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KEYWORDS. Summary Two-year continuous pH, conductivity, temperature and water stage of the
qurthem‘cal two typical epikarst springs, Nongla spring and Maolan spring (about 200 km apart) in sub-
variations;

tropical karst areas of SW China were presented. Our primary study objective was to
understand how karst systems respond hydrochemically to recharge at different time
scales, and what the biogeochemical processes and controlling factors in the SW China
epikarst environment are. A thermodynamic model was used to link the continuous data
to monthly water quality data allowing the calculation of CO, partial pressures and cal-
cite/dolomite saturation levels on a continuous basis. Marked seasonal, diurnal and
storm-scale variations were observed for pH, conductivity, CO, partial pressures and
calcite/dolomite saturation indexes of the springs, indicating that both springs are
dynamic and variable systems. However, the coefficients of variation of these hydrogeo-
chemical features tends to be in the order of seasonal > storm-scale > diurnal. The sea-
sonal and diurnal variations of these features (higher conductivity and lower pH in
summer and at daytime; lower conductivity and higher pH in winter and at nighttime) tend
to co-vary with temperature which influences the production of CO, in soils, thus being
the driving force for the variations (soil CO, effect). The storm-scale fluctuations occur
during the spring-summer rainy days due to the storm-events. Depending on the rainfall
intensities, however, there are differences in magnitudes and direction of the variations
of these features. At very high rainfall intensity, the dilution effect dominates the varia-
tions, characterized by the decrease in both conductivity and calcite/dolomite saturation
of the springs, while soil CO, effect determines the variations at lower rainfall intensity,
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characterized by increase in CO, partial pressure and conductivity but decrease in pH and
calcite/dolomite saturation. In a word, the hydrodynamic aspects together with hydrobio-
geochemical characteristics need to be taken into account to correctly explain the hydro-
chemical variations of the epikarst springs. Results from the study demonstrate the need
to redesign hydrogeochemical sampling strategies for epikarst springs in karst areas with
monsoon climate like SW China (i.e., with remarkable seasonal matching fluctuations in
temperature, rainfall and vegetation).

© 2007 Elsevier B.V. All rights reserved.

Introduction

Karst springs are important sampling points that are com-
monly used as monitoring locations to collect water-qual-
ity data at contaminated sites in karst hydrogeological
regimes (Quinlan and Ewers, 1985). Abrupt changes in
water quality in karst springs in response to rainfall events
are well documented (Hess and White, 1988; Quinlan and
Alexander, 1987; Ryan and Meiman, 1996). Quinlan and
Alexander (1987) published guidelines for water-quality
sampling frequency in karst terrains. Farmer and Williams
(2001) showed that chloroform concentrations in a karst
spring could vary as much as 60-fold throughout a storm
cycle. Depending on the maturity of karst development
and the nature of a rainfall event, each spring has a dis-
tinctive water-quality and discharge signature (Quinlan
and Ewers, 1985). Despite these findings, little consider-
ation has been given to the continuous behavior of water
quality during a hydrological year, which includes sea-
sonal, diurnal and storm-scale patterns in water quality.
Quarterly and semi-annual samplings are still conducted
at many contaminated karst sites.

In addition, information on variations in temperature,
pH, [HCO5] and [Ca%*] in karst springs and their rivers is
important in relation to:

(1) Determining partial pressure of CO, and calcite satu-
ration within these waters (Neal et al., 2002; Liu
et al., 2004);

(2) Assessing the balance between photosynthesis and
respiration by biota and CO, transfers at the air—
water interface (Maberly, 1996);

(3) Assessing the biological influences on CO, fluctuations
in the water with respect to the precipitation/dissolu-
tion of calcite (Guasch et al., 1998; Liu et al., 2006);

(4) Understanding geochemical processes in karst aqui-
fers and characterizing carbonate aquifers (Shuster
and White, 1971; Andreo et al., 2002);

(5) Assessing karst-related carbon sink from atmosphere
(Liu and Zhao, 2000).

Hydrochemographs of karst spring was used as indicators
of aquifer characteristics by Raeisi and Karami (1997), and
Andreo et al. (2002). However, hydrochemographs of con-
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Figure 1
(2) coral reef; and (3) study site.

Distribution of carbonate rocks in China and the location of the two study sites, Nongla and Maolan. (1) carbonate rocks;
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tinuous water-quality data are needed to reveal these
signatures.

Under the support of Ministry of Science and Technology
of China and National Natural Science Foundation of China,
we have been monitoring representative epikarst springs in
karst areas of SW China since 2003 to evaluate the sensitiv-
ity of karst processes to environmental change induced by
both nature and human being, and the suitability of the
old hydrogeochemistry sampling strategies. The springs
were continually monitored for temperature, water stage,
pH and specific conductivity. This paper presents the two
hydrological year continuous data from two of these springs,
Nongla spring in Guangxi Province, and Maolan spring in
Guizhou Province. It will be seen that marked seasonal,
diurnal and storm-scale variations are found for pH, conduc-
tivity, CO, partial pressures and calcite/dolomite saturation
of the springs. This shows the need to redesign hydrogeo-
chemical sampling strategies for epikarst springs in subtrop-
ical karst areas of SW China. The results have important
implications on how karst systems respond hydrochemically
to recharge at different time scales, on the controlling fac-
tors on the carbon cycle in the epikarst zone, and to the
understanding of water—rock interaction and hydrobiogeo-
chemical processes in karst environment.

Study areas and their general settings

The two study areas, Nongla and Maolan Karst Experimental
Sites, belong to subtropical karst areas of SW China. Their
situations in China are shown in Fig. 1.

The Nongla Karst experimental site

Nongla in Guangxi province, SW China is famous for its typ-
ical epikarst (Field, 2002) development and quickly ecolog-
ical restoration in 30 years after deforestation on fengcong
karst (or peak cluster, Field, 2002). The lithology is mainly
argillaceous and siliceous dolomite of the Donggangling For-
mation of middle Devonian. The annual mean temperature
of Nongla is about 20 °C with hot summer and cold winter.
The annual rainfall is 1756.6 mm, 80% of which falls in mon-
soonal rainy season of April to September. The thickness of
soil is about 0—2 m, and the soil CO, content changes from
4500 ppmv to 35000 ppmv depending on the seasons and
soil depth (Zhang et al., 2005). After 30 years of the ecolog-
ical reconstruction, biodiversity increased remarkably, the
habitation was improved and the community developed into
a more stable stage. The local vegetation is mainly com-
posed of natural forest (about 20%) and sparse secondary
shrubs. A perennial epikarst spring (called Nongla spring)
with flow rate of 0.01—20 /s issues from the epikarst zone
(~10 m in the recharge area to less than 0.1 m in discharge
area) with conduit development (Photo 1). The spring issues
from a water-filled conduit (diameter < 10 cm), and no tufa
was present because of low calcite saturation index of the
spring water (if Slc < 1, there will be no visible calcite
deposition, Suarez, 1983; Dreybrodt, 1988). The catchment
area of the spring could be larger than 0.05 km? determined
according to topographic divide, because it is very common
occurrence in karst areas that the topographic divide does
not correspond to the groundwater divide.

Photo 1

The Nongla spring and its surrounding vegetation cover. The spring issues from a water-filled conduit, and no tufa was

present because of low calcite saturation index of the spring water.
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The Maolan Karst experimental site

Maolan in Guizhou Province, China is famous for its dense
virgin evergreen forests growing on peak cluster karst. The
Maolan Karst experimental site is situated in the northeast
of Lagiao village, where a typical epikarst spring (called
Maolan spring) issues with flow rate of 0.05—30 /s (Photo
2). The spring issues from water-filled karst fractures, and
no tufa was present because of low calcite saturation index
of the spring water.

The catchment area of the spring could be larger than
0.06 km? determined according to topographic divide.

According to weather reports by local weather station
(Zhou, 1987), annual rainfall at the site with virgin forest
is about 1750 mm, ca 80% of which falls in monsoonal rainy
season of April to September, while it is 400 mm lower in
surrounding deforestation areas. The annual air tempera-
ture at the site is about 17 °C with hot summer (June—Au-
gust) and cold winter (December—February). The rock in
the site is mainly dolomitic limestone of Middle and Lower
Carboniferous.

Methods

Automatic monitoring of rainfall, water stage,
water temperature, pH and specific conductivity

To measure detailed hydrochemical variations in the con-
duit and diffuse flow conditions (Shuster and White, 1971;
Atkinson, 1977), a Greenspan CTDP 300 multi-channel data
logger (Liu et al., 2004) was used in Nongla spring and Mao-
lan spring respectively, which include the diffuse flow from
karst fracture and/or conduit flow from karst conduits (the
sensors being fixed tightly in a PVC tube with small holes on
its wall, and then the PVC tube was located in flowing spring
water about 10 cm below base flow’s surface). Rainfall,
water stage, water temperature, pH and specific conductiv-
ity have been monitored every 15 min since March of 2003.
The logger was calibrated prior to deployment using pH (4, 7
and 10) and conductivity (1412 ps/cm) standards. Hand-held
water quality meter (WTW MultiLine P3 pH/LF-SET) mea-
surements were undertaken to check the reliability of data
logger measurements at monthly interval, when retrieving
data from data logger was conducted in each month. It
was found that hand held meter and logger measurements
are identical within 3% error.

Analysis of concentrations of major ions in rain
water and springs

In situ titrating was used to measure the [HCO;] and [Ca®']
of water with the Aquamerck Alkalinity Test and Hardness
Test monthly. The resolutions are 6 and 1mg/l,
respectively.

To understand the general chemistry of other major ions
in the systems, water samples from the two springs were
collected by filtering with 0.45 pm Minisart® filter and ana-
lyzed in the laboratory at a monthly interval for two-years.
For comparison, some samples of rainwater were also ana-
lyzed. The analysis methods used were standard titration
for bicarbonate, atomic absorption for K" and Na*, titration

Photo 2 The Maolan spring and its surrounding vegetation
cover. The spring issues from water-filled karst fractures, and
no tufa was present because of low calcite saturation index of
the spring water.

with EDTA for Ca**, Mg?* and SOZ~, and the Mohr titration
for CL™.

Results

Estimating CO, partial pressure and calcite/
dolomite saturation index from continuous records
of temperature, pH and specific conductivity

The CO, partial pressure and calcite/dolomite saturation in-
dex of spring water are related to its calcium, magnesium
and bicarbonate concentrations, pH and temperature as de-
scribed in an earlier study (Liu et al., 2004). However, while
the continuous monitors directly measure pH and tempera-
ture, continuous calcium, magnesium and bicarbonate con-
centrations have to be estimated indirectly. In the case of
the two study sites, the spring composition is dominated
by calcite/dolomite dissolution. So, calcium and magnesium
are the major cations and bicarbonate is the major counter-
balancing anion. Consequently, these ions dominate the
electrical conductivity and their concentrations are directly
proportional to the electrical conductivity. As the electrical
conductivity is directly measured continuously, this feature
is used to estimate calcium, magnesium and bicarbonate
concentrations from the continuous electrical conductivity
data. For this purpose, the linkages between concentrations
and electrical conductivity need to be established from the
spot-sampled monthly data.
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At the Nongla experimental site, these concentrations
are linearly related to specific conductivity by the
relationships

[Ca’"] = 0.133spc — 0.01, r? =0.9997, (1)
[Mg?"] = 0.0654spc, r? =0.999, (2)
[HCO;] = 0.699spc — 5.36, r? =0.998 (3)
and for the Maolan experimental site, the relationships are:
[Ca’"] = 0.15spc — 0.78, r? =0.94, (4)
[Mg”"] = 0.04spc +0.22, r*=0.77, (5)
[HCO;] = 0.63spc — 4.70, r? =0.99, (6)

where brackets denote species concentrations in mg/L and
spc is specific conductivity in uS/cm at 25 °C.

This information is used with the electrical conductivity
data to determine continuous changes in carbon dioxide
and calcite/dolomite saturation levels.

The full hydrochemical data sets, including recorded
temperature and pH, calculated Ca®*, Mg?* and HCO;
through the regression equation above, mean monthly val-
ues of K*, Na*, Cl” and SOi’ (Table 1), were processed
through the program WATSPEC (Wigley, 1977), which calcu-
lates CO, partial pressure (Pco,) and saturation indexes of
calcite (Slcacite) and dolomite (Slgoomite) for each record.
Pco, assumed to be in equilibrium with the sampled waters
is calculated from:

HCO;)(H*
P, - PO 7
where parenthesis denotes species activity in mol/L, and Ky
and K; are the temperature-dependent Henry’s Law and
first dissociation constants for CO, gas in water,
respectively.

Slcatcite and Slgoomite are calculated from:

<Ca“><co§>>7 and

K calcite

Slcalcite = lOg (

(8)

2+ 2+ 2-12
Slaomte = 0g (<Ca )(Mg™) (O ) )

K dolomite

respectively, where K.acite and Kgolomite are the tempera-
ture-dependent equilibrium constant for calcite and dolo-
mite respectively (Drever, 1988; Stumm and Morgan,
1981). If SI>0, water is supersaturated with respect to
the mineral; if SI <0, water is aggressive to the mineral;
and if Sl = 0, the equilibrium reaches.

Results

The results of this work are extensive and summarizing the
findings is difficult without reference to the full dataset.
Statistical analysis (Tables 1—3) simply does not convey
the detail of the record and the data is therefore pre-
sented graphically in time series to allow visual assessment
alongside the summary text. The time series comprises
three levels of detail. Firstly, time series for the full data
record are presented in Figs. 2 and 3 for Nongla spring and
Maolan spring, respectively. The two figures show the sea-
sonal variability superimposed on the fine detail of diurnal

The general chemistry of major ions in the rain water and springs at the two study sites

Table 1
Site

Pco,

Slcalcite SIdolomite

spc. (us/cm

Mg?* c- $02- HCO;
25 °C)

Ca*

Na*

pH

Water

(PPmv)

(mg/l)  (mg/l)  (mg/)  (mg/l)  (mg/l)  (mg/l)

(mg/1)

temperature

(°0)

1
1
1

16
17

13345
16111

—0.01

0.06
0.18
—2.80

335.92 488

5.16
6.14
0.00
11.08
11.29

4.05

31.93
35.14

64.93

0.35
0.28
0.02
0.23
0.25
0.06

0.20
0.22
0.25
0.13
0.17
0.10

7.35
7.33
7.23
7.66
7.38
7.17

4.8
9.6
9.0

16.4

NL—-SW—-CD

30

0.
—5.75

—-0.20
-0.72
—6.58

537

370.25

5.06
1.86
2.03

71.46

NL-SW—-WW

523
4853

12
309
318

9.17
190.22

1.00
12.60
12.94

2.45
45.60
46.90

NL-RW—-WW
ML-SW—-CD

ML—SW—-WW

16
17

0.04
—0.21

7625

195.57

2.03
1.77

7.0
17.0

1

427

—3.05

10

6.66

0.00

0.48
NL, ML: abbreviations for Nongla and Maolan, respectively; SW, RW for spring water and rain water, respectively; CD, WW for cold dry season and warm wet season; N: number of samples.

2.28

ML—RW—-WW
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Table 2 Statistics on the seasonal and diurnal variations of physicochemical parameters of the two epikarst springs

Spring name Nongla Maolan
Time scale Seasonal Diurnal Seasonal Diurnal
Water 7.6—21.98%(17.58)°[18.8]° 19.19—20.283(19.72)°[1.6]° 13.82—18.91 (16.53)[6.7] 17.70—17.76 (17.73)[0.1]
temperature
(°C)
Spc (us/cm, 182—633 (534)[13.3] 616—632 (624)[0.7] 213—391 (310)[5.9] 309—-316 (312)[0.5]
25 °C)
pH 6.96—8.05 (7.41)[2.3] 7.31—7.43 (7.38)[0.4] 7.06—8.09 (7.57)[3.3] 7.52—7.76 (7.66)[1]
Slcatcite —0.50—0.90 (0.24) 0.30—0.41 (0.36) —0.60—0.43 (—0.04) —0.06—0.17 (0.07)
Sldolomite —1.05—1.74 (0.38) 0.55—0.77 (0.67) —1.54—0.49 (—0.4) —0.47—-0.01 (—0.20)

Pco, (ppmv) 2355—38,370 (13,414)[40]

14,060—18,967 (16,046)[8]

1262—15,740 (5439)[62]  2965—5212 (3801)[18]

2 Minimum—maximum.
b Mean values (N = 70,080).

€ C.v. or coefficient of variation = (standard deviation/mean)%, c.v.s are not reported for Slcaicite and Slgolomite Values as these can be

positive or negative.

Table 3 Statistics on the storm-scale variations of physicochemical parameters of the two epikarst spring

Spring name  Nonlgla Maolan
Storm name  May storm in 2003 May storm in 2004 July 3 storms in 2003 July 3 storms in 2004
(136 mm/7 h) (120 mm/6 h) (177.5 mm/18 h) (101 mm/10 h)
Water 19.49—21.50%(19.65)" 19.09—-20.01 (19.31) 17.01—18.29%(17.56)° 17.15—18.02 (17.53)[1.2]
temp.(°C) [1.4]° [1.2] [1.8]°
Spc (us/cm,  182—600 (531)[14] 250—493 (411)[15] 238—-346 (310)[6.1] 300—344 (319)[3.1]
25 °C)
pH 7.21-7.48 (7.26)[0.8] 7.14—7.44 (7.29)[1.1] 7.20—7.53 (7.42)[1.8] 7.38—7.55 (7.51)[0.5]
Slcalcite —0.50—0.30 (0.11) —0.47—-0.23 (—0.08) —0.60—-0.08 (—0.17) —0.20—-0.02 (—0.06)
Sldolomite —1.05—0.54 (0.15) —1.00—0.39 (—0.23) —1.54——0.50 (—0.67) —0.74—— 0.39 (—0.46)

Pco, (ppmv)  3837-22,080 (18,251)[21]

7907—17,906 (13,145)[17.8]

4864—10,116 (6610)[25] 4764—7638 (5468)[11.6]

2 Minimum—maximum.
® Mean values (N = 70,080).

€ C.v. or coefficient of variation = (standard deviation/mean)%, c.v.s are not reported for Slcaicite and Slgolomite Values as these can be

positive or negative.

and storm-scale fluctuations. Secondly, a more detailed
time series showing diurnal fluctuations for the two springs
are presented in Figs. 4 and 5 for a two-day time series
from November 1, 2003 through November 3, 2003. These
two figures provide a graphical representation of the regu-
larity and variability within the diurnal fluctuations.
Thirdly, time series patterns are presented in Figs. 6a
and 6b for Nongla spring for Storm-scale variations on
May 24, 2003 and May 16, 2004, respectively, and in Figs.
7a and 7b for Maolan spring for Storm-scale variations on
July 6—7, 2003 and July 19—20, 2004, respectively to show
dilution and soil CO, effects under different rainfall
intensity.

The most noticeable points to the time series are as
follows.

Water temperature
The water temperature patterns show similar features for

both sites (Figs. 2 and 3). However, at Nongla site, the tem-
peratures are three degree higher during the summer and

about one degree lower during the winter than for the Mao-
lan site, and thus show larger variability (c.v. =18.8% for
Nongla spring, and 6.7% for Maolan spring, Table 2). Tem-
perature shows both seasonal and daily patterns of change.
The seasonal pattern (Figs. 2 and 3) is represented by a
yearly cycle of change while the daily patterns (Figs. 4
and 5) are represented by diurnal oscillations but weaker
for Maolan spring (Table 2). In addition, during hot summer
months, spring water temperatures typically increase after
rainfall, and show synchronous variation with water stage
(Figs. 6a, 6b, 7a and 7b). It seems that the larger the water
stage change, the higher the water temperature (Figs. 6a
vs. 6b, Figs. 7a vs. 7b).

Electrical conductivity

Electrical conductivity shows similar features for both sites
in seasonal pattern (Figs. 2 and 3). However, at Maolan site,
the electrical conductivity is ca 200 uS/cm lower on the
average with low variability (c.v. =5.9% for Maolan spring,
and 13.3% for Nongla spring, Table 2). Electrical conductiv-
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Figure 2 Continuous data of water temperature, pH, specific conductivity (spc), calculated CO, partial pressure (Pco,), calcite
saturation index (Slcaicite) and dolomite saturation index (Slgolomite) from Nongla epikarst spring at 15-min intervals, March 27, 2003
through March 27, 2005. Marked seasonal cycles are found, where Pco, and spc show in-phase change with temperature, while pH,
Slcaicite @nd Slgolomite ShOW inverse change with temperature.

Note: For the spring water stage, 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.

ity shows both seasonal and daily patterns of change. The by higher value at daytime and lower value at nighttime.
seasonal pattern (Figs. 2 and 3) is represented by a yearly In addition, electrical conductivity typically decreases after
cycle of change (higher in summer and lower in winter) rainfall, and shows reverse variation with water stage (Figs.
while the daily variations (Figs. 4 and 5) are characterized 6a, 6b and 7a). However, for Maolan spring, electrical con-
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Figure 3  Continuous data of water temperature, pH, specific conductivity (spc), calculated CO, partial pressure (Pco,), calcite
saturation index (Slcaicite) and dolomite saturation index (Slgolomite) from Maolan epikarst spring at 15-min intervals, March 27, 2003
through March 27, 2005. (dotted line: no data due to the repairing of the dada logger). Marked seasonal cycles are found, where Pco,
and spc show in-phase change with temperature, while pH, Slcacite and Slgolomite ShOW inverse change with temperature.

Note: There were some errors in rainfall records of Maolan site due to road construction. For the spring water stage, the value has only
qualitative meaning due to the excursion of water level caused by the sensor. Considering these, the seasonal flow and rainfall data have not

been shown in the figure.

ductivity increases after rainfall when rainfall intensity be-
comes lower (Fig. 7b).

pH

pH shows both a seasonal and a diurnal pattern (Figs. 2—5).
Overall, the waters have a pH in the range 6.96—8.09, lower
in the summer and higher in the winter. During dry weather
in the autumn, the diurnal changes (lower at daytime and

higher at nighttime) can be 0.1—0.2 units. pH generally de-
creases after rainfall, and show reverse variation with water
stage (Figs. 6b, 7a and 7b). However, in some cases, pH in-
creases after rainfall (Fig. 6a).

CO, partial pressure

Pco, show similar features for both sites in seasonal pat-
tern (Figs. 2 and 3). However, at Maolan site, the P, is
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ca 8000 ppmv lower on the average with high variability The seasonal pattern (Figs. 2 and 3) is represented by a
(62% for Maolan spring, and 40% for Nongla spring, Table yearly cycle (higher in summer and lower in winter) while
2). Pco, change shows both seasonal and daily patterns. the daily variations (Figs. 4 and 5) are characterized by
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higher value at daytime and lower value at nighttime. In
addition, Pco, generally decreases after heavy rainfall,
and show reverse variation with water stage (Figs. 6a,
6b and 7a). However, for Maolan spring, Pco, increases
after rainfall when rainfall intensity becomes lower
(Fig. 7b, Table 3).

Calcite and dolomite saturation indexes

The water is mainly oversaturated with respect to calcite
and dolomite for Nongla spring across the whole period of
record except during storm events (Fig. 2) while it is under-
saturated for Maolan spring except in winter (Fig. 3). The
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Figure 6a Storm-scale variations in water temperature, pH,

specific conductivity (spc), calculated CO, partial pressure
(Pco,), calcite saturation index (Slcaicite) and dolomite satura-
tion index (Slgolomite) from Nongla epikarst spring at 15-min
intervals, May 24, 2003. Dilution effects are found, where spc,
Pco,, Slcatcite @and Slyolomite decrease when storms come.

degree of oversaturation increases in winter times and de-
creases in the summer times. Furthermore, a marked diur-
nal pattern (lower at daytime and higher at nighttime) is
observed (Figs. 4 and 5). In addition, calcite and dolomite
saturation indexes decrease after rainfall in all cases, and
show reverse variation with water stage (Figs. 6a, 6b and
7a, 7b).

Discussions

The results described provide a major source of hydrochem-
ical data for the two sites. Within this discussion section
there are three main components: (1) temporal patterns
for the two sites; (2) comparison of hydrochemistry be-
tween the two sites, and (3) comparison with spring sites
elsewhere in the world. These three aspects are considered
separately below, before the information is brought to-
gether in section ‘*Conclusions’’.
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Figure 6b  Storm-scale variations in water temperature, pH,
specific conductivity (spc), calculated CO, partial pressure
(Pco,), calcite saturation index (Slcaicite) and dolomite satura-
tion index (Slgolomite) from Nongla epikarst spring at 15-min
intervals, May 16,2004. Dilution effects are found, where spc,
Slcaicite aNd Slgolomite decrease when storms come.

Temporal hydrochemical variations of the Nongla
and Maolan springs

The time series exhibits three types of variation patterns in
temperature, pH, electrical conductivity, Pco, and calcite/
dolomite saturation: a cyclical seasonal pattern, a cyclical
diurnal pattern and storm-scale fluctuation. These aspects
are considered separately below in relation to the different
determinants.

Temperature

The temperature fluctuations represent normal behavior for
SW China epikarst springs and are comprised of three com-
ponents. Firstly, the annual cyclic variation in air tempera-
ture leads to a sinusoidal pattern in the spring temperature
(Fig. 8): maxima during the summer months and minima
during the winter months. Secondly, there is a diurnal pat-
tern observed which relates to the absorption of solar radi-
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ation by the shallow epikarst zones, which feed the springs.
For this, the solar absorption is maximal during the day. Of
course, the solar radiation into the surface water of the
spring may also have influence on diurnal variations of water
temperature. However, this is small, considering the tem-
perature sensors were located in the flowing spring waters
but not in pools. Thirdly, during hot summer months, solar
radiation heats rainwater, so spring water temperatures
typically increase after rainfall, and show synchronous var-
iation with water stage (Figs. 6a, 6b and 7a, 7b).

CO; partial pressure

The CO, partial pressure in water (Pco,) is strongly related
to the respiration by plant roots and microbe in the soils.
In general, in summer and during the day root respiration
in soil is stronger and hence carbon dioxide is more gener-
ated (Atkin et al., 2000). This is the reason why the seasonal
pattern in Pco, (Figs. 2 and 3) is shown by a yearly cycle of
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Figure 7b  Storm-scale variations in water temperature, pH,
specific conductivity (spc), calculated CO, partial pressure
(Pco,), calcite saturation index (Slcacite) and dolomite satura-
tion index (Slgolomite) from Maolan epikarst spring at 15-min
intervals, July 19—20, 2004. Soil CO, effects are found, where
Pco, and spc increase, while pH, Slcacite and Slgolomite decrease
when storms come if dilution effects are not strong enough.

change (higher in summer and lower in winter) while the
daily patterns (Figs. 4 and 5) are shown by higher value at
daytime and lower value at nighttime. The decrease in
Pco, after rainfall for Nongla spring (Figs. 6a, 6b) and heavy
rainfall for Maolan spring (Fig. 7a) is due to the dilution ef-
fect by rain water via karst conduit and/or overland flow,
and shows reverse variation with water stage. However,
for Maolan spring, the increase in Pco, after low rainfall
(Fig. 7b) is mainly related to the dissolving of soil CO, (with
higher partial pressure in summer) into infiltrating rainwa-
ter, which feeds the epikarst spring (soil CO, effect, Liu
et al., 2004).

Electrical conductivity

Electrical conductivity is a measure of the number of ions in
solution. For the two study sites, these ions are mainly cal-
cium, magnesium and bicarbonate. The seasonal pattern in
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electrical conductivity at both sites (Figs. 2 and 3) is related
to the seasonal variation in soil CO,, which dissolves into
water, and increases the dissolution of limestone and dolo-
mite (Liu et al., 1998; Liu and Zhao, 2000). The daily pat-
terns in electrical conductivity (Figs. 4 and 5) may be
determined by diurnal oscillations in root respiration (higher
at daytime and lower at nighttime, Atkin et al., 2000; Liu
et al., 2006), which contribute to the variation in water
Pco,, and thus the dissolution or precipitation of carbonate.
The decrease in electrical conductivity after heavy rainfall
is related to the dilution effect by rain water via karst con-
duit and/or overland flow, and shows reverse variation with
water stage (Figs. 6a, 6b and 7a). However, for Maolan
spring, the increase in electrical conductivity after lower
rainfall (implying weak dilution effect) (Fig. 7b) is mainly
controlled by the soil CO, effect (Liu et al., 2004), because
less soil CO, could release to the atmosphere, but more soil
CO, dissolves into water at this time, which decreases the
pH of water, and thus increases the dissolution of carbonate
rocks in the epikarst aquifer. If the increase in electrical
conductivity is due to longer residence time in the aquifer,
the water should have higher pH, higher calcite saturation
index, and lower P¢o,, which is just opposite to the real case
we observed. So, the shunting out of groundwater with long-
er residence time can only explain the higher electrical con-
ductivity but not the higher Pco,, lower pH and lower calcite
saturation index.

On the other hand, the concentration resulting from in-
creased evaporation in summer has to be taken into ac-
count, even though it is likely to be small because of the
high humidity (Fig. 8) accompanying the monsoonal summer
rainfall. The ratio of average summer concentration to aver-

age winter concentration for almost all species in Nongla
spring is ~1.1, including species that are likely to represent
input entirely through rainfall, like Cl™ and SOf{ (Table 1).
This implies strongly that evaporation is influencing the
spring composition, in addition to the soil CO, effect. The
ratios for Maolan spring are more obscure due to lower
evaporation by lower temperature and higher air humidity
(Fig. 8).

pH
The relatively high alkalinity at the two sites means that the
pH is regulated by the carbon dioxide levels in the water
(Neal et al., 2002), i.e., as the partial pressure of carbon
dioxide increases, pH decreases and vice versa. The pH
changes observed in the springs thus mirror the Pco, changes
but in an inverse way (Figures 2—7).

The decreased pH of spring water during summer storms
could be also related to the lower pH of the rainfall (~7.2;
Table 1), though the influence of rainfall may be small.

Calcite/dolomite saturation

As Neal et al. (2002) had shown that the temporal variation
in the log SI simply mirrors the pH variability, reflecting both
the biologically-induced seasonal and diurnal changes in dis-
solved carbon dioxide. At Nongla spring, the Slcacite and
Sldotomite Never fall below zero during November 1-3, 2003
(Fig. 4), and so no dissolution of limestone or dolomite is
occurring here. However, in the epikarst aquifer, which
feeds the spring, the Slcacite and Slgolomite May be below
zero. Therefore, in the epikarst zone, it’s the soil CO, effect
caused by plant root respiration in soil that caused the diur-
nal hydrochemical change of the spring.



220

Z. Liu et al.

Further explanation of short-term storm-driven changes
Short-term storm-driven changes can be attributed to dilu-
tion or the shunting out of groundwater stored in the epik-
arst zone. This can be verified by some mass balance
calculations:

Q- +Q ¢ =Qnp Cn
and Qn+Qr:Qm

where Q=flow (Q-=1.343xstage?¥’ for Maolan, and
Q=0.779 x stage®*” for Nongla), ¢ = concentration of any
particular species, m = spring flow showing the maximum
storm effect, r = rainfall/groundwater input, and n = normal
spring flow.

If Q is taken as fraction of maximum flow rather an
absolute value, then Q, + Q,=1. The ratio Q.,/Q, = (stage
m)>47/(stage n)*>*; this can be used to calculate the
fractions Q, and Q,.

Applying this to electrical conductivity (Spc, for c), the
input water during the high intensity storm-event at Maolan
spring (Fig. 7a) had an Spc of 235.75 and represented 98% of
maximum flow; for the lower intensity storm at the same

spring (Fig. 7b) the input water had an Spc of 340.26 and
represented 94% of maximum flow (Table 4). Applying the
calculation to Pco, shows that the Pco, of the input waters
were 8293 and 6207 for both events. The results indicate
that both storms shunted out moderately high conductivity
groundwater. The contribution from direct overland flow
during the higher intensity storm was greater, enough to di-
lute spring flow so that the Spc decreased during the maxi-
mum flow (but increased slightly soon afterwards). In
contrast, during the low intensity storm, Spc increased be-
cause overland flow was a relatively minor proportion of
maximum flow.

Applying the same calculations to the high and low inten-
sity storms at Nongla spring (Figs. 6a and 6b), the input
waters represented 93% and 94% of maximum flows respec-
tively, and had Spcs of 152.43 and 237.25, about one fourth
and half those of the base flows, Pco, of 2949 and 8037
respectively (Table 4). Thus the storms contributed a very
large amount of overland flow to the spring. Therefore dur-
ing the storms, the spring water was more dilute, reflecting
the rainfall composition. Compared to Maolan spring, the
hydrological conditions are clearly very different. This is be-

Table 4 Calculations of the base flow, maximum storm flow and relevant rainfall/groundwater input at both sites

Spr. Name Time Water stage Q° Q: Q/Qm Spc Spc, Pco, Pco,,
(H, in m) (1073m3/s) (103m3/s) (%) (us/cm)  (us/cm)  (ppmv)  (ppmv)

Maolan 6:30, July 6, 2003 0.06 1.29 - — 326.66 — 9419 —
8:00, July 6, 2003  0.28 57.88 56.59 98 237.78 235.75 8318 8293
3:45, July 19, 2004 0.06 1.29 — — 317.91 — 5023 —
7:00, July 19, 2004 0.19 22.21 20.92 94 338.96 340.26 6138 6207

Nongla 3:15, May 24, 2003 0.06 0.75 — — 598.58 — 16,293 —
5:30, May 24, 2003 0.18 11.27 10.52 93 182.12 152.43 3837 2949
3:00, May 16, 2004  0.05 0.48 _ - 455.56  — 10,641 —
5:45, May 16, 2004 0.16 8.43 7.95 94 249.68 237.25 8185 8037

2 For Maolan spring, Q = 1.343 x H*%’, and Q = 0.779 x H**’ for Nongla spring. (After the Ministry of Water Resources, PRC, 1991. Flow
measurement by weirs and flumes. Industrial Standard, SL 24-91)

Table 5 Contribution of temperature, Pco, and lithology to concentrations of major ions in pure open carbonate—CO,—H,0
system when approaching to equilibrium of carbonate dissolution®

T (°C) Pco, (ppmv) Lithology Ca*" (mg/l) Mg?* (mg/l) HCO3 (mg/l) pH
17.58 13,414 Limestone 81.20 0 247.05 7.19
Dolomite 52.80 31.68 320.25 7.29
17.58 5439 Limestone 58.80 0 178.73 7.45
Dolomite 38.40 23.04 231.80 7.56
16.53 13,414 Limestone 82.40 0 250.71 7.19
Dolomite 54.00 32.40 327.57 7.30
16.53 5439 Limestone 60.00 0 182.39 7.45
Dolomite 39.00 23.40 236.68 7.56

Note: Although dolomite is more soluble than calcite, it dissolves more slowly due to kinetic effects. However, in Nongla site with
dolomite dominance, the spring water was saturated with both calcite and dolomite. In Maolan site with limestone dominance, the spring
water was saturated with calcite but undersaturated with dolomite. This means that to compare the two sites, the kinetic effect is less
important than solubility effect.

2 The equilibrium calculation was according to Dreybrodt (1988).
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cause that Nongla spring catchment has more bare rock,
steeper slopes, less epikarst porosity.

Comparison of hydrochemistry between the two
sites

Difference in general hydrochemistry

It can be seen from Table 2 that the Nongla spring has higher
specific conductivity than Maolan spring.

The higher specific conductivity is related to both the
higher CO, production in soil driven by higher temperature
(Atkin et al., 2000; Edwards, 1975; Howard and Howard,
1993; Schwendenmann et al., 2003) and the higher percent-
age of dolomite in the Nongla Experimental Site. The former
has been evidenced by higher temperature and Pco, in the
Nongla spring (Table 2), and the latter is evidenced by ele-
vated Ca”", Mg’ and HCO; in solution because the solubility
of dolomite under natural conditions is higher than that of
calcite (Dreybrodt, 1988). Table 5 shows the contribution
of temperature, Pco, and lithology to [Ca®], [Mg®'] and
[HCO5 ], and thus specific conductivity of pure open carbon-
ate—CO,—H,0 system when approaching to equilibrium of
carbonate dissolution. It can be seen that the difference
in temperature between two sites shows little contribution
to the difference in the concentrations of major ions in the
solutions. However, the differences in both Pco, and lithol-
ogy show comparable contributions to the discrepancies of
major ion concentrations in the solutions.

Difference in hydrochemical response to rainfall

As showed before, electrical conductivity generally de-
crease after rainfall, and show inverse variation with water
stage. However, for Maolan spring, electrical conductivity
increases after lower rainfall. We attribute this to the soil
CO, effect as discussed before (Liu et al., 2004). The reason
why there is a difference in hydrochemical response to rain-
fall between the Maolan experimental site and the Nongla
experimental site is that the water to the Maolan spring is
possibly mainly supplied by soil water with higher Pco, (Liu
et al., 2004; Edwards, 1975; Howard and Howard, 1993; Sch-
wendenmann et al., 2003) via karst fractures, while the
water to Nongla spring is mainly provided by rainwater with
low Pco, via karst conduit and/or overland flow. In this lat-
ter case, dilution effect (Holloway and Dahlgren, 2001;
Ahearn et al., 2004; Liu et al., 2004) dominate the change
in electrical conductivity.

In addition, pH generally decreases after rainfall, and
shows inverse variation with water stage (Figs. 6b, 7a and
7b). However, in some cases, pH increases after rainfall
(Fig. 6a). This was possibly related to the influence of car-
bonate mineral dissolution from dusts at the site due to lo-
cal human activities including limestone quarrying and road
construction in 2003 (Liu et al., 2004).

Comparison with spring sites elsewhere in the
world

At the observation site of Yudong (Fish-cave) Underground
Stream, which is located at Zhen’an County of Shanxi Prov-
ince, in a climatically transitional zone between North and
South China, and the Guilin Karst Experimental Site, which

is situated in the south part of China, Liu and Zhao (2000)
found similar seasonal hydrochemical variations, i.e., with
soil CO, partial pressure changing remarkably during a year
(maximum in the summer growing season, and minimum in
cold winter), the [Ca®*], [HCO;] and Pco, in water show al-
most synchronous remarkable change. That means it is the
soil CO, that drives the seasonal hydrochemical variations
in karst areas.

At Davys Creek Station, south-eastern Australia, Drys-
dale et al. (2003) also found a diurnal variation in hydro-
chemistry of a tufa-depositing stream. However, in their
case, the pH values increased, and conductivity decreased
at daytime, while the pH values decreased, and conductiv-
ity increased at nighttime. This is just opposite to our
monitoring results. The authors attributed this behavior
to the influence of diurnal temperatures on the solubility
of CO, in water. In our case, it is the CO, produced by
root respiration in soil that dominated the diurnal hydro-
chemical variations of the epikarst springs. We think the
difference comes from where and what the examined
water is. If CO, degasses from the spring water to the
atmosphere, it will cause the pH to rise and the Spc to
fall, particularly if calcite precipitates from the water.
However, this happens generally at the place where spring
water travels some distance. The Australian case belongs
to this kind. In our case, the sensors were located just
at the spring mouth, i.e., before the CO, could degas from
the water. Therefore, our data are mainly reflection of
the soil and epikarst aquifer, but not between the spring
and the atmosphere.

Conclusions

The two-year continuous results show that both the Nongla
and the Maolan springs are dynamic and variable systems in
terms of hydrochemistry. Marked seasonal, diurnal and
storm-scale variations are observed for pH, conductivity,
CO, partial pressures and calcite/dolomite saturation in-
dexes of the springs. However, the variability of these hyd-
rochemical features tends to be seasonal > storm-
scale > diurnal. The seasonal and diurnal variations of these
features tend to co-vary with temperature which influences
the production of CO, in soils, and is the primary driving
force for the variations. The storm-scale fluctuations occur
during the spring-summer rainy days due to the storm
events. Depending on the rainfall intensities and the fea-
tures of karst development, however, there are differences
in amplitudes and direction of the variations of these fea-
tures. At very high rainfall intensity, the dilution effect
dominates the variations, characterized by the decrease in
both conductivity and calcite/dolomite saturation of the
springs, while soil CO, effect determines the variations at
lower rainfall intensity, characterized by the decrease in
pH and calcite/dolomite saturation but increase in CO, par-
tial pressure and conductivity. In conclusion, the hydrobio-
geochemical processes at the both sites are highly dynamic
at the seasonal, diurnal and storm-event temporal scales
and spatially complex at the watershed scale making man-
agement of epikarst spring hydrochemical compositions,
such as pH and pH-sensitive element concentrations, very
challenging.
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Results from the study demonstrate the need to redesign
hydrogeochemical sampling strategies for epikarst springs in
karst areas with monsoon climate like SW China (i.e., with
remarkable seasonal matching fluctuations in temperature,
rainfall and vegetation), and also show that a continuous
monitoring is necessary to get high accurate estimation of
karst-related carbon flux (Liu and Zhao, 2000). Although
the accurate estimation of karst-related carbon flux is not
possible at the moment due to the problems in long-term
spring water stage recording. However, large seasonal and
storm-event variation (>3-fold) in dissolved inorganic car-
bon (evidenced by conductivity change) was found in epik-
arst systems by this study. So, the conventional stochastic
sampling strategy may have an error of a factor of 3. In con-
clusion, to obtain karst-related carbon flux more accu-
rately, it is necessary to conduct continuous hydrological
and hydrochemical monitoring with sound sensors and
data-loggers.
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