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Abstract

Elevated fluoride (F) concentration in groundwater is posing a public health risk in the Manas River Basin (MRB), Northwest
China. Based on the characterization of regional groundwater flow, 90 groundwater samples from aquifers were analyzed, along
with top-soil leachate and pore-water samples from aquitards. Stable oxygen (6'*0) and hydrogen isotopes, radiocarbon and
hydrochemical analyses of the groundwater and pore-water samples were conducted to trace groundwater hydrological and
hydrochemical processes and thereby understand the distribution and migration mechanism of F. The groundwater is recharged
by meteoric precipitation through vapor condensation processes in the Tianshan Mountains. The F concentration in groundwater
samples from this basin ranged from 0.11 to 48.15 mg/L (mean 2.56 mg/L). In 37 of the 90 groundwater samples, the F
concentrations were above the safe level for drinking water. The F concentrations progressively increased with the residence
time and well depths in the northwest of the alluvial-fluvial plain, where groundwater is overexploited for agricultural and
domestic use. Positive correlations between F and sodium (Na)/calcium (Ca) indicate that the enrichment and migration of F
are influenced by cation exchange processes under high-Na and alkaline pH conditions. The relationships between §'*0 and F
and chloride (CI) concentrations were nonlinear due to leaching and mixing processes. This shows that vertical leaching by
irrigation return flow and mixing with pore water are the dominant processes driving the migration of F in the groundwater flow
system of MRB, in addition to geochemical processes.
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Introduction

Elevated fluoride (F) concentrations (>1.5 mg/L) have been
observed in groundwater across the globe (Ali et al. 2016;
Vithanage and Bhattacharya 2015), especially in arid and
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semiarid areas such as Mexico (Irigoyen et al. 1995),
African countries (Tekle-Haimanot et al. 2006), Pakistan
(Rafique et al. 2009), India (Handa 1975; Jacks et al. 2005;
Meenakshi et al. 2004; Vikas et al. 2013), and Northwest
China (Amini et al. 2008; Currell et al. 2011; Guo et al.
2007, 2012; He et al. 2013; Li et al. 2015). Groundwater
resources are critical for meeting domestic, industrial and ag-
ricultural water demands in such areas (Rockstrom et al. 2009;
Williams 1999). Soluble F is commonly present as a minor
element in groundwater, soils and crops. The resultant F in
food and drinking water can be easily adsorbed by humans
and affects physical health (Amini et al. 2008; Ayoob and
Gupta 2006; Irigoyen et al. 1995). Excessive intake of F in
concentrations higher than the allowable limit set by the
World Health Organization (WHO; 1.5 mg/L) causes various
types of fluorosis depending on the concentration and expo-
sure time, the most commonly observed are dental and skele-
tal fluorosis (WHO 2004; Rango et al. 2014).

In Northwest China, more than 60 million people live in
areas where the risk of fluorosis is high. More than 1 million
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people have been diagnosed with dental and skeletal fluorosis
in Xinjiang province (Ministry of Health of China 2015).
Elevated F concentrations in groundwater, used as drinking
and irrigation water sources, are responsible for this public
health problem (Li et al. 2015; Rango et al. 2014).
Groundwater in the Manas River Basin (MRB), one of the
most productive areas for cash crops, has elevated F concen-
trations (Chen et al. 2009; Luan et al. 2016). Groundwater is a
major water source for domestic and agricultural use in this
area, resulting in high F exposure to humans. Luan et al.
(2016) investigated groundwater fluoride concentrations in
Shihezi City; however, the spatial distribution and migra-
tion mechanisms of F in the groundwater in the MRB have
not been systematically reported so far. Soluble F ions in
groundwater can be formed due to geological factors
(Gaciri and Davies 1993; Jacks et al. 2005; Nordstrom
and Jenne 1977) and anthropogenic activities (Chae et al.
2007; Rafique et al. 2009). The weathering of fluorine-
bearing minerals in sediments can release F into the pore
water in the aquitards and the groundwater in the aquifers
(Currell et al. 2011; Kwong et al. 2015); therefore, longer
water residence time in sediments is believed to help in-
crease F concentration owing to efficient water—rock inter-
actions. The residence time of the Quaternary groundwater
in this basin has been reported to range from modern to
more than 10,000 years (Liu et al. 2006; Tian et al. 2010).
The quality of the groundwater is also degraded due to the
irrigation return flow and enrichment by soil contaminants
when there is a strong evapotranspiration effect on the soils
and waters in such arid and semiarid basins (Chen et al.
2009; Negrel et al. 2011; Perrin et al. 2011). Irrigation,
combined with the increasing use of phosphate fertilizer
and fluorine pesticides, can increase F concentrations in
waters and soils (Kim et al. 2011; Rao 2003). The varia-
tions in the hydrogeochemical characteristics of groundwa-
ter such as the calcium (Ca) and bicarbonate (HCOs3) con-
centrations and pH conditions, also affect the F distribution
and migration, through the precipitation and dissolution of
F-bearing minerals (Jacks et al. 2005; Reddy et al. 2010).
Therefore, local hydrological and hydrogeochemical con-
ditions are important factors to control F concentration,
distribution and migration in groundwater (He et al.
2013; Li et al. 2015).

The main objectives of this study are to: (1) investigate F
abundance and spatial distribution in the groundwater of the
MRB and (2) elucidate the hydrological and hydrogeochem-
ical processes responsible for the enrichment and migration
mechanisms of F in the groundwater. This study not only
improves understanding of the hydrological and hydrogeo-
chemical processes that control F concentration in groundwa-
ter but also formulates strategies for irrigation regimes and the
sustainable utilization of groundwater resources to reduce the
risk of F exposure.
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Hydrogeological background

The MRB is an arid inland basin located in the south of the
Junggar Basin in Xinjiang province in Northwest China. It
covers an area of 17 x 10° km? and has four major oases:
Shihezi, Mosuowan, Jin’an and Xiayedi (Fig. 1). The Manas
River, the largest inland river in this basin, originates by pre-
cipitation and melting of glaciers in the Tianshan Mountains.
It flows through the basin area, supplies irrigation water, and
reaches the terminal Manas Lake with an average flux of
1.27 x 10° m*/year. The influences of the westerly winds and
Mongolian anticyclone result in an arid climate with hot sum-
mers and freezing winters (Bothe et al. 2012). Mean annual
precipitation is 200 mm and the mean annual potential evapo-
transpiration rate is 1,500 mm.

The Quaternary sediments in the MRB comprise interstrat-
ified gravels, clay, and sand, and constitute a multiple aquifer/
aquitard system for storing groundwater. Groundwater gener-
ally flows from the southern mountains to the northern
Gurbantunggut Desert and finally into the terminal Manas
Lake. However, anthropogenic activities, such as groundwater
exploitation and interception by reservoirs for retaining sur-
face water, have changed the Quaternary groundwater flow
paths in the past 60 years (Chen et al. 2009); in particular,
groundwater exploitation supplied 50% of the total water
use in 2010. The regional groundwater levels declined 10—
60 m from 1980 to 2003 and have been continuously declin-
ing since then, due to over-pumping; thus, groundwater de-
pression cones have developed and are distributed at the mar-
gins of the desert area. As a result, the hydraulic gradients
between the shallow and deep aquifers are inversed with re-
spect to those natural conditions in some areas, where ground-
water leaks from the upper shallow aquifers to deep aquifers
and the inter-aquitards are consolidated to release pore water
to adjacent aquifers (Huang et al. 2012; Zhou et al. 2013).

The main recharge sources for groundwater are the ver-
tical infiltration from rivers, lateral inflow of groundwater
at the mountain front, irrigation return flow, and channel
leakage on the plain. The media characteristics, hydraulic
gradients and the residence times shown in Fig. 2 demon-
strate a decreasing groundwater velocity along the ground-
water flow path. Low rainfall in this basin can hardly in-
filtrate into the shallow aquifers because of the intense
evapotranspiration. Withdrawal of groundwater and evapo-
transpiration are the principle means of discharge in the
inland basin (Chen et al. 2009).

Materials and methods

A total of 90 groundwater samples from MRB water supply
wells in 2015 and 2016 (Fig. 1c) were collected. This included
32 groundwater samples that were collected and reported by
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Ma et al. (2017), while the remaining were sampled as part of
this study. Most well depths range from 10 to 450 m. From
these wells, 26 samples were collected from shallow wells
(depth less than 50 m), 32 samples from middle-depth wells
(50-150 m) and 32 samples from deep wells (150-450 m).
During the sampling periods, no significant precipitation oc-
curred. Each well was purged for more than 10 min before
sampling. Electrical conductivity (EC), pH and temperature
(T) were recorded using Hach instruments (Hach 40d, USA);
COj; and HCOj3 concentrations were determined by the titra-
tion method. All collected water samples were filtered through
0.45-um membranes and then stored in 50-ml polyethylene
bottles; furthermore, samples for cation measurements were
acidized with ultra-purified HNO; to pH < 2 and those for
anion analysis were stored directly. All samples for hydrogen
and oxygen isotopes measurements were collected in polyeth-
ylene bottles and sealed with Para-film to avoid fractionations
by evaporation and isotope exchange with air.

Soil samples at four sites were collected at 50-cm intervals
along the profile (shown in Fig. 1c), and each sample was
stored in a zip-lock bag. All soil samples were dried, grinded
and sieved through a 1-mm screen for further analyses in the
laboratory at room temperature. The soluble ions in soil

samples were leached by deionized water (soil:water = 1:5
by weight ratio) after shaking and centrifuge, and subsequent-
ly filtered through 0.45-pum membranes.

A borehole (ZK-01) with a depth of 103 m was drilled
without fluids in August 2016 in the Xiayedi Oasis (for
location see Fig. 1c). Sediment samples for particle-size anal-
ysis were collected at 0.5-2-m intervals along the borehole
depth, and tested by a laser diffraction particle size analyzer
(LS 13 320, Beckman Coulter, California, USA). Eight undis-
turbed core samples were collected from the aquitards at 10—
20-m depth intervals, packed in polyethylene film and stored
in a cooler box. Pore water was then extracted from the core
sample by squeezing in the laboratory (Li et al. 2013; Kwong
and Jiao 2016).

For all groundwater, leachates of soils and pore-water sam-
ples, cations (all acidized) were measured using inductively
coupled plasma optical emission spectrometry (IRIS Intrepid
II XSP, Thermo Elemental, MA and USA), and anions were
analyzed by ion chromatography (Metrohm 761 Compact IC,
Switzerland). Hydrogen and oxygen isotopes were measured
by a Finnigan MAT-253 mass spectrometer (Thermo Fisher,
USA, manufactured in Bremen, Germany) through a temper-
ature conversion elemental analysis (TC/EA) method and
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Fig. 2 Hydrogeological cross-section along the I-I' line in Fig. 1b (modified

normalized to the Vienna Standard Mean Ocean Water
(VSMOW) standards. Instrument precisions for 6D and 5!8
O were £ 0.5 and + 0.1%o, respectively. '“C contents of some
groundwater samples had been measured through an ultra-low
level liquid scintillation spectrometer (1220 Quantulus,
PerkinElmer, USA). The hydrogeochemistry and isotope
measurements were all performed at China University of
Geosciences, Wuhan.

Results
Hydrogeochemistry in the Manas River Basin

Groundwater with total dissolved solids (TDS) >1,000 mg/L
is called saline groundwater and is widely distributed in the
MRB (13 out of 26 shallow groundwater samples, 13 out of
32 middle ones, and 6 out of 32 deep ones are classified as
saline). A trend of increasing TDS concentration for the deep
groundwater has been observed in the past few decades (Chen
et al. 2009).

Groundwater pH is usually near neutral and slightly alka-
line (7.3—11.2) in the MRB. Chloride (Cl) and sulfate (SOy,),
and sodium (Na), are the predominant anions and cation, re-
spectively, in the saline groundwater (TDS >1 g/L; Fig. 3).

@ Springer

from Ma et al. 2017 and Tian et al. 2010)

HCOj; and Ca are the predominant anion and cation, respec-
tively, in most MRB fresh groundwater samples. The HCO;
concentrations of groundwater samples are between 54.92 and
900.00 mg/L, Cl concentrations between 8.07 and
3,773.97 mg/L, Na concentrations between 10.6 and
4,185.95 mg/L, and Ca concentrations between 1.91 and
519.82 mg/L. The regression line of the Cl/Na ratios is ap-
proximately 0.5 (Fig. 4a, 0.52, R*=0.86), implying that the
dissolution of halite contributes to the formation of the Cl
anions, in addition to the weak evapotranspiration of ground-
water and mixing processes. The positive relationship be-
tween Na and SO, indicates that SO, may be balanced by
Na from the dissolution of sodium sulfate (Fig. 4b). The
groundwaters are generally Na*Ca-HCO;, Na-SO, and Na-
Cl types in the MRB, from the recharge area to discharge area.

Groundwater hydrogen (D) and oxygen (5'%0) isotope
values range from —27.21 to —114.94%0 and —4.24 to
—12.72%o, respectively. The 5'%0 vs. 8D diagram in Fig. 5
shows that most groundwater samples locate along the local
meteoric water line (LMWL) of Urumqi (about 150 km east of
the study area, data from the International Atomic Energy
Agency/World Meteorological Organization 2002). The
groundwater regression line (GWL) slope is 6.68 (R =0.85;
Fig. 5), lower than the slope of the LMWL (7.23). Most sam-
ples are distributed to the left of the global meteoric water line
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(GMWL). This shows that the groundwater is mainly formed
by meteoric precipitation through condensation of the evapo-
rated water in the mountains and slightly affected by the evap-
oration around the MRB (Pang et al. 2017).
Hydrogeochemical and isotopic characteristics of the
groundwater in the shallow, middle, and deep wells are pre-
sented in Table 1. The temperature (T) of groundwater sam-
ples increases from the shallow to the deep wells, whereas the
mean and median salinity, HCO3, Ca, Mg, 6D and 5'%0 show
decreasing trends with well depth. Ca concentrations are low
in the deep groundwater with high F concentrations.

5'°0 (%o, VSMOW)

Furthermore, 39.4% of all samples, especially those from the
shallow wells, have elevated nitrate (NO3) concentrations
(>10 mg/L, WHO standard). The mean NOs values also show
a decreasing trend with increasing well depth. The Pearson’s
correlation matrix (Table 2) shows that Na and Na/Ca are
significantly correlated with the F concentrations (p <0.05),
then following with Ca and depth. Percent modern carbon
(pMC) values of '*C in some groundwater samples vary from
23.5 to 86.9% (Table 3), with corresponding apparent ages
increasing from 1.16 to 11.96 ka before present (BP). The
adjacent samples M127 and M132, with nearly the same

Table 1  Statistical summary of the hydrogeochemical characteristics of groundwater in Manas River Basin
Parameter Shallow groundwater Middle groundwater Deep groundwater

Max Min Mean Median Max Min Mean Median Max Min Mean Median
pH 11.20 7.85 9.01 8.79 10.85 7.76 9.29 9.16 11.30 8.36 9.76 9.53
EC (ms/cm) 14.81 0.21 2.35 1.19 19.20 0.28 2.46 0.67 11.79 0.22 1.36 0.44
T (°C) 19.90  12.70 14.12  13.60 18.50 11.50 14.61 14.30 19.50  14.40 1640  15.85
F (mg/L) 3.30 0.20 1.27 0.87 48.15 0.11 2.25% 1.16 11.38 0.27 2.49 1.02
Ca (mg/L) 319.82 1.91 96.41  71.39 519.82 6.06 94.97 46.53 441.15 2.26 3620 17.09
Na (mg/L) 2,761.50 1832  409.85 24139  4,185.95 10.60  458.12 12459 322858  19.77 327.39  104.02
Mg (mg/L) 313.97 0.74 75.19  38.80 586.53 1.48 52.39 12.12 225.84 0.44 13.46 3.95
Cl (mg/L) 1,822.87 8.07 25193 90.28  2,455.18 10.03 379.28 80.20  3,773.97 6.66  273.69  39.53
SO, (mg/L) 432693 2453 598.67 17747  3,922.82 32.44 599.64  113.00  4,933.00 7.97 29936  64.46
NO; (mg/L) 78.53 0.00 18.55 5.12 85.75 0.00 7.89 3.89 16.45 0.00 4.28 0.98
HCO; (mg/L) 900.00  72.61 331.59 32736 838.99 54.92 178.58  128.41 247.05  70.17 117.23  100.36
Salinity (mg/L) 9,793.13 178.68 1,786.46 993.79 11,905.21 180.16 1,736.10 518.53 12,688.08 140.16 1,055.10 289.94
dD (%o0) -50.67 -79.47  -71.09 -—73.88 —2721 -11494 7536 -76.48 —-68.90 —86.99 —78.74 —78.08
5130 (%0) -6.71 —12.13  -10.27 -10.76 424 -1272 -1090 -11.22 -10.32 -12.62 —11.59 -11.55
SThatite -4.06 —8.28 -6.35 —6.19 -3.76 -8.14 -6.21 —6.36 -3.69 —8.05 -6.67 —6.96
Slfuorite 0.12 225 -143 -1.58 2.11 -3.00 -1.10 -1.22 1.09 —2.59 -138 -1.69
Sleatcite 0.69 —0.81 0.09 0.16 1.54 —0.84 0.06 0.08 097 097 0.29 0.44
Slgolomite .11 —2.04 0.20 0.36 3.15 -2.02 -0.04 043 207 229 0.21 0.52

* The maximum 48.1 mg/L has not been included because it is considered abnormal
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Table2  The Pearson’s correlation matrix for analyzed parameter significance on the F concentrations (7 = 89)
F Ca K Na Mg Cl SO, NO; HCO, Na/Ca Depth pH EC
F 1
Ca 0.153 1
K 0.027 04357 1
Na 02847 07657 03897 1
Mg 0.064 08117 0.13 0770 1
Cl 03317 0798 0398 09257 0.6907 1
SO, 02657 0885 05177 09127 07647 09157 1
NO, 0.031 0287 0.038 0.148 0395  0.193° 0210 1
HCO; —0.11 0241"  0.138 0.196° 0436~  0.059 0216" 05597 1
Na/Ca 02117 -0274" -0.187°  0.047 —0.174 —0.015 —0.102 —0.163  —0.034 1
Depth  0.146  -0318" —0.112 —0.122  —0.329"" —0.073 —0213" -0259" —0423" 0.132 1
pH 0.057 -0264" -0394" -0.167 —0243" -0.102 -0203 -0286" -0.445" 028" 0333 1
EC 0246"  0.849™ 0422 09607 0.844”  0.895 09407  0216°  0247° -0.053 —0201 —0.195 1

* significant at p < 0.05 level; ** significant at p <0.01 level

depths (260 and 280 m), show different pMC values, 53.2 and
86.9%, respectively. The relative high pMC of M 132 could be
attributed to mixing with younger recharge water, as it is clos-
er to Manas River.

Distribution of elevated fluoride concentrations
in groundwater

In this basin area, F concentrations in groundwater range from
0.11 to 48.15 mg/L (mean of 2.05 mg/L, excluding the highest
value 48.15 mg/L), of which 41.1% are higher than the WHO
standard for drinking water (1.5 mg/L) and 51.1% higher than
the Chinese standard (1 mg/L). The F concentrations increase
systematically from the south piedmont to the northwest of the

alluvial-diluvial plain. Groundwater F concentrations are less
than 1 mg/L for most wells in the Shihezi Oasis, the piedmont
along the Manas River (Fig. 1c). Groundwater flow velocity
and renewal rate calculated based on the *H concentrations—
determined using the methodology proposed by Salle et al.
(2001)—decrease along the groundwater flow path depicted
in Fig. 2 (Tian et al. 2010). Therefore, F concentrations increase
due to the water—rock interactions over a prolonged residence
time, potentially exceeding the safe level for drinking in the
alluvial-fluvial plains, where the topography is generally flat
and the deposits of fine sand and silty clay have low permeabil-
ity. High F concentrations are predominantly found in ground-
water along the marginal area between the alluvial-fluvial plain
and the desert land. In summary, according to the contour maps

Table 3 Apparent ages of

groundwater samples calculated Sample No. pMC "*C apparent age (ka BP) Depth (m) F (mg/L)

by the "*C content (using mass

spectrometry) M101 419+16 7194027 347 597
M102 69.8+2.5 297+0.11 90 0.60
M108 75.1+£2.7 2.37+0.08 220 8.10
M109 479+1.8 6.08 £0.23 120 2.12
Milll 56.0 +2.1 479 +0.18 300 5.28
MI113 64.7+23 3.60 +0.13 200 4.04
MI119 23.5+0.9 11.96 + 0.47 190 0.50
M120 54.6 +2.0 5.00+0.19 300 0.90
Mi21 84.9+3.0 1.35+0.05 150 48.15
M123 434+1.6 6.89 +0.26 180 0.32
M127 532+2.0 522+0.19 280 0.61
M131 46.8 £1.8 6.27+0.24 350 0.48
M132 86.9 +3.0 1.16 £ 0.04 260 0.27
M-II 79.6 0.3 1.83 £0.03 72 2.23
M-IIT 754+0.2 2.27+£0.03 114 1.70
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of F concentration (Fig. 6), the shallow groundwater regions
with elevated F concentrations (>1.5 mg/L) are distributed in
the northern and western parts (the Xiayedi and Jin’an oases)
and northeastern part (the Mosuowan Oasis) of the MRB. As to
the middle and deep groundwater, the F concentrations in the
northwestern part are slightly elevated, and higher than those in
the southern and eastern parts (i.e., the Shihezi and Mosuowan
oases). On the basin scale, the distribution of elevated F in the
shallow groundwater are consistently associated with the arable

land, where channel and river water are scarce and groundwater
is highly exploited for irrigation (Fig. 1c).

Vertically, groundwater F concentrations >1.5 mg/L are dis-
tributed in the shallow, middle, and deep wells. Figure 7 shows
that the F concentrations increase with well depth in the Xiayedi
Oasis; however, most groundwater samples in the Shihezi Oasis
have low F concentrations (<1 mg/L, Chinese standard) that are
not related to well depth, because the Manas River water, with
low F concentration of 0.13 mg/L, is intercepted and recharged

(a) shallow (b) Middle
F (mg/L) F (mg/L)

3 9

Y 2.4 —7.2

T [

2 |

ﬁ 1.8 5.4
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Fig. 6 Contour maps of fluoride concentrations in groundwater in the
study area interpolated using the Kriging method: a Shallow (0-3.4 mg/
L), b Middle (0-10.5 mg/L), and ¢ Deep (0-11.5 mg/L) groundwater.
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Most elevated-F groundwater samples are distributed in the mid-west and
north part of Manas River Basin
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into groundwater in this area. In the Mosuowan Oasis, the F
concentrations in the shallow wells range from 0.85 to 3.2 mg/
L, with a mean value of 1.68 mg/L; however, the concentrations
range from 0.62 to 2.77 mg/L in the middle and deep wells,
with a mean value of 1.20 mg/L (15 samples). Elevated F
concentrations are observed in most groundwater samples from
the shallow to the deep wells in the Xiayedi Oasis (Fig. 7). In
this oasis, three groundwater samples associated with water
levels for different aquifers from a multilevel wells cluster
(ZK-01) were tested: F concentration is 2.82 mg/L for the M-I
aquifer (depth 14-20 m) with a water level depth of 4.28 m,
2.23 mg/L for the M-II aquifer (60-72 m) with a water level
depth of 2.84 m, and 1.70 mg/L for the M-III aquifer (100—
124 m) with a water level depth of 53.1 m (Fig. 8). A downward
vertical hydraulic gradient is calculated as —1.8 between the M-
II and M-III aquifers in this discharging area; nonetheless, F
concentrations >4 mg/L in groundwater samples mostly occur
in the middle and deep wells.

Fluoride concentrations of the pore water in aquitards

Pore water in aquitards, an important component of ground-
water, can release into adjacent aquifers and influence the
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Fig. 7 Fluoride concentrations against well depths for the groundwater
samples. It shows that the highest-fluoride groundwater is found in the
middle and deep wells

hydrogeochemical characteristics of the aquifer groundwater
when the aquifers are highly exploited (Ortega-Guerrero et al.
1993). Elevated F concentrations are observed in the pore
water along the borehole ZK-01 profile. The F concentrations
in pore-water range from 3.92 to 14.04 mg/L when the sam-
ples are from depths 41.5 to 100 m (Fig. 8). F concentrations
in the groundwater are far lower than those in the pore water of
adjacent aquitards, but the groundwater 5'%0 values in aqui-
fers are more positive than those in pore water. This can be
attributed to the different migration mechanisms in the aquifer
and aquitards. It indicates that the migration of chemicals in
pore water may be diffusion-dominated in the aquitards due to
the hydrogeochemical gradients (Hendry et al. 2004; Hendry
and Wassenaar 2011). Below 20 m in the profile, the nearly
stable 5'0 values close to —13.8%o in the precipitating vapor
(Wang et al. 2016) indicate that there are no intense evapora-
tion effects. Therefore, the elevated F concentrations in the
pore water are believed to mainly originate from the dissolu-
tion of fluorite and prolonged water—rock interactions with
abundant clay and silt contents, due to the migration mecha-
nism involving diffusion over a long residence time (Kwong
et al. 2015; Misra and Mishra 2007).

Fluoride abundance in soils

Leachates of the saline soils near the marginal area between
the alluvial-fluvial plain and desert were extracted using de-
ionized water for analyzing the soluble F content (Table 4).
Total soluble F ranged from 99.9 to 1,390.75 mg/kg, with a
median of 388.5 mg/kg, which is slightly higher than the
global soil mean value of 320 mg/kg (Wenzel and Blum
1992). The major ions (Cl, Ca, Mg, and NO3) accumulated
at the surface (0—10 cm), mostly due to the intense evapo-
ration effect in this arid basin. The decreasing Ca/Na ratios
also suggest that the evaporation effect causes evaporite
minerals to precipitate at the surface; however, there is a
weak positive relationship between the F content and soil
depth, in contrast to the Ca contents in the vadose zone as
shown in Fig. 9. Elevated F concentration commonly co-
exists with a low concentration of soluble Ca due to the
low solubility of CaF, and the relatively high Na contents
in deeper soil.

Discussion

Correlations between the major ions and F concentrations in
groundwater, along with the hydrogeochemical characteristics
of pore water in aquitards and soil leachates, could provide a
deeper understanding of the spatial distribution and migration
mechanisms of F in the MRB.
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Fig. 8 5'®0, Cl and F concentration profiles of groundwater in aquifers
and pore water in the aquitards of bore ZK-01 in the Xiayedi Oasis. The F
concentrations show an increasing trend, while the 5'%0 and ClI concen-
trations are nearly stable with depth >20 m from the surface, which

Development of elevated fluoride concentrations
in groundwater

Elevated F concentrations exist in both saline and fresh
groundwater samples in the MRB (Fig. 10a). High TDS
(>1 g/L) coexisting with elevated F concentrations
(>1.5 mg/L) is mainly observed in shallow and middle
groundwater, whereas most samples with low TDS (<1 g/L)

indicates that the pore waters are nearly independent of evaporation ef-
fects and the chemical migration mechanism is a diffusion process, de-
duced from the characteristics of advective groundwater flow in aquifers
(Hendry and Wassenaar 2011; Kuang et al. 2016)

and elevated F concentrations are from deep wells. It indicates
complex sources and migration mechanisms of F in aquifers at
different depths. Hydrogeochemical and hydrological pro-
cesses are responsible for the increases in the F concentrations
and migration in groundwater. Groundwater with elevated F
concentrations generally has low Ca and high Na concentra-
tions and high Na/Ca ratios (Fig. 10b,¢); this is similar to the
findings of previous studies in arid and semiarid areas (Jacks

Table 4 Hydrogeochemical characteristics of leachates of soils in the vadose zone near the margin between the alluvial-fluvial plain and desert plain.

(soil:diluted water = 1:5 by weight)

Sample No. Depth (cm) Major ions in leachate (mg/L) F in soil (mg/kg)
F Cl NO; SO, Ca Na K Mg Ca/Na

S1 0-10 1.18 641.06 58.01 631.32 303.45 215.60 262 4827 1.41 294.88
40-50 0.40 67.26 7.83 309.82 9.09 204.60 3.54 1.90 0.04 99.93
90-100 1.80 25.27 8.50 219.46 13.98 126.80 235 1.62 0.11 450.38

S2 0-10 1.07 668.87 349.13 1,276.81 481.00 335.30 18.12  49.56 1.43 267.00
40-50 222 133.12 47.71 1,417.57 304.60 218.05 2.65 48.18 1.40 554.00
90-100 1.17 45.43 17.60 407.00 63.37 139.70 2.06 11.71 0.45 292.48
140-150 2.68 119.22 15.32 45735 121.95 158.90 1.89 11.56  0.77 670.75

S3 0-10 0.61 110.39 28.42 86.21 30.09 70.14 5.00 6.52 0.43 153.18
50-60 0.84 36.90 2.03 52.98 8.27 45.83 222 3.62 0.18 209.48
90-100 1.74 140.82 8.97 110.47 17.42 141.20 2.34 844  0.12 43430

S4 0-10 1.37 346.70 10.78 167.33 9.28 133.55 0.53 086  0.07 342.75
40-50 2.77 351.30 3.17 394.13 10.35 528.50 1.99 7.09  0.02 692.50
90-100 3.99 388.42 3.03 677.93 8.80 556.50 2.44 2.02 0.02 998.38
140-150 5.56 387.57 4.02 507.23 5.70 574.40 2.06 423 0.01 1390.75

Mean 1.96 24731 40.32 479.69 99.10 246.36 3.56 14.68 0.46 489.34
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Fig. 9 Variations of the Cl, Ca
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et al. 2005; Rafique et al. 2009; Vithanage and Bhattacharya
2015). In this study, elevated F concentrations show a weak,
positive linear relationship with HCOj in the shallow and deep
wells but negative in middle wells (Fig. 10d); this contradic-
tion and low R? indicate that F ions may be derived from other
sources such as fluoride-bearing fertilizers and mixing with
elevated fluoride sources in addition to the geochemical pro-
cesses (Currell et al. 2011; Guo et al. 2007; Li et al. 2015; Su
et al. 2015). However, the high HCO;/Ca ratios >1
(Fig. 10e) in most groundwater samples with elevated F
concentrations demonstrate the competing effect of HCO;
on the dissolution of fluorine minerals. Meanwhile, most
groundwater samples with elevated F concentrations are
calcite saturated (SI.,cie Value from —0.97 to +1.54 with

Cland Ca concentrations (mg/L)

a mean value +0.15) which helps remove Ca from ground-
water, and F concentrations show a roughly positive rela-
tionship with the Sl ,cie- In all, 80 out of the 90 ground-
water samples are undersaturated with respect to the fluo-
rite (Slfuorite from —3 to +2.11, mean value —1.29), and the
Slfuorite Values increase with the F concentrations (Fig. 11).
Accordingly, these imply that fluorite dissolution contrib-
utes to the F concentrations and the high F concentration
might be enhanced by calcite precipitation processes (Su
et al. 2015); however, some groundwater samples with el-
evated F concentrations are oversaturated with respect to
fluorite but undersaturated with respect to calcite, as shown
in group A in Fig. 11, indicating that anthropogenic activ-
ities possibly affect F enrichment.
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Fig. 10 Correlations between the F concentrations and salinity, Ca, Na/
Ca (megq/L), HCO;, HCO5/Ca (meq/L), F/Cl (meq/L) and NOj3 for
groundwater in shallow, middle and deep wells. Most elevated-F ground-
waters have higher Na/Ca ratios than 1, and the presence of high NO3

The oxygen and hydrogen isotopic compositions of
groundwater with elevated F concentrations show a regression
line slope of 7.34 (R*=0.86); however, for the groundwater
samples with low F concentrations, the regression line slope is
only 5.50 (R*=0.89), owing to the evaporation effects (Fig.
5). Most groundwater samples have similar §'%0 and 6D com-
position characteristics in both the low and elevated F
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concentrations in some elevated-F groundwater indicates that agricultural
activities may affect the groundwater hydrochemistry and F concentra-
tions and migration

groundwater samples and the §'%0 values are between —12
and —10%o. Most elevated-F groundwater is distributed to the
left of the GMWL due to the origins of precipitation through
vapor condensation processes in Tianshan Mountains, which
are independent of evaporation effects. Some low-F ground-
water distributes to the right of the LMWL and the regression
line has a low slope, revealing that the evaporation effect
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could slightly increase F enrichment in groundwater.
Furthermore, the existence of low F/Cl ratios (<0.02) indicates
the influence of evaporation effects on the groundwater in
most middle wells (Fig. 10f).

Source and migration of fluoride in groundwater

The high prevalence of elevated F concentrations in ground-
water with varying residence time at all depths suggests that
comprehensive geochemical and other processes influence the
enrichment and migration of F in the groundwater in the MRB
(e.g., sample M121 with a F concentration of 48.15 mg/L in
Table 3). Soluble F ions can be formed by the dissolution of
fluorite (CaF,) and weathering of hydroxyl minerals such as
biotite and muscovite in aquifers (Guo et al. 2007; Jacks et al.
2005). In the MRB, the natural groundwater flow path has
changed due to groundwater overexploitation; thus, the distri-
bution of F concentration varies spatially, corresponding to the
different groundwater residence times, as illustrated by the
relationship between the F concentrations and '*C apparent
ages (Table 3; Fig. 12). In the Shihezi Oasis, groundwater
apparent age shows great variance from 1.16 to 6.89 ka Bp,
and all samples have low F concentrations owing to the low
fluorite content in the gravels and coarse sand as well as the
dilution by the Manas River. Thus, it shows low correlation
between F concentrations (R*=0.13) and '*C apparent ages.
Some deep groundwater samples in Xiayedi (e.g. M113 with
3.60 ka Bp) are apparently younger than those in the Shihezi
Oasis (e.g. M123 with 6.89 ka BP); however, the F concentra-
tions are elevated. It indicates that the groundwater mixed
with younger water, such as the irrigation return flow and
the leakage from upper shallow aquifers. In the Xiayedi
Oasis, groundwater F concentrations generally increase (R
=0.71) with increasing residence time, indicating that effi-
cient dissolution of fluorine minerals and the weathering of

hydroxyl minerals partially contribute to the increase in the F
content during the groundwater migration process.

. . e . . Dissolution
Dissolution and precipitation of fluorite : CaF, 2
Precipitation

Ca®* +2F

(1)

Fluorite release F during weathering of the F-bearing min-
erals and precipitation of calcite:

CaF, + 2HCO; = CaCO; +2F + H,0 + CO, (2)

Muscovite weathering : KAl [AlSi301]F, + 20H™
= KAL[AISi;0,0][OH], 4+ 2F (3)

Biotite weathering : KMg;[AlSi30,9]F, + 20H™
= KMg;[AlISi30,0][OH], 4+ 2F~ (4)

F/Cl ratios in the middle and deep groundwater are higher
than those in the unpolluted rainfall (0.02; Saether et al. 1995)
or the Manas River (0.03), and the relationship between F/Cl
ratios and F concentrations indicate that the increase in F is
influenced not only by evapotranspiration but also by the wa-
ter—rock interactions (Currell et al. 2011). The sediments of the
aquifers and aquitards could react with the groundwater and
pore water, providing sources of soluble F ions (Currell et al.
2011; Ortega-Guerrero et al. 1993). The F/Cl ratios of the
sediments along borehole ZK-01 are relatively high (up to
0.5 between 10 and 100 m) because the sediments may contain
several metal oxides that can adsorb the F ions (e.g., Al, Fe), as
indicated by the light red color (Vithanage and Bhattacharya
2015; Vithanage et al. 2012). In this study, most groundwater
samples have high HCOj3/Ca ratios (Fig. 10e) with an alkaline
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pH; this is a favorable geochemical condition for the dissolu-
tion of fluorite (Saxena and Ahmed 2003). The alkaline pH,
larger than the point of zero charge of most minerals, could
lead to the solid surface having negative charge and resisting
the F adsorption processes, and thus promote F desorption
when fluorine minerals react with the groundwater (Kumar
et al. 2009; Sujana et al. 2009). Most groundwaters are under-
saturated with fluorite, according to the negative fluorite satu-
ration indices (Fig. 11), suggesting that the groundwater allows
for the dissolution of additional fluorite; therefore, F in pore
water and groundwater is originally and primarily derived from
the sediments owing to water—rock interactions.

The Ca concentration or Na/Ca ratio in groundwater is
considered as one of the major mechanisms driving F ion
migration in this arid inland basin with terrestrial sediments.
This mechanism was demonstrated by Currell et al. (2011)
through a sediment-solution experiment, because low Ca con-
centrations can facilitate the dissolution of fluorite, while high
Ca concentrations can easily help reach the CaF, solubility
point and cause fluorite precipitation in the aqueous phase
(Guo et al. 2012). It shows that cation exchange between Na
and Ca is critical for improving geochemical conditions for
the dissolution of F-bearing minerals and F migration. Most of
the extremely elevated F groundwater samples (>4 mg/L) with
low Ca concentrations in this study and other similar studies
(Guo etal. 2012; Nordstrom and Jenne 1977) demonstrate this
fact owing to the low fluorite solubility. The cation exchange
between Ca (or Mg) and Na (or potassium) can be evaluated
by the two chloro-alkaline indices CAI 1 and CAI 2. When
cation exchange processes occur between the dissolved Na in
groundwater and the adsorbed Ca in sediments, the CAI 1 and
CAI 2 both have positive values; when it occurs in reverse
order, the indices are both negative.

CAI 'l = [Cl-(Na +K)]/Cl (5)

CAI 2 = [CI-(Na + K)]/(SO4 + CO; + HCO; + NO3) ~ (6)

@ Springer
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Negative CAI 1 and CAI 2 values in most of the groundwater
samples (Fig. 13) indicate that the sediments can adsorb Ca from
the groundwater and release Na into the groundwater in the
presence of HCO; (Schoeller 1965), enhancing CaF, dissolu-
tion. The increasing monovalent Na concentrations relative to
the divalent Ca concentrations can further reduce the repulsive
potential between the positive hydrous metal oxide surfaces and
negative ions with the help of alkaline conditions, and thus
promote F desorption following the counterion effects (Li
et al. 2015; Scanlon et al. 2009). In this study, Na/Ca ratios are
consistently high with elevated F concentrations in most ground-
water from the piedmont to the alluvial-fluvial plain. The rela-
tionship between F concentrations and Na/Ca ratios is not
strongly positive in shallow (R*=0.12), middle (R*=0.15), or
deep wells (R2 =0.13; Fig. 10d); it indicates that the distribution
and migration of F is partially influenced by the Na/Ca ratios in
the groundwater. The low R values could attribute to the het-
erogeneous fluorite distributions in the aquifers and/or mixing
with other high F sources at different depths across the basin.

Evapotranspiration is another process that could increase F
concentrations in shallow groundwater under such an extreme

2 .
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Fig. 13 Plot of chloro-alkaline indices CAI 2 vs CAI 1 for groundwater

samples, indicating strong cation exchange between Na adsorbed onto the
sediments and Ca into the groundwater, revealed from the negative values
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arid climate. Two mechanisms are considered to explain the
effects of evaporation on F enrichment. Intense evaporation
and transpiration could concentrate the groundwater and in-
crease the concentrations of all stable ions or reduced F/CI and
Na/Cl ratios; simultaneously, evaporation, but not transpira-
tion, could cause the fractionation of hydrogen and oxygen
isotopes. In some groundwater samples, positive relationships
observed between 8'%0 values and the C1 (Fig. 14a) and §'%0
values and F (Fig. 14b) concentrations indicate the evapora-
tion effect. Evaporation also could cause the oversaturation of
calcites and the prior precipitation can lower Ca concentra-
tions and then promote the dissolution of fluorite as discussed
already (Guo et al. 2007).

F ions in phreatic water can be transported, precipitate and
accumulate in the vadose zone due to intense evaporation or
transpiration effects. As reported in Table 4, high soluble F
contents are distributed along the soil profiles (S1-S4) above
the water table. As a result of the processes involved in agri-
cultural activities, such as salt flushing and irrigation, soluble
F contents in arable land can enter the groundwater during
return flow (Han et al. 2011). Therefore, in addition to

water—rock interactions and evaporation, agricultural activi-
ties in oases may provide other sources of F and drive F mi-
gration through irrigation and the use of fertilizer and pesti-
cides, as indicated by the elevated NOj; in groundwater. The
high NO; concentrations (>5 mg/L), with high F content in
shallow, middle and deep wells (Fig. 10g), indicate that the
agricultural activities affect the groundwater F migration in
the MRB, mostly owing to fertilizer as well as animal and
human wastes (Li et al. 2015). However, most groundwater
samples with relatively high F concentrations (>4 mg/L) have
low to medium NO; concentrations (0—14.1 mg/L). This indi-
cates that input from agricultural activities affect the F enrich-
ment only in the shallow and middle groundwater but do not
act as a major source of F enrichment in the deep groundwater.

Influence of irrigation practices and groundwater
exploitation

Groundwater from the deep aquifers has been exploited for
flood irrigation and for flushing salt from the soil in the MRB
for decades. This practice has made irrigation return flow and

Fig. 14 Plots ofa §'%0 vs Cl and 79 4 o (a)
b 5'%0 vs F concentration in c|lo e
groundwater, indicating that 84 o
irrigation return flow and pore w|° o o o
water in the aquitards contaminate E -9 | 8
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: . w OM-Middle
vertical recharge are important =10 b4 M-Deep
processes for F mobilization and n J-Shallow
enrichment. M stands for > J-Middle
Mosuowan, J for Jin’an, X for £'1 1 J-Deep
Xiayedi and S for Shihezi in the . . ©X-Shallow
lege};ld of part 2 12 ] Salts Dissolution OX-Middle
7e) = 7 AX-Deep
© S-Shallow
-13 Group B: Mixing with other oS-Middle
sources &S-Deep
¢ Manas River
-14 r ' T r T T
-200 300 800 1300 1800 2300 2800

Cl Concentration (mg/L)

(b)

¢ Manas River
o Spring
+ Pore water

@ Springer



1542

Hydrogeol J (2018) 26:1527-1546

channel leakage important recharging sources of groundwater
(Chen et al. 2009). The groundwater resources meet up to
50% of the total water demand, in particular for irrigation.
Exploitation of the deep fresh groundwater causes reversal
of the vertical hydraulic gradient between the shallow and
deep aquifers. Shallow groundwater then can leak vertically
into deep aquifers and contaminates the deep groundwater
(Liu et al. 2015a).

The 5'%0 and 5D compositions of most groundwaters with
high F concentrations are aligned with or slightly apart from
the LMWL in Urumgqi (Fig. 5). Low significance differences
between F concentrations and major ion concentrations indi-
cate that the groundwater mixes with other high-F sources, in
addition to F being derived from geochemical processes.
These high-F sources can be attributed to the local vertical
recharge and mixing with the pore water in the aquitards
(Mazor 2004; Xie et al. 2012). The vertical recharge, e.g.
irrigation return flow and channel leakage, can also flush the
salts, and simultaneously contribute to the groundwater
hydrogeochemistry in this basin (Chen et al. 2009; Han et al.
2011; Ma et al. 2017). Slight increases in the CI concentration
with depleted 'O values in group B in Fig. 14a, i.c. mainly
the middle and deep groundwater samples, indicate the pres-
ence of an additional recharge source in addition to the
chemicals dissolution and evaporation that enrich the water
with F (Li et al. 2015). Samples in group B have depleted
580 values to lower than those in Manas River and in the
mountains, but with significant increases in Cl. This can likely
be attributed to mixing with the paleo-water and to salts dis-
solution. In Fig. 14b, the F concentrations are plotted against
the 6'®0 values, and the groundwater samples occupy two
triangular shapes (Tri 1 and Tri 2), identified by four end
members: (1) the freshwater sample in the Manas River with
low F concentration and low §'%0 value, considered as the
original water (Epy); (2) a spring sample in the mountain area
with enriched §'%0 and low F concentration, mainly the result
of evaporation (Eg,,); (3) groundwater with extremely elevat-
ed F concentration and low §'%0 value (Enighr-gw) and (4)
pore water in the aquitards below 20 m with high F concen-
tration and low 5'%0 value (Epyy.). Most shallow and middle
groundwater samples within Tri 1 present the combined ef-
fects of evaporation and fluorite dissolution. The nonlinearity
in the relationship attributes to the mixing processes in the
shallow and middle groundwater. Most of the extremely high
F (>4 mg/L) samples are distributed in Tri 2, where the evap-
oration effects are neglected for isotopic signals and show no
obvious evaporation effect. Pore water in the aquitards seems
to affect the groundwater fluoride concentrations, particularly
in the Xiayedi Oasis. The mixing processes of three of the end
members are corroborated by the difference in the fluoride
concentration and §'*0 value for the two groups of ground-
water. Results of contribution ratios of the defined end mem-
bers in the Tri 1 and Tri 2 groups are calculated by the linear
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mixing model (Egs. 7-9) and shown in Table 5. The generally
small (mean value 9%) contribution of evaporation to the F
concentrations in Tri 1 clearly indicates that the evaporated
recharge, along with the products of fluorite dissolution, infil-
trated quickly from the soil into the groundwater system
(Datta et al. 1996), particularly the irrigation water from the
Manas River with low F concentrations (0.13 mg/L). The
contributions of pore water are underestimated because the
lowest F concentration (3.92 mg/L) and §'%0 value
(—=13.97%0) along the ZK-01 profile are used. The mean con-
tribution ratio, 21% (1-45%), indicates that the pore water in
the aquitards affects the groundwater hydrochemistry in the
aquifers and can increase the F concentration. Pore water in
the aquitards is believed to preserve large amount of chemicals
such as high F contents and depleted §'*0 isotopes. Aquitards
prolong the migration residence time owing to their high po-
rosity and low permeability, thereby increasing water—rock
interactions under natural conditions (Hendry and Wassenaar
2000, 2011; Hendry and Woodbury 2007). However, overex-
ploitation of fresh groundwater can lead to groundwater cones
of depression and the consolidation of aquitards. In
depression-cone areas such as the Xiayedi Oasis, the observed
inverse hydraulic gradient not only drives shallow groundwa-
ter leakage into the deep aquifer, facilitating the downward
migration of the NOs-rich water from the shallow to the deep
aquifers, but may also facilitate the release of pore water into
aquifers during the consolidation processes of the aquitards
(Ortega-Guerrero 2003; Ortega-Guerrero et al. 1993; Huang
etal. 2012). Accordingly, the elevated-F groundwater evolves
in three steps: (1) the fluorite in the soils are dissolved during
the infiltration process (e.g. rainfall infiltration and irrigation
return flow) into the shallow groundwater with an evaporation
effect contribution ratio less than 40% in Tri 1 in Table 5; (2)
dissolution of the fluorite occurs in the aquifers along the flow
path and there is partial mixing with the existing elevated-F
groundwater, e.g. water—rock interactions and leakage from
the upper aquifers; (3) the groundwater is affected by the pore
water in the aquitards (contribution ratios up to 45% in Tri 2 in
Table 5). These results suggest that the Manas River and
pumping groundwater for irrigation, at least to some degree,
affect the F concentration distribution, migration and enrich-
ment in groundwater.

The following Egs. (7-9) express the mixing processes in
Tri 1 and 2 (Fig. 14b) using the defined end members.

Fori + Frighf-gw + Fiva*(Fpore) = 1 (7)
Smp(F) = Eori(F)* Fori + Enighr-gw (F)* Fhigh-gw

+ Egva(F)* Frva(or Epere(F)* Froe) (8)
Smp("*0) = Eori("*0)*Fori + Entight-gw ('°O)* Friight-gw

+ EEva(lgo)'FEva (OI' EPore<180)'FPore) (9)
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Table5 Contribution ratios of the

F concentrations and 830 values Tri 1 (62 samples, F=1.16 mg/L) Tri 2 (21 samples, F =4.12 mg/L)

in the mixing processes

F Ori F HighF-gw F Eva F Ori F HighF-gw F Pore

Mean 0.82 0.09 0.09 0.50 0.29 0.21
Max 0.99 0.40 0.57 0.88 0.68 0.45
Min 0.27 0.00 0.00 0.20 0.00 0.01
Median 0.88 0.06 0.05 0.46 0.38 0.18

The six samples do not locate in the triangular shapes and one is considered as the end member

where, Foui, FhighF-gws FEva and Fpore are fractions of the orig-
inal water, elevated-fluoride groundwater, evaporation, and
pore water, respectively, and where E is the end member.
Smp (F) and Smp ('*0) denote the fluoride concentration and
5'%0 value for the sample, respectively.

Conceptual model of the fluoride migration in MRB

Pumping also disrupts the dynamic balance between the dis-
charge and recharge processes, changes the groundwater flow
paths, and redistributes F concentrations spatially. During the
pumping process, the groundwater F is brought up to the sur-
face and partially concentrated and accumulated in the vadose
zone through soil sorption and evaporation-precipitation pro-
cesses. Fresh irrigation return flow with low Ca concentrations
(such as channel water for irrigation) promotes the dissolution
of fluorite and drives the migration of concentrated F easily
into the shallow and middle groundwater with the irrigation-
elevated water table (Young et al. 2011). A certain amount of

fresh groundwater with extremely high F concentrations is
distributed in the middle and deep wells in this study area. F
concentrations are further increased in the vadose zone and
shallow groundwater when fresh groundwater with an elevat-
ed F concentration is used as irrigation water (Datta et al.
1996). In summary, it is common that agricultural activities
affect the F ion content of groundwater and F ion migration in
Northwest China and the North China Plain, where ground-
water with high F concentration is exploited to meet water
requirements, and elevated F concentrations in pore water in
the aquitards are observed (He et al. 2013; Li et al. 2015; Liu
etal. 2015b; Kwong et al. 2015; Fig. 15). Thus, in the Xiayedi
Oasis where the elevated-F groundwater is pumped for irriga-
tion, the exploitation of elevated-F groundwater should be
reduced and channels should be built to transport the Manas
River water for irrigation using the popular mulched-drip irri-
gation method (Li et al. 2016), which could prevent the soil
water from evaporation and reduce the amount of irrigation
and return flow.

Groundwater with elevated F concentration

Irrigation return flow with

elevated F concentration
1

from production wells for irrigation

F accumulation in the vadose
zone due to evapotranspiration
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Fig. 15 A schematic diagram of fluoride migration driven by the agrlcultural activities in MRB (Qs: Late Pleistocene, Q2 Middle Pleistocene, Q;: Early
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Conclusions

The F concentrations in the groundwater in the MRB gener-
ally increase along the flow path from the southeast piedmont
to the northwest alluvial-fluvial plain, and groundwaters with
elevated F concentration are mostly distributed in the arable
land irrigated by groundwater. Particularly in the Xiayedi
Oasis, F concentrations in the groundwater, soils, and pore
water in the aquitards are higher than the concentration limit
set by the WHO and generally show an increasing trend with
increasing depth.

F ions in groundwater are mainly from the fluorite disso-
lution in sediments and accumulate through prolonged water—
rock interactions and as a result of agricultural activities. The
relationship between oxygen and hydrogen isotopes in the
groundwater reveals a moderate evaporation effect on low-F
groundwater. Elevated F concentrations coexist with high Na
concentrations, low Ca concentrations, and high F/CI and Na/
Caratios under alkaline pH conditions. These indicate that the
cation exchange processes between Na and Ca concentrations
affect F migration and promote the dissolution of F-bearing
minerals in the groundwater over a wide span of residence
time. Meanwhile, the presence of high NO; in some
elevated-F groundwater suggests that agricultural activities
affect groundwater hydrogeochemistry and partially contrib-
ute to the migration and enrichment of F, particularly in shal-
low and middle aquifers. Wide variation in F and CI concen-
trations along with slight differences in depleted 5'*0 values
demonstrate that leaching and mixing with vertical recharge
could be the dominant hydrological processes that increase F
concentrations.

Groundwater pumping not only disturbs the natural
groundwater flow system and reverses hydraulic gradients
but also increases the F content of the soils as well as
shallow and middle groundwater due to the high F concen-
trations of the groundwater used for irrigation. Pore water
with relatively high F concentrations in the aquitards is
released into aquifers, resulting in an increase in F concen-
trations because of the aquitards consolidation due to the
overexploitation of aquifer groundwater. This means that
groundwater pumping for irrigation is responsible for F
enrichment and migration and therefore must be strictly
controlled in areas with high rates of endemic fluorine poi-
soning. This paper presents findings that have a common
pattern and provides evidence to support the fact that both
the extensive pumping of groundwater and irrigation con-
trol the enrichment and migration mechanisms of toxic
ions such as F in Northwest China.
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