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Abstract

The chemical compositions of the surface/ground water of Guiyang, the capital city of Guizhou Province, China
are dominated by Ca2+, Mg2+, HCO�3 and SO2�

4 , which have been derived largely from chemical weathering of car-
bonate rocks (limestone and dolomite). The production of SO2�

4 has multiple origins, mainly from dissolution of sul-
fate evaporites, oxidation of sulfide minerals and organic S in the strata, and anthropogenic sources. Most ground
water is exposed to soil CO2 and, therefore, the H2CO3 which attacks minerals contains much soil C. In addition,
the H2SO4 produced as a result of the oxidation of sulfides in S-rich coal seams and/or organic S, is believed to
be associated with the chemical weathering of rocks. The major anthropogenic components in the surface and ground
water include K+, Na+, Cl�, SO2�

4 and NO�3 , with Cl� and NO�3 being the main contributors to ground water pol-
lution in Guiyang and its adjacent areas. The seasonal variations in concentrations of anthropogenic components
demonstrate that the karst ground water system is liable to pollution by human activities. The higher content of
NO�3 in ground water compared to surface water during the summer and winter seasons, indicates that the karstic
ground water system is not capable of denitrification and therefore does not easily recover once contaminated with
nitrates.
� 2006 Published by Elsevier Ltd.
1. Introduction

Karst aquifers are those that contain dissolution-
generated conduits that permit the rapid transport
0883-2927/$ - see front matter � 2006 Published by Elsevier Ltd.
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of ground water, often in turbulent flow, and are
susceptible to rapid introduction of contaminants
since the conduit system receives localized inputs
from surface streams. The understanding of proper-
ties, characterization, and the evolution of karstic
carbonate aquifers have improved substantially,
however the hydrology of karstic aquifers is often
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difficult to evaluate by numerical analysis due to
gross heterogeneity in permeability and hydraulic
conductivity, mixed conduit and diffuse flow, vari-
able location, and the amount of recharge and dis-
charge (White, 2002; Scanlon et al., 2003).
Extensive research has been conducted on the kar-
stic hydrological system, which has focused on
ground water flow and residence time inside the
aquifer, the interactions of all components and their
effects on water chemistry, and the contaminant
transport processes and mechanisms in karst aqui-
fers (Wicks and Engeln, 1997; Vaute et al., 1997;
Andreo and Carrasco, 1999; Lee and Krothe,
2001; Gonfiantini and Zuppi, 2003; Plummer
et al., 1998; Marfia et al., 2004).

Guizhou Province is located in SW China and is
the center of the East Asian karst zone. Within the
boundary of Guizhou Province, carbonate rocks are
widely distributed, with their exposure covering
more than 70% of the entire province. Karstification
is well developed and there are many diverse karst
types. Within the last 10a, the rapid development
of urbanization and industrialization in addition
to the over exploitation and utilization of ground
water have resulted in lowering ground level, sur-
face collapse and ground water contamination
(Han and Jin, 1996). Due to the peculiar geograph-
ical and hydrogeological circumstances of karst
regions, ground water is vulnerable to pollution
from human activities, and once contaminated its
rehabilitation is a hard and time-consuming project.
Therefore systematic studies on chemical character-
istics of ground waters, their movement in aquifers,
water/rock interactions, and the interaction of
ground and surface water are of great importance
for understanding the hydrogeochemical processes,
and the protection and sustainable utilization of
ground water resources. The purpose of this study
is to:

• Characterize water/rock interaction and its
effects on the chemistry of a karstic ground water
system, by studying chemical and isotopic com-
positions of surface/ground water.

• Understand the interaction of surface/ground
water, transport, transformation and prove-
nances of contaminants, and the influence of
human activities on the hydrogeochemical envi-
ronment of ground water in a karst system.

• Provide a scientific basis for protection and
rational utilization of surface/ground water
resources in karst regions.
2. Geography and hydrogeological background of

Guiyang

Guiyang, the capital city of Guizhou Province, is
located in the central part of The Province, covering
an area from 26�11 00000 to 26�54 02000N and
106�27 02000 to 107�03 00000E, with elevations ranging
from 875 to 1655 m above mean sea level. Guiyang
has a population of more than 1.5 million people, a
high diversity of karstic landforms, a high elevation
and low latitude, with a subtropical warm–moist cli-
mate, annual average temperature of 15.3 �C and
annual precipitation of 1200 mm.

Most of the city of Guiyang is associated with
the Wujiang river catchment, one of the biggest
tributaries in the upper reaches of the Changjiang
River. The Nanming River is the major river flow-
ing through the city of Guiyang from the SW via
the Xiaoche River and other streams, which have
an annual average discharge of 12.3 m3/s. The
Nanming River flows into the Qingshui River,
one of the tributaries of the Wujiang River.
Within the region studied there are two large
water reservoirs, i.e., the Aha and the Huaxi Res-
ervoirs, which are the main water supply resources
for Guiyang city (Fig. 1). As shown in the hydro-
geological map of Guiyang (Fig. 1a), the outcrops
are principally sedimentary rocks, with Triassic
strata being widespread (accounting for nearly
50% of the area), followed by the Permian strata
(accounting for nearly 20%). The rock types are
predominantly shallow-sea platform carbonate
rocks (dolomite and limestone), with a few Late
Triassic continental-facies clastic rocks. The strata
within the region studied are characterized by
obvious folding and well developed faults. The
main aquifers in the region of Guiyang are car-
bonate rocks (limestone and dolomite, accounting
for more than 80% of the aquifers). Other aquifers
are mainly clastic rocks, some of which are inter-
bedded with S-rich coal seams. Sulfate evaporite
strata, though minor, also exist in the region
studied.

The city of Guiyang is located in a basin, a catch-
ment for surface and ground water. Both surface
and ground water flow mainly from north and south
to the center of the basin (Fig. 1b). Several factories
of various sizes are located on both banks of the
Nanming River. Since the downtown portion of
Guiyang is located in the center of the basin, ground
water within the region studied is subjected to the
influence of human activities. Municipal sewage



Fig. 1. Hydrogeological map of Guiyang, SW China, and its surroundings, showing the lithology and structure of the studied area (a),
sampling locations and sample numbers (b). Modified from (Han and Jin, 1996).
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discharged from enterprises, factories and house-
holds on both sides of the Nanming River gives rise
to complicated sources of pollutants in surface/
ground water. The Aha Reservoir as one of the
important water supply sources is often reported
to contain elevated amounts of Fe, Mn and SO2�

4 ,
mainly due to coal mining in the upper reaches.

3. Samples and analytical procedure

3.1. Sample description

Surface (river and lake) and ground water sam-
ples were collected from downtown Guiyang and
its surroundings (Fig. 1b) over two seasons: 37
water samples were collected in January 2002 (win-
ter), and another 35 water samples were collected
in August of the same year (summer). At the
two sampling sites, 37 and 12, four municipal sew-
age samples were collected during winter and sum-
mer; sampling site 37 is the outlet of municipal
sewage close to the Naming River, and sampling
site 12 is near to the Guiyang Tyre Plant. The
ground water samples were collected from wells
(bore holes) and various types of springs (Table 1).
Of the ground water samples, spring and well sam-
ples collected at sites 1, 2, 4, 7, 11, 13, 14, 27, 33
and 36 are confined aquifer waters. The rest of the
samples are mainly gravity spring (unconfined)
water. Sample No. 15 had a strong odour of gas-
oline because of contamination caused by a gaso-
line leak event near a Petrol Station. Sample No.
7 was spring water, which was influenced by
coal-containing strata. A large amount of brown-
ish deposits (Fe and Mn oxides) were found along
the spring outlet and the channel. Two river water
samples were collected at site 5, polluted due to
the input of coal mining water in the upper
reaches.

3.2. Analytical procedure

Water temperature (T), pH and electrical con-
ductivity (EC) were measured on site. The water
samples were collected in polyethylene bags that
had been cleaned with acid. All acid reagents were
ultra-purified by sub-boiling distillation methods.
Millipore ultra-pure water was used in the



Table 1
Groundwater samples collected in Guiyang city, SW China

Sampling sites (sample names) Description Discharge L/s Aquifer

1 (GYK-1,GYF-1) Well (depth, 396 m) 15.3 Dolomite
2 (GYK-2,GYF-2) Well (depth, 236 m) 16.7 Lime stone + gypsum layer + dolomite
3 (GYK-3,GYF-3) Gravity spring 35 Dolomite
4 (GYK-4,GYF-4) Gravity spring 3 Dolomite, with minor limestone
6 (GYK-6) Gravity spring 41.2 Dolomite, with quaternary deposit cover
7 (GYK-7) Artesian spring 5 Shale, coal-containing + minor limestone
8 (GYK-8,GYF-8) Artesian spring 5 Limestone + minor shale layers
9 (GYK-9,GYF-9) Gravity spring 32.5 Dolomite + limestone
10 (GYK-10,GYF-10) Gravity spring 58.7 Dolomite
11 (GYK-11,GYF-11) Well (depth, 250 m) 5.6 Dolomite
13 (GYK-13,GYF-13) Well (depth, 209 m) 3.3 Dolomite
14 (GYK-14,GYF-14) Well (depth, 300 m) 6 Dolomite + limestone
15 (GYK-15,GYF-15) Gravity spring No data Limestone
16 (GYK-16,GYF-16) Gravity spring 1 Dolomite + minor clastic rock
17 (GYK-17,GYF-17) Gravity spring 5 Limestone + dolomite
18 (GYK-18,GYF-18) Gravity spring Dolomite + limestone
19 (GYK-19,GYF-19) Gravity spring 4.4 Limestone
23 (GYK-23,GYF-23) Gravity spring 3.3 Dolomite
25 (GYK-25,GYF-25) Gravity spring No data Limestone
27 (GYK-27,GYF-27) Well (depth, 275 m) 8 Limestone + dolomite
28 (GYK-28,GYF-28) Gravity spring 0.1 Dolomite + limestone
29 (GYK-29,GYF-29) Artesian spring 74.1 Limestone + shale
30 (GYK-30,GYF-30) Gravity spring 0.05 Dolomite + quaternary deposits
32 (GYK-32,GYF-32) Gravity spring 0.01 Clastic rocks + minor limestone
33 (GYK-33,GYF-33) Artesian spring 1571 Limestone + dolomite
34 (GYK-34,GYF-34) Gravity spring 15.4 Limestone + dolomite
36 (GYK-36,GYF-36) Well (depth, 350 m) 6.3 Limestone

Note. GYK- stands for winter sample, while GYF- for summer sample; the discharge data (L/s) were observed in 1990 (data from
hydrological report issued by Bureau of Geology and Mining of Guizhou Province); the ground water at sites 6 and 7 could not be
sampled in summer.
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experiment (the electrical resistance is 18.2 MX/cm),
and all chemical analyses of the samples were per-
formed by the State Key Laboratory of Environ-
ment Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences.

HCO�3 was determined using the HCl titration
method within hours of sample collection. All of
the samples were filtered through 0.45 lm acetate
rayon filtering membrane prior to analysis for
anions and cations. The cations (K+, Na+, Ca2+,
Mg2+) were determined by atomic absorption
spectrometry (AAS), while the anions ðF�;Cl�;
NO�2 ;NO�3 ; SO2�

4 Þ were determined by high-effi-
ciency liquid chromatography.

To separate Sr from major elements in the
water samples for measurement of Sr isotopic
composition, the filtered water samples were
directly passed through an AG50W-50 resin col-
umn in a 2 N HCl medium. The isotopic compo-
sitions of Sr were determined by MC-ICP-MS
(multi collector-inductively coupled plasma-mass
spectrometer, produced by Nu Instrument Ltd.,
UK), for the samples collected in the summer,
at the Institute of Geochemistry, Chinese Acad-
emy of Sciences, Guiyang, and on a VG-354 mass
spectrometer, for the samples collected in the win-
ter, at the Institute of Geology and Geophysics,
Beijing. The value 87Sr/86Sr for the NBS987 stron-
tium standard, measured on the VG-354, was
0.710275 ± 0.000021 (2r, n = 12), and measured
on the MC-ICP-MS, was 0.710278 ± 0.000018
(2r, n = 66) during the measurement period of
the samples. For quality control of the MC-ICP-
MS measurement, the NBS987 standard was gen-
erally measured two to three times for every three
samples. Although the samples collected during
winter and summer were measured on different
mass spectrometers, comparative analyses for 10
samples performed on both the VG354 and MC-
ICP-MS, showed no significant difference between
the two data sets. The procedure for determina-
tion of d13C in dissolved inorganic C (DIC) in
surface and ground water samples, is described
in Li et al. (2005).
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4. Results

4.1. Seasonal variation in ground and surface water

The chemical compositions of ground water,
river water and sewage samples collected in the win-
ter and summer seasons are listed in Table 2.
Ground water in the karst regions is usually alka-
line. With the exception of sample No. 7, the pH
values of all ground water samples collected in win-
ter are within the range of 6.7–8.0 (averaging 7.3,
T = 16.2 �C), while those of ground water samples
collected in summer vary over a smaller range from
6.9 to 7.8 (averaging 7.4, T = 18.3 �C). Surface
water pH values ranged from 7.1 to 8.1 in winter
and 7.8 to 8.3 in summer.

The average TDS values were 614 and 564 mg/L
for ground water in winter and summer, respec-
tively, showing that the TDS values of ground water
in winter are higher. Similarly, the surface water
samples collected in winter have higher TDS con-
tents (average value, 548 mg/L), as compared to
those collected in summer (average value, 403 mg/
L). Especially in summer, the ground water gener-
ally has higher TDS values than the surface water.
For most of the chemical components analyzed,
both ground and surface water show higher concen-
tration in winter than in summer. Chloride and Na+

show significantly higher concentrations in the win-
ter samples compared to the summer samples. In
summer, all of the components, except for pH and
K, show significantly higher concentrations in the
ground water than in the surface water. In winter,
however, TDS, Ca2+, Cl� and SO2�

4 concentrations
are almost the same, K+ and Na+ are lower, and
Mg2+, NO�3 and SiO2 are higher in the ground water
than in the surface water. Nitrate concentrations in
the ground water samples, on average, are higher in
summer than in winter, but are almost the same for
the surface water in both seasons. Compared with
the surface water, ground water shows markedly
higher NO�3 concentrations in both seasons. Silica
in ground water shows higher concentrations than
in the surface water in both seasons, and is greatly
enriched in winter ground water.

4.2. Variation in chemical composition

Variations in chemical composition of the
ground and surface waters are shown in Fig. 2. As
seen from the triangular diagrams for anions and
cations, ground waters are dominated by Ca2+,
Mg2+, HCO�3 and SO2�
4 , which account for more

than 80% of total cations and anions. Of the cat-
ions, Ca2+ is the most dominant and accounts for
more than 50%, while Na+ and K+ are generally
lower than 20%. The HCO�3 and SO2�

4 anions are
dominant with Cl� and NO�3 accounting for less
than 20% of the anions for most of the water sam-
ples. Sample locality No. 3 is in a factory in Guiy-
ang, the water collected there has high
concentrations of Kþ þ Naþ; and Cl� þ NO�3 .
Compared to ground and surface water samples,
the two sewage samples collected in both summer
and winter show higher K+, Na+, Cl� and SO2�

4 ,
but lower NO�3 .

4.3. Strontium and Sr isotopes

Strontium concentrations and the 87Sr/86Sr ratios
of the water samples are listed in Table 3. The Sr
concentrations of the ground waters are very vari-
able, ranging from 1.14 to 184 lmol/L. The ground
water samples, GYK-2 and GYF-2, collected from
a gypsum-rich aquifer have the highest Sr concen-
trations in both summer and winter. Most of the
ground water samples have Sr concentrations in
the range 2–5 lmol/L. The surface water samples
have Sr concentrations from 4.65 to 15.1 lmol/L
in winter and from 1.83 to 6.85 lmol/L in summer;
winter river water samples in general have higher Sr
concentrations than summer river water samples.

The ground water in winter has Sr isotopic ratios
varying from 0.70734 to 0.71081, slightly lower than
those of the ground water in summer (0.70756–
0.71175). The river water has relatively constant Sr
isotopic compositions, with 87Sr/86Sr ratios varying
from 0.70760 to 0.70814 in winter and from 0.70770
to 0.70891 in summer. The Sr isotopic ratios of the
two sewage samples in both winter and summer are
constant, around 0.70800.

4.4. Isotopic composition of DIC

Although the isotope ratios of DIC have previ-
ously been used to discuss C cycling in the sur-
face/ground water systems (Li et al., 2005), they
are reproduced here (Table 3), so that they can be
used along with the Sr isotope ratios and chemical
data in the present study. The d13C values of DIC
in ground water range from �12.8& to �7.8& in
winter and from �14.4& to �8.5& in summer; in
winter ground water DIC contains more 13C than
that of ground water in summer. The ground water



Table 2
Temperature, pH values and concentration data of major ions in surface, ground and sewage water samples collected from Guiyang City, SW China

No. T (�C) pH K+

(mmol/L)
Na+

(mmol/L)
Ca2+

(mmol/L)
Mg2+

(mmol/L)
F�

(mmol/L)
NO�3
ðmmol=LÞ

Cl�

(mmol/L)
SO2�

4

ðmmol=LÞ
HCO�3
ðmmol=LÞ

SiO2

(mmol/L)
TDS
(mg/L)

Winter ground waters

GYK-1 21.0 7.53 0.06 0.22 1.18 1.07 nd nd 0.09 0.11 4.43 0.15 364.31
GYK-2 17.1 6.91 0.10 2.52 9.92 1.88 0.06 nd 0.30 11.17 4.49 0.23 1813.50
GYK-3 15.0 7.68 0.23 1.52 1.85 1.30 0.01 0.15 3.25 1.09 4.08 0.07 651.03
GYK-4 17.0 6.57 0.24 1.24 2.48 1.25 nd 0.32 1.01 2.71 3.15 0.11 674.99
GYK-6 19.1 7.56 0.01 0.08 1.44 1.10 nd 0.14 0.19 0.23 4.15 0.08 377.12
GYK-7 15.0 5.96 0.35 1.45 4.66 1.72 nd nd 0.41 8.41 3.23 0.13 1294.16
GYK-8 14.2 6.93 0.04 0.29 2.00 0.78 nd 0.45 0.17 0.49 3.37 0.06 393.55
GYK-9 14.2 6.62 0.15 1.03 1.70 0.97 0.03 nd 0.89 1.11 3.79 0.16 490.02
GYK-10 14.5 7.86 0.02 0.23 1.60 1.12 0.02 0.40 0.20 0.28 4.32 0.07 419.35
GYK-11 15.0 6.79 0.05 0.29 1.82 1.32 0.03 0.14 0.40 0.46 4.96 0.09 482.44
GYK-13 16.0 7.12 0.14 0.23 1.02 0.84 0.04 nd 0.12 0.47 2.75 0.20 288.36
GYK-14 16.7 6.79 0.26 1.14 3.59 0.98 nd 0.55 1.07 1.92 5.15 0.24 773.96
GYK-15 16.1 6.83 0.17 1.01 3.32 0.55 0.02 0.27 3.91 1.24 3.84 0.18 685.24
GYK-16 14.8 7.26 0.09 0.44 2.27 1.32 0.03 0.35 0.37 1.68 3.96 0.07 573.52
GYK-17 16.1 7.52 0.22 0.85 3.71 0.45 nd 0.48 1.08 1.36 4.98 0.23 689.92
GYK-18 16.0 7.58 0.07 0.74 2.47 1.29 nd 0.26 0.72 1.44 5.11 0.09 641.34
GYK-19 16.1 7.55 0.01 0.09 2.22 0.61 nd 0.14 0.25 0.19 4.32 0.17 405.05
GYK-23 15.8 7.70 0.01 0.09 2.09 1.26 0.01 0.08 0.15 0.51 5.03 0.05 482.68
GYK-25 17.3 7.64 0.02 0.02 2.70 0.18 nd 0.09 0.07 0.83 4.17 0.18 456.67
GYK-27 15.5 7.55 0.08 0.92 2.72 1.52 nd 0.12 1.19 2.50 4.20 0.05 715.60
GYK-28 17.1 7.59 0.03 0.06 2.03 1.36 nd 0.13 0.51 0.17 5.44 0.06 489.84
GYK-29 16.0 7.71 0.04 0.15 2.43 0.69 nd 0.06 0.72 0.76 3.92 0.09 460.23
GYK-30 16.0 8.01 0.21 1.24 2.46 1.08 nd nd 1.14 0.97 6.52 0.45 692.14
GYK-32 17.0 7.54 0.04 0.06 2.14 0.10 nd 0.15 0.71 0.08 3.37 0.21 339.27
GYK-33 15.0 7.96 0.04 0.14 2.10 0.39 nd 0.09 0.13 0.38 3.82 0.01 378.54
GYK-34 17.0 7.33 0.03 0.29 2.76 0.86 nd 0.27 0.29 0.66 4.97 0.12 532.07
GYK-36 18.0 6.86 0.09 0.73 3.23 1.48 nd 0.63 0.94 1.57 5.40 0.06 737.46

Summer ground waters

GYF-1 22.2 7.5 0.06 0.20 1.09 1.04 nd nd 0.01 0.11 4.85 0.13 382.21
GYF-2 17.7 7.03 0.08 0.37 9.75 2.80 nd nd 0.55 10.79 4.87 0.20 1821.60
GYF-3 18.4 7.8 0.07 0.26 1.76 0.83 0.03 0.25 0.16 0.78 3.80 0.08 426.89
GYF-4 18.4 7.18 0.19 0.72 3.10 1.33 nd 0.84 0.59 2.33 3.83 0.10 710.14
GYF-6 No No No No No No No No No No No No No
GYF-7 No No No No No No No No No No No No No
GYF-8 16.4 7.39 0.02 0.70 1.81 0.36 0.2 0.17 0.07 0.39 4.44 0.07 419.67
GYF-9 18.3 7.48 0.11 0.44 1.65 0.75 0.05 0.16 0.26 0.93 3.65 0.07 429.29
GYF-10 18.3 7.75 0.03 0.19 1.61 1.02 0.01 0.43 0.13 0.46 4.35 0.07 435.61
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GYF-11 18.6 7.59 0.12 0.35 1.72 0.85 0.03 0.20 0.26 0.59 4.38 0.08 446.95
GYF-13 17.3 7.78 0.16 0.16 1.40 0.97 nd nd 0.08 0.94 3.26 0.13 381.21
GYF-14 18.2 7.09 0.27 0.94 3.37 1.08 nd 0.60 0.94 1.94 5.63 0.16 792.73
GYF-15 17.7 7.18 0.17 0.79 3.40 0.62 nd 0.76 0.79 1.91 4.50 0.12 708.57
GYF-16 16.9 7.5 0.14 0.30 2.86 1.29 nd 0.23 0.22 1.85 4.02 0.09 602.74
GYF-17 18.2 7.07 0.11 0.53 2.75 0.32 nd 0.84 0.73 1.04 3.94 0.10 551.80
GYF-18 17.3 7.25 0.07 0.54 2.60 1.58 nd 0.33 0.52 1.72 5.08 0.07 671.02
GYF-19 16.8 7.29 0.02 0.10 2.33 0.38 nd 0.14 0.15 0.28 4.57 0.11 424.81
GYF-23 16.8 7.37 0.01 0.08 1.70 1.35 nd 0.13 0.11 0.64 5.29 0.06 498.37
GYF-25 18.7 7.37 0.02 0.03 2.51 0.18 nd 0.02 0.03 0.94 3.55 0.11 415.62
GYF-27 17.9 7.19 0.07 0.89 3.00 2.10 nd 0.80 1.18 2.28 4.88 0.06 802.46
GYF-28 17.7 7.18 0.11 0.18 1.67 1.48 nd 0.36 0.16 0.43 5.76 0.08 531.72
GYF-29 17.7 7.59 0.02 0.04 1.79 0.43 nd 0.08 0.03 0.54 3.83 0.08 374.72
GYF-30 20.6 7.39 0.18 0.33 1.26 0.60 nd 0.18 0.28 0.62 3.32 0.09 362.50
GYF-32 20.5 7.33 0.06 0.14 1.07 0.14 nd 0.53 0.12 0.33 1.91 0.10 236.95
GYF-33 18.7 6.92 0.03 0.07 1.24 0.21 nd 0.13 0.06 0.32 3.16 0.08 290.89
GYF-34 18.9 7.32 0.04 0.14 2.01 0.91 nd 0.32 0.10 1.21 3.79 0.07 477.50
GYF-36 19.5 7.34 0.11 0.64 2.82 1.68 nd 0.62 0.89 1.60 4.52 0.10 671.91

Winter surface waters

GYK-5 12.0 7.66 0.22 1.41 2.22 1.25 0.07 0.19 0.92 2.65 3.07 0.02 645.86
GYK-20 7.8 8.02 0.15 0.78 1.65 0.64 0.02 0.04 0.56 0.76 3.64 0.06 422.75
GYK-21 9.3 8.07 0.11 0.39 1.78 0.71 0.01 0.16 0.37 0.69 3.34 0.01 394.31
GYK-22 9.6 7.86 0.10 0.36 1.87 0.72 0.01 0.16 0.34 0.67 3.30 0.03 391.13
GYK-24 9.2 8.06 0.10 0.34 3.03 0.79 nd 0.02 0.31 2.86 2.02 0.01 562.12
GYK-26 10.1 7.63 0.09 0.33 2.91 0.72 nd 0.52 0.57 2.61 2.11 0.01 577.24
GYK-31 10.6 7.81 0.34 2.32 3.23 0.95 nd 0.02 1.79 2.09 4.90 0.19 783.00
GYK-35 9.8 7.10 0.24 1.05 2.58 0.87 nd 0.11 1.31 1.47 3.81 0.05 583.45

Summer surface waters

GYF-5 19.2 8.34 0.12 0.31 1.76 0.77 0.03 0.25 0.23 1.04 3.43 0.07 432.98
GYF-20 20.8 8.00 0.07 0.19 1.15 0.36 nd 0.07 0.13 0.52 2.34 0.08 263.07
GYF-21 20.8 8.08 0.09 0.23 1.54 0.50 nd 0.15 0.19 0.73 3.18 0.08 362.75
GYF-22 20.8 8.18 0.07 0.17 1.73 0.52 nd 0.22 0.15 0.74 3.68 0.08 402.72
GYF-24 22.1 8.03 0.09 0.25 2.05 0.74 0.01 0.10 0.20 2.22 1.87 0.02 449.24
GYF-26 21.0 8.15 0.09 0.27 2.28 0.72 0.01 0.15 0.21 1.93 2.69 0.05 483.99
GYF-31 21.2 7.80 0.16 0.34 1.51 0.53 0.01 0.16 0.35 1.01 2.94 0.09 386.19
GYF-35 22.1 7.77 0.11 0.32 1.97 0.65 0.01 0.14 0.30 1.49 2.33 0.07 410.36

Winter sewage

GYK-12 30.5 6.50 0.19 1.29 2.50 0.93 0.01 nd 1.28 2.94 2.82 0.04 659.53
GYK-37 13.5 7.66 0.36 2.69 2.60 0.70 nd nd 1.81 1.56 5.03 nd 717.31

Summer sewage

GYF-12 26.9 7.70 0.17 1.51 2.62 0.99 nd 0.13 1.03 2.57 3.11 0.09 651.46
GYF-37 24.5 7.67 0.31 1.84 3.71 1.64 nd nd 1.07 1.18 3.67 0.12 617.12

Note. ‘‘nd’’ means no data because the concentration is under detection limit; ‘‘no’’ means no data because the samples could not be collected in winter.
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Fig. 2. Triangular diagrams showing compositional variations of the major cations (a) and anions (b) in surface and ground water.
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from the aquifer containing gypsum layers shows
the highest d13C value, while the ground water sam-
ples contaminated by oil leakage (GYK-15 and
GFY-15) have the lowest d13C values. Compared
to ground water, the surface water samples show
higher d13C values, ranging from �10.0& to
�4.8&. With the exception of sample GYF-24, all
of the surface water samples collected in winter have
higher d13C values compared to those collected in
summer.

5. Discussion

5.1. Surface/ground water interaction

Sinkholes, conduits and caves form large sec-
ondary pathways for subsurface flow in karstic ter-
rain, and so, the discharge of ground water quickly
responds to surface water and shows wide varia-
tions in flow rate, water chemistry and stable isoto-
pic composition. Plummer et al. (1998) studied
river water flow into a karstic limestone aquifer
through tracing the young fraction in groundwater
mixtures in the Upper Floridan Aquifer near Val-
dosta, Georgia, by using multiple geochemical
tracers. Lee and Krothe (2001) identified the
unique signatures of rain, soil, epikarstic and phre-
atic waters by using DIC and d13C as tracers, and
created a four-component mixing model that
describes the water, solute and solute isotopic
fluxes. Their studies demonstrate the important
contribution of water infiltrating through the soil
layer displacing water in the vadose zone after
major storm events, thus mobilizing agricultural
contaminants to the major discharge points. Des-
marais and Rofstaczer (2002) after studying the
chemical and physical response of a spring to
storm events showed that storm response is fairly
consistent and repeatable, independent of the time
between storms and the configuration of the rain
event itself, and that spring flow is likely controlled
by displaced water from the aquifer rather than by
direct recharge through the soil zone.

By comparing the water chemistry of ground
and surface waters in both winter and summer sea-
sons (Fig. 3), an understanding may be gained of
the interaction between surface water (and/or soil
water) and ground water. In Fig. 3, ion ratios
are used for comparison, since utilization of the
ion ratio can negate concentration or dilution
effects. In both surface and ground waters, Na+

relative to Ca2+, and Cl� relative to HCO�3 are
enriched in winter samples compared to summer
samples, while NO�3 relative to HCO�3 is enriched
in most of the ground and surface water samples
in summer. The co-variations in chemical composi-
tion of both surface and ground water suggest a
quick response of the ground water system to



Table 3
Sr concentration and isotopic ratios of surface, ground waters and sewage collected from Guiyang City, SW China

Samples Winter season (in January of 2002) Samples Summer season (in August of 2002)

Sr (lmol/L) 87Sr/86Sr d13C Sr (lmol/L) 87Sr/86Sr d13C

Ground waters

GYK-1 4.26 0.70904 ± 2 �8.4 GYF-1 4.22 0.70915 ± 18 �10.0
GYK-2 172.88 0.70790 ± 2 �5.1 GYF-2 184.32 0.70802 ± 1 �5.5
GYK-3 10.51 0.70812 ± 2 No data GYF-3 3.99 0.70829 ± 2 �9.7
GYK-4 11.73 0.70797 ± 3 �10.7 GYF-4 9.47 0.70810 ± 3 �11.3
GYK-6 3.80 0.70813 ± 2 �8.4 GYF-6 No data No data No data
GYK-7 55.49 0.70734 ± 2 �11.4 GYF-7 No data No data No data
GYK-8 4.30 0.70791 ± 2 �7.8 GYF-8 3.31 0.70805 ± 3 �10.3
GYK-9 12.02 0.70808 ± 2 �9.0 GYF-9 6.39 0.70827 ± 2 �9.3
GYK-10 3.37 0.70803 ± 2 �8.3 GYF-10 2.28 No data �10.0
GYK-11 10.49 0.70800 ± 2 �8.1 GYF-11 4.91 0.70815 ± 3 �9.0
GYK-13 20.13 0.70895 ± 2 �7.8 GYF-13 25.68 No data �8.5
GYK-14 3.97 0.70903 ± 1 �9.8 GYF-14 4.22 0.70905 ± 2 �11.9
GYK-15 3.38 0.70801 ± 2 �12.8 GYF-15 6.28 0.70806 ± 4 �14.4
GYK-16 5.60 0.70818 ± 2 �10.4 GYF-16 7.53 0.70810 ± 4 �12.3
GYK-17 3.36 0.70791 ± 2 No data GYF-17 2.40 0.70818 ± 7 No data
GYK-18 5.18 0.70818 ± 1 �9.0 GYF-18 4.22 0.70809 ± 2 �11.6
GYK-19 3.26 0.70804 ± 2 �9.2 GYF-19 3.65 0.70792 ± 4 �10.8
GYK-23 1.85 0.70831 ± 2 �9.7 GYF-23 1.83 0.70835 ± 3 �10.4
GYK-25 2.23 0.70757 ± 2 �8.4 GYF-25 1.94 0.70756 ± 2 �10.1
GYK-27 3.42 0.70820 ± 2 �10.1 GYF-27 3.77 0.70810 ± 4 �10.8
GYK-28 1.41 0.70825 ± 2 �9.3 GYF-28 1.60 0.70842 ± 3 �10.2
GYK-29 3.37 0.70784 ± 2 �8.7 GYF-29 1.83 0.70810 ± 2 �9.8
GYK-30 15.20 0.70805 ± 2 �11.5 GYF-30 3.31 0.70821 ± 3 �11.8
GYK-32 1.19 0.71081 ± 2 �10.2 GYF-32 1.14 0.71175 ± 3 �11.2
GYK-33 2.57 0.70768 ± 2 �8.6 GYF-33 1.83 0.70801 ± 3 �9.8
GYK-34 2.04 0.70821 ± 2 �8.8 GYF-34 2.74 0.70836 ± 2 �9.3
GYK-36 3.52 0.70829 ± 2 �10.0 GYF-36 3.88 0.70832 ± 3 �11.3

Surface waters

GYK-5 15.06 0.70789 ± 2 �7.5 GYF-5 5.93 0.70806 ± 2 �8.7
GYK-20 4.66 0.70814 ± 2 �8.7 GYF-20 1.83 0.70891 ± 3 �9.2
GYK-21 5.55 0.70802 ± 2 �8.1 GYF-21 4.57 0.70812 ± 2 �9.6
GYK-22 4.65 0.70793 ± 2 �8.3 GYF-22 6.51 0.70796 ± 2 �9.2
GYK-24 9.25 0.70760 ± 2 �7.4 GYF-24 7.76 0.70770 ± 1 �4.8
GYK-26 8.47 0.70764 ± 2 �7.4 GYF-26 7.42 0.70780 ± 3 �7.7
GYK-31 7.10 0.70789 ± 2 �7.1 GYF-31 4.91 0.70816 ± 2 �9.9
GYK-35 7.01 0.70793 ± 2 �8.9 GYF-35 6.85 0.70809 ± 3 �10.0

Sewage

GYK-12 10.25 0.70804 ± 2 �10.4 GYF-12 8.90 0.70800 ± 3 �10.7
GYK-37 6.28 No data No data GYF-37 4.91 0.70800 ± 3 No data

Note. Errors of the isotopic ratios are expressed in 2r.
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surface water. Strontium isotope ratios of almost
all of the ground and surface water samples col-
lected in summer are higher compared with those
of the ground and surface water samples collected
in winter, suggesting that more Sr is derived from
dissolution of silicate minerals or from the soil
zone in summer. Similarly, the ground and surface
water in summer has lower d13CDIC values, also
suggesting more DIC derived from oxidation of
organic materials in soil.
5.2. Anthropogenic inputs into the surface/ground

water system

Nitrate is an important pollutant in the environ-
ment, being generally derived from agricultural fer-
tilizers, atmospheric input, human and animal
excreta and bio-combustion, and also from the nitri-
fication of organic N and NHþ4 (Savoie and Pros-
pero, 1989; Agrawal et al., 1999; Jeong, 2001;
Xiao and Liu, 2002). In a pollution-free area it is
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Fig. 3. Seasonal variations in chemical and isotopic compositions of ground and surface waters collected from Guiyang, SW China.
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produced by soil organic matter decay through bac-
teria such as Nitrosomonas and Nitrobacter. Studies
in Australian arid zones have shown that bacteria
associated with certain soil termites can also cause
considerable NO�3 enrichment of shallow ground
water under flash desert precipitation events (Barnes
et al., 1992).

Compared with those collected from scarcely
populated agricultural areas, ground and surface
water samples collected from the metropolitan area
are relatively high in NO�3 contents. This distribu-
tion trend of NO�3 in the ground water is more pro-
nounced in summer (Fig. 4a); as stated earlier,
ground water has significantly higher NO�3 contents
in summer than winter. Although the averages of
NO�3 contents for surface water in both summer
and winter are almost the same, the HCO�3 normal-
ized values ðNO�3 =HCO�3 Þ of surface water in sum-
mer are obviously higher than those of the winter
surface water. High concentrations of NO�3 in the
sampled ground water in both winter and summer
indicate that the karstic ground water system is sen-
sitive to the influence of point and non-point
pollution.

Four sewage samples collected from two loca-
tions in winter and summer show high concentra-
tions of Cl�, Na+, K+ and SO2�

4 , but contain
almost no NO�3 , which is presumably because
NH4+ and/or NO�2 were not oxidized, or to con-
sumption of NO�3 by oxidation of organic materials
in the sewage through the reactions below:

1=4CH2Oþ 1=5NO�3 þ 1=5Hþ

¼ 1=10N2 þ 1=4CO2 þ 7=20H2O ð1Þ
and=or

4NO�3 þ 5Corg ¼ 2CO2�
3 þ 3CO2 þ 2N2 ð2Þ

Denitrifying bacteria can convert NO�3 back to
N2O and N2 by anaerobic reduction, but in the
absence of such a process, NO�3 infiltrating deep



Fig. 4. Spatial variations of NO�3 (a) and Cl� contents (b) of the ground water in summer. Open circle = no data.
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into aquifers may remain as such for a long time
(Agrawal et al., 1999). The ground water samples
collected in both summer and winter have higher
NO�3 concentrations and also higher NO�3 =HCO�3
ratios than the studied surface water samples. This
suggests that the karstic ground water system does
not produce conditions favorable for denitrification,
and hence is not easily self-remediated once contam-
inated by NO�3 .

Similar to the distribution of NO�3 contents, the
contents of Cl� in the ground water samples col-
lected from the central area of the city and the
industrial areas, or from the sampling sites along
the Nanming River are higher than those from adja-
cent areas, suggesting that the discharge of waste
water from industrial and commercial–residential
areas has led to the increase of both Cl� and NO�3
in ground water (Fig. 4b) in the center of the basin.
Unlike NO�3 , Cl� is conservative or chemically inac-
tive, so its concentrations in surface water from the
upper reaches increases along the Naming River in
both winter and summer, suggesting an increase of
anthropogenic input to the surface water. Fig. 5
shows the relationship between HCO�3 normalized
SO2�

4 and Cl� values in surface, ground water and
municipal sewage samples. The municipal sewage
samples contain both high Cl� and SO2�

4 concentra-
tions, and possibly have led to contamination of
ground water, as seen from the general positive cor-
relation between Cl�=HCO�3 and SO2�

4 =HCO�3
molar ratios for the ground water samples. Accord-
ing to Han and Liu (in press), the rain water of the
city of Guiyang is significantly enriched in Cl�,
NO�3 and SO2�

4 . The average Cl�=SO2�
4 molar ratio

for Guiyang rain water is 0.36, within the range of
the corresponding ratios for ground water studied
here. Therefore, such ions in the surface and ground
water can also be of atmospheric origin. However,
SO2�

4 has complicated origins. As seen from
Fig. 5, in addition to anthropogenic origins, SO2�

4

can be derived from the dissolution of gypsum
and the oxidation of sulfide minerals. Three ground
water samples collected from gypsum-containing
and sulfide-containing aquifers show significantly
high SO2�

4 =HCO�3 but low Cl�=HCO�3 ratios, but
show no clear influence on the water chemistry of
other ground waters (Fig. 5). However, surface
water samples collected in both winter and summer
show significant contributions from both municipal
sewage and dissolution of gypsum or oxidation of
sulfide minerals in the aquifers (see inset diagram
in Fig. 5).

The sewage samples have high Na+ and K+ con-
centrations during both seasons (Fig. 6), and they
show better correlations with Cl�. The incorpora-
tion of industrial and ubiquitously used NaCl, and
potash fertilizers used in agricultural production
into aquifers will lead to the increase of K+ and
Na+ in ground and surface water in winter. As is
shown in Fig. 6, the sewage samples have a rela-
tively low K+/Na+ ratio, or are strongly enriched
in Na+ over K+. The relationship between
Kþ=HCO�3 and Naþ=HCO�3 in surface and ground
water in winter indicates that both surface and
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ground water have received significant anthropo-
genic inputs. Unlike the surface water in winter,
the surface water in summer has relatively high
K+/Na+ and low Naþ=HCO�3 ratios, showing a dif-
ferent mixing trend, or different sources of Na+ and
K+ from that of the winter surface water.

The anthropogenic origin for most of K+ and
Na+ in the studied water samples can be further
demonstrated by the variations of Na+/Sr2+ and
K+/Sr2+ with 87Sr/86Sr (Fig. 7). If Na+ and K+

are derived from weathering of silicate minerals,
general positive correlations between 87Sr/86Sr and
Na+/Sr2+ and K+/Sr2+ ratios should exist. How-
ever, except for some ground and summer surface
water samples, most ground water and surface
water in winter show big variations in Na+/Sr2+

and K+/Sr2+ ratios but with 87Sr/86Sr constant, sug-
gesting anthropogenic sources of Na+ and K+ in
the water. The rain water samples studied by Han
and Liu (in press) also have considerable variations
of Na+/Sr2+ and K+/Sr2+ but constant Sr isotope
ratios, the range and average values of which are
also shown in Fig. 5. Since the rain waters collected
over a year show large variability and significantly
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higher K+/Sr2+ ratios, atmospheric input of K+ into
the surface and ground water is probably
significant.

5.3. Control of water/rock interaction on solute
source: constraints from Sr isotope data

Within the region studied, the aquifers are dom-
inated by carbonate rocks (limestone and dolomite),
followed by clastic sedimentary rocks, with gypsum
and coal-bearing strata occurring locally. Dissolu-
tion of carbonate minerals and gypsum layers
may, therefore, largely determine the chemical com-
position of water. The water samples collected at
sampling site No. 2 have the highest TDS due to
the existence of gypsum in the aquifer. Since Mg2+

and Ca2+ are not dominant contaminants, from
the chemistry of the sewage samples, Sr isotope
ratios (87Sr/86Sr) are plotted against Mg2+/Ca2+

molar ratios for the water samples in order to assess
the mineral-dissolution sources (Fig. 8). In the fig-
ure, except for the water samples GYK-32 and
GYF-32 collected from a clastic-rock aquifer, which
show the highest 87Sr/86Sr ratios, most of the data
show relatively low 87Sr/86Sr ratios, distributed
along a general mixing line between limestone and
dolomite end-members. This confirms that weather-
ing of carbonate rocks (limestone and dolomite) is
the main source of the solutes in both ground and
surface waters.

5.4. Carbonate mineral dissolution by soil CO2:

constraints from C isotope data

Fig. 9 shows a general decrease of C isotope val-
ues of DIC (d13CDIC) with increasing SO2�

4 =HCO�3
ratios. Two ground water samples from a gypsum
layer-containing aquifer deviate greatly from the
main distribution trend of most water samples,
showing the highest d13CDIC values and
SO2�

4 =HCO�3 ratios. Sample GYK-7 is derived from
oxidation of sulfide minerals and possibly organic S,
characterized by a clearly high SO2�

4 =HCO�3 ratio
but a low d13CDIC value. The municipal sewage
samples in Fig. 9 deviate somewhat from the ground
water distribution trend. Ground water sample
GYK-15 shows the lowest d13CDIC value, probably
due to contamination by an oil leakage.

The geography of Guizhou Province is domi-
nated by karst landforms, most soil CO2 has d13C
values from �24& to �18.5& (Zhou et al., 2002;
Zheng, 1999), and hence the infiltrating water equil-
ibrated with soil CO2 (under open system condi-
tions) will have d13CDIC values of about �16& to
�10&, according to the estimation based on an
equilibrium fractionation factor of �+8& between



Fig. 8. Variations of 87Sr/86Sr ratios with Ca2+/Mg2+ molar ratios of the surface and ground waters of Guiyang. The values of limestone
and dolomite end-members are from Han and Liu (2004).
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Fig. 9. Variations of d13CDIC values with SO2�
4 =HCO�3 molar ratios in the ground and surface water (inner diagram) of Guiyang.
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soil CO2 gas and dissolved HCO�3 by Mook et al.
(1974). In the case of congruent dissolution under
a closed system condition, for every 2 moles of
HCO�3 added, one is derived from the carbonate
rock, and one from soil CO2. Nan et al. (1998)
reported that Permian and Triassic limestone and
dolomite, which are the most widely distributed
strata in the studied area, have d13CDIC values rang-
ing from �1.8& to 4.8&, averaging +2.5&.
Accordingly, the d13CDIC values of the ground
water dominated by calcite dissolution would be
around �5& assuming an average d13CDIC value
of 2.5& for carbonate minerals. If the incongruent
dissolution and congruent precipitation of carbon-
ates under closed system conditions controlled the
water chemistry, the d13CDIC values of ground
waters would increase and reach a value larger than
�5&. In general, the winter surface and ground
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waters show higher d13CDIC values (around
�8.5&), indicating that more inorganic C was
derived from dissolution of marine carbonate min-
erals compared with the surface and ground waters
in summer. On the other hand, most ground water
in summer shows d13CDIC values lower than �9&,
suggesting that soil C dissolution largely contributes
to the DIC of most ground water, or that most
ground water was in equilibration with, or open
to, soil CO2 in summer.

5.5. Carbonate dissolution by sulfuric acid

In addition to H2CO3, H2SO4 can also attack
minerals, a fact observed by many authors (e.g.
Hanshaw and Back, 1979; Macpherson, 1996;
Montoroi et al., 2002; Massmann et al., 2003).
The study by Han and Liu (2004) on water chemis-
try of the Wujiang River has also indicated that
H2SO4 is involved in the erosion of the drainage
basin. Fig. 10 shows the variations of the
½Ca2þ þMg2þ�=½HCO�3 � with ½SO2�

4 �=½HCO�3 � equiv-
alent ratios for the water samples. The chemical
reactions that are most likely responsible for the
chemistry of the waters studied here are also shown
in the figure. According to the stoichiometric rela-
tionships of these chemical reactions, the mineral
dissolution that occurred to control the chemistry
of the waters can be inferred based on the variation
in chemical composition shown in Fig. 10. For those
waters that have ½Ca2þ þMg2þ�=½HCO�3 � ratios
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around unity and low ½SO2�
4 �=½HCO�3 � ratios, car-

bonate mineral dissolution by H2CO3 dominates
the mineral/water interaction. With increasing
½SO2�

4 �=½HCO�3 � equivalent ratios, the ½Ca2þþ
Mg2þ�=½HCO�3 � ratio also increases, and more
SO2�

4 is needed to balance the Ca2+ and the Mg2+

in the water samples. When carbonate mineral dis-
solution by both H2CO3 and H2SO4 takes place
and reaches equilibrium, water should have a
½SO2

4�=½HCO3�� equivalent ratio of 0.5 and a
½Ca2þ þMg2þ�=½HCO�3 � ratio of 1.5, as shown by
the cross point A in Fig. 10. When both
½SO2�

4 �=½HCO�3 � and ½Ca2þ þMg2þ�=½HCO�3 � ratios
continue to increase, dissolution of gypsum is
needed to balance the negative and positive ions
and so dominates water chemistry.

The co-variation of ½Ca2þ þMg2þ�=½HCO�3 � with
½SO2�

4 �=½HCO�3 � ratios in Fig. 10 can also be inter-
preted in terms of binary mixing of HCO3-type and
SO4-type water, that is, mixing of two end-members
originating, respectively, from dissolution of carbon-
ate minerals by H2CO3 and dissolution of gypsum.
However, the correlation between d13CDIC and
SO2�

4 =HCO�3 ratios in Fig. 9 does not support this
interpretation, because the ground water from the
gypsum layer-containing aquifer shows both high
SO2�

4 =HCO�3 ratios and d13CDIC values. Therefore,
mineral dissolution by H2SO4 is required to interpret
the chemical composition of the water samples.
Sulfuric acid in soil water can be formed from oxida-
tion of sulfide minerals that are widely distributed in
10
-]/[HCO3

-]

[C
a

2+
+M

g
2+
]/[

SO
4

2- ]=
1

A

CO3
-

CO3
-

g1-xSO4·2H2O
xCa2+(1-x)Mg2++SO4

2-+2H2O

1
-]/[HCO3

-]

[C
a

2+
+M

g
2+
]/[

SO
4

2- ]=
1

A

CO3
-

CO3
-

g1-xSO4·2H2O
xCa2+(1-x)Mg2++SO4

2-+2H2O

WGW
SGW
WSW
SSW
WS
SS

WGW
SGW
WSW
SSW
WS
SS

equivalent ratios of the surface and ground water of Guiyang.



902 Y.-C. Lang et al. / Applied Geochemistry 21 (2006) 887–903
coal-containing strata, and probably also from oxi-
dation of organic S. The oxidation of sulfide minerals
to form deposits of Fe hydroxide and a resulting
increase in the H+ content of the water is well demon-
strated by the chemical features of sample GYK-7. In
addition, acid rain events often occur in the city of
Guiyang and are characterized by high contents of
H2SO4 (Han and Liu, in press), and this probably is
also an important source of H2SO4.
5.6. The roles of gypsum dissolution and sulfide

oxidation

As described in the previous sections of this
paper, the ground water from the gypsum-contain-
ing aquifer has the highest d13CDIC values of around
�5& and low 87Sr/86Sr ratios (Fig. 9), which might
have resulted from the incongruent dissolution and
congruent precipitation of carbonate minerals. The
waters with the lowest ratios of SO2�

4 =HCO�3 and
d13CDIC values of around �10& and �8.5& in
summer and winter, respectively, could represent
those waters whose chemical composition is con-
trolled by carbonate dissolution mainly by H2CO3.
In contrast, the waters with both high d13CDIC

and SO2�
4 =HCO�3 ratios reflect the dissolution of

carbonate minerals by H2SO4 or by alkaline water
with high concentrations of HCO�3 , which will result
in high concentrations of SO2�

4 and of HCO�3 from
carbonate minerals, and hence in an increase of the
d13CDIC values.

Gypsum dissolution by H2CO3 or alkaline water
will cause calcite precipitation due to the much
higher solubility of gypsum than calcite as described
in the following reaction:

HCO�3 þ CaSO4 � 2H2O

¼ CaCO3 þ SO2�
4 þHþ þ 2H2O ð3Þ

The protons produced in the reaction will soon react
with carbonate minerals in country rock, to increase
the d13CDIC values in ground waters: soil C depleted
in 13C will be first precipitated as calcite and more
inorganic C as HCO�3 released from carbonate min-
eral dissolution. Sample GYF-15 collected from a
spring contaminated by oil leakage shows the lowest
d13CDIC value and a relatively high SO2�

4 =HCO�3 ra-
tio, suggesting that oxidation of organic matter by
SO2�

4 in the ground water system may be responsible
for the low d13CDIC value and high SO2�

4 content of
the water. The water GYK-7 plots far from the data
distribution trend of most water samples, showing
the highest SO2�
4 =HCO�3 ratio due to oxidation of

sulfide minerals in the aquifer. Its relatively low
d13CDIC value argues against an origin of carbonate
mineral dissolution for DIC in the water.

6. Summary

The chemical compositions of the karst surface
and ground water in both winter and summer are
dominated by Ca2+, Mg2+, HCO�3 and SO2�

4 , which
account for more than 80% of the total cations and
anions. During the summer, ground water has
higher contents of most chemical components in
comparison to surface water, due to dilution of sur-
face water. Based on Sr isotope and chemical com-
positions, the studied karst surface and ground
water samples have solutes mainly derived from dis-
solution of limestone and dolomite, with solutes
resulting from dissolution of silicate minerals being
very minor. The dissolution of sulfate evaporites
(e.g. gypsum) and oxidation of sulfide minerals
and organic S are the main factors leading to the
increase of SO2�

4 in the water.
Anthropogenic inputs into the surface and ground

water mainly include Na+, K+, Cl�, NO�3 and SO2�
4 ,

according to chemical compositions of municipal
sewage and rain water in the city of Guiyang. In spa-
tial variation, the ground water samples collected in
the metropolitan area have higher Na+, Cl� and
NO�3 contents. In particular, Na+ and Cl� are higher
in both surface and ground water in winter than in
summer, demonstrating that both surface and
ground water are susceptible to contamination result-
ing from low flow in the winter season. However,
identification of specific sources for these anthropo-
genic components is difficult at the present stage.
More isotope tracers are needed to trace the sources
of different contaminants in the water.

The variations in chemical composition of both
surface and ground water during different seasons
demonstrate an active interaction or mass exchange
between surface and ground water in karst environ-
ments, and indicate that the karst ground water sys-
tem is vulnerable to impact by human activities. In
both summer and winter, the ground waters have
higher NO�3 contents than surface water, indicating
that conditions in the karstic ground water system
do not favor denitrification, and hence is not easily
self-remediated once contaminated by nitrates.

From the variations in chemical, and C and Sr
isotopic composition, dissolution/precipitation of
carbonate minerals are the important processes
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controlling the water geochemistry of both surface
and ground water in the karst area. Soil CO2 disso-
lution largely contributes to the dissolved inorganic
C of most ground water; in other words, shallow
ground waters in particular were in equilibrium
with, or open to soil CO2. In addition, H2SO4, pos-
sibly produced as a result of oxidation of sulfides in
S-rich coal seams and of organic S in soil as well as
acid rain, is inferred to be involved in the dissolu-
tion of rocks and minerals. Dissolution of gypsum
by H2CO3 may drive dissolution of carbonate min-
erals in the karst region studied.
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