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Abstract Located in Yunnan province, China, Yang-

zonghai Lake is a fault-controlled highland lake where

arsenic concentration suddenly increased 20-fold in 2008,

which raised great environmental concerns. It is therefore a

nice prototype to study the natural and/or anthropogenic

influences on the arsenic geochemistry of the sediment in

highland lakes. In this study, lacustrine sediments were

recovered from the lake and the differences in the occur-

rence of arsenic between the surface (0–10 cm depth) and

sub-surface sediments ([20 cm) were investigated. The

arsenic distribution in the sub-surface sediment was in

accordance with the locations of springs, suggesting that

arsenic therein was affected by groundwater. The surface

sediment, however, was affected by human contamination

carried by Yangzong River. In the sub-surface sediment,

arsenic concentrations increased with pH values but

decreased with redox potentials. Higher grain sizes corre-

sponded to lower arsenic contents. Arsenic was strongly

positively correlated with Sb and Bi due to their similar

geochemical behaviors. In the surface sediment, however,

the human activities increased the arsenic concentration in

the sediment and weakened the correlations between

arsenic occurrence, pH/Eh values, grain size, and trace

metals. Although the average differences in the trace ele-

ment concentrations between surface and sub-surface sed-

iments over the entire Yangzonghai Lake were less than

15 %, the pairwise differences were statistically significant,

and the southern portion of the lake showed the greatest

anthropogenic influence. This research will provide

important information on the geochemistry and environ-

mental science of arsenic in fault-controlled highland

lakes.

Keywords Arsenic � Groundwater � Anthropogenic
influence � Highland lake � Correlation coefficient

Introduction

Arsenic is a serious environmental concern because of its

high toxicity and global occurrence in the environment. It

is ubiquitously present in soils, sediments, water bodies,

minerals, and organisms (Rieuwerts et al. 2014; Smedley

and Kinniburgh 2002). Arsenic can accumulate in soils and

sediments, and thus threaten the local environment

(Vaculı́k et al. 2013). Human beings who are chronically

exposed to high concentrations of arsenic through oral,

dermal, or respiration pathways may develop serious skin

lesions and the risk of cancers may be increased (Gunduz

et al. 2010; Melak et al. 2014). Studies on the behavior and

occurrence of arsenic in the environment therefore capture

global interest.

The sources of arsenic in the environment can be clas-

sified as either anthropogenic contribution or natural input.

Anthropogenic sources include combustion of fossil fuels
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(Galiulin and Galiulina 2011), and mining and smelting of

metal ores (Gonzalez-Fernandez et al. 2011; Otones et al.

2011). In addition, arsenic was widely used for producing

herbicides and pesticides, and these arsenic-bearing

chemicals will also contribute arsenic to the water bodies

and sediments (De Carlo et al. 2014; Savery et al. 2014,

Mandal and Suzuki 2002; Peryea and Creger 1994). Nat-

ural releases of arsenic from weathering and erosion of

arsenic-bearing minerals and rocks, hydrothermal inputs, or

volcanic eruptions (Lee et al. 2009; Petrini et al. 2011;

Smedley and Kinniburgh 2013) are also important sources

for arsenic in water and lacustrine sediment. For instance,

arsenic has a strong affinity for pyrite and therefore is

enriched in sulfide-bearing minerals (Nordstrom 2002).

These ubiquitously present minerals will release arsenic

into ambient environment if the pH and redox potentials

are changed (Nordstrom 2002; Smedley and Kinniburgh

2002). In many areas worldwide, the oxidation and disso-

lution of arsenian pyrite and arsenopyrite in the sediment,

associated with microbial processes, have caused high

arsenic contamination in adjacent water bodies (Basu and

Schreiber 2013; Biswas et al. 2011).

Many arsenic pollution events are primarily driven by

natural inputs rather than human contaminations. Bangla-

desh suffered serious arsenic pollution in groundwater

which threatened the health of millions of people. In

addition to human activities, scientists have reached

agreement that natural input was also responsible for the

arsenic contamination in the groundwater of Bangladesh,

which was mainly released from eroded Himalayan sedi-

ment via anaerobic reduction and dissolution of arsenic-

bearing minerals (Fendorf et al. 2010; Nickson et al. 1998;

Polizzotto et al. 2008). In Chianan Plain, Taiwan, high

arsenic pollution (10–180 lg L-1) in groundwater has

caused endemic Blackfoot disease and a number of internal

cancers (Chen and Liu 2007; Guo et al. 2014; Nath et al.

2008). The arsenic therein has been proven to be dissolved

from alluvial and deltaic sediments due to the strongly

reducing conditions with Eh values of -75 * -140 mV

(Guo et al. 2014; Sengupta et al. 2014). Geothermal input

of arsenic also caused arsenic pollution in some areas, such

as the Simav Plain, Turkey, where geothermal fluids

exhibited arsenic concentrations of higher than 590 lg L-1

(Gunduz et al. 2010).

As a result, arsenic pollution in groundwater was usually

associated with sediment and sediment served as a medium

to adsorb and release arsenic to and from water bodies.

Therefore, it is important to research the arsenic geo-

chemistry of lacustrine sediment. In pristine areas, arsenic

in the lacustrine sediment is strongly controlled by ambient

pH value, redox condition, sedimentation process, miner-

als, and so on (Fendorf et al. 2010; Halim et al. 2009;

Polizzotto et al. 2008; Selim Reza et al. 2010). First,

arsenic will be released from arsenic-bearing pyrite

(FeAsS) into groundwater under oxidizing conditions but

will be precipitated as arsenic sulfide in sediment under

reducing conditions (Couture and Van Cappellen 2011).

Arsenic speciation is affected by pH values, and lower Eh

values are needed to form reductive species if the pH

values are increased (Carbonell-Barrachina et al. 2000;

Smedley and Kinniburgh 2002). Second, oxide or

hydroxide minerals such as goethite can adsorb inorganic

arsenic from water. The decrease in grain size will usually

increase the adsorption ability because the specific surface

area and adsorption sites are enhanced (Canales et al. 2013;

Mirlean et al. 2012). However, the adsorption capacity will

be decreased with reduced redox potentials due to the

destruction of metal oxides and hydroxides (Erbs et al.

2010; Mandal and Suzuki 2002). Third, the competitive

adsorption between arsenate and other anions (e.g., phos-

phate, carbonate, silicate) on minerals will also affect the

release and adsorption of arsenic to and from water bodies

(Markley and Herbert 2010; Miao et al. 2012; Zhu et al.

2011). In addition, under some anaerobic conditions,

micro-organisms will oxidize As (III) or reduce As(V) and

thus change the speciation and mobility of arsenic in water

and sediment (Islam et al. 2004; Liao et al. 2011).

Yangzonghai Lake is a typical highland lake in Yunnan

province, China. It is the primary water source for agri-

culture, fishery, and drinking water for its surrounding

counties. In June 2008, arsenic concentration in the lake

water dramatically increased more than 20-fold from less

than 0.005 mg L-1 to higher than 0.1 mg L-1 (Wang et al.

2010). The adjacent residents and related agriculture were

strongly influenced by this arsenic pollution event (Liu

et al. 2012). Although the lake water has been treated by

precipitation and the arsenic concentration has been

decreased to original level (\0.01 mg L-1), the precipi-

tated arsenic in the sediment could be released into the

water body again if the microbial activity increased (Liu

et al. 2014). In addition, scientists have studied the

occurrence of arsenic in the lake water, sediments, and

organisms to assess the magnitude of arsenic contamina-

tion and tried to figure out the pollution sources. For

instance, Wang et al. (2010) investigated the As concen-

trations in the sediment, lake water, and aquatic organisms,

and assessed the risk of arsenic pollution of Yangzonghai

Lake. Zhang et al. (2010, 2012a, b) studied the concen-

trations of arsenic and related heavy metals (Pb, Cu, Cr,

Mn, and Zn) in the lake water and surface sediments, and

calculated the geoaccumulation indexes and anthropogenic

contributions of these heavy metals. These surveys indi-

cated that human activities have affected the surface sed-

iments with depth of 0–2 cm and the anthropogenic

influences decreased with the depth of the sediment. Qi

et al. (2010) studied the source and speciation of arsenic in
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the Yangzonghai lake water, and suggested that arsenic

was mainly pollution from a chemical factory. Wang et al.

(2005) reconstructed the environmental evolution of

Yangzonghai Lake using 210Pb and 137Cs dating and dia-

tom analyses. They found that the average sedimentation

rate of the lacustrine sediment was about 1.25 mm a-1, and

the coal-burning pollution started from 1960.

Previous studies focused on the arsenic pollution in the

lake water and the assessment of contamination level in the

lake water and sediments. The occurrence and geochem-

istry of arsenic in Yangzonghai Lake, however, have not

been fully understood because the correlations between

arsenic, heavy metals, and geochemical parameters (in-

cluding pH, Eh, and particle size) in the lacustrine sediment

were still unknown, while these correlations are critical to

understand the sources and behaviors (e.g., mobility) of

arsenic in the water bodies and sediments (Halim et al.

2009; Polizzotto et al. 2008). Furthermore, the effect of

anthropogenic influence on the occurrence and behaviors

of arsenic in the lake sediments was barely understood. In

this study, lacustrine sediment samples were collected from

Yangzonghai Lake using gravity-driven core sampler and

the samples were separated into sub-surface sediment

(depth[ 20 cm) and surface sediment (depth of 0–10 cm)

depending on the depth of the recovered samples. The

spatial distribution of arsenic, the correlations between

arsenic and pH, redox potential, grain size, and trace metals

in the surface and sub-surface sediments were investigated

and compared. Furthermore, the effect of human activities

on the occurrence and geochemical behaviors of arsenic

was assessed.

Field descriptions

The studied area—Yangzonghai Lake—is located in Yil-

iang county, Yunnan province, China, with geographical

location at longitude of 102�550–103�020 and latitude of

24�270–24�540 (Fig. 1). The nearly rectangular-shaped lake

has a length of about 12 km and width of 3 km and is a

natural fault-controlled freshwater lake, where the Xiao-

jiang fault developed along the north–south direction of the

lake. One major water supply for the Lake is groundwater,

which can be characterized by the ubiquitous occurrence of

various springs (important springs with large runoff are

marked on Fig. 1) around the lake. The groundwater has

been proven to be an important factor in determining the

elevation of water table and the quality of the lake water

(Wang et al. 2010). The major surface water input of the

lake is Yangzong River that flows through Yangzong town

and recharges water at the south of the lake. The main

output is Tangci Canal that runs through the Tangci town.

The major chemical industry was situated at the southwest

bank of the lake, which was supposed to have input large

amount of arsenic-containing wastewater into the lake (Qi

et al. 2010).

Sampling and methods

Sampling methods

The lacustrine sediment samples were collected by self-

made gravity-driven core sampler with inner diameter of

52 mm and length of 0.9 m during August 5th to August

12th, 2010. The sample sites were nearly evenly located on

the lake and the coordinates were recorded by a hand-GPS

(Tables S1, S2 in supplementary material; Fig. 1). The

recovered samples were separated into two or three parts

according to the length of the samples. The upper part with

depth of 0–10 cm, which in contact with the lake was

designated the surface section, and the lower part with

depth of [20 cm was designated as sub-surface sample.

The middle parts with depth of 10–20 cm were not used in

this study. If the recovered sediment core was longer than

30 cm, sediment with depth of 20–30 cm was designated

as the sub-surface section. On the contrary, only sediment

with depth of\10 cm was used as surface sediment if the

core length was lower than 20 cm. According to the pre-

vious study, the sedimentation rate of the lacustrine sedi-

ments in Yangzonghai lake was about 1.25 mm a-1.

Sediment at depth of 10 cm was formed at 1960s, and that

of 20 cm was formed at mid-nineteenth century (Wang

et al. 2005). In addition, the watershed of Yangzong river

and the counties surrounding the lake was undeveloped

before 1970s. Therefore, the sub-surface sediments with

depth of [20 cm should not have been subjected to

anthropogenic influence, while the surface samples may

have been affected by human activities.

To analyze the pH and Eh values of the sediment, the

pore water of each part was extracted by the commonly

used Rhizon sampling method as soon as the sediment

cores were recovered (Seeberg-Elverfeldt et al. 2005). The

pH and Eh values of the pore water samples were measured

immediately using a pH3110 (WTW) pH meter with

accuracy of ±0.005 for pH and ±1 mV for Eh values.

Analyses

The concentrations of As, Sb, Hg, Bi in the sediment samples

were analyzed by an AF-610A atomic fluorescence spec-

troscopy (AFS) (Beijing Rayleigh Analytical Instrument

Co., Beijing, China). The operation conditions were main-

tained as follows: negative high voltage of 270 V, atomizer

height of 8 mm,Ar flow rate of 300 mL min-1, lamp current

of 30 mA, 170 �C atomization temperature, and recording
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time of 18 s. The concentrations of Fe, K, Mn, Ca, Mg, Al

were determined by a SPECTRO XEPOS XEP01 X-ray

fluorescence spectrometer (XRF) (Spectro Analytical

instruments, Germany). The operation voltage and current

were maintained at 50 kV and 50 mA, respectively.

The Ag concentration was investigated by Inductively

Coupled Plasma—Atomic Emission Spectrometry (ICP-

AES) (JY ULTIMA 2C, Longjumeau, France) in a simul-

taneous mode. The operation conditions were: 1100 W of

output power, 18 L min-1 Ar flow rate, auxiliary Ar flow of

0.8 L min-1, 1 L min-1 nebulizer Ar flow, and nebulizer

pressure of 0.3 MPa. The contents of Pb, Zn, Ni, V, Cd, Co

were determined by a 7500ce inductively coupled plasma-

mass spectrometry (ICP-MS) (Agilent, USA) with opera-

tion conditions of 1350 W in RF Power, 6.0 mm of sam-

pling depth, 1.02 L min-1 carrier gas (Ar) and

4.5 mL min-1 Helium flow rate. Reagent blanks, duplicate

samples, and reference materials (Dorm-2, Dogfish muscle,

NRC, Canada) were used for quality controls. The esti-

mated errors of the analyses as relative standard deviation

were between 2 and 8 %.

The grain size distributions of the samples were ana-

lyzed using an LS 13 320 laser particle size analyzer

(Beckman Coulter, USA). About 1 g sample was mixed

with 20 mL deionized water, the mixture was then treated

with 10 mL 30 % H2O2 and 10 mL 1 mol L-1 HCl to

remove the impurities such as organic substances and

carbonate. The product was dispersed by 5 mL 0.5 mol

L-1 [NaPO3]6 solution and then was determined by the

laser particle size analyzer. The average particle size was

calculated and used in this study.

Statistical tests

The correlation coefficients among heavy metals in both

surface and sub-surface lacustrine sediments were calcu-

lated by SPSS 19.0 Windows version using Pearson cor-

relation coefficients with 2-tailed test of significance.

Paired t test was used to test the statistical significance of

differences in heavy metal concentrations between surface

and sub-surface sediments. The surface data without cor-

responding sub-surface values were discarded before the

statistical tests. The test was calculated by SPSS 19.0. The

df values for all elements were 55 and 2-tailed signifi-

cances were calculated. Wilcoxon signed-rank test was

used to investigate the statistical significance of the dif-

ferences in the correlation coefficients between As and

other elements in surface and sub-surface sediments. This

test was calculated by SPSS 19.0 and 2-tailed asymptotic

significance values were obtained.

Fig. 1 Geographical position

and geological setting of

Yangzonghai Lake. The black

stars show the locations of

recovered lacustrine sediment

samples. Spring A, B, and E are

normal springs that discharge

cold groundwater, while spring

C and D are thermal springs
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Results and discussion

Metal concentrations of the lacustrine sediment

The elemental concentrations of lacustrine sediment sam-

ples are shown in Table S1 (supplementary material),

Table S2 (supplementary material), and Fig. 2. Compared

with sub-surface sediments with depth of[20 cm, surface

sediment samples (0–10 cm) exhibited relatively higher

average concentrations of trace elements (e.g., As con-

centrations in the surface sediment, 19.95 mg kg-1, while

in sub-surface sediment 18.05 mg kg-1; Pb 38.74 mg kg-1

in surface and 37.26 mg kg-1 in sub-surface sediments)

with the exception of Mn. Although the differences in the

concentrations between surface and sub-surface sediments

were less than 15 %, the pairwise statistical tests suggested

that these differences were significant for most heavy

metals. As shown in Table 1, the 2-tailed p values obtained

from paired t test indicated that the differences in the

concentrations of As, Sb, Bi, Cd, Zn, Mn, and V between

surface and sub-surface sediments were extremely signifi-

cant with significance of\0.01; Hg and Co were significant

at 0.05 level, while Ag, Pb, Ni, and Fe were not statistically

significant. Therefore, except for Ag, Pb, Ni, and Fe, the

differences in the concentrations of all other heavy metals

(especially As) between surface and sub-surface sediments

were statistically significant and unlikely to be from the

result of measurement errors. As a result, the increase of

heavy metals in the surface sediments was most likely the

result of the enhanced accumulation of trace metals in

recent decades due to the fast development of agriculture

and industry in adjacent areas which delivered contami-

nants into the lake (Galal-Gorchev 1991). The low average

difference between the surface and sub-surface sediment

may be attributed to the short duration of anthropogenic

contamination, because while significant human activities

started from 1960s, the most rapid human activities have

occurred since the 1990s when many hotels, golf courts,

real estates, and industrial plants were established around

the lake (Yang et al. 2012). The concentration of Cd in the

surface sediment (0.68 mg kg-1) was 30 % higher than

that in the sub-surface sediment (0.52 mg kg-1), which

may be attributed to a very high input of Cd-bearing pes-

ticides or industrial wastewaters.

Although the average differences in arsenic concentra-

tions between surface and sub-surface sediment were less

than 15 %, the spatial distribution patterns of arsenic were

dramatically different. As shown in Fig. 3, the distribution

of arsenic in the sub-surface lacustrine sediment showed

Fig. 2 Differences of trace element concentrations and average grain

size between a sub-surface and b surface sediment samples. The

element concentrations and average grain size of all samples were

statistically calculated for mean values and standard errors

Table 1 Paired t test for the differences in the metal concentrations

between surface and sub-surface lacustrine sediments from Yang-

zonghai Lake

Elements t df p value (2-tailed)

As 2.670 55 0.010**

Sb 3.274 55 0.002**

Bi 6.201 55 0.000**

Hg 2.117 55 0.039*

Cd 5.040 55 0.000**

Ag 0.375 55 0.709

Pb 1.462 55 0.149

Zn 2.996 55 0.004**

Ni 1.619 55 0.111

Co 2.386 55 0.020*

Fe 1.060 55 0.294

Mn -3.272 55 0.002**

V 2.700 55 0.009**

The p values were calculated using metal concentrations in the sur-

face sediments as the first variable and that in the sub-surface sedi-

ments as the second variable

* Significant at 0.05 probability level

** Significant at 0.01 probability level
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two maximums according to the contour map. The first

appeared at the northeastern part of the lake with maximum

arsenic concentration of about 30 mg kg-1. It is accom-

panied by the appearance of cold spring A. The second was

located at the lower middle part of the west bank showing

maximum concentration of more than 28 mg kg-1. This

position is also in accordance with the appearance of a cold

spring E. Because of the good agreement between arsenic

concentrations and the appearance of cold springs, com-

bined with the fact that the sub-surface sediments should be

formed at about mid-nineteenth century that without sig-

nificant anthropogenic disturbance according to the sedi-

mentation rate of Yangzonghai lake sediment (Wang et al.

2005), we can conclude that arsenic in the sub-surface

sediment was mainly controlled by spring water, that is,

groundwater. Groundwater with high arsenic concentra-

tions has been found around the world (Nordstrom 2002). It

is usually associated with arsenic-rich sediments or min-

erals (Guo et al. 2014; Smedley and Kinniburgh 2002;

Welch et al. 2000). In Yangzonghai area, the cold springs

around the Lake are developed in arsenic-bearing strata

with arsenic concentrations of as high as 25 mg kg-1

(Table S3 in supplementary material). The arsenic in these

strata could be leached out by groundwater or be released

into groundwater if the redox or pH conditions were

changed (Al-Abed et al. 2007; Nickson et al. 2000). The

generated arsenic-rich groundwater can be subsequently

inputted into the lake and then precipitated into the sedi-

ment. This hypothesis can be substantiated by the source

sampling near the springs. As shown in Table S3 (sup-

plementary material), the onshore sediment and soil sam-

ples near spring A and E exhibited much higher As

concentrations than that near spring B and D; accordingly,

the As contents in the lacustrine sediments near spring A

and E were also significantly higher than that near spring B

and D. In addition, the geothermal water around Yang-

zonghai Lake could accelerate the leaching of arsenic from

the strata, which can be verified by the As concentrations in

the sinter of Spring C which even exceeded 200 mg kg-1

(Table S3 in supplementary material) (Ballantyne and

Moore 1988; Sengupta et al. 2014; Welch et al. 2000).

In the northern part of the lake, the distribution patterns

of arsenic in the surface and sub-surface sediments were

quite similar with analogous contour maps and comparable

arsenic concentrations. This indicates that the major

arsenic source and sedimentation processes in this area did

not change significantly and were still mainly controlled by

groundwater. In the southern part of the lake, however, the

spatial distribution of arsenic in the surface sediment

exhibited a totally different pattern than that of sub-surface

sediment. First, arsenic concentrations in the surface sedi-

ments near the west bank were decreased, and no maxi-

mum can be found near spring E. This phenomenon may be

attributed to the dramatically decreased groundwater out-

put of spring E. After the establishment of aluminum plant

in 1970s and the rapid development of real estate since

2000s, the groundwater has been massively utilized and the

flow rate of this spring has been greatly reduced. Second,

maximum arsenic concentration appeared in the southern-

most area of the lake, adjacent to the mouth of the Yang-

zong River. The maximum arsenic contents were up to

30 mg kg-1, significantly higher than that of sub-surface

sediment at this area (20 mg kg-1). These phenomena

should be ascribed to the influence of human activities.

Fig. 3 Arsenic distribution patterns in the a sub-surface and

b surface lacustrine sediment. c The distribution pattern of ratios of

surface to sub-surface arsenic concentrations. Surface water was

recharged into the southern lake via Yangzong River and outputted

from the north end via Tangci Canal
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Before 1970s, the Yangzong river watershed was unde-

veloped and the Yangzong River delivered fresh water with

little contaminant into the Yangzonghai Lake. Conse-

quently, arsenic in the sub-surface sediment in Yang-

zonghai Lake was mainly affected by groundwater. With

the fast development of agriculture and industry after

1970s, arsenic-bearing agricultural and industrial wastes

such as pesticides and mining wastewater were directly

poured into the Yangzong River and subsequently flowed

into the lake. The anthropogenic influences, combined with

groundwater, shaped the spatial distribution of As in the

surface lacustrine sediment. Because the lake is recharged

from the south end via Yangzong River and drained from

the north end through Tangci Canal, arsenic from human

contamination was concentrated at the southern end of the

lake. The arsenic pollution by the Yangzong river can be

further substantiated by the ratios of the surface to the sub-

surface As concentrations. As shown in Fig. 3c, high ratios

of [1.6 appeared at the mouth of the Yangzong river.

Although high ratios can also be found at the center of the

lake and near the spring D, both cases were largely

attributed to the low As concentrations in the sub-surface

sediments at these areas. Note that arsenic concentrations

in the surface sediment near the chemical industry (Fig. 1)

that was supposed to be the main source of arsenic con-

tamination did not show significantly higher values than

that in the sub-surface sediment, which may due to the

short pollution history because this phosphate fertilizer

plant started producing arsenic-bearing wastes only after

1996 (Table S3 in supplementary material). In addition,

another explanation could be that arsenic input from the

chemical industry was quite limited when compared with

that from the Yangzong River and groundwater.

Effects of pH and Eh

The pH and Eh values of some lacustrine sediment sam-

ples were also determined to assess the effects of pH and

Eh on the arsenic concentrations in the sediments. As

shown in Table S1 (supplementary material), Table S2

(supplementary material), and Fig. 4, both sub-surface

and surface sediments showed highly reducing and acidic

conditions with Eh values of less than -180 mV and pH

of lower than 5.6. The sub-surface sediment samples

exhibited relatively higher Eh but lower pH values than

that of surface sediments, which may be affected by the

changes in the acidity and redox conditions of the lake

water (Liu et al. 2011).

It is a consensus that the concentration and speciation of

arsenic are strongly affected by the ambient acidic and

redox environment (Yamaguchi et al. 2011) (Fig. 4b).

According to the arsenic speciation as functions of pH and

Eh values in aquatic systems (Smedley and Kinniburgh

2002), the major species of arsenic under high Eh values

are As(V) compounds while As(III) species are present

under reducing conditions. At even lower redox potentials,

arsenic may precipitate as sulfides such as FeAsS, As2S3,

and so on (Carbonell-Barrachina et al. 2000; Lee et al.

2005). On the other hand, pH value also plays an important

role in determining the arsenic concentration in lacustrine

sediment. First, the lower limits for the arsenic speciation

boundaries as a function of Eh decrease with increasing pH

values. Second, higher pH values will greatly reduce the

arsenic mobility in aquatic systems (Lee et al. 2009;

Mandal and Suzuki 2002; Nordstrom 2002). Third, arsenic

will be adsorbed by oxide minerals under acidic to neutral

conditions, and the adsorption capacity increases with pH

at values of 4–6 (Mamindy-Pajany et al. 2011). Based on

these assumptions, arsenic concentration in lacustrine

sediment will generally increase with pH values between 4

and 6 and decrease with redox potentials at extremely

reducing conditions.

In this study, the variations of arsenic concentration in

the sub-surface lacustrine sediment were consistent with

the above theories, such that the arsenic concentration

significantly increased with pH values and decreased with

redox potentials with correlation coefficients (R2) of 0.4900

and 0.4383, respectively. These results indicate that arsenic

in the sub-surface sediments of Yangzonghai lake was

affected by the ambient geochemical conditions (pH and

Eh), and the correlation between them was largely undis-

turbed due to lack of significant human activities. The

surface sediment, however, exhibited very weak correla-

tions (R2\ 0.025) between arsenic concentrations and pH/

Eh values, indicating that the occurrence of arsenic in the

surface sediment was largely not affected by ambient pH

and redox conditions. Considering the fast development of

adjacent areas and distorted arsenic distribution map in the

surface lacustrine sediment, human activities were proba-

bly responsible for the decreased correlations between

arsenic and pH/Eh values.

Influence of grain size on the accumulation

of arsenic

Generally speaking, arsenic concentrations in lacustrine

sediments are negatively correlated with the grain size of

the sediment due to the close relationship between grain

size and the adsorption capacity for arsenic (Devesa-Rey

et al. 2011; Kim et al. 2013). This ‘‘grain size effect’’ is

particularly important in stable lakes without significant

disturbances of groundwater or human activities. In this

study, the grain size effect played a minor role in deter-

mining the distribution of arsenic in the lacustrine sediment

of Yangzonghai lake. As shown in Fig. 5, both the surface

and sub-surface lacustrine sediments from Yangzonghai
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Lake showed similar particle size distributions with mean

values of about 20 lm (Fig. 2). Discarding the data with

grain size of larger than 60 lm which may cause bias

(Ackermann et al. 1983), arsenic concentration and particle

size of the sub-surface sediment showed a weak negatively

correlation with coefficient R2 of 0.1689. The correlation

coefficient of the surface sediment, however, was even

lower with R2 of only 0.0042, suggesting that the

anthropogenic influences further weakened the already

weak correlation between arsenic enrichment and grain

size.

Correlations between arsenic and other trace metals

As is usually correlated with other trace metals such as Fe,

Mn, Pb, and so on in lacustrine sediment (Gawel et al.

Fig. 4 a Comparisons on the Eh and pH values between a sub-

surface and b surface sediments; b aqueous Eh–pH system for the

lacustrine sediment samples; Arsenic concentration as a function of

pH values in the c sub-surface and d surface sediments; Arsenic

concentration as a function of redox potentials in the e sub-surface

and f surface sediments
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2014; Nickson et al. 1998). In this study, the correlations

among As and other trace metals including Sb, Bi, Pb, Cd,

Fe, V, and so on were calculated to investigate the coher-

ence among these elements. As shown in Table 2 and

Fig. 6, As was strongly positively correlated with Sb, Bi,

and Pb in the sub-surface lacustrine sediment with corre-

lation coefficients of higher than 0.5. The significant cor-

relations among these elements can be ascribed to the fact

that all these elements are chalcophile elements that are

closely associated with sulfides (Goldschmidt 1937;

Kiseeva et al. 2013). As exhibited weak correlations with

common anthropogenic contaminants such as Hg, Cd, and

Ag in the sub-surface sediment, suggesting that these ele-

ments were originated from different sources or

experienced different geochemical processes (Yao and Gao

2007). Zn, Ni, Co, Fe, Mn, and V showed strong correla-

tions among each other, because these elements have

similar geochemical characteristics and may form compa-

rable metal oxides or hydroxides. The weak correlations

between these elements and arsenic suggested that arsenic

in the sub-surface sediment was feebly associated with the

oxides or hydroxides that formed by these elements, which

is consistent with previous studies that As and Fe were

decoupled in groundwater and sediment in most arsenic-

rich areas of China (Guo et al. 2014).

The correlations among arsenic and other trace metals in

the surface lacustrine sediment from Yangzonghai Lake, as

shown in Table 3 and Fig. 7, exhibited analogous

Fig. 5 Variations of arsenic concentration as a function of average grain size of a sub-surface and b surface sediment from Yangzonghai Lake

Table 2 Correlations among As, Sb, Bi, Hg, Cd, Ag, Pb, Zn, Ni, Co, Fe, Mn, and V in the sub-surface lacustrine sediment samples from

Yangzonghai Lake

Elements As Sb Bi Hg Cd Ag Pb Zn Ni Co Fe Mn V

As 1

Sb 0.852** 1

Bi 0.689** 0.614** 1

Hg 0.159 0.229 0.131 1

Cd 0.138 0.473** -0.082 0.285* 1

Ag 0.088 0.167 0.110 -0.063 0.180 1

Pb 0.562** 0.544** 0.712** 0.004 0.082 0.571** 1

Zn 0.138 0.382** -0.240 0.038 0.700** 0.234 0.008 1

Ni 0.253 0.548** -0.060 0.106 0.847** -0.007 0.053 0.809** 1

Co -0.167 0.061 -0.485** -0.095 0.504** 0.071 -0.264** 0.844** 0.648** 1

Fe -0.099 0.147 -0.399** -0.054 0.554** 0.161 -0.102 0.871** 0.700** 0.961** 1

Mn -0.189 -0.062 -0.250 -0.148 0.172 0.362** 0.092 0.507** 0.201 0.603** 0.630** 1

V -0.124 0.175 -0.461** 0.025 0.728** 0.104 -0.184 0.876** 0.796** 0.924** 0.948** 0.491** 1

** Significant at 0.01 probability level

* Significant at 0.05 probability level
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characteristics with that in the sub-surface sediment.

Arsenic was most strongly associated with Sb, Bi, and Pb,

and showed weak correlations with other elements. A dif-

ference between surface and sub-surface sediments can be

seen in the correlation coefficients, such that the coeffi-

cients between As and Sb/Bi in the surface sediment were

lower than that in sub-surface sediment, while the corre-

lation between As and Pb was slightly higher. The corre-

lations among Zn, Ni, Co, Fe, Mn, and V in the surface

sediment were much lower than that in the sub-surface

sediment. In addition, As and Bi showed enhanced nega-

tive correlations with Co, Fe, Mn, and V. Statistical tests

suggested that the differences of the correlations between

As and other elements in the surface and sub-surface sed-

iments were significant. Because the correlation coeffi-

cients were abnormally distributed, we used Wilcoxon

signed-rank test, which gave the results that Z = -2.354

and 2-tailed asymptotic significance of 0.019. In addition,

Fig. 6 Correlations between arsenic and other trace elements including a Sb, b Bi, c Pb, d Cd, e Fe, and f V in sub-surface lacustrine sediment

samples
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if we only assess the differences in the correlations

between As and (Sb, Bi, Hg, Cd, Zn, Mn, Co, and V)

because the differences in the concentrations of Ag, Pb, Ni,

and Fe were not statistically significant between surface

and sub-surface sediments, we obtained similar results with

Z = -2.243 and asymptotic significance of 0.025. There-

fore, the significant differences in the correlation coeffi-

cients between surface and sub-surface sediments can

probably be ascribed to the enhanced anthropogenic

influences in the surface sediment rather than measurement

errors. First, arsenic input from human activities diluted the

non-anthropogenic geochemical associations among As,

Sb, and Bi and therefore weakened the correlations among

these elements. The correlations between As and (Zn, Ni,

Co, Fe, Mn, and V) were disturbed for the same reason.

Second, both As and Pb are common ingredients in many

industrial and agricultural products such as pesticides

(Peryea and Creger 1994; Bissen and Frimmel 2003). The

enhanced anthropogenic activities in recent decades appear

to have increased the correlations between As and Pb in the

surface sediment.

Conclusion

In summary, arsenic occurrence in the lacustrine sediments

from a highland fault-related lake—Yangzonghai Lake—

was studied and the differences between surface and sub-

surface sediments were investigated in this study. The

spatial distribution of arsenic in the sub-surface sediment

was consistent with the locations of cold springs, sug-

gesting that the occurrence of arsenic in pre-industrial

sediment was mainly controlled by groundwater. Arsenic

concentrations in the sub-surface sediment increased with

pH values but decreased with redox potentials, while larger

average grain size resulted in lower arsenic concentrations.

Arsenic was strongly positively correlated with Sb, Bi, and

Pb, but weakly associated with Zn, Ni, Fe, and Mn. Arsenic

in the surface sediment was affected by human activities

associated with the rapid development of adjacent areas in

recent decades. The anthropogenic influences distorted the

distribution of arsenic in the surface sediment and weak-

ened the correlation between arsenic and pH/Eh values,

grain size, and other trace metals. Although the overall

differences in trace element concentrations between sur-

face and sub-surface sediments were less than 15 %,

pairwise comparisons were strongly statistically signifi-

cant. The major anthropogenic input was the Yangzong

River, as shown by the contour map of arsenic distribution

in the surface sediment, with higher As concentrations in

the surface sediment near the mouth of the Yangzong

River. Currently, the sediment chemistry in the northern

part of the lake does not appear to have been disturbed by

human activities. This study investigated the natural and

anthropogenic sources of arsenic in Yangzonhai Lake and

will help the local government for policy making. In the

near future, the occurrence of arsenic in the geological

bodies around Yangzonghai Lake will be investigated and

Table 3 Correlations among As, Sb, Bi, Hg, Cd, Ag, Pb, Zn, Ni, Co, Fe, Mn, and V in the surface lacustrine sediment samples from

Yangzonghai Lake

Elements As Sb Bi Hg Cd Ag Pb Zn Ni Co Fe Mn V

As 1

Sb 0.717** 1

Bi 0.524** 0.424** 1

Hg -0.006 0.176 0.195 1

Cd 0.181 0.323** 0.355** 0.516** 1

Ag 0.123 0.159 0.265* 0.073 0.431** 1

Pb 0.583** 0.564** 0.731** 0.175 0.229 0.381** 1

Zn 0.022 0.182 0.017 0.312* 0.735** 0.549** -0.014 1

Ni -0.102 0.314* -0.244 0.399** 0.410** 0.085 -0.184 0.542** 1

Co -0.278* -0.087 -0.458** -0.016 0.188 0.171 -0.479** 0.636** 0.547** 1

Fe -0.174 0.009 -0.431** -0.083 0.079 0.142 -0.374** 0.550** 0.553** 0.912** 1

Mn -0.200 -0.142 -0.304* -0.125 0.059 0.374** -0.244 0.581** 0.205 0.707** 0.747** 1

V -0.318* -0.058 -0.484** 0.149 0.252* 0.152 -0.447** 0.647** 0.658** 0.906** 0.924** 0.693** 1

** Significant at 0.01 probability level

* Significant at 0.05 probability level
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the detailed trace element correlations will be studied to

unveil the trace element geochemistry of this fault-con-

trolled highland lake.
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