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To understand the behavior of rare earth elements (REEs) during pedogenetic processes in karst area, SW China,
we investigated the leaching characteristics in order to better understand the mobility and fractionation of REEs in
two soil profiles developed on dolomite. The two soil profiles, namely, Qingzhen (QZ) and Pingba (PB), were

Leaching X sampled from Guizhou province. Hydrochloric acid leaching method was used, and the soil samples from the
gi;lﬁz?ay profiles were compared. REE contents decreased from the bottom of the profiles (1360.39 ppm of QZ and

2236.61 ppm of PB) to the topsoil (247.32 ppm of QZ and 168 ppm of PB). From the soil samples to leachates, (La/
Yb)xy (N means chondrite-normalized values) increased from 3-8.92 to 2.36-25.02 in QZ and 6.34-9.06 to
5.28-14.83 in PB, and (Gd/Yb)y increased from 1.01-1.80 to 1.40-2.71 in QZ and 1.16-2.03 to 2.07-3.29 in PB.
These results indicate that the degree of REE fractionation increases with continuous weathering. Obvious dif-
ferences in LREE/HREE and XREE/Th ratios between the soil samples and leachates indicated strong weathering
and pedogenesis under a simulated acid leaching environment. Negative and positive cerium (Ce) anomalies were
observed in the lower and upper parts, respectively, of the profiles. Ce anomalies in the soil samples and leachates
may be due to the sensitivity of Ce to redox conditions. Given that the decrease of Y/Ho ratio and the negative
correlation with soil pH, incipient pedogenetic processes likely play an important role in Y-Ho fractionation. On the
basis of the characteristics of REE behavior, the studied profiles have the characteristics of in situ weathering.

1. Introduction

The behavior of rare earth elements (REEs) serves as a valuable in-
dicator in the investigation of geological and biogeochemical processes,
such as upper continental crust development (Braun et al., 1998; Taylor
and McLennan, 1981; Taylor et al., 1986), sediment provenance (Jung
et al., 2016; Ni et al., 2017; McLennan, 1989), and weathering processes
(Berger et al., 2014; Ji et al., 2004a; Laveuf and Cornu, 2009; Leleyter
et al., 1999). Studying the release, retention, and transport of REEs under
different conditions at the Earth’s surface is crucial to understanding REE
behavior and tracing pedogenetic processes (Jin et al., 2017; Laveuf and
Cornu, 2009). Over the past decades, considerable attention has been
paid to REE fractionation and Ce anomalies in weathering environments
(Boulangé and Colin, 1994; Braun et al., 1990; Nesbitt and Markovics,
1980; Ohlander et al., 1996; Vermeire et al., 2016). The following three
factors have been proposed to lead to the REE fractionation process: (1)
stability of primary REE-bearing minerals (Duddy, 1980; Ohlander et al.,
1996), (2) difference in complexation ability with ligands between light

rare earth element (LREE) and heavy rare earth element (HREE) (Braun
et al., 1990; Braun et al., 2017; Leleyter et al., 1999), and (3) weathering
conditions, such as redox and pH, that lead to Ce anomaly (Marsh, 1991;
Mongelli, 1993).

Acid leaching is an effective method for obtaining useful informa-
tion on REE behavior in weathering profiles. Nasraoui et al. (2000)
revealed that the presence of REEs provides the basis for REE enrich-
ment and mobilization by chemical sequential extraction. After con-
ducting leaching experiments on carbonates, Ji et al. (2004b) suggested
that REEs are present in clay minerals and other secondary phosphate
phases. Ni et al. (2017) utilized 1N HCI to divide samples into two
phases, namely, leached and residual fractions, and suggested that
Mn-Fe (hydro)oxides and secondary phosphate minerals are the main
hosts of acid-leachable REE.

Redox conditions in soils from tropical and subtropical zones are
different from those from temperate zones. Hence, the style of mobili-
zation and redistribution of elements during chemical weathering are
different (Hill et al., 2000; Ma et al., 2007b; Young and Nesbitt, 1998).
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Laterites, which are the products of chemical weathering under tropical
or subtropical climate (Nahon, 2003), are widely distributed in
southern China. The behavior of REEs in laterites during chemical
weathering is less studied. Therefore, a comprehensive understanding
of REE mobility and fractionation is important. Studying the behavior
of REEs in laterites will improve understanding of weathering and
pedogenesis in southern China especially in karst regions. Other main
interests in the study of REE behavior under tropical and subtropical
weathering are the accumulation of REEs in soil profiles and the
transformation of REEs to economically valuable deposits (Li et al.,
2017). Also, Li et al. (2019) studied the genesis of Zudong REE deposit
in South China, and so it will be of great importance to explore similar
deposits in other parts of the world.

Two weathering profiles that developed on Triassic dolomites in
Guizhou Province, SW China were selected for this study. It is recognized
that in carbonate rocks, REEs are contained in three fractions: the detritus
fraction, the absorbed fraction and the authigenic carbonate and phosphate
(Balashov and Girin, 1969; Ji et al., 2004b; Parekh et al., 1977). Hydro-
chloric acid leaching method was used to decipher the behaviors of REEs in
the Qingzhen (QZ) and Pingba (PB) profiles. The purpose of this study is to
explore REE behavior in adsorbed fractions under supergene condition,
rather than the distribution of REEs in minerals during the sedimentary and
diagenetic processes. Thus, 1 N HCI was used for the leaching experiment,
which was found to be effective in demonstrating REE distribution and
behaviors as it does not dissolve minerals in the weathering regolith, except
for some soluble phosphate minerals (Ma et al., 2007a; Wang et al., 1999).
REE mobilization and fractionation were described and discussed in detail
by using sequence parameters and ratios in leachates and soil samples. This
approach can help us understand REE migration and retention during
pedogenesis in the karst region of SW China.

2. Materials and methods
2.1. Geological background and sample collection

The study area is located in the Yunnan-Guizhou Plateau. Guizhou
Province has a moist climate and is located in the karst terrain in SW
China (Fig. 1). This karst terrain is one of the largest continuously dis-
tributed karst landforms in the world and is extensively developed in
Guizhou province. The climate in this region is subtropical monsoon,
which is controlled by the East Asia summer, Indian Ocean, and Qin-
ghai-Tibet Plateau monsoons. Annual precipitation of the study area
varies from 1100 mm to 1300 mm, with the rain season in May to Oc-
tober, accounting for 70%-85% of the annual precipitation. The weather
is relatively moderate with a mean annual temperature of above 15 °C.

The PB profile (26° 26’ N, 106° 22’ E) is located in Pingba Farm at
approximately 40 km southwest of Guiyang, which is the capital of Guizhou
Province. The QZ profile (26° 21’ N, 106° 31’ E) is between Pingba Farm and
Guiyang. The bedrock is sedimentary dolomite and belongs to the Triassic
Anshun Formation. The sampling point and area lithology are illustrated in
Fig. 1. Soil profiles were established by recent road construction. Soil
samples were collected from the surface downward to the bedrock through
the profile. The surface comprised loose soil covered with flourishing ve-
getation. Beneath the surface soil was a yellow-brown fine homogeneous
laterite soil, and sampling interval was about 20-25 cm (from QZ-25 to QZ-
04 and PB-22 to PB-04). The QZ profile had an 8 cm-thick ferruginous crust
layer between 130 and 155 cm. The soils in this layer contained some black
material and the color turns into brick red. A thin layer of grayish white
flour dolomite (rock powder) was present at a depth of 555 cm in the QZ
profile (480 cm in the PB profile). The rock powder was sampled as QZ-03
(PB-03). Saprock and bedrock samples were collected beneath the flour
dolomite layer (Fig. 2). A total of 43 soil samples were collected from both
profiles (23 in QZ and 20 in PB). The soil samples were collected from
bottom to top, and the numbering was as follows: QZ-01 and QZ-02 (parent
rock samples) and QZ-03 (rock powder) to QZ-25 (surface soil). The same
order was used for the PB profile.
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Previous studies showed that the major mineral constituents of the
PB profile are illite, kaolinite, gibbsite, smectite, quartz, feldspar, ana-
tase, and iron oxides (including hematite and goethite). From the XRD
analysis (Fig. 3), the major mineral constituents of QZ profile are quartz
and clay minerals (illite, kaolinite, and pyrophyllite). Iron-bearing mi-
nerals (magnetite and hematite) are also present. In the upper part of
the profile, the contents of quartz and clay minerals increased and
decreased, respectively. The horizons recognized in the profiles were
soil horizon (the top as a cultivated layer); regolith horizon, which had
a dark red ferruginous crust layer in the QZ profile and a weathering
front; weathering bedrock horizon; and fresh bedrock horizon.

2.2. Analytical methods

The soil samples were dried under a ventilated condition with a
covered thin paper to prevent the atmospheric settlement and were
passed through a 2-mm sieve. Soil pH was determined at a soil to water
ratio of 1:2.5, and measurement error was less than 0.1. The air-dried
samples were powdered using an agate mortar and passed through a 75-
um sieve. The powdered samples were added with 1 N HCI to destroy
organic matter and were dried at 60 °C. Total organic carbon (TOC) was
determined by a TOC analyzer. Powdered samples were digested in a
solution of HNO3 + HF + H,0, for elemental analysis.

Powdered samples (5 g) were weighed and added with 1 N HCI at
room temperature for 30 min. The acid-soluble and acid-insoluble
fractions were separated by centrifugation. The supernatant was dec-
anted into a test tube as leachate. Acid extraction was conducted at the
Key Laboratory of Environmental Geochemistry of the Institute of
Geochemistry, Chinese Academy of Sciences.

The major elements (Al Fe, and Mn) in the digested soil samples and
leachates were measured with an Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES) in the Capital Circle Ecological
Environment Laboratory at Capital Normal University. Trace elements were
measured in solution with an Inductively Coupled Plasma-Mass Spectrometer
(HR-ICP-MS) (Element I, Finnigan MAT Company) at the Beijing Research
Institute of Uranium Geology. The analytical precision values for major and
trace elements were less than 5% and 10%, respectively. REE concentrations
were normalized to chondrite. Fractionation between LREEs and HREEs was
quantified in accordance with (La/Yb)y ratio. Ce and Eu anomalies were
calculated in accordance with the study of Taylor et al. (1986). In the present
study, Ce and Eu anomalies were characterized by using 8Ce and 8Eu values,
where 8Ce is defined as (Ce)y/[(Lay + Pry)/2] = Ce/Cex, and 8Eu is de-
fined as (Ew)n/[(Smy + Gdy)/2] = Eu/Eu*.

Mass transfer coefficient (t) was calculated to provide information
about REE mobility during chemical weathering. The content of element
(j) in the parent material (p) relative to that of immobile reference ele-
ment (i) was used for standardization to assess mass changes in a gra-
dually weathering material (w) (Anderson et al., 2002; Brimhall and
Dietrich, 1987). T was calculated using the following equation:

Tj= {[(q,w)/(cjp)]/[(clW)/(Cl,p)]} -1,

where Cj,, and C;, are the concentrations of element j in the soil sample
and parent material, respectively, and C;,and C; , are the contents of the
most immobile element (i) in the soil sample and parent material, re-
spectively. A positive 7;; value indicates that element j is enriched in soils
relative to that in a parent material, whereas a negative value indicates
the depletion of element j. A 7;; value of zero indicates the immobility of
element j in soil samples. In this study, we used the bedrock sample (HY
and QZ-02) from each profile as the parent material for t calculation. Zr,
Ti, and Th are usually used as immobile elements. Although Th can be
mobilized during intense tropical weathering (Du et al., 2012), Zr and Ti
are more mobile during extreme weathering than Th (Braun et al., 1993;
Ma et al., 2007b). Given the minor heterogeneity of parental Th-bearing
minerals and limited migration and dissolution of these elements during
weathering, minor Th mobilization will not significantly change the re-
sults when REE behavior in the profiles is considered (Berger et al., 2014;
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Fig. 1. Geological map of the Guizhou province and the two dolomite weathering profiles. The studied profiles are indicated on the map by stars (QZ = Qingzhen
profile, PB = Pingba profile).
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Fig. 2. Schematic representation of studied weathering profiles showing the sectional structure and sampling depth.

Janots et al., 2015). Th is more immobile and thus used as the reference

element in this study.

3. Results

3.1. Major elements, pH, and TOC in soils and/or leachates.

Selected elemental data (including Th, Al, Fe, and Mn), pH, and

TOC in the soil samples and leachates are listed in Tables 4 and 5. TOC
contents are approximately 0.31% in most samples from QZ profile and
increases at the surface layer, whereas its minimum value (0.19%) is
obtained at the weathering front (QZ-07). The lower part of the profile
has significantly higher pH (close to 7) than the upper part (less than 5).
The TOC contents of the PB soil samples vary from 0.23% to 0.85%
(except PB-22 = 2.09%). The pH gradually decreases with increasing
depth as evidenced by the pH values from PB-3 (7.02) to PB-20 (4.67).
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Fig. 3. X-ray diffraction graph showing mineral composition for Qingzhen profile.

Al content in the QZ soil samples is mostly 17%, with minimum and
maximum values of 8.83% (QZ-07) and 17.85% (QZ-16), respectively. The
concentration of Al in leachate is approximately 1.5%, with a minimum of
0.95% at QZ-07. The lowest Fe contents are obtained in the QZ-24 soil
sample (5.35%) and leachate (1.36%). The highest Fe concentrations are
obtained in the QZ-20 soil sample (21.33%) and leachate (5.42%). The
highest Mn contents are 0.28% (QZ-19 soil sample) and 0.18% (QZ-19
leachate). Ferruginous crust appears near the soil layers of QZ-19 and QZ-
20, which contain high concentrations of Fe and Mn. Al content in the PB
soil samples fluctuates between 9.55% and 16.24% and shows an in-
creasing trend with depth. In the leachates, the Al contents are approxi-
mately 2%. The concentrations of Fe in the PB profile are approximately
10% in the soil samples and 2% in the leachates. Mn is enriched in the
lower parts of the soil samples and leachates in the PB profile.

3.2. REE characteristics of soil samples

REE contents and relevant parameters from the QZ profile are sum-
marized in Table 1. The REE contents in the dolomite samples (QZ-
01-QZ-03) in the QZ profile show remarkable negative Ce anomalies (Ce/
Ce* = 0.29 in QZ-01, Ce/Ce* = 0.10 in QZ-02, and Ce/Ce* = 0.03 in QZ-
03), moderate to weak Eu anomalies (Eu/Eu* = 0.73-0.93), and high
(La/Yb)y values especially in QZ-03 (10.51). The patterns show remark-
able negative Ce anomalies in rock powder (0.03) and rock-soil interface
layer (0.21). Furthermore, the rock—soil interface sample (QZ-04) has the
highest REE concentration (XREE = 1814.19 ppm) and lowest fractiona-
tion degree [(La/Yb)y = 3]. The proportion of LREEs (LREE%; 62.3%)
and the ratio between LREEs and HREEs (1.65) are minimal in the profile.
>REE values range from 167.4 ppm (QZ-20) to 1814.2 ppm (QZ-04), and
LREEs and HREEs in the weathering profile vary considerably (ranging
from 137.1 ppm to 1129.7 ppm and from 30.29 ppm to 684.49 ppm, re-
spectively), whereas (La/Yb)y range from 3.00 to 8.92, exhibiting the
high enrichment of LREEs relative to that of HREEs.

The samples in the lower part of the profile (QZ-05-QZ-07) have
lower degree of LREE enrichment [(La/Yb)y = 2.70-4.30] and moderate
Ce anomalies (0.62-0.81). Their REE patterns are similar to those of the

parent rock samples (QZ-01 and QZ-02), showing the close inheritance
from the bedrock in soil samples. The moderately negative Eu anomaly is
observed in all samples. From the weathering front to the upper part of
the profile, LREEs tend to become enriched, (La/Yb)y increases, and
SLREE/XHREE becomes more remarkable (5.17-7.10) from samples QZ-
13 to QZ-19. Meanwhile, positive Ce anomalies (6Ce = 1.02-2.83) are
noticeable in the upper part of the profile. The ferruginous crust (QZ-20)
has the lowest REE (167.39 ppm), which is similar to that of the upper
continental crust (168.4 ppm) (Taylor and McLennan, 1985).

The chondrite-normalized REE pattern of the rock powder (PB-03)
displays remarkable Ce anomaly (Ce/Ce* = 0.11), moderate Eu anomaly
(Eu/Eu* = 0.69), and low (La/Yb)y (5.24). Sample PB-04 from the
rock—soil interface has the highest REE value and displays the most ne-
gative Ce anomaly (Ce/Ce* = 0.09). The ZREE values of the PB profile
range from 255.8 ppm (PB-13) to 4091 ppm (PB-04), and the LREE and
HREE values range from 198.44 ppm to 3091 ppm and from 52.83 ppm to
1000.2 ppm (Table 2), respectively. The ELREE/XHREE values are nearly
consistent (approximately 4) except from PB-08 to PB-10. In the upper
part of the profile, negative Ce anomaly decreases (Ce/Ce* = 0.56-0.99,
except from PB-08 to PB-10), and moderate to weak positive Ce anomalies
appear (Ce/Ce* = 1.04-1.43). From the lower to the upper parts of the
profile, the (La/Sm)y and (Gd/Yb)y values tend to increase and decrease,
respectively, indicating MREE enrichment in the lower part of the profile.
Meanwhile, LREEs tend to become more enriched, that is, (La/Yb)y in-
creases from 6.59 to 9.15. Three samples (PB-08-PB-10) near the weath-
ering front show remarkable positive Ce anomalies (8Ce = 1.79-3.78) and
large XLREE/ZHREE values (5.29-9.72).

Trhj (TTh,REEs TTh,AL TThFe, and Trnmn) Values were calculated for
both profiles (Fig. 4). The tr; values for LREEs and HREEs are close to
—1 in the regolith, indicating that REEs are fully depleted. The mass
transfer coefficients of LREEs and HREEs are greater than zero in the
rock powder layer and rock-soil interface, where REE contents increase
drastically. This variation is mainly attributed to volumetric changes. Ji
et al. (2004a, b) used a mass balance approach to quantify the mass
fluxes of elements and found that large volume changes occur during
dolomite weathering, namely, non-isovolumetric weathering, at the
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i ~ bedrock to the regolith horizon. During dolomite weathering, more
[ély § b 2 R 5 E 2 than 90% of the volume changes, and insoluble residues account for
only 1% of the dolomite total mass. The large volumetric change causes
the enrichment of elements, resulting in t1y,; values greater than 0.
i 3 2 KNSRI 3.3. REE characteristics of leachates
[ox<} g R
Chemical leaching aims to understand the distribution, migration,
and geochemical behavior of REEs during supergene weathering
- o (Sholkovitz, 1989). The leaching results of the soil samples from the QZ
RIS R R profile are listed in Table 3. The leachate ratio of each element in the
Oc | "o -awd leachate was determined by the formula: leachate ratio (%) = (element
content in the 1 mol/L HCI leachate/element content in the whole
rock) X 100 (Ma et al., 2007b). The ZREE values range from 57.82 ppm
Y.l P vowa (QZ-20) to 1360.39 ppm (QZ-04), and the leachate ratio decreases from
g elx2azo the bottom (QZ-04 = 88.67%) to the upper layers (QZ-24 = 16.67%) of
i the profile. Simultaneously, *LREE/XHREE values increase from 1.56
o (QZ-04) to 11.64 (QZ-24), indicating that LREEs are more easily re-
s moved than HREEs during the leaching process. This result is confirmed
ﬁ § by LREE enrichment (except for Ce and Eu anomalies) in the leachate
o =8 y P
N
5 S| 233888 g chondrite-normalized REE pattern (Fig. 6). The REE pattern of sample
— — O ~ N T
%‘ QZ-25 has a chondrite-normalized Lay value of 28.17, thus decreasing
o the Yby value to 1.13, with the largest (La/Yb)y (25.02) in the QZ
"S profile. Compared with soil samples, leachates have large (La/Yb)y
Sl Svowvmu :g (2.36-25.02) and (Gd/Yb)y (1.40-3.64) and small (La/Sm)y
P I B B e B o (0.77-5.2), indicating that LREEs are more likely to be leached than
'% HREEs. The leachate shows remarkable negative Ce anomalies
;_:: (0.14-0.99) in the lower part of the profile and positive Ce anomalies
- & (1.12-2.86) in the upper part of the profile and moderate to weak Eu
il dgszen 2 anomalies (0.62-0.83).
O "odn < Z The leaching results of the PB profile are similar to those of the QZ
;% profile. From the bottom to the top of the profile, ZLREE/>HREE values
- % increase from 2.35 (PB-04) to 9.14 (PB-17). By contrast, REE contents
© ~ 20 decrease from 2236.61 ppm (PB-04) to 68.02 ppm (PB-21) along with
- o O N M ~ T —_ . .
N®|lwmgxroao § I the leachate ratio ranging from 19.57% (PB-21) to 66.90% (PB-04). The
B z ranges of (La/Yb)y, (Gd/Yb)y, and (La/Sm)y values are 5.28-15.64,
[
5 "S 1.53-4.33, and 2.07-3.58, respectively. The leachates from the PB
E 3 profile have scattering REE patterns characterized by weak Eu
= g 3 2IReY S E anomalies (0.68-0.85) compared with the whole rock samples
= )
S| 2S2R52 3 E (0.58-0.68).
+ fEE The contents of Ce and REEs (except Ce) in the leachates and bulk
g4 samples and the variation of leachate ratio with profile depth are de-
© ~ ZE picted in Fig. 7 (QZ profile) and 8 (PB profile). Ce shows inconsistent
TR 3sen8e g :Z 2 changes with other REEs. As shown in Fig. 7, the leachate ratio of Ce in
AN & LIT g the QZ profile is concentrated at approximately 39%, whereas that of
= S REE-Ce gradually decreases from the lower (QZ-04 = 88.67%) to the
ge ™ upper (QZ-24 = 16.67%) parts of the profile. Results show that lea-
> > c e s . . . .
Lol 2acoow 'soTéx 2 chate ratio is inversely proportional to the residual time of the soil
Na|wahpsée % S & layer. From the soil surface to a depth of 3 m, leachate ratio in Ce is
RIR E larger than the leachate ratios in other REEs. From the section below
£ : = 3m to the bedrock, the leachate ratio in Ce is smaller than that the
- E E 2 leachate ratio in the other REEs. In Fig. 8, the leachate ratio of REE-Ce
o | 8txommo | BT ‘S in the PB profile is lower than that in the QZ profile. A similar trend in
N GO B O MOV o X
O | mSaNYT 9 ';2 é leachate ratio, that is, the decrease from the lower (66.90%) to the
E i ’\2 upper (19.57%) parts of the profile, is observed. The leachate ratio of
g Q Ce in the PB profile is higher than that in the QZ profile, which clusters
= » % g é at approximately 42%, and is lower than that of REE-Ce in the section
5 § ; E § § E § g :2 I from 3 m below the surface to the bedrock. Leachate ratio is indirectly
2 L“J z related to the elemental contents in the sample.
g oS
a s 3
S [ 7SI . .
S 2a¢e 5 4. Discussion
= o >
RS Bl
: EE= bilization and fractionation during chemical weatheri
S e zzz| 528 4.1. REE mobilization and fractionation during chemical weathering
- KRt - ICRC) Q =
o | BEE |8 TSX | §8 g . . .
% Ev g‘ 2 ‘%‘ g 33 '§ SS9 REEs are known to be present as coatings or impurities dispersed in
= SE S multiple minerals, oxides, and supergene minerals, such as
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rhabdophane, florencite, and cerianite, and adsorbed on clay minerals.
(Jin et al., 2017; Palumbo et al., 2001). During weathering and pedo-
genesis, REE-bearing minerals are dissolved, and REEs are released into
the soil and transferred by soil solution. REE solubility is low, whereas
the dissolved portion has good affinity to minerals (clay and Fe-oxides)
via mechanisms, such as co-precipitation, adsorption, and surface
complex formation (Cao et al., 2001; Galén et al., 2007; Ma et al., 2011;
Yusoff et al., 2013). According to XRD analysis (Fig. 3), quartz content
in the upper part of the soil increases, whereas REE-containing authi-
genic minerals and clay minerals decrease as weathering proceeds, re-
sulting in REE depletion in the upper weathering profiles compared
with the lower parts (Braun et al., 1998; Nesbitt and Markovics, 1997).
This phenomenon is an important reason for REE enrichment in the
lower parts of the profiles and is consistent with the reports of previous
studies that REE content decreases with increasing weathering degree
(Ohlander et al., 1996; Taunton et al., 2000). Some studies demon-
strated that Fe, Al, P, and Mn compounds does not contribute much to
REE enrichment in the basalt profile and terra rossa (Ma et al., 2007b;
Feng, 2010). In the present study, REE content has no good correlation
with Al, Fe, and Mn contents, but they show consistent changes in some
layers. As shown in Fig. 4, Al, Fe, and Mn are enriched with REE en-
richment near the weathering front of the QZ profile (dash area),
whereas they are depleted along with REEs in the lower samples of PB
(dash area). pH and organic matter may control REE mobility. REE
adsorption usually increases with pH (Aja, 1998; Coppin et al., 2002),
and organic matter enhances REE mobility by complexing with organic
colloids. These phenomena lead to the significant depletion of REEs in
the acid upper part of profile and relative enrichment in the lower
samples. When REEs are transported downward to the lower part of the
QZ profile, organic matter largely decomposes, resulting in relative
enrichment of REEs in this depth (dash area in Fig. 4). Therefore, we
think that REE enrichment in the lower part of profile may be related to
TOC. A particularly high TOC concentration is noted in sample QZ-03
possibly due to the volumetric change in initial carbonate weathering.
Weathering leads to a 90% decrease in bedrock volume, whereas or-
ganic matter accumulates in the rock powder layer. TOC content de-
composes as weathering proceeds.

Except for some soluble phosphate minerals, 1 N HCI does not dis-
solve minerals in the regolith. REEs in leachates mainly comprise an
adsorbed clay, adsorbed amorphous Mn-Fe (hydro)oxides, and dis-
solved phosphate minerals (Song and Choi, 2009). The leachate ratio of
the two profiles increase from the top to the bottom with increasing
REE content. The largest leaching rate occurs in the REE enrichment
layer of the PB profile (dash area in Fig. 4), confirming that REEs are
transported from the upper part to the lower part, and sorption likely
plays an important role in REE transfer.

The fractionation between LREEs and HREEs is usually quantified by
(La/Yb)y ratios or XLREE/SHREE values (Laveuf and Cornu, 2009). The
three main reasons put forward to explain the fractionation of REEs in
weathering profiles are as follows: (1) oxidation-reduction environment,
pH, and other weathering conditions (Braun et al., 1990; Braun et al.,
1998); (2) leaching of primary REE-bearing minerals; and (3) influences
of secondary minerals, such as Mn-Fe (hydro)oxides, clay minerals, and
phosphates, which are bound to REEs or precipitated with REEs (Braun
et al., 2018; Kuss et al., 2001; Yang et al., 2002). (La/Yb)y values show
pronounced REE fractionation in the QZ and PB profiles during weath-
ering. LREEs are more enriched than HREEs. Increasing ZLREE/ZHREE
in the topsoil results in increased (La/Yb)y values in both profiles. This
condition was reported by Banfield and Eggleton (1989) in the study of
granodiorite massif in Australia. The different distributions between the
lower and upper parts of profiles are interpreted as follows: HREEs de-
note stable compounds in the solution that is relatively preferentially
transported downward, whereas LREEs are easily absorbed on clay mi-
nerals (da Silva et al., 2017; Duddy, 1980).

In both profiles (QZ and PB), the chondrite-normalized REE dis-
tribution patterns of soil samples (Fig. 5) and leachates (Fig. 6) have the
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same trend, but their values are different. The (La/Yb)y and (Gd/Yb)y
values in the leachates are systematically higher than those in the soil
samples (Tables 1-3). The (La/Yb)y values indicate an increase in REE
fractionation degree. Thus, the probability for this increase to occur in-
creases as weathering continues. HREEs and part of LREEs usually mi-
grate through weathering profiles via soil solution, and residual LREEs
may be incorporated into secondary minerals, such as clay minerals,
carbonates, and Fe- and Mn-oxides, which may be dissolved with further
weathering. The overall trends of soils from the QZ and PB profiles ex-
hibit REE fractionation during LREE enrichment and HREE depletion.

LREE/HREE ratio has been widely regarded as a proxy to REE
fractionation and provenance tracing in many geological processes
(Dou et al., 2010; Jung et al., 2012; Riebe et al., 2017). Th has a re-
latively stable geochemical behavior during geological processes com-
pared with REEs. Therefore, it is typically used as reference element in
element migration studies. The variation in REE contents can be mea-
sured by YREE/Th ratios of soil samples during weathering.

Fig. 9 exhibits the relationship of LREE/HREE and XREE/Th ratios of
QZ and PB soil samples, respectively. The ratios of LREE/HREE have
narrow variation ranges relative to those of YXREE/Th, and the ratios are
not correlated with those of YREE/Th in PB and QZ soil profiles. PB-09
and PB-10 samples have high LREE/HREE ratios, which can be inter-
preted by water—rock interaction around the weathering front. A distinct
variation trend is displayed between LREE/HREE and ¥REE/Th ratios in
the PB and QZ leachates (Fig. 9). In the PB leachate, a general ex-
ponential decline trend has marked the increase in LREE/HREE ratios
(up to 9.14 in PB-17) along with decreasing YREE/Th. A similar trend is
observed in the QZ leachate. The LREE/HREE ratios in the QZ leachate
gradually increase from 1.56 (QZ-04) to 11.64 (QZ-24) as XREE/Th de-
creases from the lower (QZ-05 = 38.68) to the upper (QZ-20 = 4) re-
golith parts, suggesting that HREEs have higher mobility than LREEs due
to the ability of HREES to easily form bicarbonate and organic complexes
in a solution; by contrast, LREEs tend to be adsorbed on secondary mi-
nerals (e.g., clay minerals) (Laveuf and Cornu, 2009). Therefore, LREE
enrichment and HREE depletion occurs in leachates. From the bedrock
(includes rock powder and rock-soil interface) to the lower regolith
(below 4m in QZ profile and 3.8 m in PB profile), which is a known
chemical weathering process, XREE/Th decreases sharply, whereas the
variation in LREE/HREE varies slightly. From the lower to the upper
regolith parts (above 4 m in the QZ profile and 3.8 m in the PB profile),
LREE/HREE increases, whereas YREE/Th changes slightly. This LREE
enrichment signal indicates that pedogenesis results in greater REE
fractionation (Ni et al., 2017). This observation indicates an important
weathering and pedogenetic trend with REE depletion and fractionation
from exchangeable components in an acid leaching environment.

4.2. Ce anomalies in leachates and whole rock samples

Many studies demonstrated that Ce is sensitive to changes in redox
environments, clay minerals, Fe-Mn (hydro)oxides, and organic mate-
rials (Feng, 2010; Laveuf et al., 2012; Vazquez-Ortega et al., 2015). Ce
has more than one oxidation states that induce Ce anomalies due to
redox reactions, which record the changes in redox conditions during
pedogenetic processes. Ce (III) is soluble in a reduced environment and is
converted into the insoluble Ce (IV) oxidation state in an oxidized en-
vironment. This mechanism may induce the variation in 8Ce values and
Ce fractionation during weathering processes especially in surface en-
vironments. The behavior of Ce is different from that of other REEs in
this study. Strong Ce anomalies occur in the QZ profile as shown by the
remarkable negative and positive Ce anomalies in the lower and upper
parts of the profile, respectively (Table 1). Almost all carbonate rocks
display a negative Ce anomaly due to coordination numbers and ionic
radii (Kanazawa and Kamitani, 2006; Laveuf and Cornu, 2009). Thus, we
could infer that the negative Ce anomaly near the base profile (dash area
in Fig. 10) is inherited from the dolomite bedrock. The maximization of
negative Ce anomaly is evident in the QZ rock-soil interface QZ-04
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Fig. 4. Depth variations of leach rate, %y res, Trnal, Tnres Trnmn, PH and TOC contents in Qingzhen and Pingba profiles.

(8Ce = 0.21) and in the PB rock-soil interface PB-04 (8Ce = 0.09).
Meanwhile, REE content in the rock-soil interface from the QZ profile is
6.8 times of that of rock powder and 20 times of that in PB profile (Tables
1 and 2). The maximum negative Ce anomaly and REE enrichment may
be due to the volume changes mentioned earlier. The large volume
changes during weathering lead to the accumulation of REE-containing
residues, resulting in an increase in REE content and absence of Ce.
Previous studies in this area found that a small amount of apatite and
rhabdophane-La exist in the lower part of the profile. These phosphate
minerals contain REEs and have an obvious negative Ce anomaly (Feng
et al., 2009; Ji et al., 2004b; Sun et al., 2002). Therefore, we believe that
the presence of phosphate may be another important factor for rare earth
enrichment and Ce anomaly at this layer (Banfield and Eggleton, 1989;
Patino et al., 2003). Obvious differences in Ce behavior and highly
variable Ce anomaly are observed in the PB profile. The Ce-anomaly in
the lower part of the PB profile not only had negative anomalies but also
demonstrated strong positive anomalies in specific samples, PB-08
(6Ce = 1.79), PB-09 (8Ce = 2.67), and PB-10 (8Ce = 3.78). Notably,
three samples are located close to the layer of weathering front, which
occurs in water—rock interaction. Given the water—rock interaction, high
SLREE/XHREE values and positive Ce anomalies are observed at the
weathering front of the PB profile. A significantly positive Ce anomaly
(6Ce = 2.83) exists in sample QZ-19, which is near the ferruginous crust.
Figs. 4 and 10 show that the ferruginous crust has a particularly positive
Ce anomaly and is accompanied by high tFe and tMn contents, and Mn-
oxides and Fe-oxyhydroxide indirectly affect the state of Ce. In the no-
dules from the deep-sea oceanic water, several studies show Ce scaven-
ging at the surface of Mn- and Fe-oxide and hydroxide (Bau, 1999; Braun
et al.,, 2018; Nakada et al., 2013). De Baar et al. (1988) studied the
electrical potential change at the d-MnO,, surface and proposed that Ce
(110) is oxidized by d-MnO,. They found that in solution without dissolved

0,, Ce oxidation is due to proton transfer between Ce (III) and d-MnO,.
Because the different experimental setting Ohta and Kawabe (2001) did
not get the consistent result with De Carlo et al. (1998) that Mn(IV) re-
duced to Mn (II) due to Ce (III) oxidation reaction at the d-MnO,, surface,
but they also suggested that Ce (III) is oxidized to Ce (IV) by d-MnO,.
Ohta and Kawabe (2001) proposed that dissolved Ce (III) can be oxidized
by Fe oxyhydroxide under atmospheric conditions, as indicated by the
results of the present study. Although no significant correlation is ob-
tained among Ce anomaly, Fe, and Mn in the study profiles, a large Ce
anomaly corresponds to high Trymn and Ty e values. This result in-
dicates that Fe and Mn affect Ce anomaly. Meanwhile, oxygen is con-
sumed during TOC decomposition in the middle profile, resulting in an
anaerobic condition in the base profile. This phenomenon has been ob-
served in both profiles (orange band in Fig. 10), along with high 6Ce and
low TOC values.

Acid leaching experiments can provide useful information on REE
behavior without the factors affecting redox conditions, such as Fe- and
Mn-oxides and hydroxides, TOC, and pH. However, in hydrochloric
leaching experiments, the migration of Ce is found to be different from
that of other REEs (Figs. 7 and 8), demonstrating that Ce has distinctive
migration and transformation behavior with other REEs. Thus, our
finding provides new recognition on the indication of Ce anomaly for
redox change. Therefore, Ce behavior must be considered when using
Ce anomaly in studying the redox conditions of the weathered sedi-
mentary soil.

4.3. Comparison of Y and Ho behavior during weathering and leaching
processes

A pseudo-lanthanide containing an ionic radius and Ho are con-
sidered the same and have consequently similar geochemical
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Fig. 5. Chondrite-normalized REE patterns of soil samples from Qingzhen profile (a) and Pingba profile (b). We use the mixed bedrock HY from (Ji et al., 2004b) as

the bedrock of PB profile.

characteristics because its outer electron shell structure is similar to
that of Y (Bau and Dulski, 1995; Thompson et al., 2013), whereas
fractionation may exist between Y and Ho during weathering. The ex-
tent of fractionation is typically measured by Y/Ho ratio (Censi et al.,
2007; Feng, 2010; Nozaki et al., 2000; Thompson et al., 2013). Y and
Ho in the QZ samples show a significantly positive correlation
(R? =0.97, Fig. 11a), and the relationship of Y and Ho in leachates
show a better positive correlation (R? = 0.98). Relative coherence is
observed in the PB profile at R? 0of 0.97 (soils) and R? of 0.99 (leachates;
Fig. 11b). This result suggests that the geochemical behavior of Y is
more similar to that of Ho than that of the other REEs in HCl leachates
and simulate the natural acid leaching process during soil formation.
Many scholars demonstrated that the fractionation between Y and Ho
occurs within oceans (Nozaki et al., 1997), rivers, and estuaries (Bau
and Dulski, 1995; Bau et al., 1997) or during chemical weathering
(Feng, 2010; Leybourne and Johannesson, 2008; Thompson et al.,
2013). The good correlation between Y and Ho in soil samples and
leachates demonstrates that the fractionation of Y and Ho occurs in the
incipient processes of chemical weathering, such as dissolution of pri-
mary minerals especially Y-bearing minerals. The acid leaching ex-
periment can lead to Y and/or Ho to desorb from oxides to solutions,
and fractionation is not likely due to Y adsorption and/or Ho on Fe-Mn
oxides. In soil samples of QZ and PB profiles, Y/Ho increases from the
bottom to the top (ranging from 10.06 to 31.92 in QZ and ranging from
7.94 to 26.88 in PB). Leachates have a similar trend, but their values are
lower than those of the soil samples (Fig. 12). The similar tendency of
Y/Ho ratios in two profiles displays the strong inheritance of soil
samples and leachates, suggesting the presence of slight fractionation
between Y and Ho in the subsequent weathering process. The two
profiles show an obvious negative correlation between pH and Y/Ho

10

ratios (Fig. 13). As shown in Fig. 4, pH decreases from the bottom to the
upper profiles contrary to the Y/Ho trend. In high pH ranges, the
complexation of Ho with HCO3; ™~ or organic material is stronger than Y.
Hence, Y shows a stronger tendency to co-precipitate with Fe oxy-
hydroxide related to other REEs, decreasing Y/Ho ratios (Leybourne
and Johannesson, 2008). The acidic environment in the upper part of
profiles hinders the complexation of Ho and HCO5; ™, making Ho easier
to migrate (Quinn et al., 2006). The dissolution of Y-bearing phases,
such as Fe-oxides, increases at lower pH (Thompson et al., 2013), which
possibly results in increased Y/Ho ratios toward the upper profiles. Ho
is lost easier than Y because of the leaching process, and thus Y/Ho
ratios decrease with depth.

4.4. Cause of the red clay formation

The QZ profile shows in situ weathering characteristics by a clear and
intact bedrock-rock soil interface-ferruginous crust-humus layer. Given
the similar REE behavior characteristics of PB and QZ profiles, the PB
profile is identified as an in situ weathering profile. REE distribution in
the two profiles shows a pattern of certain regularity, which proves that
the profiles have no evident addition from other external sources. In
Fig. 14, the bedrocks of the two dolomite profiles and their overlying red
soils display significantly positive correlation between Y and Yb contents.
The correlation coefficients of the QZ and PB profiles are 0.98 and 0.97,
respectively, confirming that the profiles are derived from their under-
lying bedrocks without the interference of other material sources. These
results can be used to determine the provenance of carbonate rock
weathering crust in karst regions. Wang et al. (1999) compared the mi-
neral composition of acid-insoluble matter with overlying soils in a karst
area and found that the two parts have similar mineral compositions.
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Fig. 6. Chondrite-normalized REE patterns of leachates from Qingzhen profile (a) and Pingba profile (b).
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Fig. 7. In-depth variations of the concentrations in leachates, whole rock samples and leachate ratio changes of Ce and REE-Ce from Qingzhen profile (a) and (b),
respectively.
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Fig. 8. In-depth variations of the concentrations in leachates, whole rock samples and leachate ratio changes of Ce and REE-Ce from Pingba (a) and (b), respectively.

This finding further verifies that weathering crust has the characteristics
of in situ weathering and inherits the underlying dolomite. Previous
studies stated that aqueous REE characteristics are inherited from un-
derlying bedrock REEs during weathering process (Lev and Filer, 2004;
Jin et al., 2017; Ma et al., 2011; Yusoff et al., 2013). A similar pattern is
observed in leachates and soils of QZ and PB profiles. The red soil that

developed on carbonate rocks undergoes a large volumetric change in
the rock-soil interface, causing elemental enrichment in this layer. This
phenomenon also explains that the red weathering crust is derived from
the parent rock through long-term weathering.

From bottom to top, the two profiles, including the bedrock, rock
powder layer, regolith, ferruginous crust, and surface soil layer,

) a o QZ soil sample 12 O
. O QZ profile (below 4m)
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constitute a complete profile with in situ weathering characteristics
(Wang et al., 1999). The ferruginous crust can provide evidence that the
profiles have in situ leaching-weathering profiles (Nahon, 1986; Tardy
et al., 1991). During field observation, the soil layers on different rocks
have obvious differences, and a certain relationship between soil layers
and underlying bedrock can be preliminarily determined (Li et al., 1991).
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The laterite developed by carbonate rocks undergoes tremendous non-
isovolumetric shrinkage at the rock—soil interface, resulting in the en-
richment of elements (Ji et al., 2004a, b). This finding also confirms that
red weathering crust is derived from the parent rock after long-term
weathering. Based on data analysis, the studied soil profiles have the
characteristics of in situ weathering. The present study has considerable
research importance on REE behavior in soils overlying dolomite and on
provenance analysis of residual soil in the karst area.

5. Conclusion

By investigating REE behavior in lateritic weathering crust through
HCI experiment to leach soil samples and by comparing the REE contents
in leachates and bulk samples, the following major conclusions are drawn:

(1) ZREE decreases from the bottom to the upper layers of the profile,
indicating that REE mobilization is mainly affected by leaching. pH
and TOC play an important role in REE mobility and redistribution.
Meanwhile, high LREE/HREE and (La/Yb)y ratios verify that LREEs
are more mobile than HREEs during pedogenesis.
The large Ce anomalies in chondrite-normalized REE distribution
patterns exhibit negative and positive Ce anomalies in the lower
and upper parts of the profiles, respectively. This phenomenon is
also observed in the leachates, indicating that the anomaly is af-
fected by parent carbonates and redox environment. Therefore, the
basic properties and behavior of the element must be considered
when using Ce as tracer to indicate the redox environment in the
weathering process.

(3) The similar Y/Ho trends of leachates and bulk samples indicate a
slight or low fractionation for Y and Ho during acid leaching. From
the LREE/HREE and XREE/Th values in leachates, considerable
weathering and pedogenetic trends are observed under acidic
leaching environment.

(4) According to elemental change and Y/Yb ratio, the studied profiles
have the characteristics of in situ weathering.

(2)
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