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Abstract Soil secondary minerals are important scav-

engers of rare earth elements (REEs) in soils and thus

affect geochemical behavior and occurrence of REEs. The

fractionation of REEs is a common geochemical phe-

nomenon in soils but has received little attention, espe-

cially fractionation induced by secondary minerals. In this

study, REEs (La to Lu and Y) associated with soil-abun-

dant secondary minerals Fe-, Al-, and Mn-oxides in 196

soil samples were investigated to explore the fractionation

and anomalies of REEs related to the minerals. The results

show right-inclined chondrite-normalized REE patterns for

La–Lu in soils subjected to total soil digestion and partial

soil extraction. Light REEs (LREEs) enrichment features

were negatively correlated with a Eu anomaly and posi-

tively correlated with a Ce anomaly. The fractionation

between LREEs and heavy REEs (HREEs) was attributed

to the high adsorption affinity of LREEs to secondary

minerals and the preferred activation/leaching of HREEs.

The substantial fractions of REEs in soils extracted by

oxalate and Dithionite-Citrate-Bicarbonate buffer solutions

were labile (10 %–30 %), which were similar to the mass

fraction of Fe (10 %–20 %). Furthermore, Eu was found to

be more mobile than the other REEs in the soils, whereas

Ce was less mobile. These results add to our understanding

of the distribution and geochemical behavior of REEs in

soils, and also help to deduce the conditions of soil for-

mation from REE fractionation.

Keywords Rare earth elements � Fractionation � Secondary

minerals � Geochemical process � Europium anomaly �
Cerium anomaly

1 Introduction

The rare earth elements (REEs) are group IIIB members of

the periodic table and behave in a consistent manner in the

environment because of their common electron configura-

tion consisting of six shells, large ionic radii and (III)-

oxidation states (Henderson 1984). REEs are considered

excellent environmental tracers and have been widely used

to probe the chemical evolution of the earth surface envi-

ronment (McLennan 1989; Yan et al. 2012; Migaszewski

et al. 2015; Singh and Rajamani 2001), chemical weath-

ering in drainage basins (Nesbitt 1979), paleoenviron-

mental changes in the oceans (Holser 1997), and sediment

sources (provenance) and tectonic setting (Cullers et al.

1987). The abnormal geochemical behavior of individual

REEs usually results from specific environmental condi-

tions or special geologic bodies (Nesbitt 1979; Daux et al.

1994). Exploring the distribution and geochemical prop-

erties of REEs, especially the common REEs Ce and Eu, is

therefore helpful in deducing the evolution of the earth

surface environment (Lee et al. 2003; Liu et al. 2015).
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REEs in soils mainly originate from soil parental rocks,

some of which have high REE content (Clark 1984;

Kanazawa and Kamitani 2006; Berger et al. 2014; Mon-

gelli et al. 1996). Minerals with a high REE content are

more likely to control the REE signature of the parent rock

as well as the subsequent secondary minerals (Laveuf and

Cornu 2009). REEs in secondary minerals behave differ-

ently from those in primary minerals; studies about REE

accumulation and fractionation in secondary minerals have

attracted more attention. REE redistribution during

weathering is dependent on natural primary rocks, prop-

erties of the secondary minerals or soils, and the degree of

soil weathering (Hedrick 1995; Laveuf and Cornu 2009;

Caggianelli et al. 1992). When released from primary

rocks, REEs are either lost into the soil solution from the

weathering profile or incorporated into secondary minerals

(Öhlander et al. 1996; Kissao and Heinz 2003; Laveuf and

Cornu 2009). REEs generally decrease with increasing

degrees of weathering (Clark 1984; Taunton et al. 2000),

and are removed from the upper profile, transferred

downwards, and then precipitated in the base profile

(Wayne and Markovics 1997; Feng 2010).

Once they are incorporated into soil secondary minerals

after soil formation, REEs migrate through the weathering

profile based on both their relative solubility and mobility

and the properties of the secondary minerals. A variety of

factors have been reported to influence the retention of

mobile REEs including soil composition (Gruau et al.

2004), water–rock interactions (Takahashi et al. 2002),

solution complexation (Leybourne and Johannesson 2008;

Ohta and Kawabe 2001), and biological activity (Brioschi

et al. 2013; Šmuc et al. 2012).

Secondary minerals, including Fe- and Mn-oxides, are

recognized as important REE scavengers (Galán et al.

2007; Öhlander et al. 1996; Yusoff et al. 2013) and can

fractionate REEs through a variety of geochemical pro-

cesses, particularly surficial sorption (López et al. 2005;

Sanematsu et al. 2013). REE behavior in surface soils is

closely related to interactions with secondary minerals,

especially geochemically active secondary minerals such

as Fe-, Al-, and Mn-oxides (Babechuk et al. 2014; Ndjigui

et al. 2008). Furthermore, the distribution and fractionation

of REEs are highly variable in different soils due to vari-

ations in secondary minerals (Galán et al. 2007; Yusoff

et al. 2013). Particularly, soils in tropical and subtropical

regions are undergoing continuous active geochemical

reactions after soil formation due to hot and humid climates

(Gurumurthy et al. 2015; Ettler 2016). The soil secondary

minerals in these regions have a strong effect on the geo-

chemical properties of soil elements, including REEs (Ren

et al. 2015). However, studies on the fractionation of REEs

related to secondary minerals are rarely reported; in par-

ticular, the mechanisms of active secondary minerals on

the fractionation of REEs in soils are still poorly

understood.

In this study, therefore, we focused on exploring the

fractionation characteristics of REEs that are traceable to

secondary minerals, especially the abundant minerals of

Fe-, Al-, Si-, and Mn-oxides in soils. In total, 196 soil

samples of alluvium were collected in the Pearl River Delta

(PRD) region, where the warm-wet climate and river net-

works are representative of river delta areas elsewhere in

the world. Based on studying the fractionation character-

istics of REEs associated with soil minerals, the aims of the

present study were to (i) assess the characteristics of

mobility and fractionation of soil REEs in the river delta,

and (ii) explore the mechanisms that may be responsible

for the mobility and fractionation of REEs during weath-

ering processes in the soils.

2 Materials and methods

2.1 Study area description and sampling locations

The studied area is situated in the southeastern Guangdong

Province, China, at 23�400-21�300N latitude and

112�-115�300E longitude (Fig. 1). One of the most

developed regions in China, the PRD is also an important

agricultural area. The region produces large amounts of

vegetables and fruits to supply the Chinese mainland, Hong

Kong, and Macao (Xing et al. 2012). The PRD region has a

complicated topography including mountains, hilly

regions, and plateaus. Soils in the PRD region were pri-

marily formed from river alluvium of the Pearl River and

its tributaries. One hundred and ninety-six soil samples

were collected from the surface horizon (0–20 cm) with a

bamboo shovel in April to November of 2012 throughout

Fig. 1 Map of the sampling locations in the Pearl River Delta (PRD)

region (a). PRD is located in Guangdong Province (b) of China (c)
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the PRD (Fig. 1). All the sampling locations were far from

urban and industrial areas to avoid the effect of human

activity. All collected samples were sealed in polyethylene

bags and pretreated within 6 h of collection.

2.2 Analyses of soil properties and REEs

Visible plant debris and impurities in the soils were man-

ually removed, and then the soils were air-dried at room

temperature. After being ground with an agate mortar, the

soils were passed through an 80 mesh (0.2 mm) sieve. The

soil pH (H2O) and pH (KCl) were measured in soil slurries

at a soil-to-water and soil-to-KCl solution (1 M) ratio of

1:2.5 with a calibrated PHS-3C pH meter (Sartorius,

China). Soil organic matter (OM) contents were deter-

mined by the K2Cr2O7–H2SO4 oxidation method (Pansu

and Gautheyrou 2006). Soil texture analyses (clay

\0.002 mm, silt 0.05–0.002 mm, and sand 2.00–0.05 mm)

were conducted by the pipette method (Soil Survey Staff

2004).

Partial extractions of soil Fe, Al, Si, and Mn were per-

formed sequentially with oxalic acid-ammonium oxalate

(Oxalate, pH 3.2) and dithionite-citrate-bicarbonate (DCB)

buffer solutions (Mehra and Jackson 1958; Schwertmann

1964). Fe, Al, and Mn contents of the extract solutions

were determined by WFX-130 flame atomic absorption

spectrophotometer (Braic, China). Silicon contents of

extract solutions were determined by the silicon–molyb-

denum blue colorimetric method on a UV spectropho-

tometer (TU-800, Beijing, China). The oxalate solution can

extract the physically adsorbed parts and chemical bonding

portion of soil Fe, Mn, or Al that bind with mineral par-

ticles when hydroxy-hydrated with clay particles. DCB-

extractable Fe, Mn, and Al mainly exist in the oxidation,

amorphous, and crystalline states in soils (Peretyazhko and

Sposito 2005).

Total Fe, Al, Ca, Mg, K, and Na contents were measured

on an inductively coupled plasma-atomic emission spec-

trometer (ICP-AES, Optima 3300 DV, Perkin Elmer, USA)

after the soils had been digested with HNO3–HClO4–HF

(Pansu and Gautheyrou 2006). The total Si contents were

determined using the silicon–molybdenum blue colori-

metric method on the UV spectrophotometer. Total Fe, Si,

Al, Ca, Mg, K, and Na contents in the soils were measured

as mol/kg of soil as Fe2O3, SiO2, Al2O3, CaO, MgO, K2O,

and Na2O. The properties and the obtained mineral con-

tents are provided in Supplementary material Table S1.

Total REE contents of the soils were determined

according to the method described by Li et al. (2008). In

brief, 600 mg of air-dried soil was mixed with 6 mL of

concentrated HNO3–HClO4 (87:13, v/v) and 6 mL of

concentrated HF (mass fraction [40 %). The mixture was

digested and then dissolved in 15 mL 2 % HCl solution.

For soil secondary minerals, the partial extractions of soil

REEs were performed with oxalate and DCB solutions

separately. The REE contents of digestion and extraction

solutions were determined by inductively coupled plasma

mass spectrometry (ICP-MS, NX300, PerkinElmer, USA).

Soil reference materials of GBW07423 (GSS-9), GBW

07428 (GSS-14), and GBW07429 (GSS-15) were analyzed

as quality control. Precision and accuracy of REE were

better than 5 %.

2.3 Data analyses

Statistical analyses were performed with SPSS 13.0. The

primary geochemical factors that influence REE distribu-

tion and fractionation were investigated by using the two-

tailed Pearson correlation analysis (PCA) (with signifi-

cance levels at p \ 0.05 and p \ 0.01) and principal

component analysis. The REE group can be separated into

two sub-groups, i.e., the LREEs and the HREEs. Some

ratios such as RCe/RY, (Gd/Yb)N, (La/Sm)N, Eu/Eu* and

Ce/Ce* can be used to describe the REE fractionation

characteristics and quantitative characterization. These

parameters are calculated as follows:
X

Ce=
X

Y

¼
P

LaþCeþ PrþNdþ SmþEuð ÞP
GdþTbþDyþHoþErþTmþYbþLuþYð Þ

ð1Þ

Gd=Ybð ÞN ¼
Gdnorm

Ybnorm

ð2Þ

La/Smð ÞN ¼
Lanorm

Smnorm

ð3Þ

Ce

Ce�
¼ Cenormffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Lanorm � Prnorm

p ð4Þ

Eu

Eu�
¼ Eunormffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Smnorm � Gdnorm

p ð5Þ

where the subscripts (norm) indicate the chondrite-nor-

malized contents of REEs. The chondrite data are from a

previous report (Boynton 1984).

3 Results

3.1 Total REEs in the soils

The contents of REEs—La to Lu and Y—in the soils are

shown in Table S2. The REE contents in the soils obey the

Oddo-Harkins rule (the odd–even effect) (Wei et al. 2001),

i.e., REEs with even atomic numbers were detected at

higher levels than those with odd atomic numbers. The
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REE contents of different soils were differentiated, and the

sum of the REEs (RREE), LREEs (RCe or RLREE), and

HREEs (RY or RHREE) ranged between 37–550, 32–480,

and 4.8–128 mg/kg, with means of 268, 210, and 58 mg/

kg, respectively. RCe accounted for approximately 80 %

and RY accounted for approximately 20 % of the total

REEs in all soils. A statistical analysis of the frequency of

REE contents in the soils showed that RREE was consis-

tent with a normal distribution, and the peak values ranged

from 200 to 250 mg/kg.

The soils in the PRD region typically have relatively

smooth REE patterns when normalized to chondrite, except

for an obvious depression between LREEs and HREEs

(Fig. 2). A subtle REE fractionation in the soils, however,

was apparent from the chondrite-normalized plots. For

example, there was an LREE-enrichment as illustrated by

the average (La/Sm)N of 3.98 (range 2.71–5.68, n = 196;

all samples have values [ 1.00) (Fig. 2 and Fig. 3i). In

addition, more than 80 % of the soil samples were clearly

enriched with LREEs, exhibiting concave-up and chon-

drite-normalized patterns with (Gd/Yb)N [ 1 (Figs. 2, 3j).

Most sedimentary soils were characterized by a slightly

positive Ce anomaly and a strongly negative Eu anomaly

(Figs. 2, 3k, l) in which Ce/Ce* and Eu/Eu* ranged from

0.59 to 2.65 (mean of 1.13) and 0.17 to 0.79 (mean of

0.55), respectively.

3.2 Partial REE extraction from soils

The results from partial extractions, i.e., soils extracted

with oxalate and DCB separately, exhibited highly variable

REE concentrations across soils (Table S2). The RREE,

RLREE, and RHREE ranged 1.45–64 mg/kg (mean

23.5 mg/kg, n = 196), 0.85–71 mg/kg (mean 20.7 mg/kg),

and 0.59–21.1 mg/kg (6.9 mg/kg) in the oxalate extract,

respectively. For the DCB-extracted REE contents, the

RREE, RLREE, and RHREE ranged 10.2–174 mg/kg

(mean 72 mg/kg, n = 196), 8.6–138 mg/kg (mean 58 mg/

kg), and 1.63–37 mg/kg (mean 14.1 mg/kg), respectively.

The contents of DCB-extracted LREEs and HREEs were

clearly higher than those of oxalate-extracted soils (Fig. 3).

The partial extractions were also commonly enriched

with LREEs to a critical extent compared with that of the

total soil digestion, with an average (La/Sm)N value of

3.22 (ranging from 0.92 to 13.6, n = 169, with only one

sample having a value lower than 1) when extracted with

oxalate, and of 3.38 (ranging from 1.95 to 6.51) when

extracted by DCB (Fig. 3i). Similarly, the majority of the

oxalate and DCB extractions were enriched with LREEs,

with an average (Gd/Yb)N value of 3.24 (ranging from

0.82 to 9.32, with only 4 samples having values lower

than 1) and 3.28 (ranging from 1.58 to 6.87, with no

samples lower than 1), respectively (Fig. 3j). Consistent

with the total REEs in soils, the REEs in the oxalate and

DCB extractions both were characterized by slightly

positive Ce- and clearly negative Eu- anomalies. The Ce/

Ce* and Eu/Eu* contents in oxalate extracts ranged from

0.46 to 6.71 (mean of 1.87) and 0.15 to 1.62 (mean of

0.58), and ranged from 0.85 to 5.66 (mean of 1.65) and

0.20 to 0.92 (mean of 0.60) in the DCB extracts,

respectively. The LREEs are generally more enriched in

the oxalate and DCB extracts than the LREEs of the total

soil digestion. In comparison with the total analyses, the

Ce and Eu anomalies were also generally more enriched

(both positively and negatively) in the partial extracts

(Figs. 2, 3).

As shown in the lognormal probability plots (Fig. 3),

the relationships between the total contents and partial-

extraction contents of REEs differed for different ele-

ments. More than 64.8 % of the Mn was extracted by

DCB solution, whereas approximately 21.1 % of the Fe

and only 1.68 % of the Al were extracted. Thus, Mn

primarily exists in the soils in readily labile forms,

including adsorbed forms and poorly crystalline Mn

(hydr)oxide coatings (Tani et al. 2003; Braun et al. 1998),

or incorporated/co-precipitated forms in the Fe (hydr)ox-

ide mineral coatings (Leybourne 2001). Most of the Fe

(78.9 %) and Al (98.3 %) in soils are dominant compo-

sitions of soil minerals, including Fe and Al oxides.

Furthermore, the cumulative frequency plots of REEs,

including LREEs, HREEs, Eu, and Ce, were more similar

to that of Fe rather than Mn, Al, and Si.

Fig. 2 Chondrite-normalized REE distribution patterns in the studied

soils. Chondrite Composite was used for normalization, and its REE

values (in ppm) are as follows: La 0.310; Ce 0.808; Pr 0.122; Nd 0.60;

Sm 0.195; Eu 0.0735; Gd 0.259; Tb 0.0474; Dy 0.322; Ho 0.0718; Er

0.210; Tm 0.0324; Yb 0.209; and Lu 0.0322 (Boynton 1984). The

oxalate- and DCB-extracted REE contents were extracted with oxalic

acid-ammonium oxalate (pH 3.2) and dithionite-citrate-bicarbonate

buffer solutions (DCB), respectively
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The average values of the LREEs/HREEs (RCe/RY)

ratio in soils of total digestion, oxalate, and DCB

extracts were all higher than 1 (3.75, 2.78, and 5.02,

respectively), which suggests a strong fractionation

between LREEs and HREEs. The average ratio values of

(Gd/Yb)N for soils of total digestion, oxalate, and DCB

extracts were 1.36, 3.24, and 3.28, respectively, which

indicates easier mobility for the oxalate- and DCB-ex-

tracted REEs. The average ratio values of (La/Sm)N were

3.98, 3.22, and 3.38 for the total digestion, oxalate, and

DCB extracts, respectively, indicating a stronger LREE

enrichment than that of HREE in the soils. The average

Eu/Eu* values were 0.55, 0.58, and 0.60 for the total

digestion, oxalate, and DCB extracts, respectively,

reflecting a strong negative Eu anomaly (\1) (Table S1).

Deep Eu ‘‘depression’’ was also indicated in the patterns

of chondrite-normalized REEs (Fig. 2). The average Ce/

Ce* values in soils showed a slight positive Ce anomaly

([1), with the total digestion, oxalate-, and DCB-ex-

tracted REEs of 1.13, 1.87, and 1.65, respectively.

4 Discussion

4.1 REE fractionation patterns in the soils

REE fractionation usually occurs in soils during soil geo-

chemical processes, such as oxidation–reduction, hydroly-

sis reactions, and adsorption–desorption reactions, and also

depends on the physicochemical properties of REEs (Ma

et al. 2011; Banfield and Eggleton 1989; Nesbitt 1979).

Chondrite-normalized REE distribution patterns (except for

Y) can represent the characteristics of REE fractionation in

soil weathering processes.

REEs in total soil digestion and soil extracts of oxalate

and DCB exhibited similar chondrite-normalized patterns

of LREE enrichment with a clearly negative Eu anomaly.

The pattern of normalized REEs for the total soils was

parallel to but higher than the REEs in the oxalate and

DCB extracts (Fig. 2). A comparison of the REE patterns

between the total soil digestion and those in the partial

extracts showed that total REEs in soils are typically more

Fig. 3 Log-normal probability plots for the total digestion, oxalate- and DCB-extracted from the soils for Fe2O3, Al2O3, SiO2, MnO, and

selected REEs. Probability plots for the selected chondrite-normalized REE ratios are also included
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enriched with LREEs (except for Eu) than that in the

oxalate or DCB extracts (Fig. 2; Table S1). The oxalate

solution can generally extract the physically adsorbed parts

and the chemical bonding portion of soil REEs that bound

with amorphous oxides in soils. The DCB-extractable por-

tions of soil REEs contain the REEs on/in amorphous and

crystalline soil minerals. The partial extracts, which pri-

marily include the labile and amorphous Fe/Mn (hydr)ox-

ides in the sediments, were less enriched with LREEs

compared with the total REEs in soils.

PCA applied to major soil elements and REEs can help

to evaluate the spatial representation of the association

among these elements. The PCA results of the REE dis-

tribution and soil properties are shown in Table S3 and 4.

The total REEs (RREE, RLREE, and RHREE) did not

correlate with either the soil pH (H2O) or pH (KCl). This

result is consistent with previous reports of REEs in the red

soils of southern China (Yang et al. 2004). Some

researchers, however, consider that soil pH is an important

factor affecting the distribution of REEs, and a suitable soil

pH can be used to determine the strength of chemical bonds

relating to REEs (Marsac et al. 2013; Zhu and Xing 1992).

Most of the soils in the present study were acidic, and some

regions were even severely acidified. The pH (H2O) and

pH (KCl) values varied between 3.86–8.07 and 3.26–7.36,

with mean values of 6.22 and 5.66, respectively, and with

152 and 185 samples returning less than the neutral pH of

7.0. Excessive acidification conditions of soils therefore

may obscure the influences of soil pH on REE distribution.

The soil OM was significantly correlated with HREEs in

both total digestion and partial extracts (Table S3). These

results indicate that soil OM slightly impacted REE

enrichment, and preferentially impacted HREEs, through

adsorption because of their mobility (Sonke 2006; Dav-

ranche et al. 2004). The (La/Sm)N in total digestion and

DCB extracts consistently exhibited a significant negative

correlation with soil OM (p \ 0.01), and the (Sm/Nd)N

showed a positive and significant (p \ 0.01) correlation

with soil OM, which also indicated preferential adsorption

of HREEs. A large number of carboxyl groups, phenolic

hydroxyl groups, and N- and S-binding sites have been

reported on soil OM structures and are thought to be easily

combined with rare earth ions (REE3?) (Chen et al. 1996;

Marsac et al. 2013), affecting the migration and biological

activity of REEs in the environment. Although the REE

complexing mechanisms with soil OM require further

investigation, our findings indicate that the primary inte-

gration positions of REEs on OM were organic weak acid

complexation, carboxyl-COOH, and phenolic hydroxyl-

OH (Pourret et al. 2007). The soil CEC and contents of

sand and silt all showed significant correlation mostly at

the 0.01 level mostly and some at the 0.05 level with REEs

(RREE, RLREE, and RHREE) in both total digestion and

partial extracts. The high correlations (p \ 0.01) between

soil CEC and REEs suggest consistent enrichment in the

soils (López et al. 2005). The correlation between the soil

texture and REE concentrations indicate that REEs (both

LREEs and HREEs) tend to be hosted in the finer particles,

which is primarily attributed to the strong adsorption of

REEs on minerals through hydroxyl-hydrated sites (Laveuf

and Cornu 2009).

The PCA results for Fe, Al, Mn, Si, and REE contents

are shown in Fig. 4. The REEs in PCA describe an arc or a

‘horseshoe curve’ ordered by the atomic number (except

for Ce and Eu) (Marmolejo-Rodrı́guez et al. 2007). The

inclusion of Si in the analysis made the ‘horseshoe curve’

transpose completely along the X-axis. Moreover, the

LREEs and HREEs exhibited obvious fractionation (with

Gd as a transitional element) along the Y = 0 line. The Ce

and Eu anomalies also deviated from the ‘horseshoe curve.’

The soil Si contents show different associations with REEs

(Fig. 4). On the contrary, REEs were significantly corre-

lated with soil Fe and Mn, while moderately correlated

with Al content. Consistent results for the correlations

between REEs and Fe, Al, Si, or Mn in soil can also be

obtained by analyzing the lognormal probability plots

(Fig. 3).

These relationships can also be found in PCA of soil

major elements and REEs (Table S3). Significantly positive

correlations (p \ 0.01) were found between the oxalate-

extracted REEs and total digested REEs, with R of 0.557

for HREEs and 0.630 for LREEs, indicating considerable

amounts of exchangeable REEs in the soils. Total REEs in

the soils showed a strong correlation with the soil Fe-, Al-,

and Mn-oxide contents although largely varied with dif-

ferent oxides forms, but showed a weak correlation with

soil Si contents. The weak correlation between REEs and

Si content was also confirmed by the cumulative plots of

REEs in partial extracts and the total soil Si contents when

compared with selected REEs (Fig. 3). Total soil Fe,

oxalate-Fe, and DCB-Fe all showed significant correlations

with HREEs (p \ 0.01), and the correlations between soil

Fe and LREEs were even better (Fig. 4 and Table S4),

which indicates that Fe-bearing minerals had a stronger

holding capability for LREEs than that of HREEs. These

results are consistent with those reported previously by

Tang et al. (2002), who studied the relationship between Fe

oxide and REEs in paddy soils and found that the combined

REEs from soil amorphous-Fe (oxalate-Fe) and crystal-Fe

were primarily LREEs.

Soil secondary minerals, especially Fe-, Al-, and Mn-

oxides, are important scavengers for REEs and can also

fractionate REEs during soil geochemical processes (Ren

et al. 2015). The distribution characteristics of REEs

between labile and non-labile phases in soils from PRD

regions were more similar for Fe minerals than for Mn, Al,
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and Si minerals, which suggests that the readily

exchangeable REE pool was chiefly controlled by Fe

minerals. LREE enrichment in soils resulted from their

highly adsorptive affinity to mineral particles, whereas

HREEs were preferentially retained in soil solutions

(Compton et al. 2003; Yusoff et al. 2013).

4.2 Origin of Europium anomalies

All the studied soils from the PRD region exhibited a

significant and negative Eu anomaly corresponding to the

deep Eu ‘‘depression’’ of chondrite-normalized patterns

(Fig. 2). The Eu/Eu* values of the total soil digestion,

oxalate-, and DCB-extracts ranged 0.17–0.79 (mean of

0.55, n = 196), 0.15–1.62 (mean of 0.58), and 0.20–0.92

(mean of 0.60), respectively. Overall, the negative Eu

anomalies were common characteristics of Eu distribution,

and the Eu in the total digestion of soils was generally more

pronounced than that of the partial extracts (Fig. 2).

The negative Eu anomaly in the soils generally resulted

from the integrated factors of the sub-tropical climate and

the soil secondary minerals. The formation of a Eu ‘‘de-

pression’’ underwent three stages. First, the high tempera-

ture, rainy climate, and low soil pH in the PRD

strengthened the mineral weathering and element leaching,

which resulted in the formation of more active REEs. This

stage was responsible for the foundation of REE fraction-

ation (Huang et al. 2008). Then, in addition to the further

weathering and leaching reactions, the mobile elements

were intensively leached, during which the Fe-, Al-, and

Mn-oxides accumulated and the according secondary

minerals were generated continually. REEs, especially

LREEs, therefore, were enriched in the secondary minerals

of Fe-, Mn-, and Al-oxides (Tables S2, S3). Finally, Eu, as

a valence-variable element, would have been easily

reduced from Eu3? to Eu2? and leached in association with

the further weathering processes of soil minerals (Liu et al.

2013; Condie et al. 1995). Fe- and Mn-oxides in the total

soil digestion and partial extracts showed a significant

positive correlation to the total Eu/Eu* (p \ 0.01), and the

Al oxides showed weaker or no correlation. This finding

implies that the Eu3? reduction was primarily dependent on

Fe- and Mn-bearing minerals. The soil total Sr contents

exhibited positive significant correlations to both total Eu

contents and Eu/Eu* (p \ 0.01) with correlation coeffi-

cients of 0.544 and 0.384, respectively. Eu2? and Sr2? have

similar ionic radii (approximately 1.2 Å), and Sr2? is easily

leached into the soil solution (Lim et al. 2015). Eu would

be easily leached together with Sr after being reduced from

Eu3? to Eu2?, resulting in the co-leaching of Eu2? and Sr

(Fig. 5).

Total and partial soil extracts are highly negatively

correlated with Eu anomalies, indicating that Eu was

preferentially conveyed to the subsoil or another substance

in the soil system. Comparing the Eu anomaly in the partial

extracts with that in the corresponding total soil digestion

can provide a valuable method for evaluating the relative

mobility of Eu in the soils (Fig. 6). For example, if the total

Fig. 4 A principal component

analysis of REE contents with

soil Fe, Al, Si, and Mn minerals.

The oxalate- and DCB-extracted

element contents were extracted

with oxalic acid-ammonium

oxalate (pH 3.2) and dithionite-

citrate-bicarbonate (DCB)

buffer solutions, respectively
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digestion of the soils had a Eu/Eu* lower than 1 and the

ratio of Eu anomaly in the partial extracts to Eu anomaly in

the total digestion is higher than 1, the partial extract would

have a less negative Eu anomaly than that in the total

digestion (Fig. 6). Furthermore, Eu in most of the soils was

more difficult to sequester into a more stable phase than Sm

and Gd, which were preferentially extracted by the oxalate

or DCB solutions. On the contrary, although the Eu

anomaly ratio in the partial extracts to the total digests in

some soils was \1, the Eu/Eu* in the total digestion was

\1.

4.3 Origin of Cerium anomalies

The Ce in most of the soils exhibited a slightly positive

anomaly, and also exhibited small Ce convex-up chondrite-

normalized patterns (Fig. 3). The Ce/Ce* values of total

soil digestion, oxalate-, and DCB-extracts ranged from

0.59 to 2.65 (mean dCe of 1.13, n = 196), 0.46 to 6.71

(mean Ce/Ce* of 1.87), and 0.85 to 5.66 (mean Ce/Ce* of

1.65), respectively, indicating that a positive Ce anomaly

was a common characteristics in the PRD region. The

partial analyses were generally more pronounced in the

total extracts (Figs. 3l, 2).

In contrast to Eu, Ce3? was readily oxidized into Ce4?

in the soil solution, which would be further co-precipitated

with Fe/Mn (hydr)oxides and form CeO2 or Ce(OH)4

(Marker and De Oliveira 1990). These Ce species were

insoluble and would be enriched in the soil secondary

minerals, which consequently resulted in a positive Ce

anomaly. Mn (hydr)oxides in the soil total digestion and

partial extracts both showed significant negative correla-

tions to the total Ce/Ce* (p \ 0.01), and the Fe and Al

(hydr)oxides showed no significant correlation to the total

Ce/Ce*. These findings suggest that the oxidation of Ce3?

primarily resulted from reacting with soil Mn (hydr)oxides.

In other words, the Mn minerals were primarily responsible

for the Ce co-precipitation.

Comparing the Ce anomaly in the partial extracts with

that in the corresponding total soil digestion shows the Ce

in most soils was less mobile than Sm and Gd. The Ce/Ce*

ratio in the partial extracts to the Ce/Ce* in the total

digestion is higher than 1, indicating that the partial extract

had a more positive Ce anomaly than that in the total

digestion (Fig. 4) Moreover, the sample points in Fig. 4

from the first quadrant for axes X = 1 and Y = 1 (ratio of

Fig. 5 Scatter plots of total soil

strontium (Sr) versus europium

(Eu) contents (a) and Eu/Eu*

(b). The Pearson correlation

coefficient and significance at

the 0.01 level (2-tailed) are

marked as ‘‘R’’ and ‘‘**’’ in

each diagram

Fig. 6 Bivariate plots of Eu/Eu* (total digestion/partial extractions)

versus Eu/Eu* in the total digestion (a) and Ce/Ce* (total diges-

tion/partial extractions) versus Ce/Ce* in the total digestion (b). The

oxalate- and DCB-extracted REE contents were extracted with oxalic

acid-ammonium oxalate (pH 3.2) and citrate-bicarbonate-dithionite

buffer solutions (DCB), respectively
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partial -Ce/Ce* [ 1 and total -Ce/Ce* [ 1) indicate that

Ce was less mobile than Sm and Gd and would be more

easily sequestered into a different phase than Sm and Gd.

5 Conclusions

The chondrite-normalized REE patterns of the total values

in the soils and partial extracts of the soils from the PRD

region were similar, with a right-inclined pattern and

LREE enrichment, a clear negative Eu anomaly, and a

slightly positive Ce anomaly. Soil Fe and Mn minerals

were found to be the primary minerals affecting REE dis-

tribution. Due to the higher adsorptive affinity of LREEs to

soil mineral lattice than that of HREEs, fractionation

between LREEs and HREEs occurred in different soils

over the river delta region. In addition to soil minerals

affecting REE fractionation, the active geochemical pro-

cesses in soils in this region (e.g. soil redox-reaction pro-

cesses) were probably responsible for the negative Eu

anomaly and positive Ce anomaly, leading to the reduction

of Eu3? producing more leachable Eu2? and oxidation of

Ce3? producing more readily precipitating Ce4?.
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