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Abstract Selenium (Se) is an essential trace element

within human beings that hold with crucial biological

functions. Investigating the complex origin of soil Se

is of great importance to scientifically approach the

land use of Se-rich land use, and the respective

promotion of regional economic development. In this

study, 160 soil samples from 10 profiles in farmland

and woodland were collected in Hailun city, which is a

typical black soil region in Northeast China, in order to

characterize the distribution and speciation of Se in the

black soil, and to identify the origin of soil Se. The

total selenium content in the soil ranges from 0.045 to

0.444 lg g-1, with an average selenium content in

black soil (0.318 lg g-1) of three times greater than

that found in the yellow–brown soil (0.114 lg g-1).

The land-use type has a significant influence on the

distribution of selenium in the black soil. Moreover,

Se and heavy metals have a significant (positive or

negative) correlation, in which TOC plays an impor-

tant role. The black soil presents a consistent REE

distribution pattern with underlying yellow–brown

soil indicating black soil originates from yellow–

brown soil. REE geostatistical analysis suggests that

the soil Se partly originates from shale weathering and

enriches in black soil. Moreover, elemental geochem-

ical analysis and XRD results show that the paleocli-

mate change from humid and warm to dry and cold is

favorable for organic matter accumulation, resulting in

less leaching and enhanced adsorption of selenium

into the black soil.
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Introduction

Selenium is a chalcophile nonmetallic element and

was defined as an essential nutrient by the World

Health Organization in the 1970s (2008; Frączek and

Pasternak 2012; Statwick and Sher 2017). At proper

values, selenium is beneficial for our health, for

example, maintaining cells’ physiological function in

an ideal state, protecting cardiovascular and visual

organs, maintaining myocardial health, promoting

plant growth and development, and so on (Schwarz

and Foltz 1999; Hatfield et al. 2014; De Temmerman

et al. 2014).

Many countries and regions in the world are short of

selenium; in China, more than 75% of the regions are

short of selenium including Heilongjiang Province,

Jilin Province, and Inner Mongolia (Dinh et al. 2018).
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When humans and other organisms are deficient in

selenium, they might suffer from Keshan disease

(which causes necrosis of the heart muscle) and

Kashin disease which causes atrophy, degeneration,

and necrosis of cartilage tissue, i.e., osteochondropa-

thy (Du et al. 2018). Conversely, excessive absorption

of selenium can lead to hair loss, nail loss, and

neurological disorders (Rayman 2012; Natasha et al.

2018). As is well known, selenium in plants and

organisms mainly comes from soil (Xu et al. 2018).

Therefore, understanding the biogeochemistry of

selenium in soil is beneficial to human health and

agricultural development.

Distribution of Se in soil is extremely uneven. This

is directly related to soil’s source. Generally speaking,

the areas containing Se-rich sedimentary rock can be

rich in selenium in topsoil, which has been widely

observed in many areas (Wang et al. 2018, 2019; Dinh

et al. 2017). According to the research of Kunli (Kunli

et al. 2004) in the Daba Region of South Qinling

Mountain, concentrations of selenium are different

relative to the originating parent material. It was found

that the overabundance of selenium is mainly related

to the black lithology, in particular the black rock

series of Cambrian and Sinian in China (Spadoni et al.

2007; De Temmerman et al. 2014; Hussain and Luo

2018). However, the content of selenium in soil is also

related to soil characteristics, geochemistry, TOC, and

Se fractions (Cheng 2003; Wen and Carignan 2007;

2008; Dhillon and Dhillon 2009).

Se in soil has four valence states: organic selenide

(Se2-), elemental selenium (Se0), selenite (SeO3
2-),

and selenite (SeO4
2-) (Kulp and Pratt 2004; Fan and

Wen 2011; Favorito et al. 2017), which can be divided

into five fractions according to chemical extraction

method: soluble Se(SOL-Se), exchangeable and car-

bonate-bound Se(EX-Se), Fe–Mn oxide-bound

Se(FMO-Se), organic matter-bound Se (OM-Se), and

residual Se(RES-Se). Under oxidizing conditions,

selenite and selenate are the major forms and highly

soluble (Duc et al. 2003; Peak 2006; Hiemstra and

Rietra 2007). After entering a reducing environment,

both selenite and selenate will be reduced to zero-

valent Se and metal selenide (Pérez-Sirvent et al.

2010; Fan and Wen 2011). Furthermore, Se can be

adsorbed by iron, aluminum, and manganese hydrox-

ides (Ma et al. 2018), where Se is usually adsorbed by

internal complexation (covalent bonds or electrova-

lent bonds) on hydroxyl or electrostatic adsorption to

the internal or external area; this is mainly dependent

on mineral or ionic strength (Duc et al. 2003). This

combination can also be called FMO-Se. Besides, Luo

(Luo et al. 2018) conducted a study in a selenium-rich

Chongqing area, which reported that the total selenium

recorded in the area was correlated with the proportion

of clay components, PH, and organic matter. It was

also found by Pérez-Sirvent (Pérez-Sirvent et al. 2010)

that, in Spain, soil selenium measurements were

related to the physical and chemical properties of soil

and mineral composition; it is proportional to the

percentage of quartz and has negative relationship

with the percentage of calcite. In addition to these

factors, organic matter is also an important factor in

controlling soil selenium (Supriatin et al. 2016; Wang

et al. 2017; Xie et al. 2017; Chang et al. 2019; Yin et al.

2019), which can be seen in OM-Se that represent a

combination of Se and organic matter. Although the

relationship between organic matter and selenium is

still not very clear, it can be concluded that there are

four forms(Yamada and Kamada 2009; Dinh et al.

2017; Li et al. 2017): (i) Se can be directly adsorbed to

organic matter or compete the sorption sites of organic

matter. (ii) Se can be part of organic matter through

microbial incorporation. (iii) Se could replace S in

amino acids because Se is chemically similar to S. (iv)

Organic matter may directly reduce Se or be used by

some microorganisms as electron donors for Se

reduction.

A growing number of studies have been discussing

the enrichment of selenium in soils and sediments and

the occurrence and speciation of selenium in black

soils. It has been found that few papers in black soil

have analyzed such occurrences, and thus, they are

poorly understood. Black soil, rich in organic matter,

has high productivity (Kang et al. 2016). Principally

for agriculture and global food production, black soil

resources are crucial. In addition, the northeast of

China is located in the China Se-deficient zone, and

only the aforementioned black soil region has reported

selenium enrichment. Therefore, the geochemical

processes behind the selenium contained within black

soil are of considerable research value. Some literature

shows the study of selenium in black soil areas (Xia

et al. 2012; Qiang et al. 2014), more specifically, the

distribution of selenium and its influencing factors in

the black soil of northeast China. However, these

studies did not delve into the origins of Se. Moreover,

little research is carried out to study the relationship
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between Se and the deposition environment or the

origins of Se in an area. In order to ensure the safety of

local agriculture, it is necessary to compose further

studies. Therefore, we choose to study the area of

Hailun city, which belongs to one of the world’s three

representative black soil belts. The study of soil

selenium content and variation trends of Hailun city is

helpful for an agricultural economy and soil resources.

The objectives of this study are (i) to characterize

the distribution and speciation of Se in the black soil,

(ii) to identify and clarify the origin of soil Se, and (iii)

to figure out the environmental factors controlling

selenium enrichment in black soils.

Methods

Study area

Hailun, located in Heilongjiang Province, Northeast

China (Fig. 1), is contained in the west region of

Xiaoxing’an Mountain. Its area coverage is N46�580–
47�520 and E126�140–127�450, and as a reference, it

can be found 214 km north of Harbin. The terrain of

Hailun city belongs to a temperate continental climate,

and the frost-free period is about 120 days. The

topography possesses hilly qualities, with an average

altitude of 239 m. In addition, Hailun’s annual

precipitation is about 500–600 mm.

Soil sampling

In March 2018, 160 soil samples were collected in

Hailun, consisting 10 profiles and a separate nature

profile including 21 samples. The locations of these

samples were recorded by GPS and are shown in

Fig. 1. At each site, shovels were used to make a

50-cm-depth pit (30 9 30 cm), and then, samples

were collected of the fresh topsoil. At less than a depth

of 50 cm, Luoyang shovel was taken to collect

samples. Samples were put in hermetic bags before

their delivery to laboratory. Soil samples were air-

dried, milled, and sieved with a 200 mesh.

Analytical techniques

Soil properties

Soil chemical analysis was determined by tetra-acid

digestion and tested by ICP-MS. Implementing the

soil suspension in ultrapure water with a 1:5 ratio, soil

pH was determined. TC, TN, TS were measured via

elemental analysis. TOC was determined by Vario

TOC analyzer (Elemental, German) through adding

2 mol/L HCl for removing inorganic carbon and

washed by ultrapure water several times.

Fig. 1 Locations of study area and sampling sites. Sites were chosen farming land and woodland
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Determination of Se concentration

The total Se of the soil was determined by using

previous research methodology (Zhu et al. 2008).

Firstly, 50 mg of soil samples was sipped in a

polytetrafluoroethylene bottle; 2.5 ml 16 mol/L HNO3

and 0.5 ml 57 mol/L HF were added into the sample

bottle and heated at 150 �C for 16 h. Then, 2 ml 30%

H2O2 was added and the bottles were heated to 90 �C,
where 3 ml 6 mol/L HCl was added into the residual

solution and heated to 90 �C for 2 h. The remaining

solution was diluted with ultrapure water into a 50 ml

PET bottle and determined by ICP-MS. The detection

limit of Se by ICP-MS was 0.01 ng/g. Test quality was

controlled by repeating sample testing and utilizing

standard reference materials. The standard reference

materials used for soil were GSS-10, GSS-11,

GBW07432, GBW07410, and the accuracy of the test

results is mainly controlled by inserting parallel

samples and standard samples into every 10 samples.

The accuracy and precision of the analyses of all

samples met the required procedure specifications.

Determination of Se species

For Se speciation analysis in soil, we adopted the

modified method described by Wang et al. (2012); the

modified method takes into account not only Se

fractionation but also the available Se species present

in soil. The procedure taken is detailed as follows

(Fig. S1):

(1) Soluble Se (SOL-Se): oscillator-based

extraction was performed using 0.25 M KCl at

25 �C for 1 h;

(2) Exchangeable and carbonate-bound Se (EX-Se):

0.7 M KH2PO4 (pH 5.0) extract was shaken for

4 h;

(3) Fe–Mn oxide-bound Se (FMO-Se): 2.5 M HCl

was heated at 90 �C in a bath and shaken

intermittently for 50 min;

(4) Organic matter-bound Se (OM-Se): 8 mL of 5%

K2S2O8 and 2 mL of HNO3 (1:1) was mixed and

heated at 90 �C in a bath for 3 h. The soil–liquid

ratio was 1:10 in (1) to (4).

(5) Residual Se (RES-Se): the residue was digested

with 10 mL of HNO3 ? HClO4 (3:2) at 165 �C
for 2 h.

The extract derived in (1) to (5) was used to

determine Se concentration after reduction by ICP-

MS.

XRD test

The clay was tested by X-ray diffractometer (XRD

7000). The XRD diffractograms were obtained at

angle (3–30�), the step intervals (0.013�), the diver-

gence slit (1/16�), the tension slit (1/8�), the receiving
slit (7.5�), the voltage (40 kV), and the current

(40 mA).

The rock-forming mineral was tested by X-ray

diffractometer (XRD 7000). The XRD diffractograms

were obtained at angle (5–90�), the step intervals

(0.033�), the divergence slit (1/2�), the tension slit

(1�), the receiving slit (8�), the voltage (40 kV), and

the current (40 mA).

Statistical analysis

Descriptive analysis (mean, standard deviation, max-

imum, minimum), correlation analysis, and paired

Student’s t tests were performed using SPSS 16.0.

Several correlations and profile diagrams were drawn

using ORIGIN 9.0.

Result and discussion

Soil chemical characteristics

Soil pH, organic matter content, and elemental content

are presented in Table 1. The TS and TN concentra-

tions of the Hailun soil range from 0.03 to 0.33% and 0

to 0.4%, respectively, which are comparable to

previous results for Hailun soils (Wang et al. 2014).

No correlations were observed between TS and TSe

(p[ 0.05), but a positive relationship between TN and

TSe (p\ 0.01). TN showed a consistent decrease with

depth in all cores. TOC concentrations ranged from

0.05 to 5.72% (on average 1.94%), which are compa-

rable to previous results for Hailun soils (Wang et al.

2014; Jin et al. 2016). TOC presented a consistent

decrease with depth in all cores. A positive correlation

was observed between TOC and TSe (r = 0.852,

p\ 0.01). Selenium can be adsorbed strongly by

organic matter (Supriatin et al. 2016; Dinh et al. 2017).

Fe content ranged from 1.78 to 5.2%, and the average
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Fe content is 2.93%. At 10 cores, Fe manifested a

slight increase with depth and a negative correlation

between Fe and TSe (r = - 0.866, p\ 0.01). Al

content varied from 4.6 to 8.51% with an average of

7.37% and showed a slight increase with depth. A

negative correlation was found between Al and TSe

(r = - 0.859, p\ 0.01). The significant correlation

between Fe, Al, TOC, and Se indicates that adsorption

and competitive adsorption are present (Dinh et al.

2017) or the redox condition changes, which changes

the morphology of selenium and the content of Se

(Natasha et al. 2018). Ca content ranged from 0.23 to

3.24%, and the average Fe content is 1.03%. Accord-

ing to the 10 cores, Ca showed a slight increase with

depth and a positive correlation between Ca and TSe

(r = 0.803, p\ 0.01), which might be because the

leaching migration of Ca may lead to migration of Se

(Zhu et al. 2015). The soil pH ranged from 4.21 to

8.21. Besides specific neutral samples, the majority of

Hailun soils were acidic which may be attributed to the

decaying of organic matter. Moreover, the black soil

was enriched with varying degrees of heavy metals

(Fig. S3.), in which Zn (r =- 0.862, p\ 0.01) and Cr

(r = - 0.757, p\ 0.01) exhibited a significant nega-

tive correlation with Se. These results posed were

significant differences from the characteristics of Se

and heavy metals in Enshi and other places (Tao et al.

2018). It was observed that Cd possessed the same

traits and presenting a significant positive correlation

with Se, which is similar to the phenomenon in Enshi

and other regions (Yu et al. 2014; Zhao et al. 2020).

Furthermore, the TOC in Enshi and Hailun city was

relatively high, which may be an important factor in

controlling Cd. In this research, it was also found that

heavy metals showed a significant negative correlation

with TOC and a notable positive correlation with Fe,

indicating that the soil-forming process had a great

impact on the geochemical cycle of soil. As shown in

Fig. 2 and Figure S2, HL-2 in woodland and HL-3 in

farmland were selected to draw the profile element

change trend diagram. The results showed that TOC,

N, Ca, and P had a decreasing trend, while Fe and Al,

C value, CIA, and PIA had an increasing trend. C

value shows the values of (Fe ? Al ? Mn ? Cr ?

Co ? Ni)/(K ? Na ? Ca ? Mg ? Sr ? Ba),

which reflects the respective wet and dry conditions.

CIA (= Al2O3/(Al2O3 ? CaO ? Na2O ? K2O)) and

PIA (= (Al2O3–K2O)/(Al2O3–K2O ? CaO ? Na2O))

may indicate the degree of rock and soil weathering,

such as CIA = 50 * 60 and PIA = 50–69 presenting

the primary weathering intensity; CIA = 60–80 and

PIA = 69–86 indicating moderate weathering inten-

sity; and CIA = 80–100 and PIA = 86–100 denoting

strong weathering intensity.

Distribution and speciation of Se in soil profiles

Total Se content is between 0.045 and 0.444 mg kg-1

(on average 0.228 mg kg-1) for Hailun topsoil sam-

ples (Fig. 3.). The results are within the range of

previous results fromHeilongjiang Province (Xia et al.

2012; Dai et al. 2015; Chi et al. 2016). Total Se content

of soil above a depth of 50 cm is 0.332 mg kg-1 on

average. This value is higher than 0.29 mg kg-1 in

China and the 0.2 mg kg-1 in the Songnen plain.

When compared with previous studies conducted in

other regions throughout the world, the average

concentration of soil Se in Dashan was higher than

that in Hong Kong (0.76 mg kg-1), Sweden

(0.30 mg kg-1), and New Zealand (0.39 mg kg-1).

However, in Enshi and Ziyang, China, much higher

soil Se proportions were found in some seleniferous

areas, with amounts up to 20 mg kg-1 being found

(Yu et al. 2014; Long et al. 2018; Zhao et al. 2020).

Essentially, the reported Se content in black soil was

0.318 mg kg-1, which is 3 times higher than that

found in yellow–brown soil (0.114 mg kg-1).

According to the total Se concentration standards in

China, five grades have been classified: deficient

(Se\ 0.125 mg kg-1), marginal (0.125\ Se\
0.175 mg kg-1), moderate (0.175\ Se\ 0.4 mg

kg-1), sufficient (0.4\ Se\ 3.0 mg kg-1), and

Table 1 Basic statistical

concentration of the

selected elements in all

samples

TN TOC S Ca Fe Al pH P Zn Cr Se

Unit % % % % % % lg g-1 lg g-1 lg g-1 lg g-1

Min 0.00 0.05 0.03 0.23 1.78 4.60 4.21 150 51 48 0.045

Max 0.43 5.72 0.33 3.24 5.20 8.51 8.21 1440 73 64 0.444

Average 0.11 1.94 0.11 1.03 2.93 7.37 5.31 610 61 55 0.228
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excessive (Se[ 3.0 mg kg-1). Therefore, Hailun city

is categorized as an Se-rich area because approxi-

mately 56.02% of all samples were indexed as

moderate, while 4.22% were sufficient, and addition-

ally, about 89.66% of all samples collected above a

50 cm depth were moderate, while only 6.90% were

categorized as sufficient.

According to the sampling sites (Fig. 4), the terrain

of Hailun city can be divided into two types of land

use: woodland and agricultural/farming land. In

agricultural areas, Se concentrations are between

0.045 and 0.443 mg kg-1 (on average

0.227 mg kg-1). In woodland, selenium concentra-

tions are between 0.062 and 0.444 mg kg-1 (on

average 0.231 mg kg-1). In agricultural land, soil

selenium changed smoothly within the 50 cm topsoil

and then decreased rapidly, while in contrast, the

selenium content in the woodland areas increased

slightly and then decreased. The results show that most

of the Se content in black soil is moderate, while most

of that found in yellow–brown soil is deficient;

furthermore, the Se content in black soil is three times

that in yellow–brown soil. The differences in these

aforementioned zones’ Se ratios may be because

artificial cultivation techniques agitate surface soil so

that the change of topsoil Se content is not obvious and

the rapid decrease in selenium content may be due to a

decreased amount of overall black soil (Yu and Zhang

2004; Aizhen et al. 2006).

Selenium speciation of the five categories of soil

extraction is presented in Fig. 5. Higher than China’s

national average soil composition concentration of

soluble selenium accounted for an average of 11.28%

(with the range of 6.57% and 18.81%), which were

Fig. 2 Depth profiles of Se and its closely related variables in HL-2
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11.34% in farming land and 11.16% in woodland. A

significant negative correlation between SOL-Se con-

centration and soil S concentration (r = -0.687,

p\ 0.05) was observed. This relationship might be

arising on account of Se being a chalcophile element

which has been shown to replace sulfur in sulfides

(Pérez-Sirvent et al. 2010). Moreover, a significant

positive relationship was found in concentrations of

Fig. 3 Depth profiles of Se content in eight cores

Fig. 4 Mass of Se accumulation and depth profiles of Se in farmland and woodland
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SOL-Se and soil P, suggesting that soil P has some

effect on SOL-Se.

Concentrations of exchangeable Se were consider-

ably less than concentrations of soluble Se in both

agricultural land and wood land, accounting for only

1.66–5.95% of total selenium. A significant positive

correlation between EX-Se and soil S content, similar

the relationship between SOL-Se and soil S content

(r = 0.685, p\ 0.05), and a significant positive cor-

relation between EX-Se and soil S content (r = 0.814,

p\ 0.01) might indicate EX-Se and SOL-Se possess

features allowing them to switch to each other.

Conversely to SOL-Se, EX-Se concentrations had a

significant positive correlation with SOM (r = 0.624,

p\ 0.05) and soil P (r = 0.712, p\ 0.01), suggesting

nutrient elements might promote the formation of EX-

Se.

Concentrations of Fe/Mn oxide-bound are higher

than EX-Se and SOL-Se content. Concentrations of

FMO-Se accounted for an average of 26.33% (with the

range between 14.98% and 47.43%), which were,

separately, 27.50% in farming land and 24.00% in

wood land. In particular, reaching levels of 47.43%,

HL06-8 has the highest proportion of FMO-Se among

all forms.

The OM-Se content was 14.83% on average, in

which HL02 was relatively stable and the variation

coefficient between HL03 and HL06 was notably

large. The OM-Se content was recorded at 14.76% in

agricultural land on average and 14.97% in woodland

on average. A significant positive correlation was

observed between SOM and OM-Se concentrations

(r = 0.594, p\ 0.05) and also between soil N and

OM-Se concentrations (r = 0.638, p\ 0.05), which

might indicate that the soil adsorption degree of

carbon and nitrogen organic matter results in an

increase in overall Se (Tolu et al. 2014; Statwick and

Sher 2017).

Residual selenium accounted for the highest pro-

portions in most selected samples, with an average of

about 43.30%, accounting for 11.38%, 67.49%,

respectively. The RES-Se content was 42.47% in

farming land and 45.26% in woodland. A positive

relationship was found between RES-Se and TSe

contents (r = 0.995, p\ 0.01) and between RES-Se

and SOM contents (r = 0.82, p\ 0.05), suggesting

that SOM may play an important role in the accumu-

lation of soil Se and RES-Se. The high content of

difficult to decompose humus in the study area

revealed a very strong adsorption of selenium,

presenting a challenge for the decomposition of

selenium in the high-selenium area as it is stored

under long-term geological action (Kulp and Pratt

2004).

Fig. 5 Distribution of soil Se concentrations and soil Se fractions for soils collected from Hailun City, Northeast of China
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The origin of Se in black soils

RREE values of the ten profiles (Table 2) are between

145.1 and 209.2 lg g-1 (on average 164.6 lg g-1),

which is lower than the average Chinese soil RREE
(172.11 lg g-1) and lower than that of NASC values

(173.20 lg g-1), indicating that the regional sedimen-

tary RREE has fractionation. The (La/Yb)n value,

reflecting an average 10.78 the fractional distillation

characteristic of LREE and HREE in the soil, which

indicates the enrichment of LREE and dominance of a

felsic source (Rao et al. 2018). As can be seen in

Fig. 6, REE distribution curves in the section of the

study area are very similar, confirming right-leaning

enrichment patterns of LREE; moreover, there are

obvious negative Eu anomalies.

REE is considered to be non-migratory, with only

slight variations in the process of their deposition;

also, source rock abundance and weathering condi-

tions are the main factors controlling REE. Since the

source material of the same soil or sediment generally

has similar REE distribution patterns (Fig. 6a), the

partition mode curve can be utilized to determine the

characteristics of the material source. Therefore, the

points dealt with chondrite values and North American

shale standards were analyzed by partition mode curve

analysis, and the results prove there are similar

distribution curves, which are between 0 and

110 cm. With this, it can be understood that yellow–

brown soil is the parent material of black soil, which is

consistent with other scholars’ studies.

In addition, we compared the topsoil and underly-

ing black shale distribution patterns of North Amer-

ican shale and chondrite meteorites and found that the

distribution curves of the two were not parallel

(Fig. 6b). Therefore, it can be considered that the

parent material of black soil is not entirely derived

from black shale. Since selenium has a weak corre-

lation with rare earth elements, and black soil layers

and yellow–brown soil layers have a corresponding

material source, we believe that selenium in black soil

areas is greatly affected by the sedimentary environ-

ment and source of Se is not just the parent material,

but other sources as well. The La/Yb–REE diagram

(Fig. 6c) matches the genetic characteristics of some

rocks, so as to identify the characteristics of sediment

sources and provenance areas. In the figure of La/Yb-
P

REE, part of the samples in the study area fall into

the calcareous mudstone area of sedimentary rocks,

and also the parts falling into the granite area indicate

that the material source is mainly from the mixture of

calcareous mudstone and granite of sedimentary

rocks. The La/V versus Th/Yb (Fig. 6d) plot shows

parent material originates from a mixture of mafic and

felsic sources. Thus, the weathering of mudstone and

granite might be a source of soil Se (Rao et al. 2018;

Kumar et al. 2019).

A collection of 21 samples, assembled according to

depth for analysis purposes, was made in an exposed

section of shale in the study area in order to find the

source of selenium. The results showed that the Se

content in the shale at the bottom was 0.911 lg g-1

(Fig. S5), which was 2–4 times than that of the topsoil.

Many researchers have found that the majority of the

Se in the soil comes from black rocks, such as shale

and mudstone. Since selenium is not entirely from the

parent material, we speculate that selenium in black

soil comes from black shale and acquires secondary

enrichment in the black soil through weathering and

transportation.

The environmental factors favorable for selenium

enrichment in black soils

Principal component analysis (PCA) is a multivariate

statistical analysis technique that is used to analyze the

principal components of a composite system. This

method is mainly used to concentrate many control

Table 2 Statistical summary of REE content collected from Hailun City, Northeast

RREE RLREE RHREE LREE/HREE (La/Yb)n dEu dCe (La/Sm)n (Gd/Yb)n

Min 145.1 130.6 15.39 2.91 9.55 0.62 0.98 3.21 1.74

Max 209.2 191.9 21.25 3.84 14.35 0.72 1.22 4.60 2.07

Mean 164.6 148.3 17.54 3.20 10.78 0.68 1.11 3.64 1.88
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factors into a few variables; therefore, it is often used

in geochemical analysis. In this study, PCA was used

to identify potential influencing factors of Se. A PCA

has been performed, and the results are shown in

Fig. 7.

In this study, two principal components can be

divided, and the first principal component is largely

determined by the parent rock minerals, which are

active in soil with PC1 comprised of Se, Re—Se, Li,

Ti, Ca, Cr, Mg, K, Ca, Mg, and belongs to rock-

forming elements (Qiang et al. 2009), furthermore Li

and Ti are also a weak migration elements. The second

component contains C, N, P, SOL—Se, FMO—Se, the

EX—Se, and OM—Se along the PC2 vector axis.

Because of the positive correlation of C, N, and P

elements and depositional environment, it can be

concluded that PC2 represents the sedimentary envi-

ronment (climate, hydrological conditions, etc.) to a

large extent, and SOL-Se, FMO-Se, EX-Se, and OM-

Se are also positively correlated with PC2.

On the other hand, PC2 is composed of elements

that respond quickly to the environment and the four

forms of selenium, such as C, N, P, and a combination

of SOL-Se, FMO-Se, EX-Se, and OM-Se. And soil

which has a positive correlation with PC2 may be an

arid or semiarid region that may be subject to the

freeze–thaw action, wherein the long winter, very

week soil microbial activity considerable litter, and

plant residues all have difficulty quickly breaking

down. After one thousand years, it can form the thick

humus layer, and nutrients are easily accumulated.

According to the result of PCA, the element ratio

was used to indicate the sedimentary environment

indirectly. This ratio infers the environmental change

by analyzing the relative migration of the correspond-

ing elements. For example, the Fe/Mn ratio is based on

Fig. 6 a REE NASC distribution curve, b REE chondrite distribution curve, c La/Yb versus REE plot showing source rock feature, d
La/V versus Th/Yb plot showing relative contributions from the felsic- and mafic-type sources in sediments
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the sensitivity of REDOX conditions and a higher

value indicates stronger environmental reducibility;

this is due to the fact that ferric iron ions are more

easily oxidized than manganese ions. Ca/K values

represent lower and higher temperature values. The Sr/

Ca values indicate the salinity, which rises with the

increase in the value. Many studies show that Rb/Sr

values can elucidate the paleoclimate and a compre-

hensive environment C value. The results between Se

and selected environmental ratios are shown in Fig. 8

and Table S1. A significant positive relationship has

been observed between C and Sr/Ca (r = 0.885,

p\ 0.01) and between C and Rb/Sr (r = 0.856,

p\ 0.01). Contrarily, a significant negative

relationship has been distinguished between C and

Ca/k (r = 0.884, p\ 0.01). We can find in Fig. 8 that

C values show an overall increasing trend with the

increase in depth, indicating that the climate has

gradually become humid and the temperature has

gradually increased from top to bottom, i.e., from the

present to past eras. In addition, as can be seen from

the diagram, the comprehensive environmental C

value presented a notable negative correlation with the

change of the Se (r = 0.231, p\ 0.01), and each

section has a similarly changing trend, particularly at

HL05 and HL06 where the Se and integrated C change

trend is very comparable, suggesting that when the

climate changes into humid and higher temperatures,

Fig. 7 PCA biplot of soil variables for elected soils collected from Hailun City, Northeast (a 12 points testing Se species. b 160 point

excepting the nature profile)

Fig. 8 Mass of environment C value accumulation and depth profiles of C value in farmland and woodland
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the Se concentration steadily gets lower and vice

versa; this results in an effective enrichment process.

This result may be further supported by the relation-

ship between Se and Sr/Ca.

The XRD results (Fig. 9) determined that illite

content (It) at 0–40 cm was 12–69%, while illite

content at 60-100 cm was 7–12%. However, the

proportions of andreattite (I/S) increased consider-

ably. It has been published that illite was formed in dry

and cold climates, and when the climate gradually

increased in moisture and heat, the K? in illite was

lost, and montmorillonite was formed, which may

further form kaolinite and trihydrate. An increase in

I/S indicates that a climate gradually transitioned from

cold to warm. Therefore, we believe that the black soil

area was formed in the dry and cold climate, while

yellow–brown soil areas are formed in a moist and

warm climate. As can be seen above, Se mainly comes

from shale weathering and is enriched in the quater-

nary soil. In yellow–brown soil, however, due to a

damp climate, warmth, a stronger leaching effect, and

lower organic matter content, Se content is decreased.

Moreover, in black soil, because of low temperatures

and aridity in the climate results in higher organic

matter content and weaker microbial activity, thus Se

is adsorbed in organic matter and Fe/Al oxides.

Consequently, Se was preserved in the black soil.

The results are consistent with those shown by

geochemical indicators. Therefore, we believe that

the sedimentary environment can affect the migration

and enrichment of Se.

Conclusion

In our work, we analyzed soil samples from Hailun

city in order to understand Se distribution patterns,

origin, and favorable environmental factors. In the

study area, the total selenium content in the soil ranges

from 0.045 to 0.444 lg/g, with an average black soil

selenium content of 0.318 lg g-1, which is three

times higher than that found in yellow–brown soil

0.114 lg g-1. The land-use type had a significant

influence on the distribution of selenium in the black

soil. The results show that Se content possesses a

positive correlation with TOC and Fe. Most of the

cases are dominated by residual selenium, followed by

FMO-Se and OM-Se, including several points dom-

inated by FMO-Se. Moreover, Se and heavy metals

have a significant (positive and negative) correlation,

Fig. 9 Depth profiles of XRD value about petrogenetic mineral and clay mineral (a C: chlorite, K: kaolinite, It: illite, I/S:

illite/montmorillonite, S: smectite)
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in which TOC plays an important regulatory role.

According to REE analysis, there may be two sources

of selenium in black soil, with a small part of Se

coming from yellow–brown soil. Moreover, the anal-

ysis results of REE indicate that part of Se may be

derived from weathering shale, which was transported

to Quaternary sediments, resulting in a secondary

enrichment of Se. Further on this, weathering of

mudstone and granite may be a source of soil Se

according to REE results. It is found that the deposi-

tional environment has a certain influence on the

occurrence and migration of selenium and also, the

content of selenium is shown to change under different

conditions. That association is also supported by PCA

and XRD. Correlation analysis between selenium and

some environmental indicators can also be found. For

instance, under high temperature and humidity, sele-

nium content in soil will be reduced.

This paper proves that the study area is indeed rich

in selenium and emphasizes the influence of sedimen-

tary environment on selenium distribution which has

not been discussed in previous studies. In further

research, 14C and SEM should be added to further

understand the influence of the sedimentary

environment.
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