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Organic Matter Impact on Distribution of Rare
Earth Elements in Soil Under Different Land Uses

This study investigated the enrichment and fractionation of rare earth elements (REE)
in soils with different soil organic carbon (SOC) concentrations under diverse land uses.
The results indicated that there were significant and important differences in soil REE
behavior. Their fractionation was strongly and negatively correlated to the middle REE
(MREE) and SOC implying that soil organic matter (SOM) acts as the host phase for the
REE. Higher total REE concentrations in sites dominated by C4 plants than those
dominated by C3 plants, and the significant negative correlation between 3'>C and
MREE indicated that the organic functional groups that adsorb REE change with the
stable isotope composition of SOC. This observation demonstrates the potential use of
REE for tracing natural influences on behavior of SOC in the profiles of SOC-rich soils.
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1 Introduction

Rare earth elements (REE) are a chemically similar group of elements
that have been used extensively to trace geochemical processes in
natural systems [1-3]. The redistribution of REE in the products of
chemical weathering has been the subject of attention for several
decades [4, 5], which, in recent years, has shifted to tracing metal
speciation, binding to naturally occurring colloids including
organic matter (OM), and their transfer in different environments
[6, 7]. Although, REE may accumulate on particulate matter or on
nano-colloids of some specific sizes [7-9], the process may lead to
fractionation of specific elements in the particulate phases. Such
fractionation of REE has been observed within specific soil horizons
[10, 11] and in carbonate-dominated areas [12]. Under more alkaline
conditions (pH >6), naturally occurring nano-colloids have a strong
binding capacity for REE [13, 14].

Weathering and leaching sequences are partly controlled by soil
microorganisms and partly by the production, dissolution, move-
ment, and precipitation of organic compounds [15]. Several micro-
organisms have a high capacity for biosorption of REE ions such as
Gd>" [16]. Other explanations for greater release of such metals
include metal siderophore complexation at the mineral surface and
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subsequent release into soil solution or cell uptake [16]. Moreover,
on a nanoscale, the chemical mixture of soil organic matter (SOM) is
spatially distinct. In subsoil horizons, physical protection of
occluded particulate organic matter (oPOM) was identified as an
important mechanism for the stabilization of oPOM [17]. The
importance of mineral interaction in the stabilization of subsoil OM
is supported by the observation that the radio carbon activity of SOM
in subsoil horizons is related to the carbon soluble in hydrofluoric
acid in both temperate [18] and tropical [19] soils. Organic matter has
recently been shown to be one of the key factors that control REE
speciation in aquatic environments such as shallow groundwater,
surface water, and soil solutions [20]. This fundamental role has
been studied directly, using techniques such as ultrafiltration and
electrochemical measurements of organic-rich water [21], as well as
indirectly, using models [22].

Karst ecosystems constitute highly fragile environments that have
been progressively degraded because of human activities in many
regions across the world [23]. In karst regions of Southwest China,
the ecological degradation has resulted in many ecological problems
including desertification, which is referred to as karst rocky
desertification (KRD, [24]). Locally, high permeability at shallow
depths in mature karst regions leads to an ecosystem associated with
a soilless and water-scarce surface environment [25]. Depending on
the storage of REE and SOM in soil, competition for them may lead to
the redistribution of REE in soil profile, and the differences in land
use and land cover of a given region provide an environmental
gradient of soil organic carbon (SOC) content to examine the
movement of REE along the soil profile. However, changes in the
composition of REE in modern soils at different depths and under
different land uses have received little attention so far. The nature of
vegetation (forest, grass, crops) affects the weathering of the
underlying soil and changes the properties of SOM. Therefore, the

Clean — Soil, Air, Water 2017, 45 (2) 1600235



1600235 (2 of 9) G. Han et al.

present study aimed to characterize the REE fractions in the total
soil volume as well as their distribution at different depths and also
to examine the influence of SOM on the migration of REE with a view
to obtain some fundamental information for devising suitable
measures to protect the fragile soil resources and to improve the
land use policies in Puding county, Southwest China.

2 Materials and methods
2.1 Study area

The study site was part of Puding county, which lies in the western
part of Guizhou province (26°15.079'-26°16.238'N, 105°46.201-105°
47.038'E) and in Southwest China (Fig. 1). The site has the warm and
humid climate typical of the subtropical monsoon climate zone. The
mean annual precipitation is approximately 1400 mm, most of
which is received between May and October [26]. The mean daily
humidity is 79%, and the mean annual temperature is 15.1°C.
Puding is dominated by Permian and Triassic carbonate rocks in
1042-1846 m above the sea level. These rocks are usually exposed on
the surface, and the soils are thin and discontinuous, resulting in
highly fragile environments. Karst rock desertification areas cover
21.5% of Puding county.

The small watershed in the region is a typical karst peak cluster, a
depression surrounded on three sides by mountains. The average
slope is >30°. The five types of land cover at the study site, namely
primary or virgin forest (ZJT), secondary forest (DJS), shrub land
(YPG), grassland (CQC), and farmland (YMD), represented a range of
environments (Tab. 1). The sampling strategy was designed to collect
representative data from various land forms, land-use types, and
areas with different conversion histories to cover a range of soil
conditions. The sampling areas were selected based on field surveys
and interviews with farmers and local experts. The vegetation in the
grassland and the shrub land, which had been converted to their
respective land use in recent decades, was a mix of C4 and C3 plants;
the secondary forest land and the virgin forest land were dominated
by C3 plants; and the farmland was under maize, a C4 plant and an
important food crop.

2.2 Sampling and analysis

One pit was dug in September 2012 (autumn) in each of the sites that
represented the five vegetation types (Fig. 1) at Chenqi, a small
enclosed karst catchment. Two soil profiles were sampled in the forest
lands, one each in ZJT and DJS; the latter is covered with broad-leaved
deciduous trees with no understory left and a canopy cover of about
80%, a result of reforestation initiated 30 years after clearing the
original forest. Two more soil profiles were sampled, one each in YPG
and CQC, both of which had been forests and were cleared about 30
years ago to raise grain crops and are currently covered with a mix of
herbaceous and woody vegetation. The four soil profiles were located
on slopes 0f30-40° at an elevation of about 1400 m. The soil profile for
YMD, covered with maize, was located on a small piece of flat land
surrounded by hills. At each site, soil samples were collected at depth
intervals of 10cm up to the boundary between the soil and the
underlying rock (Tab. 1). A total of 46 soil samples were collected.
The soil samples were ground thoroughly, in an agate mortar, fine
enough to pass through a 75 um sieve. The powdered samples were
then dried in an oven at 105°C for 3 h before being digested as follows
[27, 28]: 100mg of powdered samples were placed in molded
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perfluoroalkoxy (PFA) sample jars (Savillex, USA), each filled with
3mL nitric acid and 1 mL hydrofluoric acid. The jars were heated on a
hot plate at 140°C for 7 days to promote further break down of the
silicate, fluoride, and carbon compounds. The samples were re-
dissolved in 3mL nitric acid and 1 mL hydrofluoric acid until the
solution became clear, indicating complete digestion. To break down
the fluorine compounds, 2 mL nitric acid (1:1) was added to the clear
solution two times, following which the samples were dried and
vaporized on a hot plate. Finally, the digested residue was dissolved in
2% HNOj3 in 100 mL volumetric flasks. The digestion experiment was
carried out in the Ultra-Clean Laboratory of the Institute of
Geochemistry, Chinese Academy of Sciences. The concentrations of
REE in the digested solutions were determined using spectrometry
(Agilent 7500a ICP-MS, USA) at the State Key Laboratory of Ore Deposit
Geochemistry, Chinese Academy of Sciences.

After removal of carbonates by 6 M HCI, the organic carbon
content of the samples was determined by combustion using an
elemental analyzer (PE2400, PerkinElmer, USA) with a precision of
<0.1%. For the analysis of stable isotopes, a sample mass yielding
0.5mg of carbon was placed in a quartz tube with CuO and a
platinum wire, and the sample tube was evacuated and flame-sealed.
Organic carbon in the sample was oxidized to CO, at 850°C for 5h;
CO, was collected and purified cryogenically in a vacuum extraction
line; and the quantity of CO, was measured before collecting it in
the break-seal tube for subsequent mass spectrometric analysis [29].
The ratios of stable isotopes of carbon (**C/**C) were measured by MS
(MAT-252, Finnigan MAT, USA) at the State Key Laboratory of
Environmental Geochemistry, Chinese Academy of Sciences. The
contents of organic carbon were expressed as a percentage of dry
weight, and the ratio as 8'>C with respect to Pee Dee Belemnite (PDB)
standard using the conventional 3'*C notation, as follows:

Blsc (%0) = [(Rsample/Rstandard) - 1] x 1000 (1)

where Ryampie and Ryandara are the *C[*?C ratios of the sample and
the standard, respectively. The analytical precision was 8'3C + 0.2%..

2.3 Data treatment

Since REE concentrations are naturally variable, the variation in REE
composition between samples was assessed using the convention of
concentrations normalized to post-Archaean Australian shale
(PAAS). Although, it is preferable to normalize data against a
reference specific to the study system, such information is often
unavailable. In the absence of a system specific reference, PAAS is
widely used for normalizing REE concentrations [30]. Chondrite is
used in studying endogenous processes, whereas “shales” are
applied to study hypergene processes and are commonly used in
environmental studies.

Rare earth elements can be divided into heavy REE (HREE), and
light REE (LREE) and, at times, a poorly defined group of MREE is also
added, depending on their atomic mass and radius [10]: LREE
comprises La, Ce, Pr, Pm, Sm, and Eu; HREE comprises Gd, Tb, Dy, Ho,
Er, Th, Yb, and Lu; and in the present study, MREE comprising Eu,
Gd, Tb, and Dy was also included.

Due to their special electron configuration in the outer shell, Ce
and Eu occur as Ce*" and Eu®"; the Eu anomaly, that is its deviation
from the neighboring elements, is the petrogenesis of rocks in the
drainage basin, and that of Ce is due to Ce (III) being oxidized to Ce
(IV) during weathering. The two anomalies (Ce and Eu) [31-33] are
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Figure 1. The distribution of various land-use types in the sampling sites in Guizhou province, Southwest China.

defined as follows:
Ce anomaly = 2 (Ce/Ce*)/(La/La* + Pr/Pr") (2)
Eu anomaly = 2 (Eu/Eu”)/(Sm/Sm"* + Gd/Gd") (3)

where Ce*, La*, Pr*, Eu*, Sm*, and Gd* represent the concen-
trations of the respective REE in the PAAS. The Ce anomaly and
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the Eu anomaly represent the deviation of Ce and Eu
concentrations from those expected from a linear interpolation
of the concentrations of La and Pr and of Sm and Gd,
respectively, in the PAAS-normalized REE patterns of the
samples. It is easy to distinguish the deviation (fractionation)
of Ce and Eu from the expected (trivalent) REE. The negative or
positive Ce (Eu) anomalies are defined as values of <1 or >1,
respectively.
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Table 1. Basic characteristics of the five soil profiles in Guizhou province, Southwest China

Land type Elevation (m) Latitude Longitude  Depth (cm) Dominant vegetation Visible characteristics
ZJT 1451 N 26°16.238 E 105°47.038' 0~ 55 Cyclobalanopsis 0-30 cm: Black, humus layer, no roots
Cinnamomum camphora (C4) 30-55cm: Yellow, clayey
DJS 1395 N 26°15.698 E 105°46.201' 0~65 Platycarya longipes Wu (C4) 0-20 cm: Black, humus layer, no roots
30-65 cm: Yellow brown, fine grained,
rotten roots
YPG 1401 N 26°15.079" E 105°46.582’ 0~95 Pyracantha fortuneana (C3) 0-30 cm: Black, humus layer, abundant
plant roots
Cinnamomum camphora (C4) 30-95cm: Yellow, moist, clay layer
CQC 1471 N 26°15.641" E 105°46.433' 0~ 85 Miscanthus floridulus (C3)  0-30 cm: Black, humus layer, abundant
plant roots
30-85 cm: Yellow limestone soil
YMD 1332 N 26°15.901" E 105°46.422 0~ 85 Oilseed rape (C3) 0-30 cm: Black, humus layer, tight,

no rootlets

Maize(C4) 30 to 8 to 5cm: Brown to yellow soil

The assessment of REE concentrations in the weathered carbonate
samples from the profiles was carried out by the enrichment factor
(EF) [15]:

EFz = (X/Zr);/(X/Zr),

where X is the REE, Zr is a reference element in the sample, i
represents the soil depth, and b represents the bottom of
the soil. If EF=1, the REE were at the background level; if EF > 1,
the REE were probably enriched; and if EF<1, the REE were
depleted.

3 Results and discussion

3.1 Concentration of rare earth elements

Total REE concentrations (XREE) exceeded 117 mg/kg (except in the
surface and subsurface soil in YPG and in the sample taken from a
depth of —15 cm in DJS) in all horizons of all the five profiles, with a
maximum value (296.51mg/kg) in the bottom soil in YMD
(Supporting Information Tab. S1). Total REE concentrations in
YMD were distinctly different from those in the other four profiles,
and soils in YPG were characterized by relatively low total REE
concentrations, particularly at the surface (34.6 mg/kg, Supporting
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Figure 2. Fractionation patterns of rare earth elements (PAAS normalized) in soil profiles from the five land uses studied in Guizhou province, Southwest
China. (a) Virgin forest land (ZJT), (b) secondary forest land (DJS), (c) shrub land (YPG), (d) grassland (CQC), and (e) farmland (YMD).
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Information Tab. S1). Total REE concentrations in the surface
samples from ZJT and DJS were 213.9 and 197.5 mg/kg, respectively.
Changes in the total REE concentration with depth varied within a
narrow range in each of the five soil profiles; in general, total REE
concentrations increased with depth, becoming more or less stable
in the deepest layers. However, the rate of increase was different for
each profile, being the highest in YMD.

3.2 Fractionation of rare earth elements

PAAS-normalized REE fractionation patterns are shown in Fig. 2 and
Supporting Information Tab. S1 for all the soil samples. It is clear
that the pattern is far from flat. MREE enrichment was a dominant
feature of the fractionation patterns, more pronounced in samples
from the upper layers. In addition, a slight relative depletion in
HREE was also apparent in many of the samples, except a few
including that in the surface soil in YPG. The extent of variation in
REE fractionation patterns did not increase with depth.

A consistently positive Ce anomaly (Ce anomaly values >1.2) was
seen in most soil samples (Fig. 2), a pattern that can be explained by
redox chemistry: Ce is controlled by redox equilibrium between
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dissolved Ce** species and dissolved Ce** species; Ce forms Ce oxide
hydrate, which is retained in the surface layer in hot and humid
environments such as that in Puding catchment but migrates to the
deeper layers during weathering, thereby enriching Ce in the soil.
The depletion of Eu, on the other hand, is generally inherited from
the bedrock and not as a result of surficial processes [34]. Therefore,
Eu did not show any significantly positive anomaly (the value in
most samples was about 1) because Eu** released during weather-
ing; is oxidized to Eu®>" and behaves like any other trivalent REE [35].

3.3 Soil organic carbon

Concentrations of SOC generally decreased with depth, as can be
seen in Supporting Information Tab. S1, as was also observed in an
earlier study [36]. The carbon content ranged from 7.92 to 0.48%.
Such a pattern appears to have become a characteristic feature of
soils in Guizhou province, which have been investigated by Han
et al. [37]. SOC in YPG (shrub land) and CQC (grassland) was
significantly higher and decreased more significantly with depth
than that in ZJT and DJS (forest lands) and YMD (farmland) because of
the greater productivity and inputs from the C4 plants. The lowest

W
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EDIJS
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Figure 3. Relationships between soil organic carbon contents and > LREEy, >_MREEy, and Y HREEy in soils with different land uses in Guizhou

province, Southwestern China.
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concentrations of SOC were recorded in YMD because maize was
grown on the land.

3.4 Soil organic carbon and PAAS-normalized
patterns

As can be seen in Fig. 3, REEy (PAAS-normalized patterns) decreased as
the content of SOC increased. The relationship of LREE, MREE, and
HREE with SOC contents also showed a similar pattern; SOC content
was strongly correlated to LREEy (R*=0.88, p<0.001), MREEy
(R*=0.86, p < 0.001), and HREEy (R*>=0.86, p < 0.001) in forest land,
indicating that SOC plays a major role in determining the level of REE
combined forms in soil. The correlations were fairly close in grassland
as well: LREEy (R*=0.66, p < 0.001), MREEy (R*=0.66, p < 0.001), and
HREEy (R*=0.64, p<0.001). However, the correlations were not
significant in the case of other land uses (shrub land and farmland).
The importance of OM in mobilizing trace metals is well recognized
[21, 38-40] and reported in various climatic regions [21, 41]. The
dynamics of REE in different organicrich soils under different land
uses are poorly investigated, despite the extensive use of REE
concentrations and their respective fractionation patterns in tracing
geochemical processes, and assessing the influence of anthropogenic
activity on natural systems [42]. The results demonstrate that REEs
in the systems studied can be readily distinguished on the basis of
land use; soils rich in OM, such as those from shrub land and farmland,
have a lower capacity for adsorption of REE than other soils.
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Organic matter was abundant in YPG and CQC. The influence of
natural OM on the retention and fractionation of REE was examined
by Pourret et al. [22], who reported that REE formed strongly bound
complexes with humic substances at near-neutral pH values.
Therefore, it is likely that adsorption of REE on humus in the solid
phase influenced REE behavior in the organicrich soils used in the
present study and explains the high total REE content.

3.5 Factors affecting enrichment of rare earth
elements and 5'3C of soils

In the present study, 8'3C values of SOC ranged from —25.5 to
—17.0%o. In the upper layer (30 cm), 8'3C values were higher than
those in the deeper layers: The values decreased with depth
(Supporting Information Tab. S1 and Fig. 4). The fractionation
patterns of the REE showed a similar trend. The patterns of
3'3C values in all the five profiles reflect the input from vegetation at
each site. For example, the 3'3C values of the forested sites (Z]JT and
DJS) reflect the typical predominance of C3 plants, whereas those in
the shrub land (YPG), grassland (CQC), and cropland (YMD) reflect the
typical predominance of C4 plants.

The evolution of REE enrichment factors (EF;,) with soil depth is
shown in Tab. 2 and Fig. 4: 8'3Cgoc values were higher near the
surface, down to 30 cm depth, as discussed above. MREE and HREE in
shrub land site (YPG) showed higher REE enrichment at 30 cm depth
but were markedly depleted in farmland site (YMD). The forest land
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Figure 4. Evolution of organic carbon within soil profiles (a), and variation in enrichment factors for LREE (b), MREE (c), and HREE (d) with depth under

different land uses in Guizhou province, Southwestern China.
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Table 2. Enrichment factors (EF: normalized to Zr of the bottom soil
from each profile) obtained for REE in samples from five soil profiles at
Puding in Guizhou province, Southwest China

Land use Depth EFHREE EFMREE EFLREE Zr (mg/kg)
Z]T 0 1.05 0.92 0.92 157.0
-5 1.04 091 0.91 170.0
-15 1.05 091 0.92 173.0
—25 1.05 0.92 0.93 175.0
-35 1.03 0.96 0.97 178.0
—45 1.01 1.00 1.01 177.0
—55 1.00 1.00 1.00 180.0
DJS 0 113 1.14 1.10 147.0
-5 111 1.13 1.12 165.0
—15 1.14 1.15 111 69.0
—-25 1.14 1.08 1.06 164.0
—35 1.02 091 0.91 184.0
—45 1.06 0.95 0.95 183.0
—55 1.06 0.93 0.92 183.0
—65 1.00 1.00 1.00 208.0
YPG 0 1.02 1.06 1.04 151
-5 1.04 1.22 1.34 17.6
—15 1.04 1.22 1.34 66.2
—-25 1.06 1.12 1.19 59.3
—35 1.03 1.04 117 62.6
—45 1.06 1.08 1.22 56.9
—55 1.05 1.08 1.14 69.5
—65 1.02 0.98 1.00 82.7
—75 1.02 1.01 1.01 94.3
-85 0.98 0.97 0.99 93.1
—-95 1.00 1.00 1.00 86.2
cQC 0 0.86 0.86 0.84 55.8
-5 0.85 0.83 0.81 54.2
-15 0.89 0.82 0.75 79.5
—25 0.88 0.84 0.80 62.8
-35 0.88 0.82 0.77 74.7
—45 0.90 0.87 0.84 711
—55 0.96 1.00 0.96 58.0
—65 0.97 1.02 1.00 58.0
-75 1.01 1.07 1.03 54.0
-85 1.00 1.00 1.00 55.0
YMD 0 0.88 0.63 0.75 107.0
-5 0.88 0.64 0.74 112.0
-15 0.88 0.63 0.75 111.0
—25 0.85 0.54 0.63 118.0
-35 0.88 0.64 0.76 108.0
—45 0.90 0.70 0.77 115.0
—55 0.98 0.86 0.90 119.0
—65 1.01 0.89 0.97 101.0
-75 0.94 0.81 0.85 111.0
—85 1.00 1.00 1.00 129.0

EF = (Xi/Zr;)/(Xv/Z1p), X Tepresents the layer of soil, i represents the
depth of soil, b represents the bottom of soil.

and grassland sites showed slightly higher values of REE (HREE and
MREE) in the upper horizons and the values remained fairly constant
with depth, whereas EF g values showed no variation across the
different land uses. Organic matter is the most important reductant
as a result of its decomposition by oxygen, which is closely
associated with OM [43]. The present study confirmed that the great
diversity of organic compounds produced by the decomposition of
plant litter of different species greatly influences the behavior of REE
in soils, as was observed elsewhere [44]. Soil organic matter has many
negatively charged groups per unit dry weight and, consequently, a
high capacity to adsorb or chelate divalent and trivalent cations [45].
The organic compounds originating from different vegetation types

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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decomposed to form various functional groups to adsorb REE
accompanying the signals from stable isotope compositions of SOC
(Fig. 4).

Weathering and leaching sequences are partly controlled by soil
microorganisms and partly by the production, dissolution, move-
ment, and precipitation of organic compounds. Thus, the patterns of
REE fractionation in the soil profiles examined in the present study
point to the influence of OM on REE retention. The marked
enrichment in the study was consistent across all environments for
total digests. Recent research indicates that MREE enrichment can
be due to the preferential complexation of MREE with natural OM,
compared to the weaker complexation of both LREE and HREE [46].
Taking into account the fact that the experimental soils were rich in
OM, the observed MREE enrichment is consistent with REE
complexation by OM.

The strong negative correlation between the magnitude of the
MREE enrichment and §'*Cgo¢ values suggests that a common soil
fraction influences the enrichment of both MREE and HREE relative
to LREE. In alkaline environments, the stability constant for REE-
organic complexes is the highest for MREE, followed, in that order,
by HREE, and LREE-organic complexes [30, 46].

REE can also be absorbed onto clay minerals such as kaolinite,
smectite, and chlorite under neutral pH[47-49] and released from the
surface of these minerals under acidic conditions [50]. In addition, in
soils rich in OM, humic substances can coat clay minerals, and REE
sorption is thus influenced more by the interaction with this surface
layer of humus, than with the surface of the underlying clay particles
[51]. This observation suggests that although soil minerals, especially
clay minerals, may have had some influence on REE retention in the
present experiment, it is more likely that the influence was
negligible, whereas that of the OM was substantial. The different
patterns of REE enrichment in grassland seen in the soil profile
may be explained by the difference in the storage of REE between OM
and clay minerals. In comparing REE enrichment in soils under
differentland uses, the difference between the surface down to 30 cm
depth and the deeper layer may be due to the distribution of both
OM and the clay mineral assemblies.

4 Concluding remarks

Research on the retention and fractionation of REE at different
levels of SOM is somewhat scant, particularly that based on fully
digested soil samples. The present study showed strong negative
correlations between REE and SOC and between EFggg and 8'3Cgoc,
which is consistent with the retention of REE in soil. The detailed
study involving five types of land use made it possible to distinguish
between different patterns of REE mobilization under different land
uses and showed that REE enrichment and fractionation trends
varied across a gradient of SOC concentration. Soils rich in organic
carbon displayed a greater enrichment of total REE than other soils,
and the studied sites displayed a significantly negative correlation
between values of §'3Cgoc and the magnitude of MREE enrichment.
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