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Abstract The groundwaters from Zhongxiang City, Hu-
bei Province of central China, have high fluoride concen-
tration up to 3.67 mg/L, and cases of dental fluorosis have
been found in this region. To delineate the nature and
extent of high fluoride groundwaters and to assess the
major geochemical factors controlling the fluoride enrich-
ment in groundwater, 14 groundwater samples and 5
Quaternary sediment samples were collected and their
chemistry were determined in this study. Some water
samples from fissured hard rock aquifers and Quaternary
aquifers have high fluoride concentrations, whereas all
karst water samples contain fluoride less than 1.5 mg/L due
to their high Ca/Na ratios. For the high fluoride ground-
waters in the fissured hard rocks, high HCO;™ concentra-
tion and alkaline condition favor dissolution of fluorite and
anion exchange between OH™ in groundwater and
exchangeable F~ in some fluoride-bearing minerals. For
fluoride enrichment in groundwaters of Quaternary aqui-
fers, high contents of fluoride in the aquifer sediments and
evapotranspiration are important controls.
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Introduction

Fluorosis is an endemic disease due to long-term intake of
excessive fluoride. So far two main kinds of fluorosis,
namely dental fluorosis and skeletal fluorosis, have been
identified. Patients with dental fluorosis chronically
develop yellowing of teeth and pitting or mottling of
enamel (Rwenyonyi et al. 2000; Vieira et al. 2005). Skel-
etal fluorosis is a bone disease exclusively caused by
consumption of about ten times of the normal amount of
fluoride (Krishnamachari 1986). Mild cases of skeletal
fluorosis cause slight symptoms or problems. However, in
serious cases, skeletal fluorosis results in unbearable pain
as well as severe damage to bones and joints. In addition,
fluorosis can also be manifested in central nervous system,
visual organ or some soft tissues, such as muscles and
ligaments (Cao 1990).

Although fluorosis can be triggered by anthropogenic
enrichment of fluoride, endemic fluorosis resulting from
exposure to geogenic fluoride is more frequent in distribu-
tion. There are several commonly accepted causes for
endemic fluorosis: (1) long-term intake of high fluoride
groundwater (Rukah and Alsokhny 2004), (2) exposure to
high fluoride gas from coal burning (Wang and Huang 1995)
or intake of high level fluoride from coal combustion-con-
taminated grains (Liang 1993), and (3) drinking brick tea in
excess. With respect to brick tea-type fluorosis, western
China (especially Tibet), where brick tea has been widely
produced and consumed, is the major impacted area (Cao
et al. 1997, 2000). Compared to food and brick tea,
groundwater used for drinking is a more important source for
human intake of fluoride. Common natural fluoride sources
in groundwater are the dissolution of some fluoride bearing
minerals, such as fluorite, amphiboles (e.g., hornblende,
tremolite), fluorapatite and some micas weathered from
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silicates, igneous and sedimentary rocks, especially shale
(Datta et al. 1996). Unstable minerals such as sepiolite and
palygorskite may also have a dominant control on fluoride
concentration in groundwater (Jacks et al. 2005). In view of
the hazard of drinking high fluoride groundwater, the World
Health Organization (WHO) set the upper limits of F con-
centration in drinking water as 1.5 mg/L (WHO 1984).

In the world, there are many countries and districts
where endemic fluorosis has been reported, including India
(Gupta et al. 1999; Saxena and Ahmed 2003; Rao and
Devadas 2003; Jacks et al. 2005), Kenya (Gaciri and
Davies 1993; Moturi et al. 2002), Mexico (Grimaldo et al.
1995), Ghana (Apambire et al. 1997), Tanzania (Nanyaro
et al. 1984), Ethiopia (Gizaw 1996), and Estonia (Karro
et al. 2006). China is among countries most seriously
affected by endemic fluorosis, with 40,210,000 patients of
dental fluorosis and 1,730,000 of skeletal fluorosis (Luo
and Yang 2000), mostly in north China, northwest China,
and southwest China (Wang and Huang 1995; Dai et al.
2004). Endemic fluorosis has also been reported in Hubei
Province of central China for this study (Wu et al. 1999;
Luo and Yang 2000).

Zhongxiang City, located in central Hubei Province, is
one of the eight waterborne fluorosis-impacted areas in
Hubei, and groundwater has been the major source for
water supply. Groundwaters with fluoride concentration up
to 3.67 mg/L occur in some wells of the city. More
importantly, dental fluorosis cases were identified in Hua-
ngpo village of the City during our field investigation.
Therefore, delineating high fluoride groundwater zones and
understanding basic hydrogeochemical processes control-
ling fluoride enrichment are extremely important for water
resource management and human health at Zhongxiang.

The main objectives of this study are to: (1) characterize
the hydrogeochemistry of the study area, (2) evaluate the
extent of fluoride concentration in different types of
groundwater, and (3) assess the main geochemical factors
controlling fluoride enrichment.

General hydrogeology

Zhongxiang City is located in the central part of Hubei
Province with an area of 4,488 km?. The average annual air
temperature in the recent 40 years at Zhongxiang is
15.9°C, with extreme high and low air temperature being
39.7 and —15.3°C, respectively. The average annual rain-
fall in the past four decades is 942.9 mm, and as much as
65% out of rainfall in a year is concentrated in the period
from April to July. The average annual water surface
evaporation is 1,444.0 mm.

Bedrocks outcropping in and around Zhongxiang City
include the Upper Proterozoic dolomite rock, tillite, and
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siliceous rock, Cambrian and Ordovician dolomite rock,
marl and carbonaceous shale, Silurian shale and siltstone,
Permian—Triassic shale and sandstone, and Cretaceous—
Lower Tertiary sandstone, siltstone, and mudstone (Fig. 1).
Quaternary sediments with thickness from 50 to 150 m also
occur at Zhongxiang, and the sediment types include
mainly Holocene alluvium, proluvium and lacustrine
deposit, Upper Pleistocene alluvium, Middle Pleistocene
alluvium and proluvium, and Lower Pleistocene glacial
deposit (Fig. 1). Moreover, the Jinningian granite outcrops
only in the southwest (Fig. 1). The types of aquifers in the
study area include carbonate aquifers, hard rock aquifers
with groundwater in fissures, and Quaternary aquifers. The
hostrocks of the karst aquifers consist mainly of the Upper
Proterozoic and Lower Paleozoic dolomite rocks with very
thin gypsum interlayers. The hard rock aquifers are com-
posed of the Cretaceous and Tertiary sandstone with gyp-
sum interlayers or the Jinningian biotite granite, and the
Quaternary sediments of alluvium and proluvium consti-
tute the Quaternary aquifers.

Groundwater in the study area is recharged by meteoric
water, while the major ways of discharge include spring
outflow, evaporation and artificial abstraction. Among the
three types of aquifers, water storage decreases in the
following sequence: the Quaternary aquifers, the karst
aquifers, and the hard rock aquifers, with the greatest yield
of 1,500, 1,000, and 10 m3/day, respectively.

Sampling and analysis

Fourteen groundwater samples including four from fissured
aquifers, three from karst aquifers, and seven from Qua-
ternary porous aquifers, were collected in April 2008, and
the locations of these samples are shown in Fig. 1. Among
these samples, three have water temperatures more than
25°C, and the other 11 less than 25°C. Moreover, four and
ten of these samples were collected, respectively, from
springs and wells (Table 1).

When sampling, all water samples were filtered through
0.45 um membranes on site. Samples were stored in new
300 mL polyethylene bottles that had been rinsed with
deionized water twice before sampling. For metallic ele-
ment analysis, reagent-quality HNO;3; with molar concen-
tration up to 14 mol/L was added to one of these
polyethylene bottles until the pH of the samples reached 1.
Unstable hydrochemical parameters including water tem-
perature, pH, and EC were measured in situ using portable
temperature meter, pH meter, and electric conductivity
meter that had been calibrated before use. Alkalinity was
measured using the Gran titration method (Appelo and
Postma, 1996). The concentrations of SO42_, Cl,F, and
NO;~ were determined using ion chromatography (IC),
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Five Quaternary sediment samples were collected in this
study as well, and their mineral compositions were deter-
mined using X-ray powder diffractometry (XRD) and
given in Table 3. Moreover, the concentrations of total
fluoride as well as fluoride in five different forms (namely
water soluble fluoride, exchangeable fluoride, fluoride
bound to Fe/Mn oxides, fluoride bound to organic matter
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Table 1 Sampling site characteristics and some properties of water samples from Zhongxiang

No. Longitude Latitude Sampling stratum Burial Water type T pH EC
depth
7X01 112.28809 31.07964 Fissured hard rock aquifer 5 Cold well water 18.2 7.62 1375
7X02 112.28885 31.07952 Fissured hard rock aquifer 2 Cold well water 17.0 7.24 783
7X03 112.42884 31.14967 Fissured hard rock aquifer - Warm spring water 29.8 8.03 701
7X04 112.53712 31.54688 Fissured hard rock aquifer - Warm spring water 48.2 7.96 922
7X05 112.33926 31.28225 Quaternary aquifer 5 Cold well water 20.5 7.50 1385
7X06 112.35877 31.27171 Quaternary aquifer 7 Cold well water 18.7 7.80 1482
7X07 112.28646 31.49487 Quaternary aquifer 10 Cold well water 18.3 7.16 784
7X08 112.45320 31.20810 Quaternary aquifer 6 Cold well water 17.5 7.35 1084
ZX09 112.63004 31.41617 Quaternary aquifer 2 Cold well water 17.2 7.94 1347
ZX10 112.62954 31.41674 Quaternary aquifer - Cold spring water 20.6 7.85 2063
ZX11 112.66907 31.15968 Quaternary aquifer 7 Cold well water 18.4 7.52 877
ZX12 112.35991 31.26862 Karst aquifer 110 Cold well water 214 7.80 713
7X13 112.76418 31.51928 Karst aquifer 6 Cold well water 17.0 7.16 311
7ZX14 112.87344 31.32888 Karst aquifer - Warm spring water 31.1 7.65 621
Burial depth in m, temperature in °C and EC in puS/cm
Table 2 Concentrations of major chemical constituents and TDS values of water samples from Zhongxiang
No. HCO;~ S0, cl- F~- NO;~ Ca>* Mg*+ Na*t K+ St SiO, TDS
7X01 237.5 142.0 81.0 0.64 12.0 96.0 14.2 86.0 1.3 0.42 19.5 571.7
7X02 195.3 106.3 62.8 0.10 8.0 353 10.9 106.4 2.3 0.40 19.9 450.0
7X03 288.3 8.2 3.6 3.25 - 8.6 5.8 84.5 3.1 1.19 20.9 283.2
7X04 341.7 58.0 423 3.67 29 22.6 21.5 102.2 29 0.63 27.6 455.2
7X05 291.9 168.0 63.6 0.32 158.0 136.7 36.8 329 5.8 0.63 15.9 764.6
ZX06 351.9 337.0 73.1 0.52 - 118.0 63.2 62.0 1.9 0.72 16.3 848.7
7X07 281.0 19.0 51.1 0.05 19.2 83.4 14.1 31.2 32 0.40 13.4 375.5
7X08 4834 384 22.4 0.08 23 122.6 36.5 9.1 0.5 0.68 13.9 488.2
ZX09 494.3 95.6 124.0 1.88 99.3 90.2 51.6 140.3 33 0.50 17.7 871.5
ZX10 244.1 990.0 39.6 3.51 - 168.8 66.8 241.7 8.8 231 27.8 1671.3
ZX11 218.5 60.6 29.4 0.72 109.0 62.3 30.0 34.1 1.5 0.56 13.5 450.9
ZX12 421.0 21.1 5.1 0.30 32 74.8 40.1 6.0 0.5 0.14 9.8 371.5
7X13 161.1 4.9 32 0.40 - 28.8 9.5 13.6 0.4 0.15 9.0 150.6
7ZX14 328.3 442 2.6 1.15 2.0 70.5 30.0 1.7 0.8 0.33 7.1 324.6

The units are in mg/L. Note that the units of bicarbonate, sulfate and nitrate are mg HCO3/L, mg SO4/L, and mg NO3/L, respectively

and residual fluoride) of two sediment samples (RR0O1 and
RRO2) collected from the Huangpo village with high
fluoride groundwater in Quaternary aquifers were mea-
sured using ultraviolet spectrophotometer. During the
sample preparation, total fluoride was extracted from sed-
iment samples using 16.75 mol/L NaOH solution, and
water soluble fluoride, exchangeable fluoride, fluoride
bound to Fe/Mn oxides, and fluoride bound to organic
matter were extracted with sequential chemical extraction
procedure. The concentrations of fluoride in all kinds of
forms are listed in Table 4.
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Results and discussion
Groundwater chemistry

In general, the groundwater chemistry varies with different
occurrence conditions. For the groundwaters from hard
rock aquifers, the pH values are between 7.24 and 8.03, and
the TDS values between 283.2 and 571.7 mg/L. For the
karst groundwaters, the pH and TDS values are from 7.16
to 7.80 and from 150.6 to 371.5 mg/L, respectively.
In contrast, the groundwaters occurring in Quaternary
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Table 3 Mineral compositions of Quaternary sediment samples estimated from XRD analysis results

No. Lithology Quartz Feldspar Mica Calcite Kaolinite Chlorite Amphibole

(%)

RRO1 Silty sand 25 25 15 10 15 10 -

RRO02 Silty clay 20 17 20 8 20 15 -

RRO3 Fine sand 30 35 15 10 - 5 5

RRO4 Fine sand 35 45 10 - -

RRO5 Medium sand 43 40 6 - -

Table 4 Concentrations of total fluoride (Total-F), water soluble fluoride (Ws-F), exchangeable fluoride (Ex-F), fluoride bound to Fe/Mn oxides
(Fe/Mn-F), fluoride bound to organic matter (Or-F) and residual fluoride (Residual-F) in two Quaternary sediment samples (in ppm)

No. Lithology Total-F Ws-F Ex-F Fe/Mn-F Or-F Residual-F
RRO1 Silty sand 685.6 46.1 14.5 3.6 7.0 614.4
RRO2 Silty clay 757.2 21.7 31.8 27.6 23.0 653.1

aquifers have a larger variation range of TDS values from
375.5 to 1671.3 mg/L, and their pH values change from
7.16 to 7.94.

All four groundwater samples collected from hard rock
aquifers have HCO;~ and Na' as the major anion and
cation, respectively. Correspondingly, their hydrogeo-
chemical types include HCO;—Na, HCO3-SO4,—Na, and
HCOj3-SO4—Ca-Na. In the mineral stability diagram of the
Nat—H*-Si0, system (Fig. 2), these four samples all fall
within the kaolinite stability field, indicating that the
hydrolysis of some alumino-silicate minerals, such as albite
and biotite, is responsible for the formation of HCO;™ and
Na™ that are dominant in the groundwaters. The dissolution
of above minerals can produce kaolinite plus cations such
as Na™, Mg2+, and K", and the chemical reaction equa-
tions are as follows:

2NaAlSizOg 4+ 2CO;, + 11H,0

= ALSi,Os(OH),+ 2Na* + 4H,;SiO4 + 2HCO; (1)
2KMg;AlSi;0,0(OH),+ 14CO, + 15H,0
= Al,Si,Os5(OH),+ 2K" + 6Mg*" + 4H,;Si0Oy
+ 14HCO; (2)

Moreover, it can be noticed that there are SO427 and Ca*"
with comparatively higher concentrations in the sample
7ZX01 and ZXO02 (especially in ZX01 whose hydrochemical
type is HCO3-SO4—Ca-Na). The existence of gypsum inter-
layers in aquifer matrix as well as their dissolution should be
the mechanism elevating the SO,>~ and Ca*" concentra-
tions in the groundwaters. The dissolution of gypsum can be

expressed as the following reaction equation:
CaSO,4 - 2H,0 = Ca’" + SO} + 2H,0 (3)

Different from the water samples from hard rock
aquifers, the hydrochemical type of the three samples of

karst groundwaters is HCO;—Ca-Mg, no matter they are
cold or warm (with temperatures higher than 25°C). In
other words, HCO5™ is the dominant anion, and Ca®" and
Mg®" are the major cations in these samples. Moreover,
SO,*~ was also detected in karst water samples, although
its milligram equivalent percents (meq percents) in all three
samples are much less than HCO; ™. Therefore, dissolution
of carbonate minerals and gypsum, the major mineral
phases in the aquifer matrix, should be the main
chemical processes controlling the chemistry of karst
groundwaters.

To more accurately evaluate the effect of the dissolution
of above minerals on karst water geochemistry, two
“types” of calcium, namely “non-gypsum source calcium”
and “non-carbonate source calcium”, were differentiated
from each other and calculated. Assuming all the SO, in
the karst groundwaters is from gypsum dissolution, non-
gypsum source calcium can be calculated by subtracting
the amount of Ca®" equivalent to the amount of SO,*~
from the total Ca®" concentration and expressed as
[Ca*"] — [SO4*7] (in mmol/L). Thus, a plot of non-gyp-
sum source Ca>™" against HCO3™ (Fig. 3) was made, and in
this plot, three karst water samples are located closely
around the 1:4 relationship line suggesting congruent dis-
solution of dolomite. Therefore, it should be the dissolution
of dolomite rather than calcite that makes the major con-
tribution to the HCO5 ™ and Ca®" in the karst groundwaters.
Similarly, in the Mg>" against HCO;~ plot (Fig. 4), three
water samples cluster closely with the 1:4 relationship line
suggesting congruent dissolution of dolomite, which
proves again that dolomite dissolution should be the
dominant karstification process in the study area. Accord-
ing to the above analysis, non-carbonate source calcium
can be expressed as [Ca2+] — 0.25 [HCO3™] (in mmol/L),
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Fig. 2 Selected groundwater samples plotted onto the Na*—H*-SiO,
system equilibrium phase diagram. Qtz. Sat. refers to quartz saturation
line, and Am. SiO, Sat. amorphous SiO; saturation line. Samples from
fissured aquifers (filled triangle), samples from Quaternary aquifers
(filled circle)
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Fig. 3 Plot of non-gypsum source calcium versus bicarbonate. The
1:4 relationship line suggests congruent dissolution of dolomite and
the 1:2 relationship line congruent dissolution of calcite. All karst
water samples cluster closely with the 1:4 relationship line, indicating
the contribution of dolomite dissolution to the calcium and bicar-
bonate concentrations in the karst groundwaters
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Fig. 4 Plot of magnesium versus bicarbonate. The karst water
samples scatter closely around the 1:4 relationship line suggesting
congruent dissolution of dolomite

and the multiplier “0.25” was defined according to the
stoichiometry of the following reaction:

CaMg(CO3),+ 2CO; + 2H,0
= Ca’™ + Mg*" + 4HCO; (4)

The contribution of gypsum dissolution to water chem-
istry can be seen from a 1:1 linear molarity relationship
between non-carbonate Ca>" and SO42_. As indicated in
Fig. 5, all three water samples are scattered around the 1:1
non-carbonate source Ca®" and SO, relationship line,
suggesting congruent dissolution of gypsum.

Similar to the water samples from hard rock aquifers,
Quaternary groundwater samples also fall within the kao-
linite stability field of the Na*-H"-SiO, system (Fig. 2),
which means that the hydrolysis of primary silicate minerals
is yet one of the factors affecting their hydrochemistry.
However, compared to the fissure groundwaters and the
karst groundwaters, the groundwaters in Quaternary aqui-
fers have more variable hydrochemistry. The chemical
types include HCO5;—Ca, HCO3;-Ca-Mg, HCO;—Na-Ca-Mg,
HCO5-S0,—Ca-Mg, SO4-HCO3;—Ca-Mg, and SO4—Na-Ca.
Therefore, other hydrogeochemical processes may be
responsible for the formation of certain chemical constitu-
ents in some Quaternary groundwater samples as well.
According to the mineral analysis results in Table 3, quartz,
feldspar and micas are the major minerals of Quaternary
sediments, and carbonate minerals, namely calcite, were
also identified. Thus, in addition to hydrolysis of silicate
minerals, the chemistry of Quaternary groundwaters was
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Fig. 5 Plot of non-carbonate source calcium versus sulfate. The karst
water samples scatter closely around the theoretical relationship of
1:1 for congruent dissolution of gypsum

also influenced by their reactions with carbonate minerals.
Moreover, it is well known that gypsum is widely distrib-
uted in Quaternary sediments, although its mass percentage
may be so low that it cannot be detected by X-ray powder
diffractometry (XRD). Therefore, dissolution of gypsum
can increase sulfate concentration in groundwater of Qua-
ternary aquifers. The nitrate concentrations of sample ZX05
(158.0 mg/L), ZX09 (99.3 mg/L), and ZX11 (109.0 mg/L)
are very high, indicating that agricultural pollution may
have affected the hydrochemistry of Quaternary ground-
waters in certain areas.

Source of fluoride in groundwater

The fluoride concentrations of three types of groundwater
in the study area were compared in a Box and whisker plot
(Fig. 6). It can be clearly seen from Fig. 6 that the average
fluoride concentration increases in the following sequence:
the karst groundwater, the groundwater in Quaternary
aquifers, and the groundwater in hard rock aquifers. Fur-
thermore, the water samples containing fluoride more than
1.5 mg/L were all collected from the hard rock aquifers
and the Quaternary aquifers. In other words, there are no
high fluoride groundwaters occurring in the karst aquifers.
The reason is that the fluoride concentration in ground-
water is evidently constrained by solubility control of
fluorite, and the comparatively higher concentration of
Ca”" in the karst groundwaters prevents fluoride enrich-
ment. In contrast, for the Quaternary groundwaters and the
fissure groundwaters, Na™ is the dominant cation in many
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Fig. 6 Box and whisker plot of the fluoride concentrations in water
samples of type A, B, and C. Type A: water samples from the fissured
aquifers, type B: water samples from the porous aquifers, type C:
water samples from the karst aquifers. The boxes show the mean
value minus standard error, the mean value, and the mean value plus
standard error. The smallest and largest values are indicated by the
small horizontal bars at the end of the whiskers. Fillesd circle
represents outlier value

cases because the dissolution of sodium-rich silicate min-
erals instead of carbonate minerals is usually the major
hydrogeochemical process in the aquifers. As Fig. 7 illus-
trates, the Na/Ca ratios of the water samples from the
Quaternary and hard rock aquifers are generally more than
those from the karst aquifers, and all four groundwater
samples with fluoride concentration more than 1.5 mg/L
have very high Na/Ca ratios, which clearly indicates the
control of Ca®* on fluoride enrichment in groundwater.

It is interesting to note that the average fluoride con-
centration of the warm groundwater samples with tem-
peratures more than 25°C is much higher than that of the
cold groundwater samples (Fig. 8). This is because high
water temperature accelerates the water—mineral interac-
tions in the aquifers, including the dissolution of some
fluoride-bearing minerals, such as fluorite.

Genesis of high fluoride groundwater
in hard rock aquifers

In four water samples from the hard rock aquifers, two
(ZX03 and ZX04) have very high fluoride concentrations
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fissured aquifers (filled rtiangle), water samples from the porous
aquifers (open circle), water samples from the karst aquifers (open
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4
—‘.—
3
O

® >
g
F

1

o

Cold groundwater

Type

Warm groundwater

Fig. 8 Box and whisker plot of the fluoride concentrations in warm
groundwater samples and cold groundwater samples. The legend is
the same as in Fig. 6

more than 1.5 mg/L (3.25 and 3.67 mg/L, respectively),
whereas the other two have much lower fluoride concen-
trations (Table 2). A further inspection indicates that the
high fluoride groundwater samples (ZX03 and ZX04)
typically have higher pH values (8.03 and 7.96) as
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Fig. 9 F~ versus HCO;™ of groundwater samples from the fissured
aquifers. The trend line shows the linear relationships with correlation
coefficient R of 0.954

compared with samples (ZX01 and ZX02) containing less
fluoride (the pH values of them being 7.62 and 7.24,
respectively). This implies that the high pH may favor the
enrichment of fluoride in groundwater. As a matter of fact,
plentiful OH™ radicals in groundwater with high pH value
can replace the exchangeable F~ of some fluoride-bearing
minerals (such as biotite), increasing the F~ concentration
in groundwater. For instance:

KMg3 [AISig,Olo]Fz + 20H™
= KMg;[AlSi;010)[OH],+ 2F~ (5)

Moreover, it should be noticed that for the water
samples from hard rock aquifers, the fluoride
concentrations are positively correlated with the HCO3;™
contents, with a very high regression coefficient of 0.954
(Fig. 9). In the granite or sandstone aquifers, fluorite
dissolution may be another natural source for fluoride in
groundwater. As mentioned above, the hydrolysis of
alumino-silicate minerals in the hard rock aquifers
generates an amount of HCO;™, which can accelerate the
dissolution of fluorite by the following reaction:

CaF, + 2HCO; = CaCO; 4+ 2F + H,0 + CO, (6)

Genesis of high fluoride groundwater
in Quaternary aquifers

The fluoride concentrations of two Quaternary groundwater
samples (ZX09 and ZX10) are more than 1.5 mg/L,
whereas those of the other five samples are much less than
1.5 mg/L. To delineate the genesis of high fluoride
groundwaters from Quaternary aquifers, the total fluoride
concentrations of two aquifer sediment samples collected
from the area where the high fluoride groundwaters occur
(namely Huangpo village, see Fig. 1) were measured, so
were the concentrations of water soluble fluoride (Ws-F),
exchangeable fluoride (Ex-F), fluoride bound to Fe/Mn
oxides (Fe/Mn-F), fluoride bound to organic matter (Or-F)
and residual fluoride (Residual-F) in these two samples.
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Fig. 10 TDS value versus groundwater depth of samples from the
Quaternary aquifers. The trend line shows the linear relationships
with correlation coefficient R of 0.854

The measurement results show that although the Fe/Mn-F
and Or-F concentrations of RROl and RRO2 are quite
different, both of them have very high concentrations of
water soluble fluoride (Ws-F) and exchangeable fluoride
(Ex-F). So the abundance of Ws-F and Ex-F in aquifer
sediments is one of the most important factors controlling
the occurrence of high fluoride groundwaters in Quaternary
aquifers.

Furthermore, the high fluoride groundwater samples
7ZX09 and ZX10 have much higher TDS values than the
other groundwater samples from Quaternary aquifers, and
in the locations where ZX09 and ZX10 were sampled
(Huangpo village), their burial depths are evidently smaller
as well (Table 1). The plot of TDS value versus ground-
water depth (Fig. 10) also indicates that there is significant
negative correlation between them (the regression coeffi-
cient being 0.854). The average annual rainfall in recent
four decades at Huangpo village is 679.7 mm, much less
than the corresponding value of the whole Zhongxiang
City. Therefore, the Huangpo village is a comparatively
arid area with groundwater burial depth less than or equal
to 2 m, and evaporation is responsible for the elevated TDS
values in the groundwaters. And as a result of evaporation,
Ca’* would precipitate out as CaCOj;, reducing Ca>"
concentration of the groundwaters. Consequently, the sol-
ubility control of CaF, on fluoride enrichment in the
aqueous phase becomes weaker, and fluoride concentration
is elevated in the groundwaters. Furthermore, it is worth
noting that the Sr**/Ca*" ratio (0.014) of sample ZX10
collected at Huangpo is much higher than that of other
Quaternary groundwater samples, which also indicates the
evaporation and subsequent CaCO; precipitation occurring
at Huangpo. During the evaporation, the concentration of
Sr*™ in groundwater resulting from the dissolution of
strontianite and celestite was hardly affected, and therefore
the precipitation of Ca®" can induce the increase of Sr**/
Ca”" ratio.

Conclusions

For the three types of groundwaters occurring in
Zhongxiang City, hydrogeochemical processes are differ-
ent. Dissolution of dolomite and gypsum is the major
geochemical process responsible for genesis of hydro-
chemistry of karst groundwaters, whereas hydrolysis of
silicate minerals the prevalent process occurring in the hard
rock aquifers. In the Quaternary aquifers, the interactions
between groundwaters and several kinds of minerals, such
as silicate minerals, carbonate minerals, gypsum, and
halite, may affect water chemistry.

The fluoride concentration as high as 3.67 mg/L was
detected in the groundwater samples collected in this study.
High fluoride groundwater samples with concentrations
more than 1.5 mg/L were all from hard rock aquifers and
Quaternary aquifers, whereas all water samples from the
karst aquifers have fluoride concentrations much less than
1.5 mg/L. It can be concluded that the comparatively
higher Ca®" concentrations in the karst groundwaters are
unfavorable for fluoride enrichment, due to solubility
control of fluorite on fluoride concentration in groundwa-
ter. Moreover, the warm groundwaters with temperature
more than 25°C generally have higher fluoride concentra-
tions compared to the cold groundwaters, as a result of the
intensified reactions of groundwaters with fluoride bearing
minerals under higher temperature condition. For the water
samples from hard rock aquifers, there exist positive cor-
relations between F~ concentration and HCO3~ concen-
tration as well as pH value, indicating that the high HCO;™~
concentration can accelerate the dissolution of fluorite to
enhance fluoride concentration in groundwater, and the
high pH value is helpful for the anion exchange between
OH" in groundwater and exchangeable F~ of some silicate
minerals whose hydroxyl group is replaced by F~. For the
Quaternary aquifers, the sediments have very high con-
centrations of total fluoride, water-soluble fluoride and
exchangeable fluoride in the area where the high fluoride
groundwaters occur, and therefore the abundance of fluo-
ride in aquifer sediments is one of the favorable conditions
for the formation of high fluoride groundwaters. Further-
more, in the high fluoride Quaternary groundwater area,
evaporation takes place due to relatively arid climate and
very small groundwater burial depth, which evidently
increases the HCO;~ and Ca®" concentrations of the
groundwaters, and induces the precipitation of calcite. The
decrease of Ca®" concentration caused by calcite precipi-
tation weakens fluorite solubility control and results in
fluoride enrichment in groundwater.
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