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Early Pleistocene climate in 
western arid central Asia inferred 
from loess-palaeosol sequences
Xin Wang1, Haitao Wei1, Mehdi Taheri2, Farhad Khormali2, Guzel Danukalova3 & Fahu Chen1

Arid central Asia (ACA) is one of the most arid regions in the mid-latitudes and one of the main 
potential dust sources for the northern hemisphere. The lack of in situ early Pleistocene loess/dust 
records from ACA hinders our comprehensive understanding of the spatio-temporal record of aeolian 
loess accumulation and long term climatic changes in Asia as a whole. Here, we report the results of 
sedimentological, chronological and climatic studies of early Pleistocene loess-palaeosol sequences 
(LPS) from the northeastern Iranian Golestan Province (NIGP) in the western part of ACA. Our results 
reveal that: 1) Accumulation of loess on the NIGP commenced at ~2.4–1.8 Ma, making it the oldest loess 
known so far in western ACA; 2) the climate during the early Pleistocene in the NIGP was semi-arid, but 
wetter, warmer, and less windy than during the late Pleistocene and present interglacial; 3) orbital-scale 
palaeoclimatic changes in ACA during the early Pleistoceneare in-phase with those of monsoonal Asia, a 
relationship which was probably related to the growth and decay of northern hemisphere ice sheets.

The Asian interior constitutes the largest mid-latitude arid and semi-arid zone on Earth. Distributed along the 
main transport pathways of the zonal Westerlies, huge amounts of dust generated in this region were transported 
by the Westerlies to North China1,2, the North Pacific Ocean3, and as far as the Atlantic region4. The mobilization, 
transportation, and deposition of Asian dust played an important role in global mineral dust cycles, and had a 
prolonged and profound impact on global climate changes via direct effects on Earth’s radiative balance as well as 
by various indirect effects5. Thus, reconstruction of the spatio-temporal history of aeolian dust and palaeoclimate 
in ACA is important for understanding the forcing mechanisms of palaeoclimatic changes in the Asian interior 
on various time-scales and for predicting future regional climate changes in semi-arid and arid regions under 
global warming.

According to the dominant wind patterns, the mid-latitudes of the Asian continent can be divided into 
Westerly-dominated ACA and Monsoon-dominated Asia6 (Fig. 1a). The former stretches roughly west-east from 
the Caspian Sea in northern Iran to the regions along the Tengger Desert in northwestern China7. The precip-
itation in these areas is mainly influenced by the location and intensity of the zonal Westerlies, while the dust 
is mainly transported by regional westerly and northwest-northeasterly winds. The latter are mainly restricted 
to eastern China, where the precipitation is influenced by the East Asian summer monsoon (EASM) and the 
Indian summer Asian monsoon (ISA), while the dust is mainly transported by the East Asian winter monsoon 
(EAWM) (Fig. 1a). Various studies indicate that the effective moisture history in ACA exhibited an out-of-phase 
or anti-phased relationship with monsoonal Asia on inter-annual to multi-millennial time scales during the 
Holocene6–9. However, orbital-scale palaeoclimatic changes in ACA, as well their relationship with monsoon Asia 
during the Pleistocene, remain unclear.

Loess deposits in the mid-latitudes of Asia are unique long-term terrestrial archives which can be used to 
reconstruct changes in continental climate on orbital time-scales1,10,11. Previous palaeoclimatic investigations 
of loess deposits mainly focused on the well-known LPS and the underlying red clay formation on the Chinese 
Loess Plateau (Fig. 1a). During the past three decades, numerous studies have extended this record back to the 
early Pleistocene and even to the late Oligocene11–15. These studies demonstrate that colder and drier climates 
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occurred during glacials, and warmer and wetter climates during interglacials, in monsoonal Asia during the 
Pleistocene10,12,16, and that this relationship was triggered mainly by the Northern Hemisphere glaciations via 
their impact on the EASM10,17,18. However, the relationship between loess accumulation and long-term climatic 
history in ACA remains unclear, largely due to the lack of known LPS in this remote region.

The loess cover in ACA is developed as a belt along the southern and southeastern margins of the Karakum, 
Kyzylkum, Muyunkum, Gurbantunggut, and Taklimakan deserts19 (Fig. 1a). Most loess records reported from 
ACA cover a time span from the middle-late Pleistocene to the present20–24. The only known lower Pleistocene 
loess, with a basal age of ~2-2.5 Ma, is the Karamaidan section from south Tajikistan19. Thus, the work carried 
out so far raises the following questions: Are there any older loess deposits in ACA than have heretofore been 
discovered? What is the spatial distribution of the lower Pleistocene loess in ACA? What are the characteristics of 
the early Pleistocene climate in ACA and how they did they vary on an orbital time scale? What is the relationship 
of climatic changes in the region during the Pleistocene with those of monsoonal Asia?

Here, we attempt to address these questions via an analysis of the stratigraphy, origin, chronology, and palae-
oclimatic proxies of the red-coloured sediments underlying middle-to-upper Pleistocene loess successions in the 
NIGP (Fig. 1b) (see SI text for more detailed information on the geological setting).

Results
Stratigraphy. Red-coloured non-marine sediments, with a thickness of about 20 m, are widely distributed 
in the NIGP (Fig. 1b, Fig. S1). These red beds unconformably underlie the upper Pleistocene loess successions23 
and conformably overlie the late Cenozoic limestone sequences that include abundant mollusc shells (Fig. 2a). 
The investigated sections generally dip 5–10° NNW, and are dominated by fine-grained silts with a massive 
structure. The red-coloured sequences consist of alternations of reddish-yellow (10 YR 6/6) loess-like layers and 
brownish-red (7.5 YR 3/6) palaeosols. The palaeosols (Fig. 2b) are strongly developed and contain large (up to 
~20 cm diameter) carbonate nodules, as well as gypsum, and are commonly underlain by carbonate-rich hori-
zons. In contrast, the loess-like horizons have a massive structure and contain small carbonate nodules (<2 cm), 

Figure 1. Location of the studied sections. (a) Schematic map showing loess and desert distribution in mid-
latitude Asia (modified from ref. 19). The green and yellow arrows indicate the major moisture sources and 
dust- transporting winds for the loess regions. The black dashed line indicates the boundary between ACA and 
monsoon-dominated Asia6. The green dashed line indicates the coastline of Paratethys during the Akchagylian 
stage (after ref. 43). Abbreviations for deserts: KR - Karakum, KZL - Kyzylkum, MYK - Muyunkum, GB - 
Gurbantunggut, TK - Taklimakan, KM - Kumtag, QD - Qaidam, BJ - Badain Jaran, TG - Tengger, MU - Mu 
Us; (b) Schematic map showing the location of studied sections, loess distribution, tectonic regime, and the 
dominant near-surfacewind directions around the NIGP. The data for drawing the distribution of loess in 
northern Iran comes from the Golestan Natural Resources and Watershed Management Central Office. The sand 
dune distributions were redrawn from ref. 55. The major faults in northern Iran were redrawn from ref. 56. The 
map was generated by the software of ESRI ArcGIS v9.3 using the SRTM DEM data (http://srtm.csi.cgiar.org).

http://srtm.csi.cgiar.org
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wormholes and iron-manganese coatings (Fig. 2c). These sedimentary characteristics are similar to those of the 
lower Pleistocene loess successions from the CLP, an equivalent of the Wucheng formation1,16.

Sedimentology. The quartz grains within the loess-like horizons are well-sorted and have irregular 
shapes with sharp edges and dish-shaped concavities (Fig. 2d), suggesting prolonged aeolian transport and 

Figure 2. Lithology and sedimentology of the reddish loess studied in the AB1 section. (a–c) Photograph 
showing the lithology of the studied section; (d) SEM image showing the angular morphology of quartz grains; 
(e) thin section showing pedogenic features within palaeosols: D - Calcite depletion zones dominated by 
speckled b-fabric, C - Clay coatings along channels, Ca - Calcitic crystallitic b-fabric, O - dominance of Fe/Mn  
oxides as coatings in the matrix. (f) comparison of the major element compositions between the lower 
Pleistocene loess and the overlying upper Pleistocene loess in the AB1 section; (g) comparison of the textural 
classification of the red-coloured sediments and the overlying upper Pleistocene loess from the AB1 section 
(grey squares) (the classification was made using the computer program described in ref. 57); (h) grain-size 
distribution of representative samples and its comparison with those of typical loess from the overlying upper 
Pleistocene loess (this study), south Tajikistan28, and the CLP29. It should be noted that the laser diffraction 
method may potentially underestimate the content of the clay fraction. The figure was generated using Adobe 
Illustrator.
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thus a wind-blown origin11,25. Microscope analysis of thin sections from the palaeosol layers revealed an over-
all well-separated soil microstructure (Fig. 2e). The dominance of channel voids, speckled and partly- cal-
citic crystallitic b-fabric, clay coatings, and iron-manganese coatings indicated that the soil is moderately- to 
well-developed26. The geochemical composition of the red-colored sedimentsis similar to the overlying upper 
Pleistocene loess (Fig. 2f), suggesting a similar origin. This geochemical composition is comparable to the average 
composition of the upper continental crust, indicating that the sediments were derived from well-mixed sedi-
mentary material that has undergone numerous stages of recycling within the upper crust, and is interpreted as 
a basic feature of loess deposits27. Grain-size data of 510 samples from the AB1, AB2, and KB sections reveal that 
the red beds are dominated by fine-grained silts (Fig. 2g), with an average silt content of 86.5% (the average clay 
and sand contents are 10.9% and 2.6%, respectively). This silty texture is similar to, but somewhat finer than, that 
of the overlying upper Pleistocene loess deposits (Fig. 2g) and Chinese loess1. The lack of coarse grains is wide-
spread and the thickness of the strata and the similarity of the soil texture to typical loess from the mid-latitudes 
of Asia suggest that the red-coloured sediments are aeolian in origin. Grain-size distributions of the red-colored 
sediments are typically bimodal with a well-sorted coarse component (10-20 μ m) and a minor ultra-fine com-
ponent (<2 μ m) (Fig. 2h). This grain-size distribution is comparable to that of the overlying upper Pleistocene 
loess in the NIGP, the Pleistocene loess from south Tajikistan28 and the CLP29, and is interpreted as characteristic 
of loess deposits28,29. In summary, all of the aforementioned sedimentological and lithological evidence indicates 
that the widely distributed red-coloured silt-dominated sediments underlying the upper Pleistocene loess succes-
sions in the NIGP are aeolian in origin.

Chronology. Mollusc species collected from the underlying limestone sequences indicate an Aktschagylian 
age of the deposits, suggesting that the limestone and the overlying red beds must be younger than 3.2 Ma (Fig. 
S2, and see SI Text for more information). The palaeomagnetic polarity of the red-colored strata in the AB1 
section consists of two normal and two reversed intervals, separated by a single normally-magnetized sample at 
10.7 m (Fig. 3, Fig. S3-S5 and see SI Text for more information). With the above biostratigraphic age constraints, 
N1 and N2 are logically correlated to the Olduvai (O) subchron (C2n) and Reunion (R) subchron (C2n.1n), 
and the normal event at 10.7 m is correlated to the geomagnetic excursion occurring at 2.19 Ma30 (Fig. 3, see SI 
Text for more information). Based on this correlation, the sediment accumulation rates within the R1 and N2 
intervals are ca. 3.03 cm/kyr and 2.29 cm/kyr, respectively. By using the sediment accumulation rate from the 
neighboring stratum, the ages of the base and top of the red-colored sediments within the AB1 section are ~2.38 
and ~1.81 Ma, respectively. The reliability of the palaeomagnetic chronology is supported by the coherence of the 
redness records from the AB1 section and the Lingtai section on the CLP31 with the LR04 stacked benthic δ 18O 
(%) records32 (Fig. 4, and see SI Text for more information).

Palaeoclimatic records. Colour is the most easily visualized property of sediments and red and yellow are 
the dominant colours of the LPS in the mid-latitudes of Asia. Reddish colours are ascribed to the presence of the 
mineral hematite (a-Fe2O3), which forms under a hot and dry climate, while yellowish colours are commonly 
associated with goethite (a-FeOOH) which forms in a cool and more humid climate33. Thus, redness (a*) can be 
used as a sensitive and reliable proxy index for regional moisture and/or temperature changes in the mid-latitudes 
of Asia20,31,34. Redness in the lower Pleistocene reddish LPS in the NIGP is generally higher in the palaeosols 
(ca. 5.5) and lower in the loess horizons (ca. 4.9), suggesting a higher temperature and/or more humid climate 

Figure 3. Chronological framework based on magnetostratigraphy and variation of multi-proxy indices of 
the AB1 section. The depth of 0 m was assigned to the lower part of the overlying upper Pleistocene loess strata, 
2 m above the top of the red beds. ‘O’ and ‘R’ in the GPTS30 represent the Olduvai and Reunion subchrons, 
respectively.
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when the palaeosols developed. Redness exhibits an overall decreasing trend within the reddish loess successions, 
reflecting long-term cooling and enhanced aridity in the NIGP from ~2.4 to 1.8 Ma. The average redness (a*) in 
the lower Pleistocene loess successions (ca. 5.1) is significantly higher than in the overlying upper Pleistocene 
loess (ca. 2.5) and modern loess (ca. 2.8) (Fig. 3), suggesting that the early Pleistocene climate in NIGP was 
warmer and/or more humid than the late Pleistocene and modern climate.

Rb/Sr ratio is an effective proxy index for regional weathering intensity for LPS35,36. Rb is an immobile element 
and is always incorporated in K-containing minerals which are relatively resistant during chemical weathering. In 
contrast, Sr is chemically highly reactive and is readily leached out during pedogenesis due to the loss of CaCO3 
and other Ca-bearing minerals37. Due to the differential mobility of these two trace elements during chemical 
weathering, Rb is generally enriched and Sr is depleted in the weathering profiles of various parent rocks37. As 
leaching processes during pedogenesis mainly depend on mean precipitation, the Rb/Sr ratiois are sensitive to 
the amount of palaeo-precipitation35. The Rb/Sr ratio exhibits a decreasing trend within the reddish LPS (Fig. 3), 
reflecting the long-term intensification of aridification in the NIGP from ~2.4 to 1.8 Ma. Across the AB1 section, 
the Rb/Sr ratio is systematically higher in the lower Pleistocene LPS (ca. 0.92) than in the upper Pleistocene loess 
and modern loess (ca. 0.42) (Fig. 3), suggesting stronger chemical weathering and thus a wetter climate in the 
NIGP during the early Pleistocene.

The grain size of loess deposits is a proxy for palaeo-wind strength and/or the distance between the studied 
sites and the sources17,20,28,29,38. The proportions of different size fractions potentially provide detailed information 
on palaeoclimatic changes. U ratio, representing the ratio of coarse (44-16 μ m) to fine (16-5 μ m) fractions in loess 
samples39, has been widely used as a proxy for wind strength in LPS21,39. A higher U ratio reflects the dominance 
of coarse particles in a sample and indicates relatively strong winds, and vice versa. In the AB1 section, U ratio 
is higher in the loess strata (ca. 0.76) than in the strongly-developed palaeosols (ca. 0.69), suggesting a greater 
wind strength during the periods when the loess accumulated. The average U ratio in the lower Pleistocene 
LPS in the NIGP is 0.75, significantly lower than that of the overlying upper Pleistocene loess and modern loess  
(ca. 1.99) (Fig. 3). This suggests that the near-surface wind regime was less vigorous than during the late 
Pleistocene.

The magnetic susceptibility of loess deposits is a function of the types, concentration, and grain size of the 
constituent magnetic minerals40 and has been widely used in palaeo-climatic reconstruction10–12. More detailed 
characterization of the magnetic properties of the Iranian LPS is underway; however, here we note that the mag-
netic susceptibility in the lower Pleistocene LPS is higher in the well-developed palaeosols than in the adjacent 
loess strata. This probably suggests that the magnetic enhancement in the Iranian LPS is mainly related to the 
formation of ferromagnetic minerals during post-depositional pedogenesis. The magnetic susceptibility is sys-
tematically higher in the lower Pleistocene LPS (except in some carbonate-rich layers) than in the overlying upper 
Pleistocene loess succession. This long-term trend suggests that the early Pleistocene climate in the NIGP was 
warmer and/or more humid than the late Pleistocene and modern climate.

Discussion
Sedimentological evidence confirms that the widespread red-coloured sediments underlying the upper 
Pleistocene loess in the NIGP are aeolian in origin. Moreover, since they are located downwind and on the 
periphery of large deserts, and are far from areas affected by major glaciations (Fig. 1b), the loess deposits on the 

Figure 4. Comparison of redness records from the AB1 section in the NIGP and the Lingtai section31 on 
the CLP, and the LR04 benthic δ18O stacked curves32. The 41-kyr periodicity band (bold coloured lines) was 
extracted using the computer program developed by Paillard58; band-pass filters with a central frequency of 
0.02439 ka−1 and bandwidth of 0.01 ka−1 were used. All of the records and filtered signals are normalized.
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NIGP are undoubtedly “desert” loess41. Several lines of evidence suggest that the Karakum Desert and the arid 
Caspian Lowland, located upwind (Fig. 1b), are the main potential dust sources for the NIGP: 1) Modern obser-
vations indicate that the present dust in northern Iran is mainly carried by the near-surface north-westerlies and 
north-easterlies from the neighboring Karakum Desert and arid Caspian Lowland42. 2) The Pleistocene loess in 
the NIGP and its surrounding regions mainly covers the north-facing slopes, suggesting that the ancient dust was 
mainly transported from the north. 3) The grain size and thickness of the last glacial loess decrease gradually from 
the NIGP in the north to the northern foothills of the Alborz Mountains in the south23,42, suggesting an overall 
southward transport pathway. 4) The geochemical signature of the lower Pleistocene LPS is similar to that of the 
overlying upper Pleistocene loess and modern loess (Fig. 2f), suggesting similar dust sources.

The lower Pleistocene loess in the NIGP, with a basal age of ~2.4 Ma, is the oldest loess found so far in western 
ACA. Its characteristics are consistent with those of the lower Pleistocene loess reported from south Tajikistan in 
central ACA19. Two early Pleistocene loess records from western and central ACA indicate that there was wide-
spread loess accumulation in ACA during the early Pleistocene. Accumulation of loess is commonly associated 
with the occurrence of dust storms at the studied sites1,10–12,19, and the widespread distribution of loess is evidence 
that dust storms have become frequent in ACA at least since the early Pleistocene.

The LPS in the mid-latitudes of Asia are indicative of a semi-arid environment1. The transition from shallow 
marine sediments to loess deposits at ~2.4 Ma in the NIGP documents a dramatic change in the early Pleistocene 
from a region with a humid, marine-influenced climate43 to a semi-arid climate. Fundamentally, the formation 
of widespread, thick loess deposits requires a substantial source area arid enough to generate aeolian particles, 
sufficient wind energy to transport the dust, and suitable geomorphological conditions for preserving the depos-
ited dust44. Therefore, the accumulation of loess deposits in the NIGP at ~2.4 Ma suggests that an arid environ-
ment had formed in the source regions, such as the Karakum Desert and the Caspian Lowland, during the early 
Pleistocene. This remarkable early Pleistocene aridification in western ACA is broadly consistent with the onset of 
aridification in central ACA19, the expansion of the Taklimakan Desert in northwestern China34,45, and intensified 
aridification in northeastern China3,10,46. This suggests that a semi-arid to arid environment developed within a 
large region of mid-latitude Asia in the early Pleistocene.

The NIGP is located in the westernmost part of ACA (Fig. 1a) and the loess deposits in the region can be 
regarded as an important link between the central Asian and European loess belts. Systematic palaeo-climatic 
reconstruction based on the LPS in the Danube Basin in southeastern Europe suggest a progressive increase in 
the climatic continentality of the southeastern European lowlands since the middle Pleistocene47,48. The early 
Pleistocene LPS in northern Iran is younger than the Tajik loess and the Chinese loess to the east, and is older 
than the southeastern European loess to the west. This suggests that a westward extension of aridity from central 
Asia to southeastern Europe occurred during the transition from the early to the middle Pleistocene.

Alternations of loess layers and palaeosols in the NIGP document long-term palaeoclimatic changes in west-
ern ACA, which are reflected by colour variations. Cross-spectral analysis demonstrates that the amplitudes of 
the peaks in spectral density of the redness record from the AB1 section closely match those of the marine oxygen 
isotope record at the 41-ka periodicity (Fig. S6), documenting the occurrence of loess-palaeosol alternations in 
the NIGP on an orbital time scale. Based on the magnetostratigraphic time scale, variations in redness in the AB1 
section are both correlative with the redness record of the Lingtai section31 in the CLP, and clearly in-phase with 
the LR04 stacked benthic δ 18O curve32 during the early Pleistocene (Fig. 4, and see SI Text for more information). 
That is, higher redness values (hence higher temperature and humidity) correspond to lower δ 18O values (less ter-
restrial ice and higher temperatures), and vice versa (Fig. 4). A recent study of the middle-upper Pleistocene LPS 
in northern Iran indicated that the topmost loess layers accumulated after ~66 ka, while the underlying palaeosol 
complex developed since ~127 ka23, correlating with the last glacial loess (L1) and the last inter-glacial palaeosol 
(S1) from the NIGP49, respectively. Together with the middle Pleistocene loess records from south Tajikistan20,22, 
we assume that the orbital-scale palaeoclimatic changes in ACA overall were in-phase with those of monsoonal 
Asia during the Pleistocene.

The foregoing indicates that the orbital-scale palaeoclimatic changes in ACA were closely linked to the growth 
and decay of the northern hemisphere ice sheets. There are two possible causes of this relationship. First, the 
expansion of the ice sheets in the northern hemisphere resulted in cooling of the North Atlantic Ocean and 
enhanced continentality in the Asian interior50. This would have reduced moisture transport to the continental 
interior and thus increased its aridity17, resulting in the accumulation of loess deposits in ACA. An alternative 
interpretation is that the expansion of the ice sheets intensified the Mongolian-Siberian high pressure system 
which forced the southward migration of the zonal Westerlies17,18, which would have resulted in the enhanced 
incursion of cold air masses derived from high latitudes of Eurasia and reduced the influx of moisture from the 
Atlantic Ocean21.

Methods
Dating. Palaeomagnetic and biostratigraphic dating were used to establish a chronological framework for the 
red-coloured strata of the AB1 section. In addition, high resolution measurements of redness (a*) were correlated 
with the redness record on the CLP31 and the orbitally-tuned LR04 stacked benthic δ 18O (%) record32 to test and 
further refine the primary chronology.

Magnetostratigraphy. 255 oriented block samples were collected from the red-colored strata from the 
most complete part of the AB1 section, at a sampling interval of ca. 10 cm. In the laboratory, the oriented samples 
were cut into cubes with 2-cm sides. Inside a magnetically shielded (<200 nT) laboratory, each specimen was pro-
gressively demagnetized in a MMTD80 thermal demagnetizer using up to 14 temperature steps with intervals of 
100 °C up to 300 °C, 50 °C from 300 to 500 °C, and 30 °C from 500 to 670 °C. After each demagnetization step, the 
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natural remanent magnetization (NRM) was measured using a 2G 760R Superconducting Rock Magnetometer. 
All of the palaeomagnetic data were analyzed using the PMag31b2 software developed by Craig Jones51.

Sedimentological methods. Sedimentary facies were recognized in the field based primarily on colour, 
composition, texture, fossils, and sedimentary structures33. Subsequently, scanning electron microscope (SEM), 
micromorphology, geochemical and grain size analyses were performed to provide independent evidence for 
the interpretation of the sediment origin. 510 bulk samples were collected from the red-coloured strata from the 
most complete AB1 section, at a 5-cm sampling interval. More than 40 bulk samples were collected from the AB2 
section and the KB section, and 50 surface samples and bulk samples were collected from the overlying upper 
Pleistocene loess successions for comparison.

SEM observations. 20 representative samples were selected and treated with 10% H2O2 and 10% HCL to 
remove organic matter and carbonates, respectively, prior to examining the grain morphology using a Hitachi 
S4800 SEM.

Micromorphological analysis. Undisturbed samples were collected from each soil horizon. Air dried, and 
thin sections of about 60 and 40 cm2 prepared using standard techniques52. Micromorphological descriptions 
were made according to ref. 52.

Geochemical analysis. 40 representative samples from the red-coloured strata and 2 samples from the over-
lying upper Pleistocene loess succession from the AB1 section were selected for geochemical analysis. The sam-
ples were treated with 1 mol/l acetic acid (HAc) for 12 hours to remove the pedogenic carbonate fraction without 
significantly affecting the silicates or iron oxides53. After rinsing, the samples were oven-dried at 100 °C for 12 h. 
The concentrations of 32 major, trace and rare earth elements/oxides (Cl, S, P, As, Ba, Ce, Co, Cr, Cu, Ga, Hf, La, 
Mn, Nb, Nd, Ni, Pb, Rb, Sr, Th, Ti, Tl, V, Y, Zn, Zr, Fe2O3, SiO2, Al2O3, CaO, Na2O, K2O) were determined using a 
PANalytical PW2403/00 X-ray fluorescence spectrometer.

Grain-size analysis. Grain size was measured using a Malvern Mastersizer 2000 laser grain-size analyzer 
following the pre-treatment procedures described in ref. 54. 1) 3–4 g samples were treated with 10 ml of 30% 
H2O2 to remove organic matter; 2) carbonates were removed with 10 ml of 10% HCL; 3) acidic ions were removed 
by adding 100 ml of distilled water, and leaving the sample suspension for 12 h before rinsing; 4) the sample 
residues were dispersed with 10 ml of 0.5 N (NaPO3)6 followed by treatment with an ultrasonic vibrator before 
measurement.

Colour measurements. Each air-dried sample was gently crushed, taking care not affect the grain size, and 
then measured using a Konica-Minolta CM-700 colour meter. Colour reflectance was defined by the CIE L*a*b* 
color space. L* represents lightness and ranges from 0 to 100; a* indicates the red/green component, with green 
as negative values and red as positive values; b* indicates the blue/yellow component, with blue as negative values 
and yellow as positive values.

Magnetic susceptibility measurements. Low-frequency (0.47 kHz) magnetic susceptibility, χ LF , was 
measured using a Bartington Instruments meter and MS2B sensor. All of the measurements were made in the Key 
Laboratory of Western China’s Environmental systems, Lanzhou University.
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