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Abstract Natural and anthropogenic impacts on karst ground water, Zunyi, Southwest
China, are discussed using the stable isotope composition of dissolved inorganic carbon
and particulate organic carbon, together with carbon species contents and water chemistry.
The waters can be mainly characterized as HCOz;—Ca type, HCO; - SO4—Ca type, or
HCOj; - SO4—Ca - Mg type, according to mass balance considerations. It is found that the
average 513CDIC values of ground waters are higher in winter (low-flow season) than in
summer (high-flow season). Lower contents of dissolved inorganic carbon (DIC) and lower
values of 3'*Cpyc in summer than in winter, indicate that local rain events in summer and a
longer residence time of water in winter play an important role in the evolution of ground
water carbon in karst flow systems; therefore, soil CO, makes a larger contribution to the
DIC in summer than in winter. The range of 33Cpyc values indicate that dissolved inor-
ganic carbon is mainly controlled by the rate of carbonate dissolution. The concentrations
of dissolved organic carbon and particulate organic carbon in most ground water samples
are lower than 2.0 mg C L~ 'and 0.5 mg C L respectively, but some waters have slightly
higher contents of organic carbon. The waters with high organic carbon contents are
generally located in the urban area where lower 3BCpyc values suggest that urbanization
has had an effect on the ground water biogeochemistry and might threaten the water
quality.
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1 Introduction

The carbon flux in karst areas takes place from the atmosphere or soil to ground water as
HCO; ™, and is related to the dissolution of carbonate rocks and evolution of water quality.
Concentrations and isotopic compositions of carbon species in water samples are often
used in studies of carbon evolution and biogeochemistry (Clark and Fritz 1997; Cane and
Clark 1999; Doctor et al. 2000; Lee and Krother 2001; Li et al. 2005; Rueedi et al. 2007).
The carbon system in ground water can be influenced by CO, dissolved in the soil,
oxidation of organic matter, and dissolution of atmospheric CO, as well as water-rock
reactions. The carbonate system evolves during subsequent organic and inorganic reactions
in soils and aquifers. Microorganisms play a key role in the degradation of organic
compounds and evolution of redox conditions. Under oxic conditions, aerobes use dis-
solved O, as the terminal electron acceptor in the oxidation of organic materials to produce
CO,; under anaerobic conditions, some microorganisms can utilize alternative electron
acceptors (such as NO;3; ™, Fe**, and SO42*) to produce CO, (Clark and Fritz 1997; Fang
et al. 2000). Changes in the carbon system in ground water affected by natural and
anthropogenic factors could be useful to improve the best management practices for local
water quality. As rainwater or surface water seeps through unsaturated soil into ground
water, its chemical composition can change drastically. Isotopic composition of dissolved
inorganic carbon (DIC) can be used to distinguish the main sources of DIC and is a good
tracer of carbonate evolution in ground water due to the characteristic isotopic signatures
of different carbon reservoirs (Clark and Fritz 1997). Stable carbon isotope values are
useful in understanding the evolution of carbon biogeochemistry and controlling factors in
ground water systems when combined with other ground water chemical parameters.

Ground water is the most important water resource in karst areas of Southwest China,
but water quality is threatened by high population and human activities. Assessing the risk
of ground water contamination by anthropogenic activity has become increasingly
important. This work focuses on the evolution of carbon biogeochemistry impacted by
natural and anthropogenic factors in ground waters of Zunyi, Southwest China. Here we
attempt to understand carbon variations in summer (the high-flow season) and winter (the
low-flow season) using the contents of carbon species and carbon isotopes, together with
water chemistry.

2 Material and Method
2.1 Site Description

The major region investigated here is located at the northeastern margin of the Yunnan-
Guizhou Plateau, Southwest China (Fig. 1). The elevation of Zunyi is between 790 and
1300 m above mean sea level. The Zunyi prefecture contains diverse karstic landforms and
abundant karst ground water sources. The main aquifers in the region contain homogenous
carbonate rocks as well as carbonate units interbedded with clastic rocks. The strata
exposed in Zunyi are mainly pre-Jurassic carbonates (limestone and dolomite), a few
Jurassic clastic rocks outcrop in the center of urban area, while sulfate evaporite (gypsum)
and coal seams occur locally. The carbonate rocks usually expose on the surface and soils
are thin and discontinuous in the studied area. The climate is subtropical with an average
temperature of 15 C and annual precipitation of about 1100 mm. The mean temperature is
24.1 C in summer and 5.5 C in winter, respectively. A monsoonal climate often results in
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Fig. 1 Map showing the location of Zunyi and the sampling sites (G = groundwater, R = river water)

about 75% of annual precipitation during wet seasons (general from May. to Oct.) and
much less during dry seasons, with about 5% of annual precipitation from Dec to Feb (Mao
1995; Han and Jin 1996).

2.2 Sampling and Analytical Methods

Water samples were collected in July and December of 2002, corresponding to the high-
flow season (summer) and low-flow season (winter), respectively. The sampling sites for
ground water and surface water are shown in Fig. 1. G15, G17, G39 are outlets of
underground rivers. G1, G2, G13, G14 are boreholes with depth greater than 100 m. The
rest of the samples are artesian wells or various types of spring. Temperature, electrical
conductivity, pH values, and dissolved oxygen contents of the samples were measured on
site. Alkalinity was measured by titration with HCI within 12 h. Major cations (Mg”",
Ca®", K', and Na™) were analyzed by atomic absorption spectrometry (AAS, PE51002,
America) and the anions (SO,>~, C1~, and NO3) by high performance liquid chroma-
tography (HP1100, SHIMADZU, Japan).
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The other water samples were filtered by pressure filtration through 0.45 pm cellulose—
acetate filter paper and collected in polyethylene bottles with air-tight caps and preserved
with HgCl, to prevent biological activity. The concentrations of dissolved organic carbon
(DOC) were determined as CO, by catalytic combustion (Elementar high TOCII+N,
German) after samples were acidified with HCI to remove all inorganic carbon. The typical
precisions of major ions and DOC are about +5%.

For determination of 6'C and the concentrations of dissolved inorganic carbon, CO,
was collected in the off-line vacuum system according to the method of Atekwana and
Krishnamurthy (1998). Carbon isotope ratios of the DIC were determined on a Finnigan
MAT 252 mass spectrometer. A portion of this water (200—2000 ml) was filtered through a
pre-combusted Whatman GF/F filter (47 mm @) and the volume of the water recorded. The
particulate inorganic carbon on the filter was removed by adding HCI. Particulate organic
carbon (POC) contents (CO, yield) were measured on a vacuum line manometer after
combustion of the glass filters with CuO and Cu at 850 (Tao et al. 2001). The carbon
isotope values are reported using the § notation relative to PDB in permil, where

3(%o) = ((Rsample/Repg) — 1) x 1000 (1)

Routine 6'Cpjc and 6'*Cpoc measurements have an overall precision of 0.1%o,
respectively. The isotopic standards of carbonate and IAEA-C3 (cellulose) were measured
as a check on reproducibility.

3 Results
3.1 Major Chemical Composition of Waters and Carbonate Weathering

The mean values of temperature of ground water are 19.9 C in summer and 15.4 C in
winter, respectively. The pH values of ground water range from 6.8 to 8.4 with a median
value of 7.3 lower than local river water which has a median value of 8.0. Under the pH
conditions observed, bicarbonate (HCO3™) is the dominant DIC species. The Ca>" con-
tents in ground waters vary from 0.73 to 4.29 mmol 17!, with a mean value of 2.38 mmol
1”! in summer and 2.49 mmol 1™" in winter, respectively. The SO4*~ contents in ground
waters range from 0.02 mmol 1! to 3.24 mmol 17!, with a mean value of 1.15 mmol 1",
Ca®" and Mg2+ were the dominant cations and HCO; ™~ and SO~ the dominant anions in
the ground water. The waters can be mainly characterized as a HCO;-Ca type,
HCO; - SO4—Ca type, or HCO; - SO4—Ca - Mg type according to mass balance consid-
erations (Lang 2005), indicating extensive dissolution of carbonate rocks. The outcrops in
the study area are mainly carbonate rocks (limestone and dolomite) of Triassic and
Permian age, with a minor amount of clastic rocks. Coal-bearing formations are also
widely distributed which are enriched in sulfide minerals; oxidation of sulfide minerals
such as FeS, will contribute sulfate to the ground water. The contributions from carbonate
weathering of the study area are mainly responsible for the major chemical characteristics.

3.2 Carbon Contents and Isotopic Composition
Alkalinity was assigned as HCO;™~ due to the range of pH values. The concentrations of

HCO;~ in summer and winter are in the range of 1.63-5.96 mmol 1" and 1.62-6.58 mmol
1! (Table 1), averaging 4.06 and 4.22 mmol 17, respectively. The concentrations of
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Table 1 The contents and isotopic compositions of carbon in Zunyi, Southwest China

No. pH ALK (mmol I"'Y)  DOC (mg C1") POC (mg CI"") 4"*C-DIC 5"*C-POC
s W S W S W S W S W S W
GI® 75 7.1 3.11 162 110 077 nd 004 —129 —123 nd —26.8
G2 7.1 70 234 254 107 057 007 006 —128 —109 —280 -253
G3 72 nd 434 320 127 066 012 014 —114 —108 —27.1 —195
G4 74 74 376 437 076 055 007 009 —104 —-97 —262 -256
G6 75 73 319 392 09 077 015 019 —109 —11.0 —260 —263
G9 7.6 75 395 399 084 045 008 024 —11.0 —104 -282 -259
G2 74 74 163 241 078 072 012 025 —129 —124 -280 —20.7
GI13 7.0 7.0 549 578 138 107 012 022 -107 -108 —287 -254
Gl4 7. 7.1 445 458 082 160 007 013  —101 —103 —265 —257
Gl5 73 74 338 350 105 026 011 019 —107 —104 —26.1 —24.1
Gl6 7.1 73 352 420 080 046 008  0.07 —83 —63 —27.6 —257
Gl7 7.6 74 344 447 270 098 090 030 —100 —95 -—250 -237
GI8 68 69 448 570 742 550 056 028 —98 —-7.6 —263 —24.1
G20 75 74 491 486 024 042 004 004 —112 —113 270 —257
G21 73 72 596 589 088 070 006 018 —113 —108 —26.8 —25.1
G23 76 74 294 318 037 050 006 010 —108 —102 —273 -252
G24 75 72 573 658 124 130 006 009 —114 —122 —285 —26.0
G25 73 74 535 577 698 516 145 101  —144 —13.0 254 —265
G27 71 70 512 493 142 076 014 008 —114 —108 —209 -27.0
G29 73 7.1 359 390 129 134 011 003 —114 —-105 —254 -23.0
G30 73 73 462 453 038 059 029 035 —109 —10.1 —18.0 —26.1
G31 73 7.1 444 515 041 061 024 040 —106 —92 —194 -214
G32 79 79 3.05 178 079 032 030  0.10 -89 —72 —179 =211
G35 74 74 452 528 143 145 011 006 —117 —10.7 —202 —252
G37 74 nd 415 nd 207 nd 015 nd —11.8 nd —19.8 nd
G39 74 73 322 359 158 160 031 041 119 —11.1 —263 —26.1
G40 84 74 38 280 395 261 nd 035 —102 —93 nd —26.8
G4l 72 71 526 541 062 026 nd 010  —118 —113 nd -225
G43 72 70 386 421 0.81 0.14 021 008 —9.1 —92 —19.7 =225
S-av® 8.1 8.1 32 4.1 199 183 060  0.69 —98 —9.1 —256 —27.1

% S = summer, W = winter; G = ground water; © S-av = average value of surface water; “nd” = not
determined

HCO;™ are generally lower in summer than in winter, reflecting the dilution effects of the
rains. The contents of dissolved organic carbon and particulate organic carbon are listed in
Table 1. The concentrations of DOC and POC in most ground water samples are lower
than 2.0 mg C 17" and 0.5 mg C 17", respectively (Fig. 2). However, some waters have high
contents of organic carbon, which might suggest that natural and man-made organic
compounds present a potential threat to the water quality.

The partial pressure of carbon dioxide (pCO,) in ground waters is a function of soil
respiration, which increases pCO, and dissolution of carbonate. pCO, and calcite satura-
tion ratio are calculated according to chemical equilibrium equations (Clark and Fritz
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1997). The pCO, in ground water ranges from 107302 ¢ 107142 (atm) in summer and

from 107288 to 107! (atm) in winter, with mean values of 1072%* (atm) and
10" (atm), respectively, which are higher than that of the atmosphere. The mean value
of pCO, in surface water was 107283 (atm) which was lower than that in most of the
ground water. The 1gSI., i Value in most of the waters was a little higher than 0 (Fig. 3),
which shows a little saturation in waters.

The 6'°C values of the DIC in ground waters range from —14.4%o to —8.3%o with a
mean value of —11.1%o in summer and from —13.0%0 to —6.3%0 with a mean value of
—10.3%o in winter. In general, ground waters have lower 8'°C values in summer than in
winter (Fig. 4), which suggests that the soil CO, (mainly biogenic, hence enriched in 2¢)
makes a larger contribution to the DIC of ground water in summer than in winter. The
values are generally lower than that measured in Guiyang (Li et al. 2005) and in karst
aquifers of northern Cyrenaica, Libya (Gonfiantini and Zuppi 2003), but are higher than
that in ground water of the Raisin River watershed (Cane and Clark 1999), ground water in
northeastern Lower Michigan contaminated by fuel hydrocarbons (Fang et al. 2000), and
urban ground water in the British Midlands (Rueedi et al. 2007). The 513C values have no
clear correlation with DIC concentrations (not shown), which has also been reported by
Cane and Clark (1999) and Li et al. (2005). The 6'3C values of the POC in ground waters
range from —28.7%o to —17.9%0 in summer and from —27.0%o to —19.5%0 in winter.

Fig. 3 Relationship between -1.0
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4 Discussion
4.1 Seasonal Variation of 6'*Cp;c and 6" Cpoc

As indicated by Fig. 4, the '*Cp;c ranges from —14.4%o to —6.3%o. About 48% of ground
water samples had 513CDIC lower than —12%o0 and 38% between —12%o0 and —11%o in
summer. Meanwhile, about 25% of samples had 83Cp1c lower than —12%o and 46%
between —12%o0 and —11%o in winter. The difference observed suggested that there is
considerable variation in 0'*Cpyc during the hydrological year, which is in line with other
results (Cane and Clark 1999; Doctor et al. 2000). Cane and Clark (1999) considered that
lower 6"*Cpc during periods of high water table reflected local recharge by direct infil-
tration though the fields. Dilution effects are common due to high precipitation during the
summer in the karst areas of Southwest China (Liu and Yuan 2000). Aquilina et al. (2006)
have outlined a major role for the epikarst reservoir during karst recharge. Epikarst aquifer
has an important influence on ground water carbon in highly karstified carbonate areas due
to the connection between the rain and deep flow (Lee and Krother 2001). Lee and Krother
(2001) have reported that 5]3CDIC values were lower in epikarst waters than in base flow.
The subsurface flow may be affected by differential mixing between “old” water stored in
matrix porosity and epikarst waters as well as soil waters. Within the karst flow systems of
Southwest China, transport of rain, surface and ground water progresses quickly making
the residence time of groundwater relatively short in summer (Han and Jin 1996). The
residence time of ground water in winter is longer than in summer because of less rain in
winter, Southwest China, which might yield more positive 5'3Cpc values in winter due to
prolonged isotopic exchange between water and carbonate. The lower contents of DIC and
lower values of 5]3CDIC in summer than in winter confirm that local rain events in summer
and a longer residence of water in winter affect the evolution of ground water carbon in
karst systems of Southwest China. Therefore, there might be more soil CO, recharge to
Zunyi ground water due to frequent rain events during the wet season, which suggested that
ground water has more chance to gain soil CO, in summer.

Most Cs plants have 6'°C values that range from —24 to —30%o with an average value
of about —27%o and C, plants have 6'°C values that range from —10 to —16%o with an
average value of about —12.5%0 (Vogel 1993). As indicated by Fig. 4, the range of
03 Cpoc from —28.7%o to —17.9%o suggest that POC was mainly derived from Cs plants
with only a minor proportion of POC derived from C4 plants. There is some difference
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between 0'°C poc in winter relative to summer, which might suggest either that there is
some new organic carbon derived from C; plants or that there has been input of household
waste into the ground water system following summer rains, although there is little vari-
ation of POC contents between the two seasons. The seasonal variation of §'*C—POC
suggests that the degradation of organic carbon in ground waters or saturated zone might
play an important role on carbon evolution in the groundwater system.

4.2 Carbon Evolution and Controlling Factors

Carbon interactions in karst ground water begin with carbonate dissolution mainly driven
by soil CO, and continue with subsequent organic and inorganic reactions in soils and
aquifers (Clark and Fritz 1997). Carbonate dissolution is the main process affecting carbon
system evolution due to the high ratio of dissolved inorganic carbon versus organic carbon
in ground water. So ground water chemistry is mainly controlled by water/rock reactions,
and ground water DIC sources can be easily attributed to one of several sources: (1) soil
CO, derived from the decay of terrestrial vegetation and respiration of plant roots, which is
dissolved in surface and rain water and then infiltrates the subsurface water system; (2)
carbonate bedrock (limestone and dolomite) weathering by carbonic acid and sulfuric acid
as well as organic acids derived from the root zone (Yoshimura et al. 2001; Han and Liu
2004). Acid rain emerged as an important environmental problem in the southwestern
China and rain water there shows high contents of SO, and lower pH (Larssen et al.
2006). Han and Liu (2006) have reported that the sulfate concentrations range from 30 to
300 pmol 17" with a median value of 80 pmol 17" in rain of Guiyang; (3) Dissolution of
atmospheric CO,. 4) Oxidation of organic matter in ground water. The various sources of
DIC and their evolution are described in the following equations:

1. Dissolution of CO, (including soil CO, and atmospheric CO,) and oxidation of
organic matter.

CH,0 + 0, — H,COs (3)

2. Weathering of carbonate bedrock by acids (e.g., carbonic, sulfuric, or organic acids).
a. (Ca;_Mg,)CO; +HyCO; — (1 —x)Ca?" +xMg*" 4+ 2HCO; (4)

b. 2(Ca;_Mg,)CO; + HSO; — 2(1 — x)Ca’* + 2xMg*" + 2HCO; + SO;~ (5)

Each of these sources has a distinctive stable carbon isotopic composition: (1) §'*C of
CO, derived from oxidation of organic matter is similar to that of organic matter in the soil.
C; plants make up most of the vegetation in the studied area and might be the key factor in
controlling the 5'°C value of CO, according to the measured range of 6'*Cpoc in ground
water. 5'>C of soil CO, can be assumed to be —23%o by reference to other studies (Cerling
et al. 1991; Clark and Fritz 1997); (2) the average 5'3C values of the carbonate rocks were
reported to be near +1.8%o in Guizhou (Li et al. 2002). The isotope composition of HCO3™
by dissolution of the carbonate rock from sulfuric acid is similar to that of the rock; (3)
atmospheric CO, normally has an isotopic composition of 0'3C = —8%o, but has little
influence on the carbon isotopic composition of ground water because of the high pCO, in
ground water relative to that in the atmosphere and the lower pH values of rain in
Southwest China (Larssen et al. 2006). Precipitation of calcite would impact the inorganic
dissolved carbon in waters (Szramek and Walter 2004). The 1gSI.,;.i.c Value in most waters
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was a little higher than 0 showing that calcite precipitation was not a major process.
Precipitation could cause 3"3Cpic to shift by less than 0.5%o in the HCO5;™ reservoir once
isotopic fractionation and the contribution of HCO;™ for DIC are considered (Zhang et al.
1995), and so can be ignored. The ratios of Ca versus Mg were generally higher than 1 and
the median value was about 4, suggesting that incongruent dissolution of dolomite was not
notable. The mean 6'>C values of DIC in the ground waters are —11.1%o in summer and —
10.3%o in winter, which is near the combined average 513C values of the soil CO, and the
carbonate. Therefore, it is considered that §'*Cp;c is mainly controlled by two primary
sources: soil CO, and the dissolution of carbonate minerals.

Whether groundwater behaves as an open or closed system has an important role in
shifting 8"3Cpyc values and these conditions can be distinguished using DIC concentrations,
pCO,, as well as 3"3Cpyc. The dissolved inorganic carbon was calculated following equations
and constants of chemical equilibrium using water chemistry, showing that HCO3™ generally
contributes more than 90% of DIC. Under closed system conditions, the value of 513CDIC
would be close to —11%o (average of the soil CO, and the carbonate) due to the fact that there
is no continual CO, infiltration from the soil The value of §'*Cpyc will be close to or lower
than —14%o under open system conditions according to the fractionation between DIC
(HCO;™ + H,CO3) and soil CO, (Zhang et al. 1995). Clark and Fritz (1997) thought that
closed system conditions are typical of recharge areas where infiltration to the water table is
fast (e.g. karst), so the fast reaction of carbonate dissolution mainly affect the shift of & BChic
in Zunyi ground waters due to the range of 3'*Cp;c values.

4.3 Anthropogenic Impacts on Carbon Evolution

Batiot et al. (2003) have shown that the contents of total organic carbon are generally lower
than 3 mg/l in most of the waters in the Vaucluse karst system. In this study, the con-
centrations of DOC and POC in most ground water samples are lower than 2.0 mg C 1!
and 0.5 mg C 17", respectively. The recommended maximum level of total organic carbon
in potable water of Finland is 2 mg 1”! (Ministry of Social Affairs and Health 1994). The
ground waters with high contents of organic carbon above 2 mg C 17! were all located at
the center of Zunyi or near petrol station, such as G25, G40, and G18, implying that point-
source pollution was the key problem. So the higher organic carbon contents in some
ground waters might suggest water quality being degraded.

Li et al (2005) found that 6"*Cpyc shifted with higher anthropogenic component in
Guiyang. Fang et al. (2000) have shown there were lower values of 513CD1C in ground water
contaminated by fuel hydrocarbons relative to other ground waters. The lower values of
8'3Cp1c were observed in urban areas indicated by Fig. 5, with a similar distribution in winter
(not shown), which means that urban anthropogenic inputs have an effect on carbon in ground
water and so threaten water quality. Frequent pumping and the degradation of organics from
domestic origin increases the CO, content of the vadose or infiltration zone flowing into
urban ground water because of the high use rate of the waters for drinking or industry, and
might lead to a slightly more negative value of 8"3Cpyc in urban ground waters.

5 Summary
The carbonate system evolves with weathering reactions driven by CO, dissolved from the

soil and subsequent organic/inorganic reactions in soils and aquifers. The studied area is
mainly characterized by karst landforms in Southwest China. The results have shown that
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Fig. 5 Contours of 513CDIC (%0) of Zunyi ground water in summer. Contour interval is 1%o of 5'3CDIC
value

water chemistry was mainly controlled by carbonate dissolution. The mean values of
HCO;™ in winter (low-flow season) and summer (high-flow season) are 4.22 and 4.06
mmol 17", respectively, reflecting the dilution effects of the heavy monsoon rains. The
average 3Cpyc values of ground water are —10.3%o in winter and —11.1%o in summer.
There are lower contents of DIC and lower values of 3'*Cpjc in summer than in winter,
indicating that local rain events in summer and a longer water residence time in winter play
an important role in ground water carbon evolution in karst flow systems of Southwest
China. Therefore, soil CO, makes a larger contribution to the DIC in summer than in
winter due to more rain. The concentration of DOC and POC in most ground water samples
is lower than 2.0 mg C 1™ and 0.5 mg C 1™, respectively, but some waters have high
contents of organic carbon. The degradation of organic carbon might affect the carbon
evolution according to variations in the 5'3Cpoc between the two seasons, but more work
is needed to confirm this. The waters with high contents of organic carbon are generally
located in the urban area, indicating that dealing with point sources of pollution will be the
first challenge in controlling pollution in Zunyi ground water. The lower values of 8"Cpic
observed in the urban area imply that urban anthropogenic activities have an effect on the
carbon evolution of ground water and might threaten water quality. Hence, carbon isotope
studies together with analyses of water chemistry are useful to gain a better understanding
of natural and anthropogenic influences on water quality.

Acknowledgments We thank Dr. Graham A. Shields for correcting the English of the paper and the
anonymous reviewers for their helpful comments. This work is financially supported by the Ministry of
Science and Technology of China (Grant No. 2006CB403205) and the Foundation of International Part-
nership Project from Chinese Academy of Sciences as well as the National Natural Science Foundation of
China (Grant No. 40603005, 40603004).

@ Springer



Aquat Geochem (2008) 14:211-221 221

References

Aquilina L, Ladouche B, Dorfliger N (2006) Water storage and transfer in the epikarst of karstic systems
during high flow periods. J Hydrol (Amst) 327:472-485. doi:10.1016/j.jhydrol.2005.11.054

Atekwana EA, Krishnamurthy RV (1998) Seasonal variations of dissolved inorganic carbon and 6'*C of
surface water: application of a modified gas evolution technique. J Hydrol (Amst) 205:265-278. doi:
10.1016/50022-1694(98)00080-8

Batiot C, Emblanch C, Blavoux B (2003) Total organic carbon (TOC) and magnesium (Mg2+): two
complementary tracers of residence time in karstic systems. C R Geosci 335:205-214. doi:10.1016/
S1631-0713(03)00027-0

Cane G, Clark ID (1999) Tracing ground water recharge in an agricultural watershed with isotopes. Ground
Water 37(1):133-139. doi:10.1111/1.1745-6584.1999.tb00966.x

Cerling TE, Solomon DK, Quade J et al (1991) On the isotopic composition of carbon in soil carbon dioxide.
Geochim Cosmochim Acta 55:3403-3405. doi:10.1016/0016-7037(91)90498-T

Clark ID, Fritz P (1997) Environmental isotopes in hydrogeology. Lewis Publishers, New York

Doctor DH, Lojen S, Horvat M (2000) A stable isotope investigation of the classical karst aquifer: evalu-
ating karst groundwater components for water quality preservation. Acta Carsol 29:79-92

Fang JS, Barcelona MJ, Krishnamurthy RV et al (2000) Stable carbon isotope biogeochemistry of a shallow
sand aquifer contaminated with fuel hydrocarbons. Appl Geochem 15:157-169. doi:10.1016/S0883-
2927(99)00037-2

Gonfiantini R, Zuppi GM (2003) Carbon isotope exchange rate of DIC in karst groundwater. Chem Geol
197:319-336. doi:10.1016/S0009-2541(02)00402-3

Han ZJ, Jin ZS (1996) Hydrogeology of Guizhou Province, China. Seismic Publication, Beijing (in Chinese)

Han GL, Liu C-Q (2004) Water geochemistry controlled by carbonate dissolution: a study of the river waters
draining karst-dominated terrain. Chem Geol 204:1-21. doi:10.1016/j.chemge0.2003.09.009

Han GL, Liu C-Q (2006) Strontium isotope and major ion chemistry of the rainwaters from Guiyang,
Guizhou Province, China. Sci Total Environ 364:165-174. doi:10.1016/j.scitotenv.2005.06.025

Lang Y-C (2005) Geochemical characteristics of cycling of substances in karstic ground water system: a
case study from Guiyang and Zunyi Cities, China. PhD Thesis, Graduate School of the Chinese
Academy of Sciences, Beijing (in Chinese)

Larssen T, Lydersen E, Tang DG et al (2006) Acid Rain in China. Environ Sci Technol 40:418-425

Lee SE, Krother NC (2001) A four-component mixing model for water in a karst terrain in south-central
Indiana, USA: using solute concentration and stable isotopes as tracers. Chem Geol 179:129-143. doi:
10.1016/S0009-2541(01)00319-9

Liu ZH, Yuan DX (2000) Geochemical dynamic features of the typical karst systems in China and their
environmental implications. Geol Rev 46(3):324-327 in Chinese

Li TY, Wang SJ, Zheng LP (2002) Comparative study on CO, sources in soil developed on carbonate rock
and non-carbonate rock in central Guizhou. Sci China 45(8):673-679 Series D

Li SL, Liu C-Q, Tao FX et al (2005) Carbon biogeochemistry of ground water, Guiyang, Southwest China.
Ground Water 43(4):494-499. doi:10.1111/1.1745-6584.2005.0036.x

Mao XY (1995) Analysis of factors on motion of groundwater and groundwater search in Zunyi, Guizhou.
Guizhou Geol 12(1):78-83 in Chinese

Ministry of Social Affairs and Health (1994) Decision to the Ministry of Social Affairs and Health relating
to the quality and monitoring of water intended for human consumption. Statutes of Finland 1994, No.
74, Helsinki, Finland

Rueedi J, Cronin AA, Taylor RG et al (2007) Tracing sources of carbon in urban groundwater using
3B Crpic ratios. Environ Geol 52:541-557. doi:10.1007/s00254-006-0486-8

Szramek K, Walter LM (2004) Impact of carbonate precipitation on riverine inorganic carbon mass transport
from a Mid-continent, forested watershed. Aquat Geochem 10:99-137. doi:10.1023/B:AQUA.
0000038960.63501.5b

Tao FX, Aucour AM, Sheppard SMF et al (2001) Evaluation of the sealed-tube low-temperature combustion
method for the *C/'°C and *H/'H ratio determinations of cellulose nitrate. Chin J Chem 19:1089-1096

Vogel JC (1993) Variability of carbon isotope fractionation during photosynthesis. In: Ehleringer JR, Hall
AE, Farquhar GD (eds) Stable isotope and plant carbon—water relations. Academic Press, San Diego,
CA, pp 29-38

Yoshimura K, Nakao S, Noto M et al (2001) Geochemical and stable isotope studies on natural water in the
taroko Gorge Kkarst area, Taiwan-chemical weathering of carbonate rocks by deep source CO, and
sulfuric acid. Chem Geol 177:415-430. doi:10.1016/S0009-2541(00)00423-X

Zhang J, Quay PD, Wilbur DO (1995) Carbon isotope fractionation during gas-water exchange and dis-
solution of CO,. Geochim Cosmochim Acta 59:107-114. doi:10.1016/0016-7037(95)91550-D

@ Springer


http://dx.doi.org/10.1016/j.jhydrol.2005.11.054
http://dx.doi.org/10.1016/S0022-1694(98)00080-8
http://dx.doi.org/10.1016/S1631-0713(03)00027-0
http://dx.doi.org/10.1016/S1631-0713(03)00027-0
http://dx.doi.org/10.1111/j.1745-6584.1999.tb00966.x
http://dx.doi.org/10.1016/0016-7037(91)90498-T
http://dx.doi.org/10.1016/S0883-2927(99)00037-2
http://dx.doi.org/10.1016/S0883-2927(99)00037-2
http://dx.doi.org/10.1016/S0009-2541(02)00402-3
http://dx.doi.org/10.1016/j.chemgeo.2003.09.009
http://dx.doi.org/10.1016/j.scitotenv.2005.06.025
http://dx.doi.org/10.1016/S0009-2541(01)00319-9
http://dx.doi.org/10.1111/j.1745-6584.2005.0036.x
http://dx.doi.org/10.1007/s00254-006-0486-8
http://dx.doi.org/10.1023/B:AQUA.0000038960.63501.5b
http://dx.doi.org/10.1023/B:AQUA.0000038960.63501.5b
http://dx.doi.org/10.1016/S0009-2541(00)00423-X
http://dx.doi.org/10.1016/0016-7037(95)91550-D

	Stable Carbon Isotope Biogeochemistry �and Anthropogenic Impacts on Karst Ground Water, Zunyi, Southwest China
	Abstract
	Introduction
	Material and Method
	Site Description
	Sampling and Analytical Methods

	Results
	Major Chemical Composition of Waters and Carbonate Weathering
	Carbon Contents and Isotopic Composition

	Discussion
	Seasonal Variation of &dgr;13CDIC and &dgr;13CPOC
	Carbon Evolution and Controlling Factors
	Anthropogenic Impacts on Carbon Evolution

	Summary
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


