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Abstract To study the distribution, sources and enrichment

factors of groundwater As in the Shihezi area in Xinjiang,

China, 19 indexes in 23 groundwater samples were tested

and analyzed with a control area of 1611 km2. Results

showed that As concentrations ranged between non-detected

and 49.1 lg/L with an average of 11.0 lg/L. Among all the

samples, 34.8% of which had As concentrations greater than

10 lg/L, according to ‘‘Standards for Drinking Water

Quality (GB5749-2006)’’. Groundwater As showed a sig-

nificant spatial distribution. High-As groundwaters ([10 lg/

L) were mainly distributed in the confined groundwater in

the northern part of the study area. Arsenic concentrations in

the deep confined groundwater were higher than that in the

shallow confined groundwater due to mixed exploitation of

groundwater in confined groundwater region and overex-

ploitation of deep groundwater in the Shihezi area. The

hydrogeochemical type of groundwater changed from

HCO3�SO4–Ca�Na in the southern piedmont zone to

HCO3�SO4–Na in the northern fine soil plain. High-As

groundwater generally occurred under weakly alkaline and

reducing conditions with dominant hydrogeochemical type

of groundwater of HCO3�SO4–Na. Groundwater As mainly

derived from As-containing minerals in the coal seam of the

southern mountain and the extensive use of As-containing

pesticides in agricultural areas. Enrichment of groundwater

As was mainly influenced by climate, geological settings

and hydrogeochemical characteristic. In the transition zone

of oasis and desert in the north of study area, intensive

evaporation of groundwater promoted the enrichment of As

in shallow groundwater. In the confined groundwater area in

the northern part of the study area, relatively weak

groundwater runoff and reducing environment may con-

tribute to groundwater As enrichment in confined aquifers.

In addition, high pH values and high F- concentrations in

the groundwater may contribute to the enrichment of

groundwater As, while TDS, total Fe and Mn concentrations

of groundwater had little effect on As enrichment in the

study area. Two confined groundwater flow paths were

selected in the study area. Inverse geochemical modeling

was performed using PHREEQC. The results showed that

As-containing realgar dissolved in groundwater, indicating

that realgar was the major mineral source of groundwater

As. The dissolved amount of realgar along deep confined

groundwater flow path was higher than that along shallow

confined groundwater flow path, indicating that the con-

centrations of As dissolved in deep confined groundwater

were higher than that in shallow confined groundwater.

Meanwhile, dissolution of fluorite in groundwater caused the

increase in groundwater F-, which further confirmed that

groundwater As and F- had a positive correlation.
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Introduction

Groundwater As contamination is harm to environment and

human health, which attracted broad concern over public

health (Polya 2010). As a common element, As is widely

found in the air, soil and water, and As contents in the crust

ranged between 2 and 5 mg/kg (Smedley and Kinniburgh

2002). Arsenic can bond to metallic or nonmetallic sub-

stances forming organic or inorganic arsenide (Wang and

Mulligan 2006; Feng et al. 2009). Under natural conditions,

As can release to the environment through oxidation,

reduction and desorption of As-containing compounds.

Once entering the groundwater, the released As can cause

enrichment of As concentrations and deterioration of

groundwater quality (Liu et al. 2013). Groundwater with

As concentrations greater than 10 lg/L is considered as

high-As groundwater, according to the World Health

Organization (WHO) drinking water standards.

Arsenic is an essential trace element to human health

which can boost metabolism, smooth skin and circulate

blood with extremely low As concentration (Mayer et al.

1993). In the meantime, As is also toxic (Kar et al. 2011).

When accumulated to a certain level in human body, As

can be harmful to human health. Long-term intake of high-

As groundwater will cause arseniasis, with the symptoms

of skin depigmentation, tinting and keratosis, even anemia,

jaundice, cirrhosis, skin cancer and respiratory tract cancer

(Joseph et al. 2015a; Cozzarelli et al. 2016). High As in

groundwater has been found in many parts of the world

(Chauhan et al. 2011; Kim et al. 2012). China is one of the

largest countries suffering from high-As groundwater in

inland basin in arid and semiarid continental climate (Guo

et al. 2008; Herath et al. 2016). Based on the risk evalua-

tion model, there are about 20 million residents in China in

risk of high-As groundwater (Rodrı́guez-Lado et al. 2013).

Natural As mainly comes from geological environment

(soil, rocks, mineral deposit) (Herath et al. 2016). Influenced

by natural processes and human activities, As can release to

the environment (Smedley and Kinniburgh 2002). Arsenic in

rocks derives from As-containing minerals (arsenic sulfide,

arsenic trioxide, polymetallic arsenic compounds), while soil

As mainly comes from rock weathering. Arsenic is widely

distributed in all types of waters with generally low con-

centrations but fluctuate greatly depending on different

geological settings. Weathering, biological effect and vol-

canic eruption are the main natural sources of As in water

and soil (Zhao et al. 2010). Human activities, such as min-

ing, consuming of fossil fuel, use of As-containing pesti-

cides, wood anticorrosion and chemical processing, may

lead to As contamination in water and soil (Wang and

Mulligan 2006; Joseph et al. 2015b). However, massive

groundwater As abnormality is usually considered to be a

result of natural forces (Keshavarzi et al. 2011). Migration,

transformation, release and enrichment of groundwater As

are closely correlated with geological settings, sedimentary

environment and hydrochemical characteristics (McArthur

et al. 2004; Guo et al. 2013; Shah 2015). Governments and

the public over the world have aroused great concerns on

groundwater As abnormality (Zhang et al. 2013). Many

countries and regions including China have made great

efforts to study the pathology and toxicology of endemic

arsenism, as well as the mechanism of high-As groundwater

in affected areas (Krishna et al. 2001).

The Shihezi area is located in the center of the northern

slope economic zone of Tianshan Mountains in Xinjiang

Uygur Autonomous Region (referred to as ‘‘Xinjiang’’). It

is an important area on the Silk Road Economic Belt which

connecting China with Central Asia, South Asia, Eastern

Europe and other countries. It also plays an important role

in the construction of Xinjiang and the Silk Road Eco-

nomic Belt (Li et al. 2015a, b). Located in the inland arid

region in the northwest China, there is a lack of water

resources in the Shihezi area (Li 2016). Groundwater is an

important part of water resources and essential to human

life, and groundwater quality deterioration may inhibit the

development of social economy (Li et al. 2013). Pang et al.

(2010) found that environmental entropy of groundwater

As in the Shihezi area increased annually, indicating a

deterioration trend of groundwater quality with urbaniza-

tion, which will further aggravate the imbalance between

supply and demand of water resources. It is essential to

carry out groundwater As research in order to ensure

drinking water safety and rational exploitation of ground-

water resources in Shihezi area. However, there are little

previous studies on groundwater As in this area. Our

research studied the distribution and enrichment factors of

groundwater As in the Shihezi area. Two groundwater flow

paths were selected to perform inverse geochemical mod-

eling to reveal the migration and enrichment of ground-

water As. It can provide theoretical basis for solving

endemic arsenism, As removal technology and reasonable

exploitation of groundwater resources, which is of great

practical significance to promote social and economic

development and ecological and environmental protection

in the Shihezi area.

Study Area

Location and Climate

The Shihezi area (E85�450 * E86�200, N44�100 * N45�000)
is located in the middle of northern piedmont of Tianshan

Mountains and to the southern of Gurbantunggut Desert in
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Xinjiang, covering an area of 7529 km2. It has a continental

arid climate with annual average temperature range between

7.5 and 8.2 �C, sunshine duration between 2318 and 2732 h,

frostless period of 147–191 days. The annual evaporation

(range between 1000 and 1500 mm) is about 6 times of

annual precipitation (range between 180 and 270 mm). The

precipitation decreases from south to north, while the evap-

oration increases from south to the north (Dong et al. 2013).

Hydrogeological Settings

The Shihezi area is composed of Tianshan Mountains,

piedmont hilly area, piedmont inclined plain, alluvial-

proluvial plain and eolian desert from south to north. The

desert in the north is rich in petroleum, and the mountain

area in the south has coal mines. The Shihezi area (high in

the south and low in the north) has an average altitude of

451 m. The aquifer in the study area is a Quaternary gravel

layer. Sedimentary thickness is controlled by the basement

with thickness of around 1200 m near piedmont depression

belt and decreased to about 400 m to the north with the

uplifting of the base. According to the previous data, the

Quaternary aquifer in the study area is comprehensively

divided by lithological characteristics. The Lower Pleis-

tocene (Q1) is mainly constituted of sand and gravel,

sandwiched with silty sand and silt. The Middle Pleis-

tocene (Q2) is the glaciofluvial deposit and alluvium, the

piedmont is mainly constituted of sandy gravel and pebble

gravel, while the plain is mainly constituted of silt, silty

clay and sandy gravel. The Upper Pleistocene (Q3) is

alluvial-pluvial deposit which is mainly consist of pebble

and gravel with the upper part generally covered with silt

layer. The Holocene Series (Q4) is alluvial-pluvial deposit

mainly consist of loose pebble, gravel, sand and silt

(Fig. 1) (Duan et al. 2007; Li et al. 2015a, b). The Shihezi

area is demarcated by the Urumqi-Yili highway, the south

of which is a piedmont plain with single unconfined aquifer

(buried depth of unconfined groundwater range between 15

and 80 m), while the north is a multilayer confined aquifer

with unconfined aquifer and shallow confined aquifer dis-

tributed at depth\100 m and deep confined aquifer mainly

distributed at depth [100 m (where multilayer confined

groundwater and artesian water are distributed) (Zeng et al.

2016).

There are five rivers, namely the Manas River, the

Ningjia River, the Jingou River, the Taxi River and the

Hutubi River, located in the study area. These rivers are

recharged by meltwater, precipitation and bedrock fissure

water with small interannual variation. Originated from

mountain area, rivers runoff and dissipate in the plain area

and finally disappear in Gurbantunggut Desert.

The main recharge sources of groundwater in this area

are the leakage of river water and canal water. Besides, the

infiltration of irrigation water, plain reservoirs water and

precipitation are the recharge sources. Groundwater runs

off from south to north which is related with the lithology.

From south to north, with decreased aquifer particles size

and water permeability, the runoff is inhibited. The major

discharge sources of groundwater are spring water over-

flow, evaporation and transpiration, artificial exploitation,

spring water overflow and lateral outflow.

Materials and Methods

Groundwater Samples Collection and Preservation

Twenty-three groundwater samples (five unconfined

groundwater samples, eight shallow confined groundwater

samples and 10 deep confined groundwater samples) were

collected in August 2014 (Fig. 2), which mainly distributed

in the plain of the Shihezi area with the control area of

1611 km2. The depths of the sampling wells ranged

between 20 and 300 m. Samples collection, preservation

Fig. 1 Regional

hydrogeological cross section

from south to north in the

Shihezi area (Zeng et al. 2016)
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and detection were performed in strict accordance with

China’s Technical Specifications for Environmental Mon-

itoring of Groundwater (HL/T164-2004).

Water samples were filtered with 0.45 lm disposable

filter membranes to remove most colloids and particles.

Water samples for major cations and trace elements anal-

ysis were collected in 100 mL polyethylene bottles washed

by HNO3 and acidified with 1:1 HNO3 to pH\2. Samples

for anions analysis were filtered without addition of any

reagents.

Quality Control and Groundwater Samples Analysis

Strict quality control was taken during field sample col-

lection and laboratory determination. The purpose of

quality control of field sample collection is tracking errors

and distorted data, which can help to improve measure-

ments when dealing with inacceptable sample collection

and error analysis, confirm the data correctness, and pro-

vide uncertainties of sample collection and measurement in

results analysis. The samples were preserved at low

Fig. 2 Location of groundwater

sampling points and distribution

of groundwater As in the

Shihezi area
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temperature (4 �C) using incubator and ice before trans-

ported to the laboratory for analysis. Besides, field blank

samples, blank samples with addition of standard samples

and duplicate samples were used for sampling reliability

assessment.

Groundwater samples analysis was carried out accord-

ing to Technical Specifications for Environmental Moni-

toring of Groundwater (HL/T164-2004) by the Mineral

Water Testing Center of Institute of Hydrogeology and

Environmental Geology, Chinese Academy of Geological

Sciences. Four indexes including pH values, water tem-

perature, oxidation–reduction potential (ORP) values and

electrical conductivity (EC) were measured in the field;

fifteen inorganic indexes (K?, Na?, Ca2?, Mg2?, Cl-,

SO4
2-, HCO3

-, NH4
?, NO3

-, NO2
-, total dissolved solids

(TDS), total Fe (TFe), Mn, As and F-) were measured. The

pH values were measured using portable digital pH meter

MT-8060 (Kady). Water temperature and ORP values were

measured using pen-type ORP/temperature meter YSI

ORP15A (Zhong Heng Ri Xin). EC was measured using

pen-type EC meter 5021 (Ying Ao). As, F-, TFe and Mn

were determined using Inductively Coupled Plasma

Atomic Emission Spectrometer (ICP-AES) (iCAP 6300,

Thermo Fisher Scientific) with As detection limit of

0.5 lg/L. NH4
?, NO3

-, and NO2
- were measured using

Ultraviolet Spectrophotometer UV2550 (Shimadzu). Major

cations (K?, Na?, Ca2?, Mg2?) and anions (SO4
2-, Cl-)

were analyzed using Ion Chromatograph ICS1500 (Dio-

nex). HCO3
- was detected with titration method.

The anions and cations balance test method was used to

test the reliability of the groundwater samples data by

calculating percent charge balance errors (%CBE)

according to formula (1) (Li et al. 2014a, b):

%CBE ¼
P

cations�
P

anions
P

cationsþ
P

anions
� 100% ð1Þ

where all cations and anions are expressed in meq/L.

Physiochemical analysis with % CBE\±5% is reliable.

The %CBE of the anions and cations of water samples in

our study area were -3.12 * 3.16%, respectively, indi-

cating that all the data were reliable.

Groundwater As concentrations are shown in Table 1.

Table 1 Groundwater As concentrations in different aquifers

Serial number Samples no. Coordinates Well

depths (m)

Groundwater types Hydrochemical types As (lg/L)

Longitude Latitude

1 W5 85�50022.100 44�14018.700 200 Unconfined groundwater HCO3�SO4–Ca�Na 1.6

2 W12 86�05015.100 44�20015.500 20 HCO3�SO4–Ca�Mg 0.7

3 W43 86�03035.000 44�16035.000 80 HCO3�SO4–Ca�Mg�Na \0.5

4 W60 85�50048.500 44�18047.600 50 HCO3�SO4�Cl–Ca�Na 1.7

5 W68 86�04023.400 44�17031.100 140 HCO3�SO4–Ca�Mg 0.5

6 S03 86�00003.500 44�23049.800 80 Shallow confined groundwater HCO3�SO4–Ca�Na 3.4

7 W15 86�02038.000 44�23013.000 20 SO4�HCO3�Cl–Ca�Mg \0.5

8 W16S 86�01048.600 44�21055.600 19 SO4�HCO3–Ca�Mg \0.5

9 W20 86�00008.000 44�26048.500 80 HCO3�SO4–Na�Ca 3.3

10 W28S 86�09009.100 44�38015.900 46 SO4�Cl–Na 6.5

11 W59 85�49038.600 44�45047.000 50 HCO3�SO4–Na�Ca 13.6

12 W61 86�00020.700 44�20036.900 30 SO4�HCO3–Ca�Mg�Na \0.5

13 W66 85�46012.500 44�38045.500 45 SO4�Cl–Na 11.5

14 W16D 86�01048.700 44�21056.000 200 Deep confined groundwater HCO3�SO4–Ca�Na 2.2

15 W28D 86�08039.100 44�38019.100 200 HCO3�SO4–Na 14.4

16 W32 86�14057.000 44�47006.000 200 HCO3�SO4�Cl–Na 37.5

17 W33 86�17004.300 44�50039.200 200 HCO3�Cl�SO4–Na 49.1

18 W47 85�56022.000 44�29045.000 200 HCO3�SO4–Na�Ca 4.6

19 W52 85�54017.900 44�35006.400 300 HCO3–Na�Ca 7.4

20 W62 86�05044.600 44�35035.300 200 HCO3�SO4–Na 22.2

21 W64 86�20004.200 44�50009.600 200 HCO3�SO4�Cl–Na 40.9

22 W65 86�11055.300 44�56042.900 200 Cl�HCO3�SO4–Na 25.0

23 W67 85�56025.800 44�31004.200 200 HCO3�SO4–Na�Ca 5.4
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Results and Discussion

Hydrochemical Characteristics

Groundwater As is closely related to hydrochemical envi-

ronment represented by major ions, and fifteen main

hydrogeochemical parameters were analyzed statistically

(Table 2).

The pH values ranged between 7.27 and 9.30, with an

average of 8.41, which indicated a weak alkaline envi-

ronment. Total dissolved solids (TDS) values ranged

between 130 and 1006 mg/L with an average of 365 mg/L.

Total hardness (TH) values ranged between 8.6 and

692.8 mg/L with an average of 161.2 mg/L. Oxidation–

reduction potential (ORP) values ranged between -0.4 and

194.1 mV with an average of 72.3 mV.

The concentrations of cations in groundwater ranged

from 16.3 to 182.4 mg/L (Na? ? K?), from 2.3 to

197.3 mg/L (Ca2?) and from 0.5 to 48.2 mg/L (Mg2?),

respectively, with the average concentrations in descending

order as Na? ? K?[Ca2?[Mg2?. As for anions, the

concentrations of Cl-, SO4
2- and HCO3

- ranged from 5.5

to 153.4, 21.8 to 409.6 and 90.7 to 360.0 mg/L, respec-

tively, with the average concentrations in descending order

as HCO3
-[ SO4

2-[Cl-.

As common trace elements in groundwater which are

important for human health, the upper limit for As and F-

in groundwater are 10 and 1.0 mg/L, respectively,

according to the ‘‘Standards for Drinking Water Quality

(GB5749-2006)’’. Results showed that As concentrations

ranged between non-detected and 49.1 lg/L with an

average of 11.0 lg/L and that F- concentrations ranged

between 0.1 and 1.5 mg/L with an average of 0.6 mg/L.

Hydrochemistry Types of Groundwater

Groundwater hydrochemistry types in the study were

classified with the Shug Kalev classification method.

According to major ion types (six major types in ground-

water, with K? combined to Na?, and CO3
2- combined to

HCO3
-) and TDS, anions and cations with concentrations

over 25% mmol are combined to classify water types. Each

Table 2 Statistical analysis of

major hydrogeochemical

parameters (n = 23)

Parameters Minimum Maximum Mean Median SD Coefficient of variation

As (lg/L) \0.5 49.1 11.0 4.6 14.4 1.3

pH 7.27 9.30 8.41 8.35 0.59 0.1

ORP (mV) -0.4 194.1 72.3 84.7 52.6 0.7

TDS (mg/L) 130 1006 365 242 256 0.7

TH (as CaCO3) (mg/L) 8.6 692.8 161.2 94.7 196.1 1.2

Na? ? K? (mg/L) 16.3 182.4 64.9 43.8 53.5 0.8

Ca2? (mg/L) 2.3 197.3 45.1 24.8 57.1 1.3

Mg2? (mg/L) 0.5 48.2 11.6 5.2 13.3 1.1

Cl- (mg/L) 5.5 153.4 45.7 51.2 46.5 1.0

SO4
2- (mg/L) 21.8 409.6 110.8 61.5 113.6 1.0

HCO3
- (mg/L) 90.7 360.0 147.0 108.3 72.7 0.5

NO3
- (mg/L) \0.2 41.1 6.2 1.6 10.2 1.6

F- (mg/L) 0.1 1.5 0.6 0.5 0.4 0.7

TFe (mg/L) \0.01 0.4 0.1 0.0 0.1 1.0

Mn (mg/L) \0.003 0.18 0.02 \0.003 0.05 2.1

Fig. 3 Piper trilinear diagram of groundwater samples in the Shihezi

area
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water type represented the natural water formed in specific

environment (Li et al. 2013; Li et al. 2014a, b).

Leaching was the dominant hydrogeochemical process

in southern piedmont zone with HCO3�SO4–Ca�Na type as

the main hydrogeochemical type (Fig. 3). In the northern

plain area, the dominant hydrogeochemical processes were

evaporation and concentration with HCO3�SO4–Na type as

the major hydrogeochemical type. High-As groundwater

([10 lg/L) were mainly distributed in confined aquifers

with the major hydrogeochemical type of HCO3�SO4–Na

type (Fig. 3).

Distribution of Groundwater As

The average As concentration in 23 groundwater samples

was 11.0 lg/L with the maximum of 49.1 lg/L. High-As

groundwater accounted for 34.8% of the total samples.

(1) Horizontal distribution of groundwater As

Groundwater samples with As concentrations\10 lg/L

were distributed in the southern piedmont gobi zone.

Groundwater had relatively higher As concentrations in the

discharge area (near the northern desert area) than that in

the recharge area (in the piedmont gobi zone). The con-

centrations of groundwater As increased gradually with

reduced runoff and leaching and intensive evaporation

concentration.

(2) Vertical distribution of groundwater As

The depths of the sampling wells ranged between 20 and

300 m bls. There were eight samples with As concentra-

tions [10 lg/L, which were distributed in confined

groundwater (25.0% distributed in shallow confined

groundwater and 75.0% in deep confined groundwater).

Vertically, As concentrations in deep confined groundwater

(ranged between 14.4 and 49.1 lg/L with an average of

31.5 lg/L) were higher than that in shallow confined

groundwater (11.5 * 13.6 lg/L, average 12.6 lg/L)

(Fig. 4). Based on the confined groundwater quality data

determined in May 2016 from the multilayer monitoring

well located in the northern study area of the 149th Regi-

ment, eighth division of Xinjiang Production and Con-

struction Corps (refer to XJ23 in Fig. 2), As concentrations

were\10 lg/L in shallow confined groundwater at depths

between 60 and 100 m, while that was 16 lg/L in deep

confined groundwater at depth of 280 m. It further indi-

cated that As concentrations in deep confined groundwater

were higher than that in shallow confined groundwater

(Smedley and Kinniburgh 2002).

There were two causes account for the As concentra-

tions in deep confined groundwater higher than that in

shallow confined groundwater in the Shihezi area. One was

that less human activities in the single unconfined aquifer

in the gravel belt in southern piedmont gobi contributed to

less effect on groundwater As contamination. The other

was that mixed exploitation of groundwater (confined and

unconfined groundwater at different depths were exploited

simultaneously) may lead to the recharge of inferior

groundwater from unconfined aquifers to confined aquifers

through side-wall infiltration. It may cause the transfer of

groundwater As into deeper aquifers and the increase in

groundwater As in confined aquifers (Luo 2008). Mean-

while, due to overexploitation of deep groundwater in some

areas in Shihezi, there was a deep groundwater falling

funnel caused by significant drop of deep groundwater

level (Wu 2007). It would increase the difference of water

level between deep and shallow groundwater, causing the

leakage recharge from contaminated sallow groundwater to

deep groundwater (Tamea and Butera 2014). The recharge

of As contaminated groundwater transferred to deeper

aquifers and caused the intensified As contamination in

deep confined groundwater.

Sources of As

Groundwater As in the Shihezi area derived from natural or

anthropogenic sources. Honggou coal mine, Xiaogou coal

mine, etc., were distributed in the southern part of the

mountain area. Arsenic occurred as sulfide-binding species

in As-riched coal seam (Luo et al. 2005; Kang 2014). Under

natural conditions, As adsorbed on arsenide may be released

into the groundwater due to the change of redox conditions

(Camm et al. 2004). Therefore, the coal seam in the south of

the Shihezi Area was one of groundwater As sources.

Besides, as the Shihezi area is an important agricultural

production base in Xinjiang, extensive use of As-contain-

ing pesticides can lead to As accumulation in soil (Wang

et al. 2016). It was recognized that As-containing pesti-

cides including lead arsenate, copper arsenate, ferric arse-

nate and calcium arsenate (Pelley 2005) were the major

arsenical compounds used in agriculture (Delistraty and

Fig. 4 Vertical distribution of groundwater As in the Shihezi area
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Yokel 2014; Zhou et al. 2016). Long-term excessive use of

As-containing pesticides would lead to migration and

accumulation of most As into soil (Solgi et al. 2012).

Although government issued documents on phasing out

As-containing pesticides in China in 1970s, large agricul-

tural areas contaminated by years of As-containing pesti-

cide application still exist (Li et al. 2016). Wen et al.

(2015) analyzed 200 arable soil samples in Shihezi recla-

mation area in 2013 and found that arable soils had As

contents between 3.41 and 31.1 mg/kg, with an average of

13.5 mg/kg, standard deviation of 5.79 mg/kg and varia-

tion coefficient of 0.43. The average As content was

comparable to the background value of soil As in Xinjiang

(11.2 mg/kg). It demonstrated that high-As soil was the

source of groundwater As in this area. Arsenic-containing

pesticides accumulated in soil may enter the unconfined

groundwater through rainfall and leaching, resulting in a

rise of As concentrations in aquifers. It can be inferred that

it may cause severe damage on human health by long-term

use of groundwater contaminated by As-containing pesti-

cides (Naujokas et al. 2013).

Enrichment Factors of As

(1) Climate conditions

The evaporation increased from south to the north in

the Shihezi area. High-As groundwater samples mostly

distributed to the north (near the desert area). Increasingly

intensive groundwater evaporation facilitated groundwater

As enrichment (Nicolli et al. 2010). Due to shallow buried

depth of the shallow groundwater, arid climate conditions

may lead to groundwater As migration and enrichment in

shallow aquifers. As for deep confined groundwater, climate

had little effect on As enrichment (Tian and Zhang 2010).

(2) Runoff conditions

High-As groundwater samples were mainly distributed in

northern confined groundwater. Among all the samples with

As[ 10 lg/L, 75.0% of which were deep confined

groundwater. The study area tilts from south to north. It is not

easy for groundwater As enrichment due to advantageous

runoff conditions in the unconfined aquifer in the southern

piedmont zone. Arsenic concentrations in this area were

\2 lg/L. In the northern fine soil plain area, the deep con-

fined aquifer was composed of fine particles under poor

runoff conditions in enclosed environment, which benefited

the accumulation for various elements and was conducive to

As enrichment (Bian et al. 2009; Zhang et al. 2013).

(3) pH values

The pH value of groundwater was an important factor of

groundwater As enrichment (Boyle et al. 1998; Ryan et al.

2013). The groundwater was weakly alkaline in the study

area. The pH values ranged between 7.27 and 9.30, with an

average of 8.41. Alkaline conditions may contribute to the

desorption of As and the enrichment of groundwater As.

Arsenate and arsenite were two main species in groundwater

under pH values ranged between 6 and 9 (Barbieri et al.

2014). These As species can be easily adsorbed by positively

charged minerals, such as Fe and Al oxides. With the

increase in pH values, positive charges carried by colloids

and clay minerals decreased. Consequently, the desorption

of arsenate or arsenite was reduced, leading to an increase in

As concentrations in groundwater (Pierce and Moore 1982;

Bundschuh et al. 2004; Zhang et al. 2014). High-As

groundwater had high pH values ranged between 8.54 and

9.30 (Fig. 5a). Groundwater As was significantly positive

correlated with pH values with the correlation coefficient of

r = 0.772 (n = 23, ra=0.05 = 0.413, ra=0.01 = 0.526).

Groundwater As increased with the increasing pH values.

(4) Redox environment

It indicated a redox environment of groundwater with

ORP values ranged between -0.4 and 194.1 mV (average

of 72.3 mV). High-As groundwater generally had low ORP

values (ranged between -0.4 and 31.7 mV), indicating a

reducing environment. Fe/Mn oxides and hydroxides were

reduced and dissolved, causing the release and enrichment

of groundwater As (Pei et al. 2005; Root et al. 2010; Guo

et al. 2011). There was a significantly negative correlation

between groundwater As and ORP values on the whole

with a correlation coefficient between As concentrations

and ORP values of r = -0.692 (n = 23, ra=0.05 = 0.413,

ra=0.01 = 0.526) (Fig. 5b). Once exceeded 30 lg/L, how-

ever, groundwater As increased with ORP values.

Meanwhile, NO3
- concentrations in high-As groundwater

were generally lower than 0.20 mg/L and SO4
2- concentra-

tions were less than 100 mg/L (Fig. 5c, d). Low concentra-

tions of NO3
- and SO4

2- indicated a reducing environment,

which may contribute to groundwater As enrichment.

(5) TDS

TDS ranged between 130 and 1006 mg/L with an

average of 365 mg/L. There was no significant correlation

between As concentrations and TDS (Fig. 5e). Moreover,

high-As groundwater had low TDS values ranged between

182 and 604 mg/L, which indicated that TDS had little

impact on groundwater As enrichment.

(6) F- concentrations

Of eight groundwater samples with As[ 10 lg/L, there

were 50% of which had F- concentrations greater than the

upper limit value (1.0 mg/L). These samples were mainly

distributed in the desert in the north of the study area

(groundwater discharge area). Due to intense evaporation

8 Y. Zeng et al.
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and concentration, F- was greatly enriched in groundwater.

Groundwater with high F- concentration (ranged between

0.47 and 1.54 mg/L with an average of 0.95 mg/L) gen-

erally had As[ 10 lg/L (Fig. 5f). There was a significant

positive correlation between As concentrations and F-

concentrations with correlation coefficient of r = 0.765

(n = 23, ra=0.05 = 0.413, ra=0.01 = 0.526).

(7) Other hydrogeochemical parameters

There was no significant correlation between As con-

centrations and TFe/Mn concentrations which were low

(Fig. 5g, h) in the study area. This was different from the

results in other parts of the world which indicated a sig-

nificant correlation between As concentrations and TFe/Mn

concentrations (Islam et al. 2009; Nicolli et al. 2010;

Gibbon-Walsh et al. 2011). This inconsistency may be due

to the alkaline reducing environment of high-As ground-

water. Under reducing conditions, SO4
2- was reduced to

S2- which may precipitate with dissolvable Fe and Mn,

forming Fe/Mn sulfides. The concentrations of groundwa-

ter Fe and Mn may reduce (Zhang et al. 2014) during the

process.

Inverse Geochemical Modeling

Simulated Paths and Possible Mineral Phases

Inverse geochemical modeling can be used to determine

water–rock interaction in a system with determined

hydrochemical data. On the basis of mass conservation

model, determined chemical compositions in groundwater

in initial and final states were used to calculate mass

transfer in groundwater system. The results showed that

high-As groundwater was distributed in confined ground-

water in the Shihezi area. Therefore, two flow paths,

namely A–A’ (W16S-S03-W66) for shallow confined

groundwater and B–B’ (W16D-W28D-W33) for deep

confined groundwater (Fig. 2), were selected to reveal

groundwater As migration and enrichment in the study area

with inverse geochemical modeling method using

PHREEQC (Parkhurst and Appelo 1999; Polizzotto et al.

2006).

Identification of possible mineral phases was an

important part in inverse geochemical modeling. Deter-

mination of possible mineral phases, including uncertain

minerals and gases, was a key to establish mass reaction

balance equation as the most likely reactants/products in

groundwater system. The stratum in the study area was

mainly constituted of conglomerate, sandstone, shale,

cobble and gravel, sandy gravel, medium-fine sand, silt and

silty clay; and the aquifer was mainly constituted of cobble

and gravel, sandy gravel and medium-fine sand from south

to north (Wu 2007). The minerals in the southern mountain

stratums were mainly constituted of quartz, feldspars, cal-

cite, mica, dolomite, gypsum and clay minerals, according

to previous geological studies (Liu et al. 2006; Chen et al.

2009; Li 2014). Gold was often coexisted or associated

with As-containing minerals (Bullen et al. 2003). In

Fig. 5 Relationship between groundwater As and pH values (a),

groundwater As and ORP values (b), groundwater As and NO3
- (c),

groundwater As and SO4
2- (d), groundwater As and TDS (e),

groundwater As and F- (f), groundwater As and TFe (g) and

groundwater As and Mn (h)
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Baogutu gold deposits in the western Shihezi, As-riched

minerals were mainly orpiment and realgar (An and Zhu

2009; Zheng et al. 2015). In addition, as the shallow con-

fined aquifers (path A–A’) was in semi-closed environ-

ment, CO2 was included in the possible mineral phase,

while the deep confined aquifers (path B–B’) was in closed

environment, CO2 was not chosen as the possible mineral

phase in the calculation of calcium and magnesium salts of

hydrogeochemical reaction (Li et al. 2010). The ion

exchanges between Ca2?/Mg2?, Ca2?/Na?, as well as

Mg2?/Na?, were significant processes in the chemical

evolution of groundwater. With the combination of

chemical compositions of groundwater and aquifer miner-

als, dolomite (CaMg(CO3)2), calcite (CaCO3), gypsum

(CaSO4�2H2O), fluorite (CaF2), halite (NaCl), orpiment

(As2S3), realgar (AsS), CO2 and cation exchange were used

to carry out inverse hydrogeochemical modeling in shallow

confined groundwater (path A–A’), all possible mineral

phases above except CO2 were used to carry out inverse

hydrogeochemical modeling in deep confined groundwater

(path B–B’).

Mass Balance Simulation

There were multiple solutions or no solution in inverse

geochemical modeling. The controlled mineral phases

affecting chemical compositions of groundwater can be

found by moderately adjusting the mineral phases and the

uncertainty. Ten mineral phases were determined by mul-

tiple simulations in the Shihezi area. Mass exchanges

between different samples in the paths A–A’ and B–B’ are

shown in Table 3.

On simulated path A–A’, halite accounted for the largest

amount of dissolution (2.78 9 10-3 mmol/L), followed by

the dissolution of calcite, fluorite and realgar with the

amounts of 2.82 9 10-4, 3.63 9 10-5 and 7.00 9 10-7

mmol/L, respectively. CO2 accounted for the largest

amount of precipitation (2.14 9 10-3 mmol/L), followed

by the precipitation of gypsum, dolomite and orpiment with

the amounts of 1.37 9 10-3, 9.81 9 10-4 and

2.75 9 10-7 mmol/L, respectively. At the same time,

cation exchange between Na? and Ca2? occurred. Calcite

and fluorite dissolved in groundwater should have caused

an increase in Ca2? along groundwater flow path, whereas

the results showed that the Ca2? concentration decreased.

It may be exposited that cation exchange reaction and the

precipitation of gypsum and dolomite were stronger than

the dissolution of calcite and fluorite. The concentrations of

Na? and Cl- gradually increased because of increasing

dissolution effect of halite, while the reduction of Mg2?

and SO4
2- could be attributed to the precipitation of gyp-

sum and dolomite.

On simulated path B–B’, halite accounted for the largest

amount of dissolution (1.60 9 10-3 mmol/L), followed by

the dissolution of calcite, gypsum, fluorite and realgar with

the amounts of 9.53 9 10-4, 3.98 9 10-4, 2.53 9 10-5

and 2.92 9 10-6 mmol/L, respectively. Dolomite accoun-

ted for the largest amount of precipitation (1.47 9 10-4

mmol/L), followed by the precipitation of orpiment

(1.15 9 10-6 mmol/L). Cation exchange reactions

between Na? and Ca2? also occurred along simulated path

B–B’. Similar to the case of simulated path A–A’, the

concentration of Ca2? decreased because cation exchange

reaction and precipitation of dolomite were stronger than

the dissolution of calcite, gypsum and fluorite. The con-

centrations of Na?, Cl- and SO4
2- gradually increased

because of the increasing dissolution of halite and gypsum,

while reduction of Mg2? could be attributed to the pre-

cipitation of dolomite.

Mass exchanges in different groundwater samples from

As-containing orpiment along paths A–A’ and B–B’ were

-2.75 9 10-7 and -1.15 9 10-6 mmol/L, respectively,

Table 3 Mass exchanges along

flow paths A–A’ and B–B’

(mmol/L)

Mineral phase Equation of mineral (gas) dissolution Path A–A’ Path B–B0

Dolomite CaMg(CO3)2 = Ca2? ? Mg2? ? 2CO3
2- -9.81 9 10-4 -1.47 9 10-4

Calcite CaCO3 = Ca2? ? CO3
2- 2.82 9 10-4 9.53 9 10-4

Gypsum CaSO4�2H2O = Ca2? ? SO4
2- ? 2H2O -1.37 9 10-3 3.98 9 10-4

Fluorite CaF2 = Ca2? ? 2F- 3.63 9 10-5 2.53 9 10-5

Halite NaCl = Na? ? Cl- 2.78 9 10-3 1.60 9 10-3

Orpiment As2S3 = 2As3? ? 3S2- -2.75 9 10-7 -1.15 9 10-6

Realgar AsS = As3? ? S3- 7.00 9 10-7 2.92 9 10-6

CO2 CO2 ? H2O = H2CO3 -2.14 9 10-3 –

NaX 2NaX ? Ca2?$2Na? ? CaX2 3.44 9 10-3 3.64 9 10-3

CaX2 -1.72 9 10-3 -1.82 9 10-3

Positive values represent that mineral entered groundwater; negative values represent that mineral pre-

cipitated from groundwater; – indicates that the mineral phase did not participate in the reaction
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which indicated that orpiment was separated out from

groundwater; the mass exchanges in different groundwater

samples from realgar along paths A–A’ and B–B’ were

7.00 9 10-7 and 2.92 9 10-6 mmol/L, respectively,

indicating realgar dissolution and release into groundwater

which caused groundwater As enrichment. Therefore,

realgar was believed to be the main mineral source of

groundwater As in the Shihezi area, which was consistent

with previous research results (Myoungjin et al. 2000; Wu

et al. 2016). Meanwhile, the dissolved amount of realgar in

path B–B0 was higher than that in path A–A0, indicating

that As concentrations dissolved in deep confined

groundwater were higher than that in shallow confined

groundwater. It further confirmed that As concentrations in

deep confined groundwater were higher than that in shal-

low confined groundwater. Mass exchanges between dif-

ferent groundwater samples from fluorine-containing

fluorine in the paths A–A’ and B–B’ were 3.65 9 10-5 and

2.53 9 10-5 mmol/L, respectively, indicating that fluorite

dissolution into groundwater caused the increase in

groundwater F- concentrations. A positive correlation

between groundwater As and F- was further confirmed by

the simulation results.

Conclusions

(1) High-As groundwater occurred under weakly alka-

line reducing environment with groundwater of

HCO3�SO4–Na type. Groundwater As showed sig-

nificant spatial distribution characteristics. Horizon-

tally, groundwater As increased from gravel belt in

piedmont gobi in the south to desert area in the

north. High-As groundwater samples were mainly

distributed in confined aquifers. Vertically, ground-

water As in deep confined aquifers was higher than

that in shallow confined aquifers.

(2) Groundwater As mainly came from As-containing

minerals in the coal seam in the southern mountain.

Arsenic-containing minerals were dissolved and

adsorbed As released under reducing conditions. In

addition, extensive use of As-containing pesticides

in the Shihezi area may lead to As accumulation in

soil, which was another source of groundwater As.

(3) Enrichment of groundwater As was mainly domi-

nated by climate, geological settings and hydrogeo-

chemical environment. High-As groundwaters were

mainly distributed in confined aquifers in the north,

where the runoff condition was disadvantageous in

enclosed environment. Under the reducing condi-

tions, Fe/Mn oxides and hydroxides were reduced

and adsorbed As released, which contributed to the

groundwater As enrichment in confined aquifers. In

the oasis and desert transition zone in the northern

part of the study area, intensive evaporation of

groundwater facilitated groundwater As enrichment

in shallow aquifers. Moreover, high pH values and

high F- concentrations in groundwater contributed

to groundwater As enrichment while TDS, TFe and

Mn concentrations in groundwater had little effect

on As enrichment.

(4) Two inverse geochemical modeling paths were set

up along groundwater flow paths. Simulation results

showed that orpiment separated out from ground-

water and realgar dissolved into groundwater. The

amount of dissolved realgar in path B–B0 was higher

than that in path A–A0, indicating that groundwater

As dissolved in deep confined aquifers were higher

than that in shallow confined aquifers. Meanwhile,

the dissolution of fluorite into groundwater caused

the increase in groundwater F- concentrations. It

further confirmed that there was a positive correla-

tion between groundwater As and F-.
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