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Abstract: Soil samples from eight soil profiles under different land-use types were collected at the
Puding Karst Critical Zone Observatory, Southwest China, to investigate the distribution, fractionation,
and controlling factors of rare earth elements (REEs). The total REEs contents in topsoil ranged from
149.97 to 247.74 mg kg~!, the contents in most topsoil were higher than local soil background value
(202.60 mg kg!), and the highest content was observed in topsoil under cropland. The REEs contents
in surface soils from lower slopes sites were higher than that of middle and upper slope sites, and the
highest contents were observed in cropland. The PAAS-normalized REEs pattern in soils showed
MREEs significantly enriched relative to LREEs and HREEs, and HREEs were enriched relative to
LREEs. The results showed that clay content, pH, soil organic carbon, total phosphorus, and Fe
content were the main factors influencing the distribution of REEs in karst soils, and soil organic
carbon (SOC), Fe content showed better linear relationship with REEs.

Keywords: rare earth elements; land use; soil organic carbon; karst critical zone observatory;
southwest china

1. Introduction

Rare earth elements (REEs) include a series of lanthanide elements, and they have similar electronic
structures and chemical properties. Two to three groups of REEs are generally distinguished into light
rare earth elements (LREEs), heavy rare earth elements (HREEs), and sometimes middle rare earth
elements (MREEs) based on their atomic mass and effective ion radius [1,2]. REEs generally occur as
trivalent ions, Ce can be also in tetravalent state, and Eu is in divalent state. REEs are widely used to
investigate soil environmental change and weathering processes, and they are the powerful indicators
of geochemical processes and soil development [3,4].

REESs contents in soils are largely influenced by the bedrocks and its physical/chemical properties [5].
Extrinsic REEs sources in soils are anthropogenic inputs and atmospheric depositions [6]. In general,
the soil properties such as clay mineralogy, organic matter, pH and presence of carbonate influence
the distribution and migration of REEs [5,7]. Galan et al. [8] reported that clay minerals acted as the
carriers of REEs in soils and weathering profiles, and partially controlled the stocks of REEs. However,
some researchers found that REEs seemed to have a high affinity for organic substances, and soil
organic matters with lots of negatively charged groups had high capacity to adsorb, chelate or complex
REEs with positive charge [9,10]. Aubert et al. revealed that the proportion of REEs bound to organic
matters increased with soil depth and the migration was more obvious for HREEs than for LREEs [8].

Sustainability 2019, 11, 4963; doi:10.3390/su11184963 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-0848-7648
http://www.mdpi.com/2071-1050/11/18/4963?type=check_update&version=1
http://dx.doi.org/10.3390/su11184963
http://www.mdpi.com/journal/sustainability

Sustainability 2019, 11, 4963 20f 14

REEs contents in environment have been increased by anthropogenic inputs via agricultural activities,
medical application and mining [11-13]. REEs-based micro-nutrient fertilizers or feed additives are
widely applied in plant and animal production, because they can lead to an improvement of harvest and
quality of agricultural, and REEs within a certain concentration can advance the uptake of nutritional
elements [14,15]. P-fertilizers are always the anthropogenic source of REEs, and generally lead to
enhance of REEs contents in soils, due to the high affinity of phosphates to REEs [5,16].

Puding Karst Critical Zone Observatory (CZO) in Southwest China is controlled by fragile karst
environment [17,18]. The regions are easily damaged by anthropogenic activities, such as rocky
desertification [19]. Land-use/land-cover change is an important anthropogenic factor influenced the
structure and properties of karst soils, and causes land degradation [20,21]. Studies on the distribution
of REEs and the controlling factors will help to understand mobilization processes and to predict
their geochemical behaviors in karst soils. However, only a few studies have been published on the
vertical distribution of REEs and controlling factors with different land-use types [22,23]. Therefore,
the objectives of the present study were to characterize the distribution and fractionation of REEs
along soil profiles in the karst CZO, and to research the factors influencing REEs transportation and
distribution under different types of land use.

2. Materials and Methods

2.1. Study Area

The study site is located at the Puding karst CZO within Chengqi county in Guizhou province
(26°15"-26° 16’ N, 105°46’-105°47" E), southwest China (Figure 1). This area is characterized by a
subtropical monsoon climate with the mean annual precipitation 1400 mm, and mean air temperature
of 15 °C [24]. The main lithology is carbonate rocks of Permian and Triassic, and the karst rocky
desertification areas are about 21.5% of the total area of Guizhou province [23]. The study area is a
typical karst peak cluster including three mountains around, and sampling sites are designed according
to different terrains and land-use types. The soils are mainly developed from limestones, and their
thicknesses range from 10 to 160 cm [18,25]. This study catchment is far from cities and mining
operations, and the agricultural activities strongly affect the ecological environment.
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Figure 1. Distribution of land-use types and sampling sites in Guizhou province, Southwest China.
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2.2. Samples Collection and Analysis

Eight soil profiles were selected with different land uses and slope positions from three mountains
and their peripheries in summer, 2016. A total of 41 soil samples were collected from the soil profiles,
which are classified as secondary forest (USF), shrub land (USL, MSL and MSP), grassland (LGL),
abandoned cropland (LAC and LAW), and cropland (LCL). One bedrock sample and two fertilizer
samples were collected. Eight soil profiles are also divided into upper slope (USF and USL), middle
slope (MSL and MSP) and lower slope (LGL, LAC, LAW and LCL) according to slope positions of
mountains. Features of land-use types, slope position, and land-use description of the sampling sites
are shown in Table 1. Soil profile samples were sectioned into 0-10, 10-20, 20-30, 30-50, 50-70, and
70-90 cm from top to bottom. A total of 18 background samples at depths of 0-20 cm were selected
in Guizhou province, and the REEs contents were analyzed by Chinese Environmental Monitoring
Station [26].

Table 1. Description of eight sampling sites in study area.

Sampling Site Slope Position Land-Use Types Elevation (m) Land-Use Description

The virgin forest land had been deforested and

USF Upper slope Secondary forest land 1442 evolved to secondary forest land for over 50 years

USL Upper slope Shrub land 1425 Natural evolution

MSL Middle slope Shrub land 1404 Natural evolution

. The pear orchard land had been abandoned and

MSP Middle slope Shrub land 1385 evolved to shrub land for over eight years

LGL Lower slope Grassland 1376 The cropland }'}ad been abandoned and evolved to
grassland for five years

LAC Lower slope Abandoned cropland 1335 The cropland had been abandoned and covered by
weed. for two years

LAW Lower slope Abandoned cropland 1333 The cropland had been abandoned for two years
The crop rotation and ploughed fallow had been

LCL Lower slope Cropland 1335 for more than 50 years, and manure and fertilizer
had been used

Soil samples were air-dried and sieved through a 2 mm sieve to remove coarse materials.
Afterwards, some soil samples were ground into powder which could pass through a 200-mesh
sieve for analysis. Bedrock sample was crumbled into fragments and then ground into powder for
analysis. Soil particle size was measured by Laser Particle Analyzer (Mastersizer 2000 Type, Malvern,
England), and clay content was calculated based on the analysis. Soil pH value was determined at a
in a 1:2.5 soil/water suspension with a pH meter. SOC was determined with an elemental analyzer
(Vario TOC cube, Elementar, Germany) after removing soil carbonates [27], and carbonate content was
calculated according to the literature method [28]. Soil, bedrock and fertilizer samples were digested
with HNO3-HF-HCIO,4 and analyzed with total phosphorus (TP) and Fe content by ICP-OES (Optima
5300DV, Perkin Elmer, US) [29].

For analysis of total REEs contents, samples were digested using HNO3, HF and HCIOy, and the
detail steps as follows: 50 mg sample was digested with 3 mL HNO3, 3 mL HF and 1 mL HCIO4 in a
teflon crucible at 120°C for 3 d. 1 mL HF and 1 mL HNOj; were used as supplements to make sure
the digestion solutions clear. When the samples were completely digested, the digestion solutions
were concentrated to about 0.5 mL. Finally, the digested remainder was reconstituted to 25 mL with
purified water for ICP-MS (Elan DRC-e, Perkin Elmer, US) analysis. Quality control was performed by
using national standard reference materials of China (GBW07404 and GBW07120) from the Chinese
Academy of Measurement Sciences and procedural blanks.

Statistical analyses were performed using the commercial statistics software package SPSS 22.0
(IBM SPSS Statistics, Chicago, IL, US) and Origin 8.0 (OriginLab Northampton, MA, USA).

2.3. Data Treatment

The concentrations of REEs were normalized to Post-Archaean Australian Shale (PAAS) [30], and
this normalization was used to identify the depletion or enrichment of REEs and to compare the REEs
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abundance in geological materials. REEs were divided into three groups including LREEs, MREEs,
and HREEs. LREEs comprised of elements from La to Sm; MREEs comprised of Eu, and Gd, Tb; and
Dy, HREEs comprised of elements from Ho to Lu.

The characteristic parameters of REEs, including XREEs, (La/Gd)y;, (Gd/Yb)y;, Ce anomaly (5Ce),
were calculated, where subscript N indicates the normalized abundance with PAAS.

The Ce anomaly represents a depletion or enrichment of Ce compared with its neighboring
elements (La and Pr). Ce anomalies [31,32] are defined as follows:

5Ce =2 Ceyn/(Lan + Pry)

where Cey, Lay;, Pry respectively represent REEs in the PAAS-normalized pattern of the samples.
Generally, the 5Ce values greater than 1.0 represent positive anomalies, and the 5Ce values less than
1.0 represent negative anomalies.

3. Results and Discussion

3.1. Distribution of REEs in the Soil Profile

Total REEs (XREEs) concentration in eight soil profiles and bedrock are summarized in Table 2.
The XREEs in surface soils ranged from 145 to 248 mg kg™!, and the contents in most surface soils
were higher than local soil background value (BV) (ZREEs = 203 mg kg™!). The background samples
were selected from Guizhou province, and the arithmetic means of REEs contents were as the BV and
standard deviations shown in Table A1 [26]. The ZREEs contents of bedrock was 8.05 mg kg~! which
was much lower than the level of soil layers in study area.

Table 2. Characteristic parameters of REEs in profile soils.

Sampling Sites Depth (cm) IREEs (mg kg™1) (La/Yb)n (La/Gd)n  (Gd/Yb)n 8Ce

USF 0 145 1.02 0.97 1.05 0.90
15 197 1.15 0.98 1.18 0.96
25 200 0.86 0.90 0.97 1.12
40 218 1.08 0.82 1.32 1.17
60 242 0.96 0.80 1.21 1.20
80 340 1.02 0.69 1.48 0.92
USL 0 223 0.99 0.85 1.17 1.13
15 228 1.06 0.88 1.20 1.16
25 247 1.18 0.81 1.45 1.27
40 279 0.96 0.68 1.42 1.00
MSL 0 207 1.23 0.93 1.32 1.13
15 217 1.34 0.94 1.42 1.10
25 209 1.37 0.93 1.48 1.11
40 206 1.44 0.96 1.50 1.06
MSP 0 201 1.05 0.79 1.33 0.98
15 220 1.03 0.80 1.29 0.99
25 229 1.10 0.80 1.37 0.99
40 245 1.21 0.82 1.47 0.96
60 245 1.38 0.88 1.57 1.08
LGL 0 220 1.18 0.87 1.37 1.10
15 227 1.30 0.90 1.45 1.14
25 223 1.09 0.90 1.22 1.13
40 222 1.16 0.89 1.30 1.14
60 221 1.18 0.86 1.37 1.18

80 223 1.18 0.89 1.33 1.22
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Table 2. Cont.

Sampling Sites Depth (cm) IREEs (mg kg™1) (La/Yb)n (La/Gd)n  (Gd/Yb)n 8Ce

LAC 0 239 1.05 0.79 1.32 1.04
15 152 0.90 0.72 1.26 1.01

25 208 1.06 0.81 1.31 1.04

40 211 1.05 0.80 1.32 1.04

LAW 0 231 1.12 0.76 1.47 1.08
15 247 1.02 0.78 1.31 1.16

25 195 0.88 0.80 1.10 1.64

40 221 0.97 0.79 1.24 1.60

60 256 0.96 0.76 1.27 1.35

LCL 0 248 1.15 0.72 1.59 1.04
15 199 0.94 0.76 1.24 1.39

25 168 0.80 0.80 0.99 1.07

40 215 0.77 0.60 1.29 1.04

60 352. 0.76 0.45 1.69 091

bedrock 8.05 1.77 0.90 1.98 0.75
BV 203 0.97 0.92 1.06 1.20

The LREEs contents in surface soils under different land uses followed an order of cropland >
abandoned cropland > grassland > shrub land > secondary forest. The ZREEs contents in topsoil
layers were the lowest in secondary forest, which might be attributed to the dilution by organic matter
availability, and the SOC contents in the secondary forest soils were the highest among all the surface
soils with the contents 139 g-kg™!. The highest ZREEs in surface soil was observed in cropland with
the contents 248 mg-kg~!. The research area is in small catchment where is far from mining operations
and cities, and agricultural activities are likely anthropogenic inputs of REEs. Some research revealed
that high REEs distribution in agricultural region depended on the application of REEs-based pesticide
and fertilizer in farming activities [11,16]. However, the REEs contents in modern fertilizer materials
we collected were lower than the detection limits of instrument. Therefore, high REEs contents in
cropland topsoil were related to farming activities long ago, or the nature soil erosion and movement
of carriers from upper land.

XREEs contents in surface soils of lower slopes sites (LGL, LAC, LAW, LCL) were higher than
that of upper and middle slope sites (USF, USL, MSL, MSP). It might be related to types of land-cover
in different slope sites. At upper and middle slopes positions, there were amounts of dense trees
and shrubs, and soils in the surface layer were covered by litter layers, which were rich in organic
matter due to the decomposition of plant residues. XREEs in soils of these sampling sites were lower,
which was possible associated with effects of organic matter. At lower slope positions, ZREEs contents
in surface soils were higher, and it might be attributed to natural comprehensive actions including
secondary pedogenesis, erosion and soil accumulation from upland [33]. Song et al. revealed that in
situ weathering and pedogenesis were the main activities in mountaintop, and chemical weathering
and pedogenesis accompanying with soil erosion were the main forms in upper and middle slopes,
and in situ weathering was not significant in foothills [33].

Distribution of 2REEs with depth in soil profiles from different slope positions are shown in
Figure 2a,b, and there were two kinds of changing trend of ZREEs along the soil profiles. On the one
hand, the XREEs contents in soil profiles from the upper and middle slope sites (USF, USL, MSL, MSP)
increased with increasing depth from the surface layer to deeper layer, as shown in Figure 2a, and the
2REEs contents were the lowest in surface layer and the highest in bottom layer. The most significant
change of ~REEs contents was observed in secondary forest soils from the upper slope sites, and the
values increased from 145 to 340 mg-kg™!. On the other hand, ZREEs contents in profile soils from
lower slopes sites (LGL, LAC, LAW, LCL) decreased with increasing depth from surface to 25 cm,
and then increased with increasing depth from 25 cm to bottom, and the lowest concentrations of
ZREEs were observed at a depth of 25 cm, as shown in Figure 2b. ZREEs contents in soils above 25 cm
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might be related to soil erosion and movement of carriers from upper land. ZREEs contents in the
bottom soils were the highest among all the eight soil profiles, indicating that REEs accumulated in the
deeper soils [34]. The reasons may be that REEs tended to be lost from shallower soil layers due to
weathering and pedogenesis. Nesbitt and Markovics [35] also reported REEs, many transition metals,
and metalloids tended to accumulate in the deeper parts of the weathering profile.
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Figure 2. Distribution of ZREEs with depth in soil profiles from different slope positions. (a) upper
and middle slope sites (USF, USL, MSL, MSP); (b) lower slopes sites (LGL, LAC, LAW, LCL).

3.2. LREE/MREE/HREE Fractionation

The distribution of REEs in soil profile normalized to PAAS are illustrated in Figure 3.
The shale-normalized REEs pattern showed MREEs significant fractionation relative to LREEs and
HREEs. The REEs distribution patterns in soil profiles from eight sampling sites were similar.
The fractionation of REEs in soil layers was much higher than the level of bedrock. The REEs
enrichment in soil layers is caused by the pedogenesis of karst soils, and REEs were imported from
outside with the soil-forming materials and were absorbed by clays [36]. It indicated that REE
distribution were not mainly from bedrock, and it might be significantly related to chemical weathering,
pedogenesis, and soil transportation. The variation extent of REEs fractionation patterns along the soil
profiles was relatively large in cropland (LCL) and abandoned cropland (LAC and LAW). Therefore,
the REE fractionation in cropland and abandoned cropland soils were associated with pedogenesis,
erosion, and soil accumulation from upper land.
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Figure 3. Fractionation patterns of REEs (PAAS-normalized) in soil profiles, background soil, and
bedrock. BV: the background values of Guizhou soil [26].

The values of (La/Yb)y;, (La/Gd)yn and (Gd/Yb)y are summarized in Table 2. The (La/Yb)y values
were higher than 1 in all surface soils and most profile soils, which indicating that LREEs enrichment
relative to HREE, and the values did not increase with increasing depth. The values of (La/Gd)n
were in the range of 0.45-0.98, which indicting that MREEs were enriched relative to LREE. However,
the values of (Gd/Yb)N were in the range of 0.96-1.68 (average value of 1.32), indicating that MREEs
were enriched relative to HREEs. These patterns of REEs reflected the significant enrichments of
MREEs relative to LREEs and HREEs, which might be attributed to preferentially MREEs complexed by
organic colloidal material [37]. Tang et al. [37] reported that only MREE-enriched fractionation patterns
were observed relative to LREEs and HREEs, when REEs were dominated by organic complexes with
dissolved organic carbon with high molecular weight in natural terrestrial waters.

3.3. Ce Anomalies

The values of 5Ce in soils ranged from 0.91 to 1.64, with the most values higher than 1.0, showing
slightly positive Ce anomaly in the soils. The positive Ce anomaly can be explained by redox chemistry.
Redox condition may be the main cause to explain positive Ce anomaly in karst soils. Ce* was
oxidized to Ce** under relative oxidation condition, and Ce anomaly is caused by more Ce**, which
might be able to be achieved by geochemical modeling. Yang et al. [38] reported that varying degrees
of positive Ce anomaly was shown in red soils from southern China, which reflected the differentiation
of Ce caused by different oxidation environments during the process of soil-forming.
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3.4. Influencing Factors for the REEs

In general, soil properties such as clay minerals, organic matter, Fe content, carbonate, and pH
play key roles for the distribution of REEs. The REEs in studied soils revealed significant relations
between SOC, TP, Fe content (Figure 4) and clay content, pH (Figure 5). The relations to the carbonate
content were not significant, because the carbonate content was low and played a less important role
to influence REEs [7]. The data of soil physical/chemical properties of eight soil profiles are shown in
Table A2.
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Figure 4. Relationships between ZLREEy, XZMREEy, ZHREEy and SOC, TP, and Fe content in soils
with different land uses. p < 0.05 for (a—c), and p < 0.005 for (d—£), and p < 0.001 for (j-i).

3.4.1. Clay Content

One main factor that influences REEs distributions in soils is clay minerals, which can adsorb the
REEs [2]. The percentage of clay content was ranged from 13.2% to 24.6% in eight soil profiles, and the
values increased first and then decreased as the increase of depth. Generally, REEs content increase
with decreasing particle size and with increasing proportion of clay content [39,40]. In the present
study, the regression analysis showed that XREEs tended to increase with increasing clay fraction in
surface soils, and the linear relationships are observed in Figure 5a. The relations to the clay content in
deep soils were not obvious. The percentage of clay content was low in the studied soils and the clay
minerals could only partly explain the REEs behavior.
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Figure 5. Relationships between ZREEs and clay fraction and pH. (a) Regression analysis between
~REEs and clay fraction; (b) Regression analysis between REEs and pH.
3.4.2. Soil pH

Soil pH also contributes to the adsorption of REEs. The pH in eight soil profiles revealed weak
acid to weak alkaline and the values ranged from 6.63 to 7.67. Figure 4b shows that soil pH was
positively associated with XREEs in the surface soils. The reason may be that soil organic matters
and soil particles in surface layer have more negatively charged at high pH, and dissolved REEs ions
can easily adsorb on negatively charged groups [41]. Cao et al. [42] revealed that the bond strengths
between REEs and organic complex were greater with increasing of soil pH. The relationships between
pH and REEs contents in deep soils were not significant, because the influencing factors on REEs
behavior in the deeper soil were more complicated.

3.4.3. SOC

Soil organic matter plays an important role in the adsorption and migration of REEs in ecosystems [9,10].
The SOC contents in topsoil tends to decrease in the following order: secondary forest > shrub land >
grassland > abandoned cropland > cropland, and SOC content decreases as the decreasing slope positions
as follows: upper slope > middle slope >lower slope (Table A2). The SOC contents were the highest in
secondary forest soils, because the surface soils were covered by plant residues such as leaves and branches,
and the original soil contains substantial humus, plant roots, and debris. The SOC contents in soil profiles
were in the range of 4.58-138.8 g kg™!, and the contents decreased with increasing soil depth for each
profile, and the most obvious variation trends were observed in the upper 0-30 cm.

The regression analysis between REEs and SOC are further detailed, and the linear relationships
are observed in Figure 4a—c. The results show that SOC was negatively associated with XREEy
(PAAS-normalized patterns), and XREEs content decreased with increasing content of SOC.
The relationships between ZLREEyN, XZMREEy, ZHREEyN and SOC exhibited similar linear relation,
and the closer relationships were observed in secondary forest and shrub land. SOC contents in these
types of land were higher than that in other land-use soils indicating that SOC played a significant role
in controlling REEs distribution. REEs can form complexes with organic ligands, which enhances the
solubility and leaching from organic rich soil profiles. Wu et al. [9] also reported that soil organic matter
with some negatively charged groups had higher capacity to adsorb divalent and trivalent cations.

The linear relationships between SOC and XLREEy, EZMREEN were more significant than that of
ZHREEy, which was related to the formation of REE-organic complexes. Soil organic matter can form
complexes or chelates with REEs, and REEs patterns depend on different organic binding sites and
competitive cations. Davranche et al. identified that lighter REEs were inclined to be complexed by
carboxylic groups, and higher REEs were inclined to be complexed by (carboxy-) phenolic groups [43].
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Ohlander et al. [44] observed that REEs-organic complexes formed by LREEs and organic matter are
more stable than the HREESs.

344. TP

This paper also discussed relationship between REEs and TP. REEs can change the adsorption of
ions on soil particle surfaces, and alter the cation exchange capacity in soils, thus affect availability of
nutrients in soil such as phosphate [45,46]. TP contents were in the range of 177-671 mg kg~!, and
TP contents were the highest in surface soils under different land-use types and decreased as the
increasing depth. The regression analysis between TP and ZLREEy, XMREEy, XHREEy are depicted
in Figure 4d—f. The negative linear relationships were observed between TP and ZREEy;, and the linear
relationships were better in secondary forest and shrub land than other type lands, and TP revealed
more significant relations with XLREEN than XMREEy and XHREEy. The transport mechanism of
REEs complexation by phosphate was similar to REEs-organic complexes [47].

3.4.5. Fe

Another important factor influencing REEs distributions is the adsorption of REEs onto
sesquioxides such as Fe oxides. Mihajlovic et al. [7] reported that REEs contents increased with
the increase of Fe content blow 500 mol kg~!, then REEs content tended to decrease with further
increase of Fe content in soil profiles. Fe contents in the studied soils ranged from 28.1 to 62.3 g kg™,
and the contents in most land-use type soils decreased with the increasing depth, and Fe contents in
surface soils tends to decrease in the following order: lower slope > middle slope >upper slope.

The regression analysis between ~REEN and Fe contents are shown in Figure 4j-i. REEs contents
increased with the increasing Fe content, and the linear relationships were well in most soil profiles.
Fe content exhibited more significant relations with YHREEyN, ~XMREEy than that of XLREEy, which
might be related to adsorption of amorphous or crystalline Fe oxides. Grawunder et al. [48] observed
that a preferential bonding occurred between higher REEs and a crystalline Fe oxides, and stronger
bonding between lighter REEs and amorphous Fe oxides.

3.5. Implication for the Transportation of Soil REEs

Soils in the studied systems were classified by land-use types to research transportation of
soil REEs. Different types of land-use and land-cover affect soil weathering processes, and further
influence soil physical/chemical properties. Soil organic matters are produced by decomposition
of plant litter, which are closely related to land-use and land-cover. SOC and Fe contents showed
better linear relationships with REEs, and organic matter and Fe oxides in soils made significant
contributions to influence the transportation of soil REEs. The REEs contents in soil layers were not
mainly from bedrock, and might be significantly related to chemical weathering, pedogenesis, and soil
transportation. Although the REEs contents in fertilizer we collected were not detected, REEs contents
in cropland surface soils were highest among different land-use types. REEs distribution pattern
provided theoretical basis for managers to make strategic decisions in agricultural productivity, which
is advantageous to the environmental sustainability in Karst Critical Zone Observatory.

4. Conclusions

This study demonstrates the distribution, fractionation and influencing factors of REEs in eight soil
profiles at the Puding Karst Critical Zone Observatory and the conclusions are summarized as follows.

(1) The XREEs contents in most soils were higher than the local soil background value. The XREEs
contents in bedrock was much lower than the level of soil layers, indicating that REEs distribution
in studied soils were not mainly from bedrock.

(2) The XREEs contents in surface soils of lower slopes sites (LGL, LAC, LAW, LCL) were higher
than that of middle and upper slope sites, and the highest contents were observed in cropland
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(LGL). It might be related to farming activities long ago, or the nature soil erosion and movement
of carriers from upper land.

(3) The shale-normalized REEs pattern in soils showed MREEs significant enriched relative to LREEs
and HREEs, and HREE enrichment relative to LREE. A positive Ce anomaly was found in soils,
which might be related to the redox condition.

(4) The clay content, pH, SOC, TP and Fe content are the main factors influencing the distribution of
REEs in study areas, and SOC and Fe content showed the better linear relationship with REEs.
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Appendix A

Table A1l. Reference concentrations of REEs.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Arithmetic mean ® (gkg™!) 412 955 808 305 613 117 547 079 529 112 324 045 312 045
Standard deviation 135 473 361 119 251 0521 221 0361 1931 0.385 1.086 0.126 0917 0.124

2 Background values of Guizhou soil [26].

Table A2. Soil physical/chemical properties of eight soil profiles.

Sampling Sites Depth (cm) SOC (g kg™ Fe (gkg™1) pH Clay Fraction(%) TP (mgkg™1)  Carbonate (%)
USF 0 139 9.6 6.90 14.5 495 0.65
15 64.82 5.1 7.16 16.6 379 0.22
25 24.2 24 7.26 185 256 0.37
40 9.22 1.6 7.57 20.5 200 0.36
60 4.73 13 7.63 18.1 176 0.49
80 5.05 15 7.57 132 178 0.13
USL 0 61.9 6 6.73 159 522 3.32
15 52.6 5.2 7.01 134 463 2.67
25 27.3 3.1 6.99 16.1 358 1.85
40 14.3 1.6 7.34 12.7 353 1.26
MSL 0 48.1 41 6.73 18.9 394 3.38
15 38.3 41 6.94 179 409 3.14
25 42.0 4.5 7.13 19.6 425 2.81
40 44.7 44 7.19 16.5 451 2.04
MSP 0 35.2 41 7.01 18.0 671 131
15 27.0 3.5 7.17 17.6 598 0.74
25 20.5 2.7 7.30 16.5 584 0.46
40 15.0 2.5 7.33 16.2 559 0.76
60 111 24 7.40 16.6 418 0.25
LGL 0 311 3.8 6.79 21.9 412 272
15 17.6 2.7 6.66 214 402 119
25 179 2.6 6.66 20.2 389 0.86
40 16.1 2.6 6.38 21.9 351 0.89
60 10.5 2.2 6.36 193 323 0.97
80 8.38 2.1 6.47 18.3 302 0.69
LAC 0 18.1 2.6 7.42 19.3 487 1.42
15 25.5 2.9 7.75 21.1 383 1.46
25 27.3 3.2 7.67 18.7 405 1.61
40 28.6 3.3 7.58 17.7 404 112
LAW 0 27.3 3.5 7.16 23.0 597 0.99
15 21.1 2.9 7.35 24.6 472 0.43
25 139 24 7.52 214 363 1.08
40 10.2 2.2 7.40 21.1 355 1.44
60 10.6 19 7.39 23.2 334 0.21
LCL 0 22.6 3.2 7.49 20.9 654 1.32
15 5.33 1.8 7.39 20.6 234 0.05
25 4.94 1.8 7.51 20.0 231 0.25
40 4.58 17 7.34 19.2 233 0.67

60 5.96 1.8 7.25 18.7 327 0.61
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