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Abstract The role of CO2 in karst has been of interest for

decades, and emphasized by IGCP 379, International

Geoscience Programme, UNESCO started in 1995. There

are still open questions about the dynamics of carbon in

karst systems, particularly the flux of carbon between the

surface and subsurface and between different components

in the karst subsurface. This research report focuses on the

variations of hydrochemistry and PCO2 (partial pressures

of carbon dioxide) in subtropical karst groundwater, using

high-resolution auto-monitoring hydrochemical data

(15-min intervals). The aim of this study was to understand

how hydrochemistry and PCO2 in karst systems respond to

recharge over different time scales and what the controlling

factors are. An auto-monitoring hydrochemistry station

was installed about 300 m upstream from the exit in the

active stream channel of Xueyu Cave, a typical subtropical

karst cave. Four years of high-resolution continuous pH,

specific conductivity (Spc), temperature and water-level

data were collected. A thermodynamic model was used to

link the continuous data to monthly water quality data,

allowing the calculation of CO2 partial pressures and cal-

cite saturation (SIc) levels on a continuous basis. Seasonal,

diurnal and storm-scale variations were captured in the

hydrochemistry and calculated PCO2 records, indicating

that the cave stream is a dynamic and variable system.

Seasonal features (higher specific conductivity and lower

pH in summer; lower specific conductivity and higher pH

in winter) tend to covary with temperature which influ-

ences the production of CO2 in soils, thus being the driving

force for the variations (the soil CO2 effect). Due to the

buffer effect of a thick vadose zone and large void cave

space, diurnal variations are not obvious compared with

epikarst springs in SW China. Storm-scale fluctuations due

to storm events occur during the summer rainy season.

Piston flow effects, dilution and soil CO2 effects determine

the variations in different storm events. At the beginning of

the rains, the piston effect drives the variations, charac-

terized by increase in Spc, SIc and pH in the cave stream

and decrease in PCO2. With heavy rainfall, decrease in Spc

shows control by the dilution effect, while decrease in SIc

and pH and increase in PCO2 indicates the greater influ-

ence of soil CO2. These results imply that the soil and cave

voids are important factors influencing the hydrochemical

evolution of karst groundwater. Future works need to use

such high-resolution technology widely for tracing the

PCO2 and hydrochemical variations in different karst

aquifers.
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Introduction

The global atmospheric concentration of carbon dioxide

has increased from a pre-industrial value of about

280–398.4 ppm in April, 2013 (http://www.esrl.noaa.gov/

gmd/ccgg/trends/#mlo_data). Most studies of the global

J. Pu (&) � D. Yuan � H. Zhao

Key Laboratory of Karst Dynamics, Institute of Karst Geology,

Chinese Academy of Geological Sciences, 541004 Guilin, China

e-mail: pujunbl@163.com; junbingpu@karst.ac.cn

J. Pu � D. Yuan � H. Zhao

International Research Center on Karst under the Auspices

of UNESCO, 541004 Guilin, China

L. Shen

School of Geography Sciences, Southwest University,

400715 Chongqing, China

123

Environ Earth Sci

DOI 10.1007/s12665-013-2787-z

http://www.esrl.noaa.gov/gmd/ccgg/trends/#mlo_data
http://www.esrl.noaa.gov/gmd/ccgg/trends/#mlo_data


carbon cycle show it is one of the most important bio-

geochemical cycles, involving the lithosphere, atmosphere,

hydrosphere and biosphere. However, the most important

challenge in estimation of C fluxes is the imbalance in

atmospheric inputs and outputs of C, indicating that there

was an unidentified residual terrestrial sink of about

2.3 Pg C/a between 2000 and 2005 CE (Houghton 2007).

Many studies have sought to explain the location and

magnitude of this sink (Siegenthaler and Sarmiento 1993;

Grace et al. 1995; Yuan 1997; Jiang and Yuan 1999;

Myneni et al. 2001; Goodale et al. 2002; Stephens et al.

2007; Raymond et al. 2008; Hartmann et al. 2009; Liu and

Zhao 2000; Liu et al. 2010); however, the explanations are

still unconvincing.

Karst processes are part of the global carbon, water and

calcium cycles that occur at the interfaces between litho-

sphere, hydrosphere, atmosphere and biosphere (Yuan 1997).

As a result of the water–carbonate rock–CO2 gas–aquatic

organic interactions, carbonate rocks (which constitute the

biggest carbon reservoir on Earth, about 6.0 9 107 Pg C;

Falkowski et al. 2000) are actively involved in the modern

global carbon cycle (Yuan 1997; Gombert 2002; Liu and

Zhao 2000; Liu et al. 2007, 2010; Kowalski et al. 2008;

Serrano-Ortiz et al. 2010; de Montety et al. 2011). As CO2

dissolves in water, H2CO3 is formed that can/may dissolve

any carbonate substrate (e.g., calcite and dolomite). Current

estimates of the carbon sink due to global karst processes are

enormous; however, they differ significantly, varying from

0.11 Pg C/a to 0.8 Pg C/a according to the different methods

of computation (Siegenthaler and Sarmiento 1993; Yuan

1997; Yoshimura and Inokura 1997; Gombert 2002; Liu et al.

2010). Because of these differences, the proportion of karst

carbon sink in the global carbon cycle remains always

unclear. Therefore, further work is needed for more accurate

calculations, especially under the condition of increasing

atmospheric CO2 content (Liu and Zhao 2000).

Epikarst aquifers play an important role in the karst car-

bon sink through the linkage of lithosphere, atmosphere,

hydrosphere and biosphere that occurs in them. Numerous

recent studies have calculated the karst carbon sink using

regularly tested bicarbonate concentration and discharge

rates of epikarst springs (Liu and Zhao 2000; Jiang and Yuan

1999; Yan et al. 2011), applying high-resolution multi-

parameter data logger measurements of the principal hyd-

rochemical parameters (pH, specific conductivity, tempera-

ture etc.) under different conditions (Liu et al. 2004, 2007;

Zhang et al. 2005, 2012; Zhao et al. 2010; Yang et al. 2012).

Using the standard thermodynamic model PCO2 in equilib-

rium with the particular karst water is then calculated. Sea-

sonal, diurnal and storm-scale variations of hydrochemistry

and PCO2 have been extensively detected in these epikarst

springs. However, the number of such research sites around

the world is limited. Therefore, it is important to know

whether such seasonal, diurnal and storm-scale variations

exist in other karst areas with different climatic and geo-

logical characteristics. In addition, study of the hydrochem-

istry and PCO2 variations in streams in huge caves is rare

compared with that in epikarst springs. A cave stream typical

of the flow seen in large and long caves in the subtropics was

chosen to monitor the hydrochemical parameters at high

resolution (15-min interval) over the period, April 2008–

August 2011. This study aimed to understand how hydro-

chemistry and PCO2 in karst systems responds to recharge at

different time scales, and what the controlling factors are.

Outline of the study area

Xueyu Cave (29�4700000N; 107�4701300E; alt.233 m) is

located in the lower reach of Long River, a tributary of

Yangtze River, about 12 km southeast of Fengdu County,

Chongqing Municipality, SW China (Fig. 1). The regional

climate is dominated by the East Asian Monsoon and

characterized by two distinct seasons of cold–dry winter and

hot–rainy summer. On average, the local annual precipita-

tion is 1,072 mm, with 70 % of the rainfall in the wet season

from May to October. The local annual average air tem-

perature is 17.5 �C. As a typical monsoon region, the air

temperature and precipitation in the Xueyu Cave catchment

vary in a complementary manner, both being high in sum-

mer and low in winter. The bedrock of Xueyu Cave is Tri-

assic limestone (T1j), which outcrops widely in this area,

especially in the cores of some parallel anticlinal valleys.

The cave has developed along the limestone beds by

perennial stream flow (Fig. 2). The outlet of this cave stream

is also the only known cave entrance. There is no allogenic

stream sinking underground at the head of the Xueyu Cave

stream. Precipitation is the only recharge source. The cave

stream catchment is about 8–9 km2. The surveyed length of

the cave is 1,643.97 m, and most parts of it are narrow and

deep passages. It can be divided into three broad levels at

elevation 233–236, 249–262 and 281–283 m, respectively;

the stream flows in the bottom level. The cave roof consists

of 150–250 m of limestone with well vegetated evergreen

broadleaf woods above it. The inner part of Xueyu Cave,

*300 m from the entrance, is enclosed with the cave air

temperature range from 15.8 to 19.1 �C and the relative

humidity from 76.7 to 100 % and cave air.

Methods

High-resolution hydrochemical data logging

An auto-monitoring hydrochemistry station was set up in

the Xueyu cave channel stream in early 2008, about 300 m
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upstream of the exit. To obtain the detailed hydrochemical

variations, a CTDP300 multi-parameter data logger

(Greenspan Technology Pty. Ltd., Australia) was used to

record water-level, water temperature (T), pH and specific

conductivity (Spc, at 25 �C) at 15-min intervals, with res-

olutions of 0.01 cm, 0.01 �C, 0.01 pH and 0.1 ls/cm,

respectively. The logger was calibrated prior to deployment

using pH 4, 7 and 10 and conductivity (1,412 ls/cm) buffer

solutions. This study calibrated the pH and conductivity

probes monthly using the buffer solutions and cleaned

them using diluted HCl after the previous data were

downloaded. Hand-held water quality meter (HACH

HQ340d multi-parameter meter, USA) measurements were

undertaken to check the reliability of data logger mea-

surements, when retrieving data from data logger each

month. It was found that hand-held meter and logger

measurements were identical within ±5 % error. A Van-

tagePro 2 weather station (Davis Instruments Corp., USA)

was equipped for rainfall measurement in the cave catch-

ment. The rainfall resolution was 0.1 mm.

Major ions analysis

[HCO3
-] and [Ca2?] were measured monthly in the field

by titration with a Merck KGaA Co. (Germany) alkalinity

and hardness portable testing kit, with an accuracy of

0.05 mmol/L and 1 mg/L, respectively.

To understand the general hydrochemistry of the other

major ions, cave stream water samples were collected

monthly by filtering with 0.45 lm cellulose acetate mem-

brane filters. Cation samples were collected in acid-washed

50 ml high-density polyethylene bottles and immediately

Fig. 1 Distribution of carbonate rocks in the Chongqing Municipality, SW China and the location of Xueyu Cave
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acidified to a pH of 2.0 using distilled 1:1 HNO3. Anion

samples were stored in 500 ml high-density polyethylene

bottles. All samples were stored in refrigeration at 4 �C

immediately after collection. Major anions (Cl-, NO3
-,

SO4
2-) were tested by ion chromatography in the Water

Environmental Laboratory of School of Geographical

Sciences, Southwest University, China, following US

Environment Protection Agency (EPA) standard methods.

Major cations (K?, Na?, Ca2?, Mg2?) were analyzed by

ICP-OES (Optima. 2100DV, Perkin-Elmer CO., USA) in

the Geochemistry and Isotope laboratory of Southwest

University of China. Estimated analytical errors were

within ±5 %.

Thermodynamic model calculation

Two key parameters of karst groundwater, CO2 partial

pressure (PCO2) and calcite saturation index (SIc), are

related to its Ca2?, Mg2? and HCO3
- concentrations, pH

and temperature as described by Stumm and Morgan

(1981) and earlier authors Garrels and Christ (1965). While

the continuous monitors measure pH and temperature

directly, the matching Ca2?, Mg2? and HCO3
- concen-

trations have to be estimated indirectly. The main lithology

in Xueyu Cave catchment is Lower Triassic limestone;

thus, Ca2? and Mg2? are the major cations and HCO3
- is

the major anion; detailed hydrochemical data are given in

Table 1. SO4
2- and Cl- in the cave stream have low

equivalent ratios generally \10 % (Table 1), indicative of

clean (non-polluted) limestone waters (Krawczyk and Ford

2006) and the concentrations of each species (Ca2?, Mg2?

and HCO3
-) is related to the others ones due to dissolution

of these carbonate minerals only. Consequently, these ions

dominate the Spc and are directly proportional to it. Cor-

relations between concentrations of these ions and Spc

were established from the spot-sampled monthly data,

yielding. The relationships:

Ca2þ� �
¼ 0:239 Spc� 5:537; r2 ¼ 0:921 ð1Þ

HCO�3
� �

¼ 0:694 Spc� 28:29; r2 ¼ 0:889 ð2Þ

Mg2þ� �
¼ 0:005 Spc� 0:013; r2 ¼ 0:912 ð3Þ

where brackets denote species concentrations in mg/L and

Spc is specific conductivity in ls/cm at 25 �C.

This relationship was used with the Spc data to deter-

mine the changes in PCO2 and SIc.

The full hydrochemical data sets, including recorded

temperature and pH, calculated Ca2?, Mg2?, and HCO3
-,

mean monthly values of K?, Na?, Cl- and SO4
2- were

processed with the program WATSPEC (Wigley 1977),

which calculates PCO2 and SIc. PCO2 assumed to be in

equilibrium with the sampled waters by the equation:

PCO2¼
ðHCO�3 ÞðHþÞ

K1Kco2

where parenthesis denotes species activity in mol/L, and

K1and Kco2 are the equilibrium constants for carbonic acid

(H2CO3) and CO2 respectively. The calcite saturation index

(SIc) is calculated from:

SIc = Log
ðCa2þÞðCO2�

3 Þ
Kc

� �

where Kc is the temperature-dependent equilibrium constant

of calcite dissolution (Stumm and Morgan 1981). If SIc = 0,

there is thermodynamic equilibrium; if SIc \ 0, water is

aggressive to the calcite; and if SIc [ 0, water is supersat-

urated with respect to calcite and may deposit calcite.

Results and discussions

General hydrochemical characteristics of the Xueyu

Cave stream

Table 1 reports the general hydrochemical characteristics

of the Xueyu cave stream. Due to the limestone dissolution,

the groundwater composition shows obvious clean karst

water characteristic. Ca2? is the major cation, with the

equivalent ratio of[92 %. HCO3
- is the major anion with

Fig. 2 Cave passages, the cave stream and auto-monitoring station

location in Xueyu Cave, Chongqing, SW China

Environ Earth Sci

123



the equivalent ratio of [88 %. Thus, the h cave stream is

the simple Ca–HCO3 hydrochemical type, which reflects

the control of the Triassic limestone bedrock at the site.

Seasonal variations

Due to the abundant data collected by the auto-monitoring

instrument, summarizing the findings is difficult without

reference to the full data set. Statistical analysis (Table 1)

simply does not convey the detail of the record; and the

data are, therefore, presented graphically in time series to

allow visual assessment alongside a summary text. Sea-

sonal, diurnal and storm-scale time series are presented to

show different details in Figs. 3, 4 and 5. Time series for

the full data set are presented in Figs. 3 and 4, which show

the more detailed diurnal data for a 2-day time series.

Storm-scale variations are graphically represented in Fig. 5

to show the dilution, piston and soil CO2 effects under

different rainfall intensities.

Figure 3 shows the complete auto-monitoring data of

Xueyu Cave stream at 15-min intervals during the period,

April 2008–August 2011. Hydrochemical parameters show

marked seasonal variations. PCO2 shows in-phase change

with Spc (i.e. higher in the summer season and lower in the

winter), while pH and SIc show the inverse change (i.e.

lower in summer and higher in winter). PCO2 also shows

in-phase change with air temperature and monthly rainfall.

PCO2 is strongly related to soil CO2 and directly controls

pH fluctuation (Liu et al. 2004, 2007; Yang et al. 2012). In

summer and during the day, the root respiration and

microbial activities in soil are stronger; and hence, more

CO2 is generated (Atkinn et al. 2000; Liu et al. 2007; Yang

et al. 2012). Due to the downward diffusion of CO2, the

more CO2 in the soil causes higher PCO2 in the karst

groundwater and thus lower pH. Spc reflects the level of

ion concentrations in groundwater, the ions originating

largely from the dissolution of the limestone. Higher PCO2

and lower pH further promote the limestone dissolution

and thus cause the increase of Spc in summer (Fig. 3). The

variation of calcite saturation mirrors the pH variability,

which is regulated by the PCO2 in the groundwater (Neal

Table 1 Maximum, minimum and mean values of hydrochemical parameters in Xueyu Cave stream, Chongqing Municipality, SW China

Item pH T (�C) Spc

(ls/cm, 25 �C)

HCO3
-

(mg/L)

K?

(mg/L)

Na?

(mg/L)

Ca2?

(mg/L)

Mg2?

(mg/L)

Cl-

(mg/L)

NO3
-

(mg/L)

SO4
2-

(mg/L)

SIca PCO2

(Pa)b

Mean 7.88 16.50 417.57 238.03 0.61 0.94 85.98 2.30 1.79 5.74 16.46 0.44 339.83

Minimum 7.35 16.00 291.77 164.70 0.37 0.00 61.00 1.90 1.07 4.27 10.54 -0.04 46.77

Maximum 8.50 16.78 557.83 292.80 1.03 1.86 104.00 2.75 5.15 6.86 22.53 1.14 933.25

N 96,321 96,321 96,321 23 23 23 23 23 23 23 23 96,321 96,321

pH, T and Ec are the high-resolution auto-monitoring data by CTDP300

SIc and PCO2 are the calculated data according to the thermodynamic model

Hydrochemical parameters (HCO3
-, Ca2?, Mg2?, K?, Na?, SO4

2-, NO3
- and Cl-) are the tested data from 2008 to 2010

N means number of samples
a Calculated Calcite saturation index in water (SIc) by WATSPEC (Wigley 1977)
b Calculated CO2 partial pressure of water by WATSPEC (Wigley 1977)

Fig. 3 Continuous water temperature, specific conductivity (Spc),

pH, SIcalcite (SIc), calculated CO2 partial pressure data for Xueyu Cave

stream at 15 min intervals, April 2008–August 2011. Sensor and/or

logger glitches led to some interruptions of the continuous data. Air

temperature and monthly rainfall are also shown. Marked seasonal

cycles are seen, where PCO2 and Spc show in-phase relationship with

air temperature, while pH, SIcalcite show the inverse change. Note: For

the water-level of cave stream, the value has only qualitative meaning

due to the excursion of water level caused by the sensor. Considering

this, the seasonal flow has not been shown in the figure
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et al. 2002). As mentioned above, soil CO2 variations cause

the fluctuation of PCO2 and thus affect the calcite satura-

tion (Yang et al. 2012). Therefore, when soil CO2 con-

centration is higher during summer, there is higher PCO2,

lower pH and calcite saturation, and vice versa (Fig. 3). It

is noteworthy that the calcite saturation index was always

above zero (Fig. 3) from April 2008 to August 2011,

implying that the cave stream was always saturated with

respect to calcite and there was some release of CO2 from

the groundwater in Xueyu Cave. This was the reason why

the atmospheric CO2 concentration is so high in the cave

(mean 5,765.7 ppm in the wet season and mean

1,084.9 ppm in the dry season during the monitoring

periods). Seasonal variation of groundwater temperature

was not obvious. The annual mean fluctuation was about

0.3 �C. It was significantly lower than reported in epikarst

springs in SW China, such as the Nongla site, Guangxi

Province and Chenqi site, Guizhou Province (Liu et al.

2007; Zhao et al. 2010; Yang et al. 2012). During rainfall

events, the groundwater temperature of cave streams is

often influenced by the recharge; and thus, the seasonal

pattern is also disturbed. Additionally, the three-dimen-

sional void space in Xueyu cave can effectively retard the

influence of any outside air temperature changes (cave

volume buffer effect). Under the control of this buffer

effect, the cave stream and cave air will have enough time

to achieve a heat exchange balance. Therefore, seasonal

patterns in the water temperature were not obvious.

Diurnal data of Xueyu cave stream hydrochemistry

Figure 4a–c show the examples of diurnal variations of

hydrochemical parameters in Xueyu stream during the hot

season (July 21–23, 2010) and cold season (February

15–17, 2010 and January 21–23, 2011). Whether hot or cold

season, it can be seen that all parameters show little change,

and have no visible regular diurnal variation. This is clearly

different to the shallow epikarst springs as Nongla and

Chenqi site mentioned above. Zhang et al. (2005) and Liu

et al. (2007) reported obvious diurnal variations of hydro-

chemical parameters of shallow epikarst springs in SW

China, which show higher water temperatures, Spc and

PCO2, lower pH and lower SIc during daytime and lower

water temperatures, Spc, PCO2 but higher pH and higher

SIc at nighttime. The trivial diurnal changes in the Xueyu

cave stream hydrochemistry shows the high regulating

capacity of the cave system, which is due to the deep

limestone vadose zone (about 150–200 m), and narrow but

high cave passage (3–5 m wide, 30–50 m high). The

groundwater temperature here is mainly affected by heat

exchanges between cave stream and cave air when there are

no storm events (Karmann et al. 2007). Cave air tempera-

ture may be affected by interaction outside air temperatures

via fissures, karst conduits, sinkholes or entrances but under

the influence of this deep vadose zone and large cave vol-

ume this is very limited. The absolute PCO2 and pH values

in the cave stream are mainly determined by downward

diffusion of soil CO2 originating from plant roots and

microbe respiration in epikarst system, as noted, but due to

buffering in the thick vadose zone, are not sensitive to the

diurnal variations in either the hot or cold seasons.

Storm-scale variations: interaction of piston flow,

dilution, and soil CO2 effects

Figure 5a–d show examples of the storm-scale variations

of the hydrochemistry in Xueyu Cave. Many studies have

reported the sensitivity of hydrochemistry to rainfall events

in epikarst and deeper systems due to piston flow, dilution

and soil CO2 effects (Vesper and White 2004; Zhang et al.

2005; Liu et al. 2004, 2007; Ford and Williams 2007; Yang

et al. 2012). At the beginning of rainfall, piston flow may

push out the ‘‘old water’’ with higher Spc, pH, SIc and

lower PCO2 in the karst aquifer. Under the control of

piston flow, Spc, pH and SIc increased and PCO2

decreased at the incipient stage of rainfall (Fig. 5a, r1

rainfall event in Fig. 5b). In Fig. 5a, the duration of the

piston effect, *12 h, was short due to the limited volume

of ‘‘old water’’ remaining in the aquifer at the height of the

rainy season (Lakey and Krothe 1996; Karmann et al.

2007). In Fig. 5b the duration of the piston effect,

*3 days, was long because the event was the first large

rainfall early in the 2011 wet season and thus was able to

push out abundant ‘‘old water’’ that had accumulated in the

aquifer over an entire dry season. During and for a period

after heavy rainfall, storm event dilution decreases Spc,

pH, SIc and PCO2. In Fig. 5c, Spc, pH, SIc and PCO2

decreased due to a heavy rain, *71.4 mm, and are nega-

tively correlated with water-level. Following a rainfall

of *37.4 mm in the r2 rainfall event of Fig. 5b, due to

dissolution and the infiltration of soil CO2, pH and SIc

decreased and Spc and PCO2 increased, showing positive

correlation with water-level. When CO2 is high in karst

groundwater, the pH and SIc are low and the dissolving

capability of karst groundwater is stronger. Therefore,

Fig. 4 a A two-day continuous record of water-level, water temper-

ature, specific conductivity (Spc), pH, SIcalcite (SIc), calculated CO2

partial pressure from Xueyu Cave stream at 15-min intervals,

February 15–17, 2010 (cold season). Diurnal cycles are not seen.

b A two-day continuous record of water-level, water temperature,

specific conductivity (Spc), pH, SIcalcite (SIc), calculated CO2 partial

pressure from Xueyu cave stream at 15-min intervals, July 21–23,

2010 (hot season). Diurnal cycles are not observed. c A two-day

continuous record of water-level, water temperature, specific con-

ductivity (Spc), pH, SIcalcite (SIc), calculated CO2 partial pressure

from Xueyu Cave stream at 15-min intervals, January 21–23, 2011

(cold season). Diurnal cycles are not observed

b
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when the soil CO2 concentrations is increasing, more cor-

rosive CO2–water solution is generated and cause stronger

dissolution and thus higher Spc and PCO2 and lower pH

and SIc.

However, depending on the rainfall intensity and fea-

tures of the vadose zone, there are differences in the

amplitudes and trends of variations in the hydrochemical

parameters. In Fig. 5a, after the brief piston effect, pH, SIc

and Spc decreased and the PCO2 increased. Clearly, the

soil CO2 effect controlled the change of pH, SIc and PCO2,

as indicated by the inverse variation of PCO2 with pH and

SIc, while dilution by storm water decreased the Spc as

shown its fall in concert with rising water level. In Fig. 5c,

hydrochemical variations showed different controlling

mechanisms in the r2 rainfall event. PCO2, pH and SIc

being mainly controlled by the soil CO2 effect. Spc was

inversely related to water-level, which was chiefly con-

trolled by storm water dilution. In Fig. 5d, there were three

successive rainfall events at the hydrochemical responses

displayed further different controls. Falling Spc was syn-

chronous with the increasing peaks in water-level due to

the dominance of storm water dilution during the three

events, and the PCO2 peaks were synchronous with the

troughs in the pH and SIc records because of the domi-

nance of the soil CO2 effect. At the beginning of the rain

storms shown in Fig. 5b–d, Spc, pH and SIc quickly and

sharply increased and PCO2 decreased due to the piston

effect of ‘‘old water’’. Afterwards, the soil CO2 effect

controlled the pH, SIc and PCO2. During the heavy rains

that were accompanied by increases of water-level, Spc in

the cave stream always decreased after soon after sharp

increase as a result of the predominance of dilution over

soil CO2 effects.

Comparison with epikarst springs studied elsewhere

in SW China

Liu et al. (2007) reported that dilution and soil CO2 con-

trolled the hychemical variations of two typical epikarst

springs, Maolan Spring and Nongla Spring, with clear

seasonal, diurnal and storm-scale variations, i.e. with soil

CO2 partial pressure changing remarkably during a year

(maximum in the summer growing season, and minimum

in the cool winter), the [Ca2?], [HCO3
-] and PCO2 showed

almost synchronous changes of comparable scale. This

indicates that it is soil CO2 production that drives seasonal

hydrochemical variations in karst areas. Yang et al. (2012)

published similar results for the Chenqi catchment, Guiz-

hou, SW China, and further illuminated the control of soil

CO2. This study found the seasonal hydrochemical varia-

tions were similar to Liu’s and Yang’s results; however, the

diurnal and storm-scale variations showed different fea-

tures in the Xueyu Cave. Diurnal variation in the Xueyu

cave stream was negligible due to the buffering effects of a

deep vadose zone and the large volume of cave void. Piston

flow effects in storm events in Xueyu Cave are more

obvious than in studied epikarst springs. This difference

could originate from the different karst hydrogeological

structure and flow routes. It implies that further works need

to use the high-temporal resolution technology more

widely to discover the hydrochemical variations in differ-

ent karst aquifers.

Implications for the study of the carbon cycle in karst

As a result of the CaCO3–H2O–CO2 plus aquatic organic

interactions, the karst processes in the carbon cycle are

complex process (Liu et al. 2010; Yang et al. 2012). PCO2

in karst water is an important index feature; when PCO2 is

high, the DIC content is high. By using the hydrochemical

(DIC content) and discharge data, the magnitude of the

carbon sink in carbonate rock weathering can be estimated

(Liu and Zhao 2000; Liu et al. 2010). However, the sea-

sonal, diurnal and storm-scale hydrochemical variations

described in groundwater imply that the traditional meth-

ods of calculating the karst carbon sink should be improved

Fig. 5 a Storm-scale variations in water temperature, Spc, pH, SIc

and PCO2 from Xueyu Cave at 15-min intervals, August 4–7, 2011

(rainfall total of *59.8 mm from 2200 hours on August 4 up to

1530 hours on August 5, 2011). Piston, dilution and soil CO2 effect

are found. The piston effect determines the initial increase in Spc, pH

and SIc and decrease of PCO2 at the beginning of rainfall.

Afterwards, soil CO2 controls the increase of PCO2 and decrease of

pH and Sic; however, Spc decrease shows the dominance of storm

water dilution over soil CO2 effect. b Storm-scale variations in water

temperature, Spc, pH, SIc and PCO2 from Xueyu Cave at 15-min

intervals, March 8–7, 2011 (r1 rainfall total of *27.2 mm from

1230 hours on March 14 up to 0600 hours on March 15, 2011; r2

rainfall total of *37.4 mm from 2000 hours on March 20 up to

0500 hours on March 22, 2011). Piston effects are observed in the r1

event, showing the increase of Spc, pH and SIc and decrease of PCO2.

Soil CO2 effect controls the increase of Spc and PCO2 and decrease of

pH and SIc in the r2 rainfall event. c Storm-scale variations in water

temperature, Spc, pH, SIc and PCO2 from Xueyu Cave at 15-min

intervals, March 8–7, 2011 (r1 rainfall total of *71.4 mm from

1330 hours on August 26 up to 1030 hours on August 27, 2009; r2

rainfall total of *59.9 mm from 1030 hours to 2200 hours, August

29, 2011). Dilution effects are seen in the r1 rainfall event, showing

decrease of Spc, pH, SIc and PCO2. Soil CO2 effect determines an

increase of PCO2 and decrease of pH and SIc in the r2 rainfall event;

however, Spc decrease is due to the predominance of storm water

dilution. d Continuous Storm-scale variations in water temperature,

Spc, pH, SIc and PCO2 from Xueyu Cave at 15-min intervals, June

8–29, 2011 (r1 rainfall total of *80.8 mm from 2230 hours on June

13 up to 0530 hours on June 14, 2011; r2 rainfall total of *55 mm

from 0630 hours on June 17 up to 0930 hours on June 18, 2011; r3

rainfall total of *90 mm from 0530 hours to 1900 hours, June 23,

2011). Soil CO2 effect determines the increase of PCO2 and decrease

of pH and SIc in the r1, r2 and r3 events; however, Spc decrease

indicates the dominance of storm water dilution during all three

rainfall events

b
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by data collection with high-resolution auto-monitoring.

This study also showed that a deep vadose zone and large

volume of cave void also play an important role in the

hydrochemical and PCO2 changes. It needs to consider the

CO2 stored in a cave from the de-gassing of cave streams

when calculating the ammounts of atmospheric CO2 con-

sumed in carbonate rock weathering in karst aquifers

(Bourges et al. 2012). In addition, these results have

demonstrated the high sensitivity and variability of hyd-

rochemical parameters to environmental change, implying

that the role of karst processes in the global carbon cycle

needs to be reappraised based on a high-resolution moni-

toring strategy (Liu et al. 2007; Yang et al. 2012).

Conclusions

The 4 year high-resolution continuous measurements of

pH, Spc, water temperature and water-level show that the

Xueyu Cave stream is a dynamic and sensitive hydro-

chemical system. The seasonal patterns in these features

(higher specific conductivity and lower pH in summer;

lower specific conductivity and higher pH in winter) tend

to covary with external air temperatures, which influence

rates of production of CO2 in soils, thus being a major

driving force for the variations (soil CO2 effect). Due to

the buffering effect of the deep vadose zone and large

volume of void cave, diurnal water chemical variation is

not significant when compared with shallow epikarst

springs that have been studied in SW China. The storm-

duration fluctuations occur during the summer rainy

season due to the individual storm events. Piston flow,

storm water dilution and soil CO2 effects dominate the

variations in different storm-events. At the beginning of

rainfall, piston flow largely determines the variations,

being characterized by increase in Spc, SIc and pH in the

cave stream and decrease in PCO2. During and after

heavy rainfall, the decrease in Spc shows the effect of

storm water dilution, while the decrease in SIc and pH

and increase in PCO2 shows the influence of soil CO2.

To generalize, hydrochemical variations in the Xueyu

Cave stream is comprehensive explained by these mul-

tiple mechanisms: piston flow, storm water dilution, soil

CO2 concentration and the vadose buffer effect. These

results imply that future works need to use the high-

resolution technology for tracing the PCO2 and hydro-

chemical variations in different karst aquifers more

widely than hitherto. In addition, these results have

indicated the high sensitivity and variability of hydro-

chemical parameters to environmental change, implying

that the role of karst processes in the global carbon cycle

needs to be reappraised based on high-resolution moni-

toring strategies.
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