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Abstract Nitrate (NO3
-) is major pollutant in ground-

water worldwide. Karst aquifers are particularly vulnerable

to nitrate contamination from anthropogenic sources due to

the rapid movement of water in their conduit networks. In

this study, the isotopic compositions (d15N–NO3
-, d15N–

NH4
?) and chemical compositions(e.g., NO3

-, NH4
?,

NO2
-, K?) were measured in groundwater in the Zunyi

area of Southwest China during summer and winter to

identify the primary sources of contamination and charac-

terize the processes affecting nitrate in the groundwater. It

was found that nitrate was the dominant species of nitrogen

in most of the water samples. In addition, the d15N–NO3
-

values of water samples collected in summer were lower

than those collected in winter, suggesting that the

groundwater received a significant contribution of NO3
-

from agricultural fertilizer during the summer. Further-

more, the spatial variation in the concentration of nitrate

and the d15N–NO3
- value indicated that some of the urban

groundwater was contaminated with pollution from point

sources. In addition, the distribution of d15N–NO3
- values

and the relationship between ions in the groundwater

indicated that synthetic and organic fertilizers (cattle

manure) were the two primary sources of nitrate in the

study area, except in a few cases where the water had been

contaminated by urban anthropogenic inputs. Finally, the

temporal and spatial variation of the water chemistry and

isotopic data indicated that denitrification has no signi-

ficant effect on the nitrogen isotopic values in Zunyi

groundwater.

Keywords Nitrate � Groundwater � Nitrogen isotope �
Agriculture fertilizer

Introduction

Excessively high levels of nitrogen pose a serious threat to

drinking water supplies, promote eutrophication in lakes

and reservoirs, and increase the release of the greenhouse

gas, nitrous oxide (Heaton 1986; Kendall 1998; Silva et al.

2002; Widory et al. 2004). High nitrate concentrations in

drinking water are also believed to be a health hazard.

Nitrate is possibly the most widespread groundwater con-

taminant in the world. This contamination is primarily

caused by anthropogenic activities, including the use of

inorganic fertilizers, cattle manure, and other organic res-

idues in agricultural regions, sewage effluent in urban

environments, and increased atmospheric deposition of

nitrogen (Silva et al. 2002; Liu et al. 2006).

Many studies have shown that stable isotope techniques

are useful for evaluating sources of nitrogen because cer-

tain sources of nitrate have characteristic or distinctive

isotopic compositions (Heaton 1986; Mariotti et al. 1988;

Kendall 1998; Silva et al. 2002). Nitrate, which can be

derived from soil organic nitrogen, synthetic fertilizer,

livestock waste, sewage effluent, and atmosphere precipi-

tation, is generally the dominant species of nitrogen in

groundwater. In many cases, these sources produce nitrate

with distinguishable 15N/14N ratios. For example, the d15N

values range from -1 to ?2% for synthetic fertilizer, but

from ?2 to ?8% for soil organic nitrogen (Kendall 1998).
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The extent of isotopic fractionation between ammonium

and nitrate during nitrification can be ignored when the

reaction of nitrification is quick and unlimited. In addition,

mineralization usually causes only a small fractionation

between soil organic nitrogen and ammonium if there is not

a strong volatilization process in the system (Heaton 1986;

Wassenaar 1995; Kendall 1998). Liu et al. (2006) observed

that the d15N values of livestock waste were approximately

7.0 ± 3.2% in Guiyang. However, fractionation can occur

during mineralization and nitrification of excreta and cattle

manure; therefore, the isotopic compositions of nitrate

derived from excreta and cattle manure generally range

from 8 to 20% (Heaton 1986; Kendall 1998). In rain, the

dominant species of nitrogen is NH4
?, which generally has

d15N values of approximately -12% (Xiao and Liu 2002).

Groundwater is the major drinking water source for

Zunyi, which is a city on a karstic landform in south-

western China. Karstic groundwater is particularly vul-

nerable to anthropogenic pollution due to its conduit

networks and sinkholes, which quickly respond to rain

events and other anthropogenic inputs (Han and Jin 1996;

Panno et al. 2001; Katz et al. 2004). Surface and ground-

water move quickly within karstic flow systems, and the

residence time of groundwater in the aquifers is relatively

short when compared to those in non-karstic settings.

Therefore, it is important to understand the sources and the

variability of nitrate in the groundwater to improve the

effects of best management practices on water quality. In

this study, the nitrogen isotopes of nitrate and ammonia, as

well as the chemical composition (e.g., NO3
-, NH4

?,

NO2
-, K?) of the karstic groundwater were analyzed in

Zunyi prefecture to identify the sources of nitrate in the

groundwater.

Materials and methods

Site description

Zunyi prefecture is located in the northeastern portion of

the Yunnan-Guizhou Plateau between 278080 to 298120 N

latitude and 1058360 to 1088130 E longitude, in a karstic

basin. The city has a wide range of karstic landforms and

abundant karstic groundwater sources. The strata exposed

in Zunyi consist primarily of Pre-Jurassic carbonate

(limestone and dolomite) and a few Jurassic clastic rocks

that only outcrop in the center of the urban area, with

sulfate evaporite (gypsum) and coal seeming to be occur-

ring locally. The main aquifers in the region are primarily

composed of carbonate rocks (limestone and dolomite) and

clastic rocks. The climate in Zunyi is subtropical, with an

average temperature of 15�C and an annual precipitation of

approximately 1100 mm. The monsoonal climate often

results in a high level of precipitation during wet seasons

(generally from April to October) and much less precipi-

tation during dry seasons, although the humidity is often

high year round (Mao 1995; Han and Jin 1996). Zunyi

prefecture is an important agricultural center that provides

food to Guizhou province. As a result, agricultural prac-

tices are developing rapidly and farming is becoming

industrialized. This has resulted in a rapid influx of live-

stock waste and sewage effluent directly into the shallow

karstic aquifer in the study area; therefore, the water

quality in this region has become seriously deteriorated,

and there has been a high nitrogen content in many

domestic and municipal wells for several years.

Sampling and analytical methods

Water samples were collected in July and December 2002,

corresponding to the high-flow (summer) and low-flow

(winter) seasons, respectively. The sampling sites for

groundwater and surface water are shown in Fig. 1. Sam-

ples G15, G17, and G39 were collected at the outlet of the

underground river. Samples S34 and S38 were assigned

contaminated waters that have a bad odor and unusual

color. Field observations revealed that S34 with rural

sewage flowed into the local groundwater system through a

sinkhole, and that, part of the surface water from S38 with

industrial effluents seeped into an underground river.

Samples G1, G2, G13, and G14 were collected from

boreholes with depths greater than 100 m. The remainder

of the samples was collected from artesian wells or various

types of springs. Xiangjiang, which is the major river

flowing through the Zunyi prefecture, flows into the

Wujiang River from SE Zunyi.

The temperature, electrical conductivity (EC), and pH

were measured by portable meter (pIONeer 65) in the field.

Alkalinity was measured by titrating samples with HCl

within 12 h of sample collection. Major cations (Mg2?,

Ca2?, K?, and Na?) were analyzed by atomic absorption

spectrometry (AAS) and the anions (SO4
2-, Cl-, and

NO3
-) were analyzed by high performance liquid chro-

matography (HPLC). Ammonium and nitrite concentra-

tions were determined by spectrophotometry. The

measured precisions for the major ions, NH4
? and NO2

-,

were within ±5%.

In order to analyze the nitrogen isotopes in the water, a

portion of each water sample (200–2000 ml) was filtered,

through 0.45 lm cellulose–acetate filter paper into poly-

ethylene bottles. These samples were then preserved with

HCl and sealed with air-tight caps to prevent biological

activity. The method described by Liu et al. (2006) was

then used to analyze the nitrogen isotopes in the water

samples. In brief, nitrate and ammonium were collected on

ion-exchange columns that contained anion resin (Dowex
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1-X8) and cation resin (Dowex 50-X8), respectively

(Garten 1992; Silva et al. 2000; Xiao and Liu 2002). Next,

excess 2 M KCl was used to elute the nitrate or ammonium

from the resins. N from the eluant was then trapped with an

acid trap (H2SO4) using the diffusion method. The com-

bustion tube method was then used for nitrogen isotopic

analysis (Kendall and Grim 1990).

Nitrogen isotope ratios were determined using a Finni-

gan MAT 252 mass spectrometer and was reported in the d
notation relative to N2 (air) in permil. The isotope results

are represented in d units defined as follows:

d &ð Þ ¼ Rsample=Rstandard � 1
� �

� 1000 ð1Þ

The d15N values have a precision of 0.2% on average.

The d15N standards, N-1(IAEA), N-3(IAEA), and KNO3,

which were provided by Shoko Co., Ltd., Tokyo, Japan

(?1.9%), and the working standards were converted to N2

and used to check the reproducibility of the results.

Results and discussion

Chemical composition of groundwater

The pH values of groundwater ranged from 6.8 to 8.4, with

a mean value of 7.3. Ca2? and Mg2? were found to be the

dominant cations in the groundwater, whereas HCO3
- and

SO4
2- were the dominant anions. The chemical composi-

tions of the water samples were primarily characterized as

a HCO3–Ca type, HCO3�SO4–Ca type, and HCO3�SO4–

Ca�Mg type according to mass balance. These findings

indicate extensive dissolution of carbonate rocks and a high

solubility of the dissolved solutes (Lang 2005). The vari-

ation in the water chemistry of the groundwater is in

accordance with the lithology of the Zunyi area. The out-

crops in the study area are primarily carbonate rocks

(limestone and dolomite) of the Triassic and Permian age,

although clastic rocks also show a minor presence. Coal-

bearing formations that are enriched with sulfide minerals

are also widely distributed; therefore, oxidation of sulfide

minerals such as FeS2 results in the addition of sulfate to

the groundwater.

Concentration and distribution of nitrogen species

Concentrations of NO3
- in the groundwater ranged from

BDL (below detection limit) to 1.46 mmol/l in summer and

from BDL to 1.74 mmol/l in winter, with the mean values

being 0.32 and 0.31 mmol/l, respectively. In addition, the

range of NO3
- in the surface water was from 0.04 to

0.53 mmol/l. The mean concentrations of NO3
- in the

surface water were 0.10 and 0.17 mmol/l in summer and in

winter, respectively, which are lower than those of the

groundwater.

Nitrate was the dominant species of nitrogen in many

water samples (Fig. 2); however, high concentrations of

NH4
? above 0.2 mg/l were detected in sample G13,

G18, G25, and G40 and contaminated waters (S34, S38).

Nitrite was found to have the same spatial distribution as

NH4
?, but the nitrite concentration was generally low

due to its unstable nature. Concentrations of N–NO2
- in

the groundwater ranged from BDL to 0.19 mg/l in

summer and from BDL to 0.04 mg/l in winter. However,

the nitrite concentration was higher in sewage effluent

and surface water than in the groundwater. The distri-

bution of NH4
? and NO2

- in several waters suggests

that point pollution sources have deteriorated the water

quality. Figure 3 provides a general indication of the

extent of NO3
- contamination and shows the heteroge-

neous characteristic of karstic groundwaters. Also, the

groundwaters with high nitrate concentrations are gen-

erally located in urban areas and the southern suburbs. In

addition, the results of this study indicate that it is likely

that the spatial distribution of nitrate in the study area

changes over seasons. The World Health Organization

has set a limit of 50 mg/l NO3
- for drinking water

(World Health Organization 2008). However, nitrate

contents higher than 50 mg/l were detected in two wells

of this study (G24, G40), which indicated that point

pollution might directly input the wells.

Fig. 1 Map showing the location of Zunyi and the sampling sites

(G groundwater, S surface water)
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Co-variation of NO3
- with water chemistry

in groundwater

Potential sources of NO3
- in the study area included

organic fertilizer, synthetic fertilizer (urea, ammonium

sulfate, and N/P/K fertilizer compounds) used in suburban

agriculture, soil organic matter, effluent derived from

septic systems, and wet deposition. According to analysis

of the local fertilizer use from 1950 to 1996, the organic

fertilizers used in the area generally consist of cattle

manure (generally above 90%), green manure, and cake

manure. In addition, the fertilizers used in the study area

account for approximately 1/3 of all the fertilizer used in

the Zunyi prefecture during the 1990s (Zeng and Sun 1999;

Chen 2001).

The chemical behavior of chloride in natural water is

conservative when compared with other major ions. Con-

centrations of Cl- in the groundwater were in the range of

0.06–4.77 mmol/l in summer and 0.01–4.51 mmol/l in

winter (Table 1). The Potential sources of Cl- include

natural sources (dissolution of minerals), agricultural

chemicals (potash or KCl), animal waste, septic effluent,

and road salt. Figure 4 shows the variation of the NO3
-/

Cl- molar ratios with Cl- concentrations in the ground-

water samples. In this study, there was no positive or

negative relationship observed between Cl- and NO3
- (not

shown), and there was a wide range of NO3
-/Cl- ratios in

the groundwater (Fig. 4). The variable and temporal input

of Cl- to the groundwater from animal waste or agricul-

tural chemicals suggests that NO3
-/Cl- ratios would not be

a good indicator of mixing or denitrification in this area.

The contents of potassium in the water were low due to

the stability of the potassium-bearing aluminosilicate

minerals and adsorption, as well as a result of assimilation

by plants (Hem 1985). However, the K? may partly orig-

inate from fertilizers in the agricultural regions in the study
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Fig. 2 Ternary diagram

showing relative concentrations

of inorganic nitrogen species of

waters collected in both summer

and winter seasons
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Summer (July) Winter (December)

Fig. 3 Contours of NO3–N contents (mg/l) of groundwaters in the study area. Contour interval is 2.5 mg N/l of nitrate

1418 Environ Earth Sci (2010) 60:1415–1423

123



area because organic fertilizer and N/P/K fertilizer are

widely used for crops due to the fast movement of waters in

the karstic system. It has been reported that the N/K (molar

ratio) values in organic fertilizer were approximately 10–

12 between 1950 and 1996 and that those values in syn-

thetic fertilizer was approximately 3–4 during the 1990s

(Zeng and Sun 1999; Chen 2001). In this study, a higher

K? content was observed in contaminated waters with the

N/K value lower than 1. Specifically, the following water

samples had K? concentrations that were greater than

0.30 mmol/l: G25, G27, G37, and G39. These samples

were collected in/near urban area, which suggests that the

waters were primarily contaminated by sewage effluent

with a high K? level that was generated by industrial

activities or urban septic systems. The K? and NO3
-

content can be diluted by convective mixing, diffusion, and

adsorption occurring along the hydraulic gradient (Datta

et al. 1997). However, karstic groundwater is particularly

vulnerable to anthropogenic pollution because its conduit

networks and sinkholes quickly respond to rain events and

other anthropogenic inputs. Therefore, a relationship

between these two ions would be expected if both NO3
-

and K? originate primarily from fertilizers and industrial or

domestic wastes. Figure 5 shows a scatter diagram of the

NO3
- and K? content of the groundwater. The samples

located on the low N/K molar ratio trend might have been

Table 1 The chemical and nitrogen isotopic compositions of Zunyi groundwater, Southwest China

No. NO3
- (mmol/l) Cl- (mmol/l) K? (mmol/l) d15N–NO3

- NH4
?–N (mg/l)

S W S W S W S W S W

G1 0.03 – 0.06 0.01 0.03 0.05 3.7 – –

G2 0.10 0.09 0.38 0.40 0.05 0.03 15.8 18.9 – –

G3 0.61 0.30 0.46 0.35 0.09 0.08 8.7 11.5 – –

G4 0.15 0.13 0.11 0.10 0.04 0.03 5.8 4.4 – –

G6 0.31 0.24 0.28 0.37 0.11 0.10 9.2 8.9 – –

G9 0.12 0.08 0.10 0.08 0.05 0.04 13.3 8.7 – –

G12 0.43 0.36 0.45 0.51 0.03 0.03 7.7 18.5 – –

G13 0.61 0.59 1.04 1.21 0.21 0.16 11.0 11.8 0.6 0.6

G14 0.34 0.27 0.22 0.17 0.06 0.03 6.9 12.9 – –

G15 0.49 0.25 0.20 0.17 0.09 0.05 6.8 8.6 – –

G16 0.23 0.14 0.14 0.10 0.04 0.04 6.8 -4.3 – –

G17 0.20 0.54 0.15 0.67 0.13 0.10 6.4 12.2 – –

G18 – 0.01 0.25 0.30 0.05 0.03 4.4 0.2 0.3

G20 0.04 0.04 0.06 0.04 0.04 0.03 2.4 7.6 – –

G21 0.07 0.08 0.36 0.40 0.07 0.04 5.7 nd – –

G23 0.16 0.15 0.10 0.09 0.03 0.02 2.7 22.3 – –

G24 1.46 0.78 3.42 3.41 0.30 0.22 19.0 3.8 – –

G25 – 0.18 1.65 1.69 0.51 0.33 1.9 1.7 1.3

G27 0.41 0.33 1.24 1.05 0.57 0.43 20.7 22.7 – 0.1

G29 0.45 0.41 0.44 0.50 0.14 0.13 1.6 14.4 – 0.1

G30 0.69 0.44 0.73 0.61 0.10 0.06 10.4 12.9 – –

G31 0.16 0.38 0.31 0.50 0.08 0.08 9.0 9.6 – –

G32 0.14 0.11 0.14 0.19 0.06 0.04 1.0 nd – –

G35 0.46 0.34 2.84 1.97 0.16 0.08 -0.3 9.2 – –

G37 0.38 nd 0.88 nd 0.40 nd 13.8 nd – nd

G39 0.35 0.34 4.77 4.51 0.50 0.34 1.4 12.0 – –

G40 0.36 1.74 0.49 0.90 0.16 0.18 0.0 7.0 0.2 1.3

G41 0.25 0.19 0.30 0.27 0.06 0.04 -1.8 10.2 – –

G43 0.16 0.10 0.09 0.12 0.08 0.03 0.5 nd – –

S34 0.09 0.13 0.39 0.53 0.21 0.21 9.2 1.0 – 0.4

S38 0.30 0.26 7.34 31.49 0.34 0.44 6.2 nd 0.3 0.5

S-av 0.10 0.17 0.25 0.69 0.09 0.11 3.2 6.6 0.05 0.25

Note: S summer, W winter; G groundwater; S-av average value of surface water; ‘‘–’’ below detection limit; nd not determined
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contaminated by urban sewage effluent. In addition, the

general increase in NO3
- content with increasing K?

content suggests that the nitrate and potassium concentra-

tions in groundwater in Zunyi are affected by organic

fertilizer, synthetic fertilizer, and urban sewage effluents.

d15N of nitrate in groundwater

The d15N values of the NO3
-in groundwater were found

to range from -1.8 to ?20.7% (n = 27, mean ?7.0%)

in summer and from –4.3 to ?22.7% (n = 24, mean

?10.4%) in winter. There are, in general, higher d15N

values of nitrate in winter than those in summer. The

higher d15N values in the groundwater may have been

caused by a shift in nitrate sources from summer to

winter (Panno et al. 2001; Liu et al. 2006). The mean

values of d15N–NO3
-in the surface water were ?3.2%

(n = 11) in summer and ?6.6% (n = 12) in winter.

However, the d15N–NH4
? values (range,–1.1 to ?5.2%,

mean ?1.9% (n = 18)) in the water samples were lower

than the d15N–NO3
- values. Finally, the d15N–NO3

-

values of the groundwater were higher than those of the

surface water.

As shown in the histogram of d15N values of NO3
- in

Zunyi (Fig. 6), approximately 50% of the samples col-

lected during winter, and 25% of those collected during

summer had d15N–NO3
- values greater than 10%, and

approximately 8% of samples collected during winter and

25% of those collected during summer had d15N–NO3
-

values lower than 2%. Liu and Yuan (2000) reported that

karstic groundwater chemistry in Southwest China changed

quickly due to the high level of precipitation and the

conduit networks and sinkholes in karstic flow system.

Therefore, the difference in d15N–NO3
- values between

samples collected during different seasons suggests that

there are greater inputs of nitrate from chemical fertilizers

during high flow seasons, but that there is a steady input

from sewage and livestock sources during low flow sea-

sons. Thus, the nitrogen isotopic composition of domestic

septic waste and sewage effluent would be greater in

winter.

The spatial distribution of d15N–NO3
-in groundwater is

shown in Fig. 7. The large spatial variation of d15N from

NO3
-observed in the groundwater indicates that the het-

erogeneous karstic groundwaters were affected by many

factors. Mayer et al. (2002) reported that a positive corre-

lation exists between the percentage of land used for

agricultural and urban purposes and the mean d15N values

of nitrate for 16 river systems in the northeastern USA. In

this study, higher values ([?10%) of d15N–NO3
- were

generally reported for groundwater samples collected from

urban areas or near urban areas (Fig. 7). These findings

indicate that most of the NO3
- in these waters was a result

of urban activities. The abnormally heavy d15N–NO3
-

value (above 15%) of groundwater with high concentra-

tions of nitrate (G12, G24, G27) located in urban areas

suggests that these wells had a significant contribution of

NO3
- from anthropogenic sources that produce waste with
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a heavy d15N value. The presence of a high d15N–NO3
-

value in sample G2, which had a low nitrate content, may

have occurred as a result of minor denitrification.

Processes affecting nitrate in groundwater

A crossplot of d15N–NO3
- versus 1/NO3

- and ln[NO3
-]

can be used to evaluate the mixing processes and denitri-

fication within hydrological systems (Kendall, 1998). In

this study, no simple correlations were observed between

d15N and 1/[NO3
-], or between d15N and ln[NO3

-]

(Fig. 8), which indicates that there are a wide variety of

factors controlling nitrate behavior in the groundwater.

These findings are similar to those of several previous

studies (Wassenaar 1995; Feast et al. 1998). Meanwhile,

the results of this study suggest that denitrification had no

significant effect on the shift in nitrogen isotopic values of

nitrate in Zunyi groundwater (Fig. 8). Instead, the findings

of this study indicate that mixing between multiple sources

and nitrification were the controlling factors that affected

nitrate in the groundwater of Zunyi.

In rain, NH4
? is the dominant nitrogen species and its

d15N value is negative. The nitrate content and d15N values

in rain in Guizhou province, Southwest China are often low

(Xiao and Liu 2002). Therefore, rain contributes only a

small portion to nitrate pollution of the groundwater. The

wide range of d15N–NO3
- values and inter-correlations

between NO3
- and K? observed in this study suggest that

there are at least three major sources contributing to the

nitrate pollution of the groundwater in Zunyi, which

include organic manure and synthetic fertilizer, and urban

sewage effluents.

Aquifers act as ‘‘bioreactors’’ that enable in situ deni-

trification. Therefore, denitrification should be taken into

account when considering d15N–NO3
- variation because it

can remove nitrate from groundwater and lead to isotopic

enrichment of the residual NO3
- (Böttcher et al. 1990;

Aravena and Robertson 1998; Kendall 1998). Einsiedl and

Mayer (2006) reported that denitrification may have

occurred in the porous rock matrix of a karst aquifer in

southern Germany. However, there is no direct evidence to

show that denitrification occurred in the aquifer evaluated
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in this study. Therefore, further studies are needed to

ascertain the extent to which nitrogen isotopes shift in

response to denitrification in the Zunyi groundwater.

Conclusion

The results of this study demonstrate that nitrate is the

dominant species of nitrogen in most groundwater samples

in Zunyi. However, high concentrations of ammonium and

nitrite were detected in several samples, which suggests that

point-source pollution may play an important role in altering

the water quality. Furthermore, the d15N–NO3
- values in the

groundwater were found to vary between summer and win-

ter, which may have occurred due to the transition of nitrate

sources. In addition, these findings reflect the rapid move-

ment of waters in the karst aquifer in response to rain event.

Furthermore, the lower d15N–NO3
- observed in summer

suggests that there are more synthetic fertilizer inputs during

the wet seasons (generally from April to October). In addi-

tion, the large spatial variation in the d15N–NO3
-value that

was observed in this study indicates that the heterogeneous

karst groundwaters were affected by many factors. When

combined with the K?/NO3
- ratio, these variations in the

isotope values of nitrate in the groundwater demonstrate that

there are at least three major potential sources of nitrate in the

groundwater in Zunyi.

The N-isotope analysis of groundwater nitrate indicated

that synthetic fertilizers and organic fertilizers (cattle

manure) were the two major contributors of nitrate in the

study area, except for several waters that were primarily

contaminated by urban anthropogenic inputs. However, the

relationship between nitrogen isotopic values and water

chemistry did not indicate that denitrification was respon-

sible for the significant shift in d15N–NO3
- values

observed in this study. In summary, mixing processes and

nitrification were the primary processes that controlled

nitrate in groundwater in this area. In addition, the results

of this study indicate that it is important to avoid point-

source pollution in this area to protect the quality of the

groundwater. However, additional systematic study is

needed to assess the nitrogen transformation that occurs in

this groundwater system as a result of mixing between

point and non-point pollution and to evaluate the shift in

isotopic composition that occurs as a result of microbial

processes and the complicated conduit networks in the

karst groundwater system.
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