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Abstract

Tracing pedogenic processes is fundamental for reconstructing climatic and environmental changes using loess deposits.
Lithium isotopes can serve as a sensitive tracer to unravel these processes, owing to its active behaviors without effect by redox
and biological reactions. This study investigated the Li contents and d7Li values of leachate and residue ([Li]leachate, [Li]residue,
d7Lileachate and d7Liresidue) of the upper 12.5 m Luochuan loess-paleosol sediment (since the last interglacial) on the Chinese
Loess Plateau, in order to better understand pedogenic processes in loess. The [Li]leachate, varying from 0.39 to 1.97 lg/g, is
mainly derived from the adsorption phase, with a significant variation in d7Lileachate, from �6.55‰ to +12.88‰. Both
[Li]leachate and d7Lileachate variations reflect weathering and adsorption processes during different periods. The [Li]residue vary
from 34.4 to 46.3 lg/g (averaging 38.4 lg/g) and their d7Liresidue vary from �3.66‰ to +2.44‰ (averaging �0.22 ± 1.68‰),
both in agreement with the upper continental crust values. At initial stage after loess deposited (stage I), high [Li]leachate but
low d7Lileachate are results of preferential adsorption of 6Li by clays and migration of 7Li with soil solution during weathering
and eluviation processes. When overlying loess was deposited and experienced pedogenesis as the stage I, 7Li migrated down-
ward and was adsorbed by clays (stage II), resulting in high [Li]leachate and d7Lileachate in underlying loess. When loess has
superimposed pedogenic and adsorption processes as the stages I and II, loess became as paleosol with highest d7Lileachate
in underlying carbonate accumulation layer. A persistent increase in d7Lileachate indicates dominant control of
post-depositional adsorptions on Li fractionation along solution migrations during weathering and eluviation of overlying
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deposits, and vice versa. These results highlight that variations in [Li]leachate and d7Lileachate can be used to trace soil water
migration processes and the magnitude of pedogenic processes in loess-paleosol sediment at different periods.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Chinese loess is one of the best terrestrial archives of late
Cenozoic climatic and environmental changes and is
regarded as one of the three pillars of past climate change
studies. A variety of physical and geochemical proxies for
weathering intensity have been explored to understand loess
provenances, environmental and climatic variations in the
regions of deposition (Beck et al., 2018; Sun et al., 2019).
However, post-depositional pedogenic processes, including
weathering and its associated secondary mineral formation,
eluviation, and migration, may potentially alter mineral
components and geochemical signatures of the loess-
paleosol sequence (Kemp, 2001; Sun et al., 2010). As a
result, most of the proxies contain mixed information on
a variety of pedogenic processes, which may provide an
incomplete understanding, or misinterpretations in some
cases, of the paleoclimatic and paleoenvironmental condi-
tions. Thus, a better understanding of various pedogenic
processes is of priority to reconstruct paleoclimatic and
paleoenvironmental changes using loess-paleosol deposits.
Lithium (Li) isotope system has emerged as a potential
proxy to trace pedogenic processes because of its fluid activ-
ity and not affected by redox reactions or biological pro-
cesses (Rudnick et al., 2004). For example, Li isotopes in
saprolites/weathering profiles have been used to understand
weathering and soil-atmosphere-biosphere exchanges and
to address Li isotopic behaviors (Huh et al., 2002;
Rudnick et al., 2004; Teng et al., 2010; Li et al., 2020).
However, the Li geochemical behaviors in loess-paleosol
profiles are poorly understood so far.

Lithium (Li) has two naturally occurring isotopes, 6Li
(7.59%) and 7Li (92.41%). The relatively large mass differ-
ence (�16%) between the two isotopes and their high
volatility result in significant Li isotopic variations in natu-
ral materials (Misra and Froelich, 2012; Tomascak et al.,
2016; Penniston-Dorland et al., 2017). Similar to other
alkali metals, Li only has a monovalent state and is not a
nutrient element. Hence, the isotopic composition of Li is
not affected by redox reactions or biological processes
(Rudnick et al., 2004). As an excellent tracer of fluid-rock
reactions, Li isotopes in loess-paleosol may provide new
insights into pedogenic processes (Tomascak et al., 2016;
Teng et al., 2017). On the one hand, due to its homoge-
neous and continuous deposition, loess has been used to
estimate the average Li composition of the upper continen-
tal crust (UCC) (Teng et al., 2004; Sauzéat et al., 2015). On
the other hand, there are various Li concentrations ([Li]) in
interbedded loess and paleosol, with lower d7Li values than
primary mantle-derived igneous rocks (Tsai et al., 2014;
Sauzéat et al., 2015), which is considered to be associated
with weathering intensity. For example, Tsai et al. (2014)
chemically separated loess samples into carbonate fractions
and detritus in the Weinan profile on the southern Chinese
Loess Plateau (CLP). Their results demonstrated that the
d7Li values in carbonates were well correlated with chemi-
cal index of alteration (CIA), while the [Li] and d7Li in
the detritus were homogeneous.

Based upon d7Li measurements of desert and loess
deposits (windblown dust) from Europe, Argentina, China,
and Tajikistan (Sauzéat et al., 2015), desert samples are
thought to be more homogeneous than loess and are there-
fore served as a better proxy for the average Li composi-
tions of the UCC ([Li] = 30.5 ± 3.6 ppm, d7Li = 0.6
± 0.6‰ (2r)). In contrast, the d7Li values of loess deposits
had a significant correlation with CIA, resulting from
weathering processes after loess deposited (Sauzéat et al.,
2015). However, little is known regarding the response of
Li isotopes to pedogenic processes, and the controlling
mechanisms of [Li] and d7Li values during weathering
and pedogenesis.

The effect of post-depositional pedogenic processes of
loess is relatively weak, which is mainly manifested as car-
bonate leaching and reprecipitation. Since adsorption and
carbonate fractions are easily dissolved in acid solution,
acid-leachate is representative products of pedogenic or
weathering processes in loess sediments (Guo et al., 1994).
In this study, we present [Li] and d7Li values of acid leached
([Li]leachate as the amount of Li leached from each gram of
sediment, d7Lileachate) and residue phases ([Li]residue and d7-
Liresidue) of loess and paleosol samples from the upper
12.5 m loess section in the classic Luochuan profile on the
CLP. The section was deposited since the last interglacial
period, i.e. from S1 to S0. The aims of this study are (1)
to identify the sources of Li in the leachate from loess-
paleosol sediment, (2) to constrain the factors influencing
the [Li]leachate and d7Lileachate during weathering, and (3)
to better understand pedogenic processes after loess
deposition.

2. GEOLOGICAL SETTING AND SAMPLING

The samples were collected from the Heimugou loess
section (35�450N, 109�250E), which is located in Potou vil-
lage, approximately 5 km from Luochuan County, Shaanxi
Province, China (Fig. 1). This section can be taken as a typ-
ical loess-paleosol section in the central CLP. So far,
researchers have carried out detailed studies on this section
from the perspectives of stratigraphy, paleontology, pedol-
ogy, and geochemistry (Chen et al., 1999; Sun et al., 2010;
Wu et al., 2018). The region is in the temperate climate zone
with a mean annual temperature of �10 �C, an annual rain-
fall of 550–650 mm and an annual evaporation of 1600–
2000 mm during 1960 and 2011 (Ma et al., 2019). The



Fig. 1. Sketch map showing sampling site of Luochuan loess in this study and other loess sites mentioned in the text, including Weinan and
Yuanbu. The Chinese Loess Plateau (CLP) is shadowed by contours of average annual rainfall during 1960 and 2011. The deserts and the
Qinling mountains near the CLP (yellow region) are also shown. The top-left inserted China map is modified from Jin et al. (2019) showing
loess distribution and the directions of the Asian summer and winter monsoons.
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Luochuan Yuan (a planation surface on the CLP, loess
tableland) is 1135–1160 m above sea level, with the troughs
being 140 m in depth and the loess layers being approxi-
mately 130 m in thickness. To avoid any anthropogenic
contamination, all of the loess and paleosol samples were
systematically collected at 5 cm interval from the surface
(S0) stratum to 12.5 m in depth in newly excavated wells.
Two carbonate nodule samples (CN1120-1 and CN1120-
2) were also selected for analysis at the depth of 11.2 m,
both being almost pure secondary carbonate from appear-
ance and CaCO3 content (>90%).
3. MATERIALS AND METHODS

3.1. Measurements of grain size, magnetic susceptibility, and

CaCO3 content

Bulk samples were analyzed for grain size, magnetic sus-
ceptibility, and CaCO3 content. Prior to the measurement
of grain size, all samples were pretreated by removing
organic matter using 10% H2O2 and carbonates using
10% HCl, respectively (Sun et al., 2010), and were then dis-
persed by ultrasonication with 10 mL 10% (NaPO3)6 solu-
tion. The grain size distribution was determined using a
Malvern 2000 laser instrument. Replicate analyses showed
that the mean grain size had an analytical error of <2%
(2 s.d.). The magnetic susceptibility was measured with a
Bartington MS 2 meter. The bulk CaCO3 content was mea-
sured by Elementar Soli TOC cube.

All of these measurements were carried out at State Key
Laboratory of Loess and Quaternary Geology (SKLLQG),
Institute of Earth Environment, Chinese Academy of
Sciences (IEECAS).

3.2. Clay minerals analysis

The clay minerals in 18 bulk samples were extracted fol-
lowing the steps described by Li et al. (2018). The extracted
clays were measured using an X’Pert Pro MPD powder X-
ray diffractometer at the SKLLQG. Qualitative and semi-
quantitative estimations of clay mineral were based on the
position and intensity of peaks measured on X-ray diffrac-
tion patterns which was the same as Li et al. (2018).
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3.3. Major elements

Prior to the measurement of major elements (Ca, Al,
Na, and K), some bulk samples were pretreated by remov-
ing carbonates using 10% HCl. Then, the major elements
were measured using X-ray fluorescence (XRF) spectrome-
ter at IEECAS. The reproducibility of the elemental mea-
surements was tested by repetitive analyses of standard
loess reference sample GSS-8, and analytical uncertainties
were less than 3% for all elements.

The CIA index was calculated as: Al2O3/(Al2O3 + Na2-
O + K2O + CaO*) � 100, where CaO* is the amount of
CaO incorporated in the silicate fraction of the loess
(Nesbitt & Young, 1982). This index was calculated using
molecular proportions.

3.4. Lithium extraction from leachate, residue, and carbonate

nodules

All bulk samples were dried at temperatures below 60 �C
in an oven and were ground as fine as 200 mesh using an
agate mortar, after removing the visible plant roots and
other organic substances. The CN1120-1 and CN1120-2
carbonate nodule samples were also treated after removing
the adhered clays.

Previous studies demonstrated that dilute acetic acid
(HAc) leaching (<1 M) can dissolve all the carbonates in
loess samples but does not essentially destroy the structure
of detrital minerals (quartz, feldspar, clay minerals, and
dolomite) (e.g. Yang et al., 2001; Wei et al., 2015). Here,
the following chemical procedure using 1 M HAc was
employed to leach carbonates from bulk loess and carbon-
ate nodule samples.

(i) �2 g of bulk sample or carbonate nodules were
weighed;

(ii) Exactly 25.0 mL of 1 M HAc was added and then
ultrasonically shaken for 48 h at room-temperature;

(iii) Each sample was centrifuged at 4000 rpm for 20 min
to separate the residue from the leachate, and the
residue was treated six times as the Step (ii);

(iv) The leachate solution collected from all cycles of the
extraction was mixed and used for the ion-exchange
column in the next step.

The 13 residue samples after the leaching procedure
were rinsed three times using UHQ deionized water to
remove remaining acid. The dried residue was weighed
again and dissolved using the HF-HNO3 dissolution tech-
nique described by Huang et al. (2019).

3.5. Chemical purification procedure of Li

Prior to the measurements of isotopic ratios, Li was sep-
arated from the sample matrix using AG50W-X8 resin
(100–200 mesh; Bio-Rad, Hercules, CA, USA) packed into
customized PFA microcolumns with an internal diameter
of 6.4 mm and a column length of 25 cm. The resin volume
used was 8.0 mL. The Li separation procedure in this study
was followed previous established method using one-step
ion chromatography (He et al., 2019). The HAc leachate,
which contained approximately 0.2 lg Li, was dried in
PFA vials at 95 �C and then dissolved in 0.5 mL 0.5 M
HNO3 before being loaded onto columns (0.64 � 25 cm)
containing a pre-conditioned resin. The final Li solution
was dried and dissolved in 2% HNO3 to yield a concentra-
tion of 100 lg/L of Li for analysis. For each sample, inten-
sities (counts/second) of 7Li and 23Na were determined by
ICP-MS to check for Li column recovery, blanks, and
Na/Li (by weight) ratio in the aliquots for ion-exchange-
column separate and collected before and after it. This pro-
cedure ensures (1) that the collected fraction contains >99%
of the total sample Li to prevent fractionation within the
column and (2) that the matrix elements were limited to
<3% of the concentration of Li to prevent matrix effects.
The total procedural blank was less than 0.16 ng Li in this
study, which is insignificant relative to the total of Li ana-
lyzed (Gou et al., 2019). The Na/Li in all of the samples
reported in this study was less than 1, which has insignifi-
cant effect on the d7Li measurements.

3.6. Measurements of major and trace elements in leachate

and residue

The contents of major elements (Ca, K, Mg, Na, Fe and
Al) of leachate and residue samples were determined three
times on iCAPTM 7400 ICP-OES (Thermo Fisher Scientific,
Bremen, Germany) at the SKLLQG.

The contents of trace elements (Li and Sr) of leachate
and residue samples were measured three times using a
PE NexION 300D ICP-MS.

To evaluate the long-term reproducibility of precision
and accuracy of major and trace elements determinations,
repeat measurements of the reference materials GBW-Li,
basalt (BHVO-2), andesite (AGV-2) and seawater
(NASS-6) were carried out. The analytical precision
(RSD) <3% was achieved for major and trace elements
determinations.

3.7. Measurements of Li isotope ratios

All Li isotope measurements were conducted on a NEP-
TUNE Plus MC-ICP-MS at the SKLLQG, which enabled
a static measurement of m/z 6 and m/z 7 on the low-mass
Faraday cup (L4) and the high-mass Faraday cup (H4),
using the sample standard bracketing (SSB) method with
focus and dispersion. All samples and standards (L-
SVEC) were run at a similar Li concentration.

The total procedural Li blank (including chemistry and
analyses) was determined and was systematically lower
than 0.16 ng, with a mean value of 0.10 ± 0.03 ng
(n = 10). The external precision (2 s.d.) of the d7Li values
was better than 0.25‰.

Three common reference materials were used to deter-
mine the precision and accuracy of the methods in this
study, i.e. basalt (BHVO-2), andesite (AGV-2) and seawa-
ter (NASS-6) standards. The d7Li values for NASS-6,
AGV-2, and BHVO-2 were 30.78 ± 0.32‰, 6.32 ± 0.38‰,
and 4.23 ± 0.35‰, respectively, all in excellent agreement
with previous studies (Table 1).



Table 1
Measured d7Li in certified seawater and rock and comparison with reported previously.

Samples d7Li (mean ± 2 s.d. ‰)

This study (n = 5) Reported References

Seawater (Atlantic NASS-6) 30.78 ± 0.32 30.87 ± 0.15 Lin et al., 2016
31.1 ± 0.7 Gou et al., 2019
30.8 ± 0.4 Rosner et al., 2007
31.0 ± 0.4 Ma et al., 2020
31.14 ± 0.2 Kasemann et al., 2005
30.81 ± 0.38 He et al., 2019

Andesite (AGV-2) 6.32 ± 0.38 6.85 ± 0.20 Lin et al., 2016
6.01 ± 0.10 He et al., 2019
5.68 ± 1.04 Tian et al., 2012

Basalt (BHVO-2) 4.23 ± 0.35 3.9 ± 0.9 Gou et al., 2019
4.46 ± 0.37 Rosner et al., 2007
4.7 ± 0.6 Li and Liu, 2020
4.74 ± 1.1 Li et al., 2020

Fig. 2. Stratigraphy and variations in (a) [Li]leachate, (b) d
7Lileachate, (c) bulk CaCO3 content, (d) mean grain size, (e) magnetic susceptibility, (f)

clay in loess, (g) Rb/Sr ratio, and (h) CIA of the Luochuan loess since the last interglacial (S1). Paleosol and weak paleosol layers with lower
d7Lileachate indicate stronger pedogenic processes (grey shadows). The highest d

7Lileachate is found in the calcium carbonate accumulation layer
(CAA, light green shadow). The red arrows show gradual increase in d7Lileachate, resulting from progressive absorption of 6Li by clays. The
loess and paleosol layers are corresponded to the marine isotope stages (MIS) on right of the panel, labelled from 1 to 5.
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4. RESULTS

4.1. Stratigraphy

The Luochuan section is typically composed of loess and
paleosol layers, which can be easily identified by soil color.
The stratigraphy in the present study is the same as that
reported by Sun et al. (2010) and can be divided into loess
and paleosol deposits, respectively, as shown in Fig. 2 and
Table S1. In general, the magnetic susceptibility values tend
to be higher in paleosols (S0, L1SS1, L1SS2, and S1) than
those in adjacent loess deposits (L1LL1, L1LL2, L1LL3,
and L2). The clay contents in paleosol layers were also
higher than those in loess layers. Illite is the dominant clay
mineral in the Luochuan section (averaging 70%), following
by chlorite and kaolinite, with average contents of 18% and
8% in clays, respectively. The loess was deposited during
glacial periods and the paleosol was formed during inter-
glacial periods (Sun et al., 2010; Jin et al., 2019; Guo
et al., 2021). The upper 12.5 m section contains a complete
sequence of loess-paleosol deposits since the last inter-
glacial, i.e., brownish paleosol S1 (11.45–8.85 m; corre-
sponding to marine isotope stage 5 (MIS 5)), the last
glacial yellowish typical loess L1 (8.85–1.05 m; MISs 4, 3,
and 2), and the Holocene brownish paleosol S0 (uppermost
1.05 m, MIS 1), as shown in Fig. 2. The S1 unit includes
three warm periods (MIS 5a, c, and e) and two relatively
cold periods (MIS 5b and d). Owing to relatively low dust
accumulation rate and strong weathering, the three pale-
osols of the Luochuan S1 layer are completely welded in
an accretionary Mollisol-like pedocomplex (Feng and
Wang, 2006). According to the carbonate content, magnetic



Table 2
[Li] and Li isotopic compositions of leachate and residue in Luochuan loess profile.

Sample No. Depth [Li] (lg/g) [Li] (lg/g) d7Li ± 2 s.d. (‰)

(cm) leachate residue leachate residue

LC-25 25 0.55 36.89 �3.24 ± 0.08 1.14 ± 0.07
LC-45 45 0.47 �3.43 ± 0.49
LC-65 65 0.68 �4.21 ± 0.11
LC-70 70 0.64 �5.36 ± 0.03
LC-75 75 0.63 �6.37 ± 0.04
LC-75-R 75 0.62 �6.36 ± 0.08
LC-85 85 0.50 �6.55 ± 0.11
LC-105 105 0.43 �1.67 ± 0.08
LC-125 125 0.39 36.90 �1.01 ± 0.09 0.25 ± 0.16
LC-145 145 0.42 �1.94 ± 0.41
LC-165 165 0.49 �0.82 ± 0.07
LC-185 185 0.45 0.66 ± 0.24
LC-205 205 0.50 �0.04 ± 0.33
LC-210 210 0.52 �0.20 ± 0.17
LC-215 215 0.50 0.02 ± 0.03
LC-225 225 0.52 45.26 �1.26 ± 0.18 �1.20 ± 0.36
LC-245 245 0.57 �2.98 ± 0.16
LC-265 265 0.63 �1.31 ± 0.13
LC-285 285 0.61 �2.00 ± 0.10
LC-305 305 0.70 �3.50 ± 0.11
LC-325 325 0.70 �3.26 ± 0.04
LC-325-R 325 0.70 �3.24 ± 0.03
LC-345 345 0.66 35.90 �5.45 ± 0.08 �1.01 ± 0.36
LC-365 365 0.69 �5.88 ± 0.49
LC-375 375 0.72 �5.88 ± 0.43
LC-380 380 0.74 �5.87 ± 0.01
LC-385 385 0.74 �5.91 ± 0.14
LC-405 405 0.66 �6.08 ± 0.03
LC-425 425 0.66 �5.88 ± 0.05
LC-445 445 0.74 �5.36 ± 0.03
LC-465 465 0.71 �5.08 ± 0.02
LC-485 485 0.92 38.05 �4.80 ± 0.03 �3.66 ± 0.33
LC-505 505 0.72 �4.50 ± 0.47
LC-525 525 0.69 �3.76 ± 0.08
LC-545 545 0.83 �4.66 ± 0.10
LC-565 565 0.75 �4.85 ± 0.18
LC-590 590 0.63 �2.57 ± 0.14
LC-595 595 0.66 35.45 �1.68 ± 0.14 �0.89 ± 0.26
LC-605 605 0.85 �4.28 ± 0.08
LC-605-R 605 0.86 �4.27 ± 0.03
LC-625 625 0.63 �0.60 ± 0.14
LC-645 645 0.58 �1.50 ± 0.13
LC-665 665 0.56 0.35 ± 0.13
LC-685 685 0.67 38.49 �2.64 ± 0.04 �0.21 ± 0.11
LC-705 705 0.60 �1.81 ± 0.48
LC-725 725 0.65 �0.30 ± 0.15
LC-745 745 0.61 34.90 0.20 ± 0.02 �2.33 ± 0.24
LC-765 765 0.60 �0.42 ± 0.04
LC-785 785 0.64 �0.76 ± 0.10
LC-825 825 0.71 0.06 ± 0.03
LC-845 845 0.64 35.83 0.18 ± 0.01 �0.01 ± 0.07
LC-865 865 0.81 �1.02 ± 0.03
LC-885 885 0.71 �1.52 ± 0.07
LC-905 905 1.39 �5.65 ± 0.08
LC-925 925 1.43 �5.28 ± 0.10
LC-945 945 1.62 46.30 �5.10 ± 0.03 �0.52 ± 0.17
LC-965 965 1.57 �4.29 ± 0.07
LC-985 985 1.73 �3.52 ± 0.06
LC-1005 1005 1.89 �2.65 ± 0.07
LC-1025 1025 1.76 �1.32 ± 0.05
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LC-1025-R 1025 1.77 �1.32 ± 0.08
LC-1035 1035 1.76 �1.32 ± 0.05
LC-1045 1045 1.97 44.87 0.19 ± 0.43 1.51 ± 0.02
LC-1065 1065 1.91 1.97 ± 0.06
LC-1085 1085 1.75 3.78 ± 0.048
LC-1105 1105 1.22 4.71 ± 0.36
LC-1125 1125 1.10 5.78 ± 0.43
LC-1145 1145 1.42 35.39 7.73 ± 0.12 2.44 ± 0.13
LC-1165 1165 0.58 12.88 ± 0.20
LC-1185 1185 0.53 12.88 ± 0.10
LC-1185-R 1185 0.52 12.86 ± 0.04
LC-1205 1205 0.54 11.76 ± 0.10
LC-1225 1225 0.56 11.09 ± 0.11
LC-1245 1245 0.53 34.40 11.05 ± 0.11 1.58 ± 0.10
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susceptibility and mean grain size, the Luochuan S1 pale-
osol layer can only be divided into three layers S1-1, S1-2
and S1-3 based on the method proposed by Guo et al.
(1994) (Fig. 2).

4.2. Lithium concentrations of leachate in loess-paleosol

sequence

Among the samples collected from the top 12.50 m of
the Luochuan profile, the [Li]leachate values vary from 0.39
to 1.97 lg/g (Fig. 2; Table 2), with an average value of
0.80 lg/g; the [Li]residue vary from 34.40 to 46.30 lg/g with
an average of 38.36 lg/g. Therefore, the [Li]leachate is much
lower compared to the [Li]residue. The [Li]leachate are rela-
tively low in the loess layer, with values from 0.39 to
0.91 lg/g. In comparison, the [Li]leachate values vary from
1.01 to 1.97 lg/g in the S1 paleosol. Hence, the [Li]leachate
values in the S1 paleosol are much higher than those in
loess, which have experienced a higher degree of weathering
than loess, as shown by high magnetic susceptibility and
finer grain size (Fig. 2; Table 2).

4.3. Lithium isotopic compositions of leachate, residue, and

carbonate nodules

The d7Lileachate are ranged from �6.55‰ to +12.88‰
(Fig. 2; Table 2). Interestingly, the d7Lileachate slowly
increase to higher values and reach a maximum value of
+12.88‰ from the S1 paleosol to calcium carbonate accu-
mulation (CCA). The d7Lileachate of two carbonate nodules
(CN1120-1 and CN1120-2) are +7.24‰ and +8.49‰, with
[Li]leachate being 10.50 ng/g and 10.40 ng/g, respectively.
These nodules are almost pure secondary carbonates, with
CaCO3 content >90%.

The d7Liresidue vary from �3.66‰ to +2.44‰ with an
average d7Liresidue = �0.22 ± 1.68‰, in agreement with
the UCC values reported by Sauzéat et al. (2015).

5. DISCUSSIONS

5.1. The sources of Li in the leachate

There are three potential sources for the Li in the lea-
chate fractions of both loess and paleosol: (1) leaching from
silicate minerals (structural cation), (2) dissolving of car-
bonate minerals, and (3) adsorbed by clay minerals (ex-
changeable Li).

5.1.1. Minor Li from silicate dissolution (structural cation)

A series of leaching procedures by different acids (e.g.
hydrochloric acid (HCl) and HAc) have been carried out
for leachate fraction of loess (e.g. Yang et al., 2001; Wei
et al., 2015). It was demonstrated that leaching detrital min-
erals (quartz, feldspar, clay minerals, and dolomite) have an
insignificant contribution to leached Li by HAc (Lin et al.,
2019; Taylor et al., 2019). Here, we employed the concen-
trations of Al, K, Fe and Na in the leachate fractions and
bulk samples to evaluate whether 1 M HAc dissolves the sil-
icate components or not, because these elements are not
susceptible to acid dissolution in loess and paleosol. The
leaching rate was calculated as the concentrations of these
elements in the leachate fraction relative to bulk samples
(Table S2). The results show that the leaching rates of all
of these elements are much lower than 1%, indicating rather
limited dissolved Li contribution of silicate minerals to the
leachate fraction.

5.1.2. Limited proportion of Li from the carbonate fraction of

loess and paleosol

Loess exists a large amount of detrital and secondary
carbonate minerals, which may contribute Li in leachate
fraction, because carbonates are easily dissolved by weak
HAc. The average carbonate content of loess in the central
CLP is 11.5% (Wei et al., 2015). However, Li from carbon-
ates is not a major player for the [Li]leachate variation in
loess-paleosol, since the [Li]leachate do not increase with bulk
CaCO3 contents as shown in Fig. 3. In fact, the [Li]leachate in
the carbonate-rich loess and the CAA layers are even lower
than those in the paleosol layer (Figs. 2 and 3). The lower
Li/Ca ratios in the leachate fractions of loess and CAA
layer with high carbonates was much lower than those in
paleosol with lower carbonates (Table S2), further support-
ing limited contribution of Li in carbonate to the [Li]leachate.
Based on the averages of [Li] and d7Li of pure carbonate
nodule samples (CN1120-1 and CN1120-2), Li from car-
bonates only accounts for less than 10% of the average
[Li]leachate and <0.2% for the d7Lileachate (Table S3). These
lines of evidence indicate that the carbonate phase would
account for limited proportion of Li budget in leachate
fraction of both loess and paleosol.



Fig. 3. The correlation between [Li]leachate and CaCO3 content of the Luochuan loess.

Fig. 4. A cartoon illustrating our proposed dynamical mechanism driving d7Lileachate variability in loess profile. Stage I: Loess experienced
initial weathering and eluviation after it deposited, leading to low d7Lileachate resulting from 7Li migration with soil solution; Stage II: When
overlying loess deposited and experienced pedogenesis as the stage I, 7Li migrated downward and adsorbed by clays in underlying loess; Stage
N (N � 3): When loess has superimposed pedogenic and adsorption processes as the stages I and II, loess became as paleosols with highest
d7Lileachate in underlying carbonate accumulation layer.
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5.1.3. Li in the leachate dominated by adsorption fraction

As observed above, dissolution of silicate and carbonate
minerals is not the major sources of Li in the leachate of
loess and paleosol, so that Li in the leachate of both loess
and paleosol would be dominated by exchangeable Li
adsorbed by clay minerals. Indeed, Li is easily adsorbed
by clays and oxides and can replace Mg2+, Al3+, and
Fe2+ due to its high affinity (Misra and Froelich, 2012; Li
and West, 2014). Because the clay contents in paleosol lay-
ers are higher than those in loess layers (Sun et al., 2010),
which probably explains the higher [Li]leachate in paleosol
than loess layers (Fig. 2). Therefore, Li adsorbed by clay
minerals (exchangeable Li) is the dominated source of Li
in the leachate fraction of loess-paleosol sediments.

5.2. Factors controlling variations of [Li]leachate and

d7Lileachate

Loess-paleosol is eolian dust deposit which originates
from finely textured materials and is transported by wind
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from northern China and central Asian deserts and then is
deposited on the CLP. Thus, the chemical compositional
variation of loess-paleosol deposits is mainly affected by
two factors: (i) provenances and (ii) pedogenic processes
after deposit (Jia et al., 2007; Ma et al., 2019).

Large-scale, long-distance transport and mixing make
the loess-paleosol material highly uniform. Homogeneity
of Nd, Sr and Pb isotopic compositions strongly supports
a uniform source for loess and paleosol, in particular since
the S1 (Gallet et al., 1996). Therefore, variations of [Li]leachate
and d7Lileachate in loess-paleosol sequence would be mainly
controlled by post-depositional pedogenic processes. Corre-
spondingly, variable [Li]leachate and d

7Lileachate can be used to
trace pedogenic processes after dust deposition.

Li in loess-paleosol sediment is contained in Mg-bearing
and ferromagnesian minerals, mica, biotite, and tourmaline
(Jia et al., 2007). During the leaching and pedogenic pro-
cesses after loess deposition, part of Li can be released from
the mineral lattice when silicate minerals decomposed (Jia
et al., 2007). Li+ in solution would migrate with soil water
as the form of soluble salts (such as LiCl). Along with the
migration, Li+ is easily adsorbed by clay minerals, in partic-
ular in paleosol layers with high clays. As a result, the S1
layer has high [Li]leachate (Fig. 2). Meanwhile, the weakly
developed paleosols, such as S0, L1SS1, and L1SS2 within
the loess units which can be distinguished by magnetic sus-
ceptibility, also have relatively high [Li]leachate. By contrast,
the [Li]leachate in the loess layers are lower than those in the
paleosol.

For the upper 12.5 m Luochuan loess-paleosol sedi-
ments, the values of the d7Lileachate in loess layers are similar
to the d7Liresidue (averaging �0.22 ± 1.68‰), but the pale-
osol layers tend to have lower d7Lileachate than d7Liresidue
values (Fig. 2). However, the d7Lileachate slowly increase
from the S1-1 paleosol and reach to a maximum value of
+12.88‰t at the CCA layer (Fig. 2). This observation could
be explained by two potential processes: decomposition of
the primary rocks and adsorption by the clay minerals. Pre-
vious studies suggest that Li isotopes do not fractionate
during the decomposition of weathered and leached pro-
toliths (Wimpenny et al., 2015; Verney-Carron et al.,
2011; Liu et al., 2015), which is consistent with near uni-
form d7Liresidue in the loess sediments. Li isotopic fraction-
ation mainly occurs during solution transport: the solution
carries away heavier isotope (7Li), resulting from 6Li prefer-
entially adsorbed by weathered products of silicates at low-
temperature, dominated by clay minerals (Rudnick et al.,
2004; Vigier et al., 2008; Liu and Rudnick, 2011). There-
fore, the variation in the d7Lileachate of the paleosol would
be caused by adsorption onto clay minerals during pedo-
genic processes.

The proportion of clays and their adsorption ability are
main factors controlling the d7Lileachate values in loess-
paleosol sequence, since different clays have different
adsorption capacity for Li+ (Misra and Froelich, 2012;
Bohlin and Bickle, 2019; Li and Liu, 2020; Pogge von
Strandmann et al., 2020). In the previous adsorption exper-
iments, Li isotopic fractionations were different from clay
minerals, i.e. close to 0‰ for smectite and illite, 1–3‰ for
ferrihydrite and chlorite, �7‰ for kaolinite, and >10‰
for gibbsite (Pistiner and Henderson, 2003; Millot and
Girard, 2007). Increasing experiments and theoretical cal-
culations have confirmed the kinetic controls on Li isotope
fractionations (Hofmann et al., 2012; Hindshaw et al.,
2019; Li and Liu, 2020). Here, we propose that repeated
adsorption processes control the d7Lileachate in loess-
paleosol sequence at different stages, as a conceptual Ray-
leigh distillation model following a kinetic law as illustrated
in Fig. 4.

At the first stage, when loess experiences initial weather-
ing and eluviation after deposition, Li is released due to
decomposition of primary minerals. Along with the down-
ward migration of soil solution, 6Li is preferentially
adsorbed by clay minerals and 7Li is lost to the solution
(stage I, Fig. 4a). As a result, the leachate Li+ in loess layers
have low d7Lileachate, while soil solution with more 7Li
moves downwards in the profile.

When another loess layer is deposited and experiences
pedogenesis as the same stage I, downward migrated 7Li
is adsorbed by clays in underlying loess and/or paleosol
(stage II, Fig. 4b). If the loess-paleosol sequence experiences
repeated pedogenic and adsorption processes as the stages I
and II, more 7Li would migrate downward and be adsorbed
by clays in underlying paleosol. The d7Lileachate trends to
more positive when these processes continue (Fig. 4b, c).
As a result, the highest d7Lileachate appears in the CCA layer
at the bottom of the underlying paleosol (stage N (N � 3),
Fig. 4c). Similarly, Tsai et al. (2014) also reported highest
d7Li (10.2‰) at the CCA layer in the S1 of the Weinan sec-
tion, located at the southeastern margin of the CLP (Fig. 1).
Therefore, the d7Lileachate of the lower paleosol and the
CCA layers is a result of multiple cycles of pedogenic and
adsorption processes (Fig. 4b, c). The d7Lileachate variation
of loess sediments reflects the change in the magnitude or
proportion of the contribution of these processes (Figs. 2
and 4). In addition, we notice higher d7Lileachate but lower
[Li]leachate of the L2 layer just below the S1 layer than those
of the S1 layer (Fig. 2), which may attribute to horizontal
groundwater flow near the S1 and L2 layers, rather than
downward migration of soil solution. Further tracing for
potential impact of groundwater on Li behaviors is
deserved.

The d7Lileachate of loess-paleosol sequence can be
described by the following mass balance:

½Li�leachate � d7Lileachate ¼ ½Li�ad stage I � d7Liad stage I

þ ½Li�ad stageII � d7Liad stage II

þ
X

½Li�ad stage N

� d7Liad stage N ð1Þ
½Li�leachate ¼ ½Li�ad stage I þ ½Li�ad stage II þ

X
½Li�ad stage N ð2Þ

where [Li]ad stage Ⅰ, [Li]ad stage II, and [Li]ad stage N are the
Li content of adsorbed by clay minerals at adsorption
stages I, II, . . .N (N � 3); correspondingly, d7Liad stage Ⅰ,
d7Liad stage II, and d7Liad stage N are the Li isotopic com-
position of adsorbed Li by clay minerals at the adsorp-
tion stage I, II, . . .N.

The measured d7Lileachate in loess-paleosol sediments is
controlled by mixed processes repeatedly at different stages.



160 M.-Y. He et al. /Geochimica et Cosmochimica Acta 299 (2021) 151–162
However, adsorbed Li isotopes are different during these
stages. At the initial pedogenic processes as the stage I,
the Li isotope adsorbed by the clay minerals is mainly
derived from weathered detrital minerals with low d7Li
and the downward migrating soil solution is enriched in
7Li. At the subsequent stages II,. . .N, the Li isotope
adsorbed by clay minerals mainly comes from the overlying
soil solution, resulting in more 7Li than that adsorbed dur-
ing initial weathering and eluviation processes. The frac-
tionation of Li isotopic compositions between soil
solution and adsorbed by clay minerals during post-
depositional period can be described by the following
equilibria:

D7Liad�solution ¼ d7Lisolution � d7Liad stage II;......N ð3Þ
where d7Liad stage II, . . .N is the Li isotopic composition
adsorbed by clay minerals at adsorption stages II,. . .N; d7-
Lisolution is the Li isotopic composition of original soil solu-
tion. In the case of relatively stable sedimentation
environment as loess, the isotope fractionation factor is
unchanged, i.e., a constant D7Liad - solution. Under this situ-
ation, d7Liad stage II, . . .N is determined by d7Lisolution only. It
means that d7Lileachate will be high when the d7Lisolution is
high (Decarreau et al., 2012; Wimpenny et al., 2015;
Hindshaw et al., 2019).

5.3. Using d7Lileachate to trace pedogenic processes in loess

sediments

During the processes of paleosol formation in loess-
paleosol sequences, the elements undergo loss or gain by dif-
ferent degrees along with post-depositional pedogenic pro-
cesses, including weathering and its associated secondary
mineral formation, eluviation, and migration (Kemp,
2001; Sun et al., 2010). However, these post-depositional
pedogenic processes are poorly understood so far. Here, as
a sensitive tracer, the d7Lileachate provides new insight into
pedogenic processes in loess-paleosol sequences.

Firstly, when d7Lileachate in sediments are close to the d7-
Liresidue, it means that they are loess layers that have very
weak or limited pedogenic processes of weathering and elu-
viation, such as L1LL1 and L1LL3 (Fig. 2). These sedi-
ments were deposited during dry and wet glacial
conditions (Sun et al., 2010), characterized by high and con-
stant CaCO3 contents but low magnetic susceptibility. As a
result, these layers would keep original components of aeo-
lian dust, whose d7Li value can represent that of the UCC
(Sauzéat et al., 2015).

Secondly, the d7Lileachate of S0, L1SS1, L1SS2, L1LL2,
and upper S1-1 are lower than d7Liresidue (Fig. 2). These lay-
ers may have only undergone the processes of weathering
and eluviation as the stage I. They were not or only slightly
affected by stages II, . . .N. During these processes, eluvia-
tion solution carries away 7Li, leaving 6Li preferentially
adsorbed by clay minerals. The low d7Lileachate in these lay-
ers indicate weak pedogenic processes, resulting in limited
adsorption of 7Li by clays. The limited adsorption of 7Li
may be due to rapid infiltration of soil solution along the
weakly developed paleosol layers with low clays and coarse
particles (Fig. 2). Accompanying the rapid infiltration
within porous sediments, 6Li in soil solution may migrate
into underlying loess, resulting in lower d7Lileachate, such
as in the L1LL2.

Furthermore, an increase in d7Lileachate and even higher
than d7Liresidue would indicate strong pedogenic processes
of weathering, eluviation, migration and CCA in the pale-
osol or weak paleosol layers, such as in the lower parts of
the L1SS1 and L1SS2. In particular, there is a gradual
increase d7Lileachate from top to bottom of the S1 layer
(Fig. 2, red arrows). It exceeds the d7Liresidue and reaches
the highest d7Lileachate value in the CCA layer at the S1 bot-
tom (Fig. 2, light green shadow). The increasing d7Lileachate
suggests more adsorption of 7Li by clays. High [Li]leachate
indicates strong leaching as a result of intense weathering,
supported by high magnetic susceptibility and low Rb/Sr
ratios (Chen et al., 1999). The increasing in clay content
from intense weathering as indicated by high CIA would
also result in higher degree of 7Li adsorption. The most
important mechanism for post-depositional adsorptions of
Li in paleosol layers is slow infiltration of soil solution
along the paleosol layers with high clay content and fine
particles, resulting in long period of interaction between soil
solution and clays (Figs. 2 and 4). As a result, d7Lileachate
increase gradually and could even exceed the d7Liresidue
(Fig. 2).

As discussed above, variation in [Li]leachate of loess sed-
iments at various layers provides more detailed information
on pedogenic processes of loess-paleosol sequences. The rel-
ative uniform [Li]leachate confirms that loess layers have very
weak or limited pedogenic processes of weathering and elu-
viation. On the contrary, the decreased [Li]leachate in upper
parts of paleosol layers indicate that decomposition of sili-
cate minerals in paleosol layers releases Li, which rapidly
infiltrate downward with soil solution (stage I, Fig. 4a).
As weathering and eluviation of upper sediments intensified
and became deeply-developed paleosol as the stage II, Li in
soil solution migrate into underlying layers and easily
adsorbed by the clays, resulting in increasing d7Lileachate.
It means that the upper section of paleosol layers experi-
enced strongest pedogenesis (Fig. 2). As a result of superim-
posed pedogenic processes, i.e. stage N (N � 3), the
gradually increased d7Lileachate towards the bottom of the
S1 layer suggest slow infiltration of soil solution along the
paleosol layers, with constant adsorption by clays. Finally,
highest d7Lileachate in the S1 bottom indicates limited weath-
ering, supported by coarser grains, and lowest magnetic
susceptibility, Rb/Sr and CIA (Fig. 2).

6. CONCLUSIONS

We present [Li]leachate and d7Lileachate data from the Luo-
chuan loess-paleosol sequence since the last interglacial.
The [Li]leachate and d7Lileachate variations can be used to
trace pedogenic processes of loess-paleosol sediments after
deposition. Our main conclusions are as follows:

(1) The [Li]leachate and d7Lileachate from loess and paleosol
sediments in Luochuan samples display large varia-
tions; [Li]leachate vary from 0.39 to 1.97 lg/g and d7-
Lileachate from �6.55‰ to +12.88‰.
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(2) Li adsorbed by clay minerals (exchangeable Li) is the
main source of Li in 1 M HAc acid-leaching fraction
of loess-paleosol, since Li from dissolution of both
silicate and carbonate minerals accounts for limited
proportions of the [Li]leachate.

(3) The variations in [Li]leachate and d7Lileachate of loess-
paleosol sediments reflect soil migration processes
and the magnitude of pedogenic processes in loess-
paleosol sequence with different degree of
weathering.
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