially responsible for producing finer SP par-
ticles by providing Al sources such as feldspars, micas, kaolinite
and gibbsite. Specifically, a higher Al/(Al + Fe) ratio will accom-
pany a reduction in unit cell size for maghemite in soils (Fontes
and Weed, 1991; Schwertmann and Fechter, 1984).

4.2.2. Transformation of ferrimagnetic minerals to antiferromagnetic
minerals

CIA and Fe?t[Fe3* ratios indicate an increase in pedogenic in-
tensity in subpaleosol layers at Ganzi during the last glacial period
(Fig. 2m, n). The Rb/Sr ratio, which has been used as an indica-
tor of pedogenic intensity due to the differential weathering ca-
pacity of the major Rb and Sr host minerals (Chen et al., 1999;
Gallet et al., 1996), is also higher at Ganzi (Table A.2). Low Ca
contents of the Ganzi loess (5.75% compared to 4.00% for last
glacial loess at Luochuan) provide further evidence for more in-
tense carbonate leaching, which is also reflected by its generally
darker colour. However, xir, Xrp, Xarm and SIRM values for the
last glacial subpaleosol layers are only around half those of cor-
relatives at Luochuan (Figs. 2, 3). Therefore, xir versus CIA and
Fe?*[Fe3T for the two sections are clearly separated (Fig. 8a, b).

Typically, enhanced pedogenic intensity produces magnetic en-
hancement through neoformation of magnetite/maghemite nano-
particles. However, this mechanism does not always apply due to
transformation of strong magnetic components to weak or non-
magnetic components. For instance, intense precipitation may lead
to strong vertical leaching and gleying, which causes magnetic
mineral dissolution (Chlachula, 2003; Guo et al., 2001; Liu et
al.,, 2013; Nawrocki et al., 1996). In the Ganzi section, there is
no evidence for excessive waterlogging and strong iron leaching.
Therefore, high pedogenic intensity but low ferrimagnetism may
have resulted from pedogenic transformation of strongly magnetic
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minerals to relatively weakly magnetic minerals, which led to an
enhanced ratio of hematite content to xgp in subpaleosols (Fig. 5e).
In soil or sedimentary environments, fine-grained hematite usu-
ally forms via chemical transformation of ferrihydrite (Cornell
and Schwertmann, 2003), which itself forms by weathering and
hydrolysis of primary Fe-bearing minerals (Orgeira et al., 2011;
Yang et al., 2013). A recent model suggests that hematite formation
in soils via ferrihydrite can produce an intermediate ferrimagnetic
phase, but that hematite will eventually replace this intermediate
phase with increasing aging (Michel et al., 2010). Such ferrimag-
netic mineral transformation to weak antiferromagnetic hematite
could explain why weathering during the last glacial resulted in
decreased magnetic susceptibility and remanences at Ganzi.

4.3. Soil moisture balance and magnetic enhancement

Precipitation has been recognized as the primary climatic factor
that controls the magnetic properties of soils. Strong correlation
between MAP and environmental magnetic parameters has been
identified (Geiss and Zanner, 2007; Heller et al., 1993; Maher and
Thompson, 1991, 1995) and empirical models have been developed
to relate precipitation to rock magnetic parameters (Balsam et al.,
2011; Liu et al,, 2013; Maher et al., 1994), although the statistical
robustness of paleoprecipitation predictions from magnetic proper-
ties has been questioned (Heslop and Roberts, 2013). According to
these models, with elevated rainfall, magnetic parameters will in-
crease until a rainfall threshold of ~1000 mm/yr is reached (Liu et
al., 2013). Although MAP in the Ganzi region is significantly higher
than at Luochuan (660 mm/yr versus 510 mm/yr), the Ganzi loess
is ferrimagnetically weaker, as demonstrated by lower xig, XARM»
and SIRM values (Fig. 2b, d, e, g). This discrepancy does not appear
to fit any previous models that relate magnetic properties to rain-
fall. Orgeira et al. (2011) proposed that soil water balance, rather
than MAP, is the most important factor that controls magnetic en-
hancement because it will dominate the annual soil ‘wetting’ and
‘drying’ cycle. They constructed a quantitative model to link pedo-
genic magnetite and soil water balance and defined a new param-
eter termed the “magnetite enhancement proxy” (MEP) (formula
25.19 in Orgeira et al., 2011) based on rainfall, soil type, vegetation
and PET, which is a measure of the ability of the atmosphere to
remove water from the surface through evaporation and transpira-
tion, assuming no control on water supply.

We calculated PET and MEP based on 30-yr mean monthly rain-
fall and temperature data (Fig. 8¢, d). Mean monthly data may not
be equivalent to the data of Orgeira et al. (2011), but we use such
data for comparative purposes. At Ganzi, monthly PET values are
lower than rainfall throughout the year, with the largest difference
during summer. Based on these calculations, MEP is only non-zero
in March, April, October and totals 178 mm/yr. In contrast, PET
and rainfall are comparable at Luochuan and magnetite can be pro-
duced throughout summer, resulting in a total MEP of 471 mm/yr.
The large difference in MEP between Ganzi and Luochuan might
explain the low xif, xarm, and SIRM values at Ganzi. Orgeira et al.
(2011) proposed that high soil moisture hinders pedogenic mag-
netite formation, which results in low MEP. However, based on
our results from Ganzi and Luochuan, although ferrimagnetism is
weaker in Ganzi loess the pedogenic intensity is higher (Fig. 2m,
n and Fig. 8a, b) and more hematite is observed when there is
less pedogenic maghemite (Fig. 5e). Moreover, initial growth of
SP particles is observed in incipient loess samples (Fig. 5a, b, c),
which suggests the gradual formation of maghemite with increas-
ing pedogenesis, consistent with a ferrihydrite — ferrimagnetic
intermediate phase — hematite transformation (Liu et al., 2008;
Michel et al., 2010). Therefore, weak ferrimagnetism is most likely
due to the transformation of maghemite to hematite rather than
to no magnetite production in high soil moisture periods. We did

not document magnetic iron oxide dissolution in the Ganzi section,
which indicates that although soil moisture is relatively higher at
Ganzi than Luochuan, appropriate redox conditions for magnetite
dissolution were not reached. As a result, we prefer the mecha-
nism that higher soil moisture promotes the pedogenic pathway of
ferrihydrite — ferrimagnetic intermediate phase — hematite and
results in the generally low ferrimagnetism in Ganzi loess.

5. Conclusions

We have presented the first detailed environmental magnetic
investigation of the Chuanxi loess from the Tibetan Plateau. By
comparing loess from Chuanxi and the CLP, several important
conclusions can be drawn concerning the magnetic properties of
loess from different climate zones. In contrast to the CLP, the
Chuanxi loess originates predominantly from the Tibetan Plateau
interior. This provenance difference adds complexity when inter-
preting magnetic variations in terms of the type, concentration
and grain size of eolian magnetic minerals. We also demonstrate
the ‘double-edged sword’ nature of pedogenesis. On the one hand,
enhanced weathering produces magnetic enhancement in paleosol
layers through magnetite/maghemite nanoparticle neoformation at
Luochuan and in the Holocene paleosol at Ganzi. However, high
soil moisture, reflected by high MAP and low PET, favours trans-
formation of maghemite to hematite, which leads to the weak
ferrimagnetism of the Ganzi loess. Overall, environmental magnetic
information recorded by Chinese loess and paleosols represents a
complicated response of different pedogenic processes under the
combined influence of numerous climate factors. Soil water bal-
ance provides a suitable representation of these climate factors.
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