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ABSTRACT: Dissolved inorganic carbon (DIC) is the most important carbon component in karst aquatic system where fluid is
highly transmissive, but has rarely been examined in the subtropical karst critical zone (K-CZ). In this study, concentrations of dis-
solved solutes and isotopic compositions of DIC (8'*Cp,c) at 11 sites of a 73.4 km? karstic catchment in Southwestern China were
analysed monthly in order to uncover the spatiotemporal variations of both DIC and its dominant sources, and to identify relevant
controlling factors. Both DIC concentrations and &'*Cpic were highly variable, ranging from 2.52 to 5.85 mmol I~ and from
—15.7 to —4.5%o, respectively. DIC in underground water (UGW) was higher in concentration and more depleted in '*C compared
to surface water (SFS). DIC concentrations showed an inconsistent seasonal trend with other solutes, with higher values in the wet
season at some sites. 8'°Cpc values were lower in the wet season than in the dry season. The results of mixing model IsoSource re-
vealed spatiotemporal patterns of DIC sources. During the dry season, carbonate weathering was the primary contributor to DIC in
UGW (excluding in the middle reaches). However, during the wet season, soil CO, was the dominant source of DIC in both UGW
and SFS, and it was higher than in the dry season. Overall, there are significant spatiotemporal disparities and highly transmissive
characteristics of both DIC and its sources in the K-CZ, which are controlled by multiple factors. This study also highlights that rain-
fall may play a crucial role in accelerating carbon dynamics in the K-CZ. High-frequency sampling campaigns in high-flow periods
and deep analyses are needed in future work to elucidate the related processes and mechanisms. © 2019 John Wiley & Sons, Ltd.
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in non-karst systems. In addition, the large and rapid water
fluxes through preferential flow pathways during wet periods
can not only shorten the time for transportation and fluid-rock

Introduction

Carbonate rocks cover ~12% of the Earth’s ice-free land area

and karst aquifers represent important drinking water reservoirs
which provide fresh water for approximately 25% of the Earth’s
population (Ford and Williams, 2013). It is a key component of
the Earth’s critical zone (CZ). In a karstic critical zone (K-CZ),
the karstic dynamics make the CO,-H,O-CaCO; system sus-
ceptible to environmental change (Yuan and Zhang, 2008).
Thin soil cover and well-developed conduit networks render
the K-CZ catchment highly transmissive, forming large under-
ground drainage systems and resulting in intense fluid—rock in-
teraction and strong carbon dynamics relative to non-karstic
conditions. Because of weathering of carbonate minerals, con-
centrations of dissolved inorganic carbon (DIC) in the CO,—
H,O-CaCO; system are approximately 66 times those in the
CO,-H,O system (Dreybrodt, 1988), and the contribution of
biologic carbon to DIC is normally less in karst systems than

interaction in K-CZ, but also increase the reactive mineral sur-
face area (Clow and Mast, 2010; Zhong et al., 2017b). There-
fore, the circulations of carbon (and hydrochemistry) and the
DIC dynamics in K-CZ are complex and differ from other
non-karstic CZ, bringing related topics to the frontier in the
Earth’s surface geochemistry (Plummer and Busenberg, 1982;
Yuan and Cai, 1988; Schulte et al., 2011; Ford and Williams,
2013; Jiang, 2013; Pu et al., 2017; Song et al., 2017).

The kinetics of carbonate dissolution are more rapid than
silicate weathering induced by carbonic acid, which results in
a net carbon sequestration into calcites [Equation (1)]
(McClanahan et al., 2016). Carbonate weathering offers both
a sink and a source of atmospheric carbon. On the one hand,
geological sequestration of atmospheric CO, and subsequent
transformation into DIC, allowing transport by rivers and
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eventual deposition in oceans as calcite minerals, is a carbon
sink (Regnier et al., 2013). On the other hand, reactions be-
tween carbonate minerals and both carbonic acid and other
acids can also release CO, [Equations (2)—(4)], becoming a
source of atmospheric CO,, despite the fact that CO, in
Equation (2) acts merely as a proton donor with no overall in-
crease in atmospheric CO, (Calmels etal., 2007; Li et al., 2008):

CaSiO; + CO,—CaCO;' + SiO, 1

CaCO; + H,0 4+ CO,—Ca’t 4+ 2HCO;~—CaCO;*
+H,0 + CO,' )

2CaCO; + H,SO4—2Ca’*t + 2HCO;~
+ 5042 —>CaCOs' 4+ CO," + SO42~ + Ca’* 3)

CaCO; + 2HNO;—Ca’*" +2NO;~ + H,O + CO,"  4)

The global consumption of CO, by chemical weathering is in
the range of 0.22-0.29 Gt C a~', resulting in approximately 0.4
Gt C a~! of DIC in global rivers, which accounts for approxi-
mately 40% of the total riverine carbon flux (Amiotte-Suchet
et al., 2003; Lerman et al., 2007; Cai et al., 2008; Hartmann
et al., 2009). Therefore, carbonate weathering can not only
affect chemical compositions of fluids draining carbonate-
dominated terrains, but also regulate biogeochemical circula-
tions of carbon (both on short and long timescales) (Donnini
et al., 2016; Zhong et al., 2017a). Similarly, the interaction be-
tween carbonate weathering and atmospheric and/or biological
CO, has potential climatic implications at a regional or even
global level (Calabrese et al., 2017; Torres et al., 2017). In turn,
based on a global database, the climate also controls the car-
bonate weathering and thereby exerts influence on the carbon
cycle, including the ‘boomerang’ relationship between carbon-
ate weathering intensity and temperature. Nonetheless, more
data in various environmental systems (e.g. small karstic basins)
are needed to understand more thoroughly the role that carbon-
ate weathering and overlying ecosystems have played in the
Anthropocene (Gaillardet et al., 2018; Zhong et al., 2018).

Stable carbon isotope ratio (3'3C) can be used as a tracer to
study weathering and riverine carbon cycles as a result of the
isotopic differences between carbonate and biological carbon.
Marine carbonate bedrock sources have typical §'*C of 0%
(Clark and Fritz, 1997; Shin et al., 2011). The §"*C of atmo-
spheric CO, is currently approximately —8.2%o, which is a de-
crease from —7.6%o in the 1980s (Cuntz, 2011). The 5'3C of
vegetation depends on specific photosynthetic pathways, com-
monly including the Calvin Cycle (C3) and the Hatch and Slack
Cycle (C4). These pathways induce different amounts of carbon
isotope fractionation based on the efficiency of carbon usage,
so that C3 and C4 plants can be differentiated by §'*C of
—27%0 (from —24 to —30%) and —13% (from —10 to
—16%o), respectively (Vogel, 1993; Clark and Fritz, 1997). The
Crassulacean acid metabolism (CAM) photosynthetic pathway
is not considered here because its contribution to global net
primary productivity is insignificant relative to the C3 and C4
pathways (Marwick et al., 2015). However, there remain many
quantification problems and uncertain processes because of
joint effects of various complicated factors leading to 8'3C var-
iation and its seasonal patterns, such as the atmosphere—river
equilibration of CO,, photosynthesis and/or respiration, and
sampling coverage (partial pressure of CO, levels in rivers
show large spatial and temporal variations) (Yang et al., 1996;
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Amiotte-Suchet et al., 1999; Hélie et al., 2002; Wachniew,
2006). All these possible fractionations should be considered
when using the isotope approach to identify carbon sources
and cycling; current constraints are insufficient and need to
be settled with comprehensive future research.

Although a growing number of researches have employed
water chemistry and 8'>C to constrain carbon sources and re-
lated controls in aquatic systems, most studies have focused
on large river basins or non-karstic watersheds, and limited re-
search has highlighted the carbon characteristics in the K-CZ of
small basins with monthly samples. However, because of those
characteristics of K-CZ (e.g. high permeability and carbonate
dissolution), the contribution ratios of DIC sources here are
more variable and the spatiotemporal patterns are also different
from the non-karstic basin. Again, small-scale studies involve
manageable data sets and can provide detailed data on partic-
ular regions, within a given climate, necessary for synthesis into
large-scale compilations. Against that background, the
Houzhai basin, a 73.4 km? karstic catchment, was selected as
the research area to analyse monthly dissolved solutes and
DIC characteristics, in order to: (1) depict the spatiotemporal
variations of DIC in the K-CZ catchment; (2) partition the possi-
ble sources of DIC using isotopes and the mixing model
IsoSource; (3) elucidate dominant controlling factors; and (4)
explore the optimal time needed to conduct high-frequency
sampling campaigns for observing DIC dynamics. The ultimate
purpose is to provide fundamental data for modelling carbon
dynamics in the K-CZ catchment and to reveal water—carbon
coupling mechanisms as well as controls of relevant biogeo-
chemical processes.

Materials and methods
Study area and sampling sites

The Houzhai catchment (26°13/3”7-26°15'3”"N, 105°41/27"—
105°43'28"E) is located in Puding County, Guizhou Province,
Southwestern China, which is in the centre of the Southeast
Asian Karst Region, which is the largest continuous karst area
in the world (Dianwu and Seip, 1991; Li et al., 2010).

The catchment is controlled by a sub-humid monsoon cli-
mate, dry and cold during winter, wet and warm during sum-
mer, with an average annual temperature and rainfall of
20.1°C and 1300 mm, respectively. It is on the dividing zone
between the Yangtze River Basin and the Pearl River Basin. Its
altitude ranges from 1218 to 1565 m a.s.l. (outlet elevation of
1250 m), declining from the southeast to the northwest. The
area shows a pattern of landscape evolution from peak-
clumped depressions to trough valleys to peak forests with
plains (Zhang et al., 2017).

The lithology of this catchment is primarily middle Triassic
carbonates, with abundant but minor clastic sedimentary rocks
and minor strata of interbedded gypsum (Chen et al., 2008; Li
et al., 2010). The Houzhai catchment covers 73.4 km?, of
which 51.0% is arable land, followed by forest (32.8%) and
built land (12.1%). In this catchment, soils are thin (<40 cm)
and continuously distributed in hills, and only some valleys in
the upstream have soils deeper than 100 cm. The agricultural
land is, therefore, primarily located in the middle and lower
reaches of the catchment.

Sampling sites in the Houzhai catchment (Figure 1) were
classified into three types: underground water (UGW, including
No. 1 to No. 5 in the upper reaches, No. 6 and No. 7 in the
middle reaches, No. 10 in the lower reaches); surface streams
(SFS, No. 8 in the outlet of the Qingshan reservoir and No. 9
in the outlet of the surface river); and water from the total outlet
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Figure 1.

Location of the study area and sampling sites. This figure shows our research area — Houzhai catchment in Puding County, Guizhou Prov-

ince in Southwestern China and 11 sampling sites in the Houzhai catchment — together with lithologic character distribution. [Colour figure can be

viewed at wileyonlinelibrary.com]

of this catchment (TOW, i.e. No. 11) after convergence of the
outlets of Nos 9 and 10 (the outlet of underground water).
The mean annual discharges of Nos 9 and 10 are 24.9 x 10°
and 23.3 x 10° m?, respectively, and together account for more
than 95% of the total discharge of the whole catchment. In ad-
dition, the water flow during the wet season (from May to
October) comprises approximately 99 and 68% of the respec-
tive annual amount at Nos 9 and 10 (Chen et al., 2005).

Sample collection and analysis methods

Samples were collected on a monthly basis from January to
December 2013 (around the 21st of each month) at 11 sites (Fig-
ure 1). An additional field campaign was conducted on 9 June
2013 when there was a daily rainfall of 55.8 mm. In all, 162
samples were collected for hydrochemical and DIC analysis. It
is worth highlighting that site No. 4 is at the outlet of a new
spring formed during a drilling test, possibly in 2011. This spring
has relatively stable discharge and hydrological characteristics,
and is believed to have been impacted by interbedded gypsum
strata distributed under the thin marlstone layer distributed be-
tween the Chengi and Changchong sites (Figure 1).

A portable multi-parameter meter was applied to detect wa-
ter quality at every sampling site, including water temperature
(T), dissolved oxygen (DO), pH and electrical conductivity
(EC). Triplicate water samples were collected in polyethylene
bottles, which were all cleaned with autochthonous water be-
forehand, in order to analyse alkalinity, major ions and

© 2019 John Wiley & Sons, Ltd.

dissolved organic carbon (DOC). All samples were immedi-
ately stored in darkness at 4°C for future treatment.

Bicarbonate contents were determined promptly by the stan-
dard acid titration method with 0.02 mol =" HCI. Samples for
the measurement of main ions were filtered through membrane
microfilters (0.22 um, Millipore) with injectors firstly and then
were further separated into two parts; one was acidified to pH
< 2 with ultra-purified nitric acid (preventing complexation
and precipitation) to measure major cations (Na*, K*, Ca**,
Mg?*) using inductively coupled plasma optical emission spec-
trometry (ICP-OES) and the other non-acidified filtrate was used
to determine the main anions (SO3~, CI~, NOj3) by Dionex ion
chromatography systems 90 (ICS 90). The standard errors of
these methods were both better than 5%. In addition, DOC
contents were detected as CO, using catalytic combustion,
similar to the method described by Li et al. (2010).

For stable isotopic compositions of DIC, samples were col-
lected and prepared using a method modified from Atekwana
and Krishnamurthy (1998), and the specific steps were the same
as previously reported (Zhong et al., 2017b). 3¢/12C (R) was
measured by mass spectrometer (MAT 252, Finnigan) in the
State Key Laboratory of Environmental Geochemistry, Guiyang,
China. The measurement precision is better than 0.2%o and the
final data were reported using delta (3) notation relative to the
Vienna Pee Dee Belemnite (V-PDB) in per mil (%o) as follows:

8"°C (%O) = (Rsample/Rstandard - 1)>< 10° (5)

Finally, the partial pressure of carbon dioxide (pCO,) in
water, the saturation state index of calcite (Slc) and DIC
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concentrations were computed based on mass action relation-
ships, relative equilibrium constants and thermodynamic con-
stants (Plummer and Busenberg, 1982; Clark and Fritz, 1997).

Results
Water quality and hydrochemical characteristics

The T, pH, EC and DO in the Houzhai catchment in 2013 were
in the range of 6.8-29.3°C (mean 18.4°C), 7.0-9.2 (mean 7.6),
235-2090 uS cm™ ' (mean 783 uS cm™') and 0.7-11.9 mg |~'
(mean 6.0 mg =, respectively. All sites (except site No. 4)
had significant seasonal variations of T, pH, EC and DO (and
water discharge).

The concentrations of total dissolved solids (TDS = [Ca®*] +
[Mg®*] + [Na'] + [K'] + [SO3 ] + [HCO3] + [CI"] + [NO3])
varied seasonally, from 267.9 to 1268.9 mg =", with an annual
mean of 577.7 mg ="', Site No. 4 had the largest TDS (mean
1192.1 mg I=1), but with minor variations (Figure 2a). TDS at
the other sites had an obvious seasonal variation in descending
order of spring, winter, autumn and summer, and were bigger
in the dry season (October-March) than in the wet season
(April-September). Spatially, TDS in UGW were generally
higher than in SFW, and values of the coefficient of variation
(CV) also indicated that TDS fluctuated more widely in UGW
than in SFS.

The hydrochemistry of this study presented different ion ratios
in detail when compared with other publications, although their
general trends were partially similar (Figure 3). Ca®* and Mg?*
dominated the cations within the range of 1.05-6.61 and
0.45-2.41 mmol I~" (mean 2.63 and 1.16 mmol 17, respec-
tively; their sum accounted for 89.4% of cations (61.6% for
Ca”* and 27.8% for Mg?*). The contents of Na* and K* were
typically much lower, with mean values of 0.34 and

0.08 mmol 17", respectively. HCO3 was the principal anion,
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accounting for 65.2% (from 37.2 to 86.3%). The second major
constituent was SO3~ and a proportion of 24.8% (from 7.6 to
62.4%), while proportions of NO3 (mean 5.6%) and CI~ (mean
4.4%) were relatively low. The concentrations of these anions
were in the range of 2.42-5.38, 0.30-6.87, null-1.03 and
0.02-0.66 mmol 17! (mean 3.88, 1.76, 0.31 and
0.25 mmol |71, respectively.

The temporal changes of Ca?*, Mg?* and SO~ were approx-
imately the same as those of TDS, while the variations of NO3
were distinctive, with elevated concentrations generally occur-
ring in the wet season apart from sites No. 4 and 6. There were
no clear distinct seasonal differences for diverse sampling sites
in HCO3 content. Of the 11 sites, No. 4 showed the highest an-
nual average concentrations of Ca®*, Mg>* and SO3~, but the
NOs3 concentrations here were very low and even below the
detection limit. It is also worth noting that every ion concentra-
tion at TOW was closely matched by that at No. 10; their stan-
dard deviation (SD) was less than or close to 5.0% except for
HCO3 (7.3%) for all annual mean ion concentrations.

Dissolved carbon characteristics

DOC contents fluctuated from 0.10 to 10.48 mg 1~ with an av-
erage value of 1.58 mg |™'; most were less than 2 mg I~" and
only 6.8% of 162 samples exceeded 4 mg 17", including two
outliers (10.48 mg ™" at site No. 8 in April and 9.97 mg I
in one headwater sample on 9 June), which might have been
contaminated by incoming sanitary sewage. Figure 2b shows
that SFS had higher DOC contents than UGW. For SFS, the av-
erage DOC concentrations were higher in the dry season than
in the wet season, whereas UGW showed a reversed seasonal
pattern.

Among DIC species, HCO3; was the dominant component
and accounted for 93.9% (from 82.7 to 98.3%). DIC concentra-

tions ranged from 2.52 to 5.85 mmol I~ (mean 4.15 mmol |7")
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Seasonal differences and ranges of some parameters in water samples changing from the upper stream to the lower reaches of the Houzhai

catchment. The green box plots (Nos 8 and 9) refer to surface water. CV (%) refers to the coefficients of variation, reflecting the dispersion degree of
parameters. This figure indicates that TDS, DOC, DIC and 6”CD[C all present spatiotemporal variations, and have different fluctuations reflected by
their CV values, demonstrating that water flow path/types can influence these parameters to some extent. [Colour figure can be viewed at

wileyonlinelibrary.com]
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and were higher in UGW than in SFS (Figure 2c). Unlike DOC
and TDS, DIC had complex seasonal patterns at different sites
but relatively minor temporal fluctuations (reflected by CV), es-
pecially in the middle and lower reaches (Figure 2).

Slc was in the range of —0.33 to 1.91 (mean 0.44), and more
than 90% of samples had Slc > 0. Mostly, UGW had lower Slc
values than SFS. In addition, UGW exhibited lower Slc in the
wet season than in the dry season, except at site No. 4, whose
seasonal trend did the opposite and was in accord with two
other SFS sites.

pCO, in water varied from 1073 to 107" (atm) with a
mean of 10~27 (atm) and was lower in only five samples (four
from site No. 8 and one from site No. 9) than in the atmosphere
(1073 atm). Contrary to spatiotemporal distributions of Slc,
pCO, was higher in UGW than in SFS, and all sites (except
No. 8) tended to generate larger pCO, in the wet season than
in the dry season. In addition, the minimum CV of pCO, oc-
curred at site No. 4.

8"3Cpc values ranged from —15.7 to —4.5%0 (mean —9.6%o),
with CV of 26.0% (n = 162) (Figure 2d). The average 8'*Cpc
value of the whole Houzhai catchment was more negative in
the wet season than in the dry season (—9.7%o vs —8.1%o),
and every site followed this seasonal pattern. Of all the sites,
No. 4 had the biggest annual mean 8'*Cpc (—5.2%o0) and the
lowest CV. After excluding site No. 4, UGW showed more de-
pleted 8"2C values than SFS.

Discussion

Spatiotemporal variations of dissolved solutes

In this study, TZ* (the total charge of dissolved cations)
ranged from 3.6 to 18.4 mEq I™' (mean 8.0 mEq ™), which

© 2019 John Wiley & Sons, Ltd.

was not only higher than most large rivers in China [e.g. mean
3.0 mEq I7' for Xijiang River (Jiang et al., 2018) and
4.1 mEq I for the Wujiang and Yuanjiang River draining karst
terrain (Han and Liu, 2004)], but also surpassed the average
values in other areas [e.g. 3.5 mEq I™' for Alpine rivers
(Donnini et al., 2016) and 1.2 mEq |~ for the Fraser River (Voss
et al., 2014)], revealing the intensive rock weathering in the
Houzhai basin. The relationship between TZ" and TZ™ (the
total charge of dissolved anions) yielded a highly significant
correlation coefficient (R?) of 0.97 (n = 162), and the net
inorganic charge balance [NICB = (TZ" — TZ™) * 100/ (TZ" +
TZ )] of almost all samples was within +£5, implying that all
considered cations and anions were in mutual equilibrium
and the contribution of unanalysed organic anions was
negligible.

The equivalent ratios of (HCO3 + SO37) to (Ca>* + Mg*") in
all samples were close to a constant value of 1 and, as shown in
Figure 4, the molar ratios of [Ca®" + Mg>*] / [HCO3] were
mostly within 0.5 and 1.0 (excluding site No. 4), indicating that
carbonate weathering by carbonic acid was the primary mode
and other acids might also have taken part in the reaction re-
strained by 8'3Cpic and the stoichiometry of Equations (2)—(4).
The high values of [Ca>" + Mg®*] / [HCO3] at site No. 4 (mean
1.9) suggest that hydrochemistry here was impacted by gypsum
dissolution because of the minor strata of interbedded gypsum
in this catchment (Li et al., 2010). Site No. 4 belongs to deep
confined water draining a gypsum horizon with little anthropo-
genic inputs, resulting in minimal [NO3] and lower CV values
for most ions and lower TDS compared with corresponding pa-
rameters at other sites. As shown in Figure 5, the application of
fertilizer or/and manure as well as biogenic CO,, which is a by-
product of microbial respiration, can influence carbon isotopic
signals to some extent. In the karstic region of Southwestern
China, the thin soils and vadose zone with weak buffering

Earth Surf. Process. Landforms, (2019)
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Scatter plot showing the relationship between §'>Cp,c (%»), the reciprocal of DIC (mmol I") concentrations and the molar ratios of [Ca* +

Mg”*] / [HCO; 1. This figure indicates that carbonate weathering by carbonic acid is the primary mode and other acids may also take part in the re-
action. Site No. 4 is significantly influenced by gypsum-induced dedolomitization. Soil CO, is the primary contributor to DIC in most groundwater,
while atmospheric CO, may be another riverine DIC source for surface water which can be influenced by the uptake of carbon by photosynthesis.
Rainstorms can also affect DIC sources and 8'*Cpc. [Colour figure can be viewed at wileyonlinelibrary.com]

enable contaminants, such as NO3, to migrate quickly within
the surface—underground system (Chen et al., 2008; Perrin
et al., 2008). This may be responsible for the observation that
NO3 concentrations in UGW were higher than those in SFS,
which is inconsistent with results in non-karstic areas (Li
et al., 2013). In addition, the large fluctuation of NO3 concen-
trations through time mainly relates to the periodicity of agri-
cultural activities. Nitrogen loading in the Houzhai catchment
was mainly derived from manure and reductive nitrogen fertil-
izer, and NOj3 here presented nitrification characteristics (Yue
etal., 2018), which have been proven to promote soil degrada-
tion and carbonate weathering in the intensively cultivated
Garonne basin (Semhi et al., 2000). Degradation of organic
matter in soil will generate biogenic CO, and organic acids,

geological carbon contribution
or equilibrium with atmosphere
or aquatic photosynthesis nitrogenous fertilizer
4+ r& site No. 4: induced HNO;
L ‘,!; -~ gypsum induced dedolomitization
2 6F 28
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Figure 5. Scatter plot showing the relationship between 8" Cpic and

ratios of [NO3] to [HCO3] in water samples. This figure shows some
controlling factors and processes for 3" Coic (e.g. gypsum-induced
dedolomitization, CO, equilibrium with atmosphere, aquatic photo-
synthesis and nitrogenous fertilizer usage, especially during farming pe-
riods in the wet season). [Colour figure can be viewed at
wileyonlinelibrary.com]
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both of which are beneficial to carbonate dissolution; the for-
mer can enrich "?C in DIC, but the effect of the latter may be
insignificant because of limited water—rock interaction in run-
ning water, especially during the wet season. In addition, when
denitrifying bacteria utilize organic carbide as the carbon
source to trigger denitrification, the simultaneous product of
biogenic CO, can also alter the §'>Cp,c towards more negative
values. In this catchment, denitrification happens primarily in
the wet season under circumstances of heavy rain and high
temperatures (Yue et al., 2015).

Compared with 2007 (Li et al., 2010), the annual mean con-
tents of ions were higher but the seasonal variations of DIC
were minor in 2013 (this study), which may be a result of less
rainfall in 2013 (total of 732 mm, with 79.4% in the wet season)
than in 2007 (total of 1274 mm, with 87.1% in the wet season).
The distinct lower amount of rain in 2013 generated a weaker
dilution effect, which might impact ion concentrations to some
extent but would not significantly affect DIC or be disguised by
the seasonal variation of DIC sources. The attendant restricted
soil water would tend to restrict plant growth rates and bioac-
tivity in soil, thus promoting the diffusion of soil CO, to the at-
mosphere (lIstedt et al., 2000; Romero-Mujalli et al., 2018). In
addition, the sampling sites in 2007 did not include site No. 4
draining from a deep gypsum layer with the highest concentra-
tions of TDS and DIC. Furthermore, bi-annual sampling in April
and July 2007, relative to more frequent monthly collections in
2013, might not fully represent variations between the dry and
wet seasons.

Table | presents an overview of seasonal variations in 2007
and 2013 for some parameters at three outlets. Clearly, these
parameter values at the total outlet (No. 11) were between
UGW and SFS and almost all were closer to site No. 10 than
to site No. 9 in both years. It is likely that the water flux at site
No. 11 was mostly contributed to by site No. 10 (Yue et al.,
2018). During high-flow months, continual rainfall can boost
the exchange between surface-underground systems through
wells, sinkholes and karst aquifer networks, and overland run-
off can enhance the contribution proportion of surface water
to the basin outlet (Zhang et al., 2017), finally reducing the dif-
ferences in many parameters among the three outlets. How-
ever, the dry season features lower amounts of rain and
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Table I.  Average annual, wet season and dry season values of some major parameters at the outlet of the surface water (No. 9), underground water
(No. 10) and total vent (No. 11) in the Houzhai basin in 2013 and 2007 (Li et al., 2010)

TDS (mg ™) DOC (mg 1™

DIC (mmol I

Slc pCO, (atm) in water 613CDIC (%0)

No. 9 No. 10 No. 11 No. 9 No. 10 No. 11 No. 9 No. 10 No. 11 No. 9 No. 10 No. 11 No. 9 No. 10 No. 11 No. 9 No. 10 No. 11

2013 annual 407 527 501 294 0.83 096 3.57 453
Wet season 411 495 469 1.52 1.11 0.81 3.65 4.47
Dry season 404 558 534 436 056 1.10 3.49 4.58
2007 annual 389 462 458 2.65 1.10 1.54 3.76 4.00
Wet season 381 405 405 1.68 0.85 1.23 3.42 3.88
Dry season 397 519 511 3.62 135 1.85 4.10 4.12

420 0.86 0.17 047 10%* 10" 10%* —76 -87 -84
415 0.87 0.15 033 1072°107%° 107%? 80 -9.7 —9.1
424 084 018 060 102107 1072 -73 —7.8 -7.6
395 070 029 047 10°%107%% 10%° —-82 -89 -84
3.80 0.85 027 048 10°%? 10722 107%° —9.1 —102 -9.4
411 055 032 045 1027 10%* 10%° —72 -76 -7.4

longer hydraulic retention time, coupled with the effect of
evaporation, resulting in heavier 5'>Cp,c than in the wet sea-
son, especially for surface water under open conditions.

The lower DIC contents in SFS relative to UGW might be as-
cribed to DIC consumption by secondary CaCO; formation
and losses by CO, degassing to the atmosphere [inverse reac-
tion of Equation (2)]. This is supported by higher Slc and lower
pCO, in SFS than in UGW.

Besides, two good relationships between DIC, Slc and pCO,
in water were found based on data from 2007 and 2013 [i.e.
DIC = log pCO,/0.44 + 9.68 (R* = 0.5) and log pCO, =
—SIc/0.70 + 1.81 (R* = 0.8)], indicating that the DIC contents
were also related to internal equilibration between different
carbonate species. Based on the two functions, it is possible
to infer that, when DIC is below 1.73 mmol |7!, there is a ten-
dency to cause calcite precipitation, and atmospheric CO, pos-
sibly provides inorganic carbon to water, while when DIC is in
the range of 1.73-5.57 mmol I 7', calcite as well as CO, in wa-
ter are both oversaturated, perhaps generating calcite precipita-
tion and CO, release to the ambient atmosphere. In addition, it
can also be observed in Figure 6 that there is a strong positive
relationship between TDS concentrations and log pCO.,,
denoting that a higher pCO, level in water can promote disso-
lution. The increase of pCO,, as well as the dilution of TDS,
might explain the poorer correlation during the wet season
compared with the dry season.

-1 F for dry season: logpCO, = 0.0016*TDS - 3.5239 R*=0.55
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Figure 6. Scatter plot showing the relationship between log pCO, and
TDS in water samples. This figure indicates that there is a strong posi-
tive relationship between TDS concentrations and log pCO,, denoting
the fact that a higher pCO, level in water can promote dissolution, es-
pecially in the dry season. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Carbon isotopic evolution

In natural groundwater, the DIC sources are (1) the dissolution
of soil CO, derived from root respiration and the decay of labile
soil organic matter in the soil zone and (2) carbonate
weathering. For surface water, such as rivers and
lakes/reservoirs, the biogenic CO, produced during organic
matter degradation may also be a significant contributor to
DIC in water with a high nutrient level (Clark and Fritz,
1997). The average 8'>C of soil organic carbon (8'3C.,.) in
Puding County is —21.2%o for profiles of limestone yellow soil
and —23.3%o for profiles of sandstone yellow soil (Tian et al.,
2013). Using their mean (—22.3%o) to represent §'*Cyoc, the
8'2C of soil CO, in this region is approximately —18%o after
taking into account an isotopic enrichment of +4.4%. caused
by molecular diffusion (Cerling et al., 1991), resulting in DIC
with 8'3C value of —18%.. The dissolved CO, weathers aquifer
carbonates of marine origin with a 513C value of ~0%, (Clark
and Fritz, 1997).

There was a positive relationship between the reciprocal of
DIC and 8"*Cp,c for UGW (omitting site No. 4, Figure 4), indi-
cating that the DIC can be explained by two mixtures of soil
CO, and carbonate weathering. Both the elevated values of
8'Cpic and DIC at site No. 4 might be caused by gypsum-
induced dedolomitization (Appelo and Postma, 2005). During
this process, the 8'>Cp,c of groundwater may increase beyond
the initial signal of soil CO, and carbonate with increasing res-
idence time. Although the involvement of exogenic acids (i.e.
H,SO, and/or HNOs3) in carbonate weathering will also in-
crease 8'*Cpyc values, it is less likely to be the case at site No.
4, since (1) there is no geological evidence for the exposure of
pyrite in this catchment and (2) the spring contains only a tiny
amount of NO3. However, for the rest of the sampling sites,
the carbonate dissolution by H,SO, (from acid deposition)
and/or HNOs (produced by chemical fertilizer application)
may be a potential factor, considering the stoichiometric rela-
tionship between §'*Cp,c and [NO31/[HCO3] ratios (Figure 5).

The relatively higher value of 8'*Cpc in SFS may be partially
attributed to CO, exchange between the water—atmosphere
boundary (Amiotte-Suchet et al., 1999), which can also be de-
duced from low pCO, and high Slc in SFS. In addition, photo-
synthesis can fix CO, to organic carbon by preferentially
incorporating '°C, hence increasing both the DOC concentra-
tions and the 8'*Cpc values (Clark and Fritz, 1997). This is
demonstrated in Figure 7, which shows that DIC concentra-
tions decreased with an increase in DOC concentrations and
8'%Cpic values. Site No. 8 (fed by the reservoir) had the highest
DOC and the lowest DIC concentrations, and §"*Cpc were
also more positive at site No. 8 than at other sites (except No.
4). These provide strong evidence that the lighter carbon in
DIC was consumed by aquatic photosynthesis, and in turn
produced more DOC, which was similar to the study of
some reservoirs in the karst region of Southwestern China
(Yu et al., 2008).
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Figure 7. Scatter plot showing the relationship between DIC and

DOC concentrations along with the colour code of 8'*Cpc. This figure
shows the relationship between DIC and DOC concentrations, indicat-
ing that DIC concentrations decreased with increasing DOC concentra-
tions and 513CD,C values; there are multiple factors leading to mutual
transformation of DIC and DOC, then altering the 513CD,C values.
[Colour figure can be viewed at wileyonlinelibrary.com]

Dynamics of DIC sources

In most karstic aquifer networks, particularly the underground
conduits, it is difficult for sufficient atmospheric CO, to enter
the water because of the lower pH (<5.6) (Wu et al., 2012) in
rainfall and the higher pCO, in water (>107>° atm) (Li et al.,
2010; McClanahan et al., 2016). In this study, the higher
pCO, in underground water (>107>- atm) indicates that the at-
mospheric contribution to DIC can be ignored in UGW. But the
two SFS showed some lower pCO, (<1073 atm), so the atmo-
spheric CO, was likely to be one DIC source in these open sys-
tems and should be considered when calculating their
contributions, even though their contribution ratio may be low.

In order to deduce possible contributions of DIC sources to
water mixtures over temporal scales in the Houzhai catchment,
the IsoSource (v1.3) programme was employed with an incre-
ment of 1.0% and a mass balance tolerance of 0.5%. based
on carbon isotope signals from various sources.

As previously established, —18%o can be used as the isotopic
signal of DIC which originates from soil CO, or subsequent re-
action with silicates considering the nearly closed system, be-
ing denoted as Source 1. The §'3C of DIC generated from the
dissolution of carbonates by soil CO, was thus assumed to be
—9%o (Source 2). Sulfuric acid (produced by pyrite oxidation
or acid rain in Southwestern China) (Li et al., 2008; Jiang,
2013) and nitric acid (produced by chemical fertilizer usage
in this agricultural catchment) can also interact with carbonate
rocks and shift 8'*Cpc towards 0%o (Source 3). In addition, the
influx of atmospheric CO, was assumed as another riverine
DIC source but only for the two SFS sites, namely Source 4,
whose model input for 8'>Cp,c depended on the temperature
given the equilibrium fractionation between atmospheric CO,
and riverine DIC in the open system, enriching the '>C by
€Hcosgas = —(0.141 £0.003) * T (°C) + (10.78 + 0.05)%0 when
HCO3 is the predominant component among DIC species
(Zhang et al., 1995).

The results of the IsoSource are presented in Figure 8. It is ap-
parent that DIC in most underground water mainly came from
soil CO, or/and its reaction with carbonate, except for site
No. 4, where DIC was impacted by gypsum-induced
dedolomitization. The respective contribution of different
sources to DIC shows a wider fluctuation in high-flow months
than in low-flow months (Figure 8), demonstrating that

© 2019 John Wiley & Sons, Ltd.

meteorological factors in the wet season could affect the DIC
sources in karstic water (Calmels et al., 2014). Higher rainfall
and temperature during the wet season can encourage micro-
bial activities and hence boost the generation of biogenic car-
bon, leading to the mutual transformation of DIC and DOC,
which altered the §'>Cpc values (Figure 7).

In order to pinpoint the spatiotemporal variation of DIC
sources more clearly, they were classified further into three
original end-members (Table II), namely CaCO3, soil CO, and
atmospheric CO,, based on data generated from the IsoSource
program and stoichiometry. The results show that the relative
contribution ratios of these end-members at each site varied
both spatially and temporally. During the wet season, soil
CO, was the primary contributor to DIC in both UGW and
SFS. The only exception was site No. 4, where CaCO3; was
the dominant source of DIC during the whole hydrologic year.
During the dry season, soil CO, was the dominant contributor
to DIC in UGW in the middle reaches (sites No. 5-7), while
the contribution ratios of the carbonate source were bigger than
those of soil CO, at the rest of the UGW sites. In addition to soil
CO, and CaCO3, atmospheric CO, also contributed to DIC in
SFS (sites No. 8 and 9), accounting for 17.7-21.6%.

Similar to the results of hydrochemistry and DIC content, site
No. 4 had relatively constant sources of DIC, dominated by
CaCOj3 which accounted for 69.0 and 72.8% in the wet and
dry season, respectively (Table Il). This conclusion further dem-
onstrated that gypsum-induced dedolomitization might impact
DIC content at this site.

For all sampling sites, contribution ratios of soil CO, were
higher in the wet season than in the dry season (Table II). This
finding might be ascribed to: (1) the greater bio-production as
a result of higher temperatures in the wet season than in the
dry season (21.5 vs 11.7°C during the sampling period); (2)
more rainfall in the wet season, which can bring soil CO, into
fluid; and (3) the change of dominant flow. Soil moisture and
temperature are two factors which affect soil CO,, both in terms
of diffusion to ambient air and dissolution in soil pore water
(Gaillardet et al., 2018). Low soil moisture can not only benefit
the diffusion of soil CO, to the atmosphere, but also limit the
growth rate of plants and then organism activities in soil (llstedt
et al., 2000). The research region is profoundly influenced by a
subtropical monsoon climate, leading to abundant moisture
and elevated temperatures in the wet season, which could fa-
cilitate increased soil organic activity and plant respiration,
generating '°C-enriched soil CO,. Again, dominant flow is
likely to change under different hydrological conditions (Bowes
et al., 2005), possibly from slow base flow (through tiny
fissures/matrix) during the low-flow season to quick flow
(through large fractures/conduits) during the high-flow season
after saturating the epikarst aquifer. Hydrological conditions
are relatively stable during the low-flow season and hence re-
sult in steady DIC sources which come mainly from lateral
fluid. While the high-flow season can induce wide hydrologi-
cal changes, soil CO, produced by vibrant organisms and soil
respiration tends to subsequently be transported by fast infiltra-
tion processes to underground conduits without enough time to
have contact with rocks, thereby increasing the contribution of
soil CO, to DIC (Cai et al., 2015; Gaillardet et al., 2018). In ad-
dition, the production of soil CO, is one of the dominant factors
controlling carbonate weathering intensity at a regional scale
(Yang et al., 2012; Calmels et al., 2014). While all available
monthly data in this study can be used to prove the existence
of the influence of soil moisture and temperature in the sea-
sonal variations of DIC sources, especially in the contribution
of soil CO,, it is not enough to capture the range of dynamics
needed to describe detailed processes and estimate parameter
loads, because of the lack of high temporal resolution
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Figure 8. 100% stacked column showing spatiotemporal variations of source contributions to DIC. This graph only shows eight sampling sites in
order to clearly display the change from upper stream to the lower reaches of the Houzhai catchment, and the other sites have a similar trend. Note
Source 4, which was only for Nos 8 and 9 (both belong to the surface stream). The shaded background stands for high-flow months. This figure shows
the results of the mixing model IsoSource, indicating that DIC in most underground water comes mainly from soil CO, or/and its reaction with car-
bonate (except for site No. 4). The meteorological factors in the wet season can affect the respective contribution of different sources to DIC, thus
leading to a wider fluctuation in high-flow months than in low-flow months. During the wet season, soil CO; is the primary contributor to DIC at both
UGW and SFS. The only exception is site No. 4, where the CaCO3 was the dominant source (also during the dry season). [Colour figure can be viewed
at wileyonlinelibrary.com]

information about soil water and hydrology (e.g. soil moisture sampling, which cannot be used to calculate corresponding
and discharge). These hypotheses about how hydrological var- monthly or annual discharges in order to estimate correspond-
iations affect carbon dynamics still remain unanswered and ing parameter loads.
need to be resolved further. Therefore, conducting high-frequency sampling campaigns
As shown in Figure 9, the higher discharge in the wet season (e.g. hours) at only one or two sites, especially during the wet
(especially during the storm on 9 June) resulted in increases in season, is necessary for the next work to more accurately esti-
both TDS (a proxy for carbonate weathering) and DIC loads, mate fluxes and model carbon dynamics in the K-CZ under di-
but decreases in §'*Cp,c values. This finding provided strong verse hydrological conditions using matching hydrological
evidence supporting the view that a high discharge in the wet parameters (e.g. discharge and soil moisture obtained from in-
season tends to dissolve more soil CO, and then favours car- situ sensors every 15/30 min).
bonate weathering, and the increased amount of DIC in the In addition, the retained water in soil/karst matrix stored dur-
wet season was mostly contributed by '*C-enriched soil CO, ing the non-rain period also exerted a certain influence on
instead of '*C-enriched CaCOs. The influence of the storm on 8'%Cpic through permeation during rain events, while the ex-
9 June will be discussed further in later sections. However, it tent of this possibly varies at different stages of the wet season
should be noted that all monthly sampling campaigns were car- but remains unknown.
ried out on non-rain days; thus, the monthly discharges and Because many processes — including CO, exchange at the
loads in Figure 9 were instantaneous values at the instant of air-water interface, carbonate dissolution/deposition and
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Table Il.  The contributions of original end-members to DIC at the 11 sampling sites of the Houzhai catchment (%)
Sampling sites

Season End-members No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10 No. 11

Wet CaCOs; 46.3 46.7 419 69.0 37.1 32.1 355 31.2 36.0 46.4 49.3
soil CO, 53.7 53.3 58.1 31.0 62.9 67.9 64.5 51.1 43.4 53.6 50.7
atm. CO, 17.7 20.6

Dry CaCOs 539 58.8 50.1 72.8 47.3 40.2 45.2 38.1 38.1 56.9 57.9
soil CO, 46.1 41.2 49.9 27.2 52.7 59.8 54.8 40.3 40.8 43.1 42.1
atm. CO, 21.6 21.1

uptake of carbon by photosynthesis — can lead to isotope frac-
tionation (Telmer and Veizer, 1999; Wachniew, 2006; Shin
et al., 2011; Dang et al., 2018) and thus bring uncertainties to
the above estimation, more detailed studies are urgently
needed to reduce these uncertainties.

Enhanced carbon dynamics by rainstorms

An extra sampling campaign was conducted on 9 June 2013
when there was a daily rainfall of 55.8 mm, before the monthly
sampling on 21 June 2013. In order to uncover the differences
in parameters between the two field campaigns in June, f(P) (%)
was introduced with the following calculating equation:

f(P):(ngPN)/IPmI*]OO% (6)

where Py and P, refer to a certain parameter (P) of samples col-
lected on 9 June and 21 June, respectively, andIP,;Imeans ab-
solute values of P,; considering the existence of negative
values for log pCO, and §"*Cpc.

Three patterns of value range about f(P) are shown in
Figure 10 based on the reference datum of 0%. Firstly, f
(NO3), iIK") and f(DOC) showed varying degrees at different
sampling sites and most were above 0%. This finding was gen-
erally attributed to the accelerated loss of chemical fertilizers or
manure, because torrential rain, especially during farming ac-
tivities, could lead to rapid leaching and oozing processes in
this agricultural karstic region with only a thin soil layer (Yue
et al., 2018), the effect of which surpassed the impact of dilu-
tion caused by runoff under this degree of rainfall. However,
this relationship between the two impacts is likely to change
with the amount of rain and its intensity. In addition, the influ-
ence of eluviation largely depended on the land use and hy-
draulic connective (Ding et al., 2011; Zhang et al., 2017),
thus these f{P) values were dissimilar at the 11 sampling sites.
For example, site No. 4 had a deeper base flow and thus suf-
fered less anthropogenic disturbance, leading to relatively
small {P) values compared to most remaining sites, which were
surrounded by more agriculture or villages. Site No. 8 (fed by
reservoir) belonged to surface water with longer impoundment
time and the parameters here were comparatively steady with
just a minor fluctuation between the two sampling campaigns
because of high water volumes which caused a degree of
buffering.

By contrast, the fiP) values of other ions, including SO3~, CI~,
Mg?* and Na™, were under 0% at most sampling sites. This ob-
servation might be explained by the limited increment of these
ions during the big storm event in which the increased flow gen-
erated a dilution effect. In addition, slightly negative values of f
(log pCO,) in most phreatic aquifers might be ascribed to the
consumption of soil CO, by carbonate dissolution or weak
CO; degassing from conduit outlets resulting from turbulence

© 2019 John Wiley & Sons, Ltd.

during rainfall pulses, and there was not a large enough supple-
ment of additional CO, along the flow pathway to offset this de-
pletion (McClanahan et al., 2016).

However, f(P) of HCO3 and Ca®* was close to 0%, revealing
their stabilization after a 55.8 mm storm. Dissolved soil CO,
could compensate [HCO51; and attendant carbonate dissolution
aroused by groundwater was likely to contribute additional ion
content with flow, only just offsetting the relevant dilution under
this extent of rainfall (Szramek et al., 2007, 2011; Maher, 2011).
This phenomenon corresponded to the range of f (log pCO,)
and also provided one interpretation as to why the data of f
(DIC) were also approximately 0% and why f5'>Cpc) fell in
the grey shaded area. Among these sampling sites, Nos 1, 2
and 8 have more negative values of f3'*Cp,c), at —38, —34
and —47%, respectively, indicating that the stable carbon iso-
topes in these three sites were more susceptible to rainstorms.
Groundwater has enough retention time to interact with carbon-
ate minerals before the rain event and will be extruded eventu-
ally by downward percolating stormwater. The infiltration
process during the storm period is too short as a result of the
highly transmissive karst structure and thus mostly carries bio-
genic carbon, such as diffused soil CO,, instead of geological
carbon from carbonate rocks, leading to more '*C-depleted
DIC existing in the fluid (Figure 7). Furthermore, sites No. 1
and 2 are in the upper reaches, with many peak-cluster depres-
sions encircled by karst mountainous peaks and widespread
sinkholes (Zhang et al., 2017), so just local seepage of rainwater
can replenish the underground conduit during rainstorms, and
there is faster leakage and a mixture of surface and groundwater,
resulting in a bigger difference in 8'*Cpc between the rain and
non-rain periods. Site No. 8 is an open reservoir where pCO,
tends to be balanced with the overlying atmosphere, so DIC
here was relatively enriched in '*C during the dry season. How-
ever, when a sudden rainstorm takes place, more '*C-depleted
DIC, carried by subterranean water along the pathway, will flow
into this reservoir. The turbulence and input of excess DIC may
enable some inherent CO, to escape from the water, and there
is insufficient time to exchange CO, between the surface water
and ambient air, resulting in an abrupt decline in 8"*Cp,c. The
6"3Cpic) of site No. 4 was close to 0% and this is possibly ex-
plained by its stable hydrological environment, which was not
easily disturbed by external meteorological conditions. How-
ever, a stronger storm might cause a bigger change. f8'>Cpc)
in the middle reaches was slightly negative, perhaps because
more water could be received during a rain event from upstream
or surrounding springs, which dissolved more soil CO, and
gave enough time in contact with carbonates during transit to
produce a mixed carbon isotopic signal in the water. As for f
(TDS), its composed status was perhaps related to the combined
influence of ions as already mentioned. In general, the upper
reaches of this catchment are more susceptible to rainstorms
and, compared with UGW, SFS can respond more quickly to
overland runoff during rain events.
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Figure 9. Instantaneous discharge and corresponding loads at the instant of monthly sampling at (a) site No. 9 (the outlet of surface water) and (b) site
No. 10 (the outlet of groundwater). The shaded background stands for the wet season. Jun. 9 and Jun. 21 refer to the dates of two sampling campaigns
in June, on 9 June (one storm) and 21 June (monthly sampling of June), respectively. This figure shows that when higher discharge in the wet season
(especially from June to September) increases both TDS (a proxy for carbonate weathering) and DIC loads, it also simultaneously lowers §'>Cpyc
values, providing strong evidence supporting the fact that the increased amount of DIC in the wet season was mostly contributed by '*C-enriched
soil CO,, instead of '*C-enriched CaCOj. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 10. Radar plots of fiP) (%) reflecting the influence of rain event on some parameters of water at 11 sampling sites. fiP) (%) = (Pg — P7) /IP2q1*
100%, indicating the variation degree of a certain parameter (P) after rainfall relative to normal circumstances. P refers to the concentrations of the
main ions, TDS, DOC and DIC, as well as log pCO, and SBCDK-. The grey shaded area stands for negative values of fiP) ranging from —120 to
0%. The numbers around the radar circles represent the corresponding ID of sampling sites. This figure indicates that rainstorms are a significant con-
trolling factor for both hydrochemistry and DIC biogeochemical processes in the karstic catchment, with highly transmissive karst structure. There are
different responses for diverse parameters to rainstorms. [Colour figure can be viewed at wileyonlinelibrary.com]

Unfortunately, there are no records of rain amounts or dis- based only on this one rain event, so this will be a key point
charges during this storm at sampling sites, so it is impossible for future study.
to calculate the fluxes accurately and to deduce the respective
contributions to the total outlet of the whole basin. In addition,

diverse rain intensity and rainfall could impose different im- Conclusions

pacts on hydrochemical processes and carbon fates, which

might be why the relationship of parameters between these This research is one of the first studies to systematically de-
two sampling activities was inconsistent to some extent with re- scribe the spatiotemporal patterns of both DIC concentrations
gard to the relationship of data between 2007 and 2013. This and its dominant sources and to elucidate relevant controlling
hypothesis still remains unclear and needs to be resolved fur- factors by means of hydrochemistry and carbon isotopes in a
ther. In addition, it is also difficult to conclude the quantitative small representative karstic catchment in Southwestern China.
relationship between rain amounts and carbonate weathering In this study, DIC concentrations ranged from 2.52 to

© 2019 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, (2019)


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

C. QIN ET AL

5.85 mmol I~! (mean 4.15 mmol I~") and were higher in UGW
than in SFS. Compared with other dissolved solutes, DIC con-
centrations showed a minor temporal fluctuation (especially
in the middle and lower reaches) and an inconsistent seasonal
trend (higher in the wet season than in the dry season at some
sites), caused by the buffering of inputs from biogenic CO, dis-
solution and carbonate weathering, especially in the wet sea-
son because of higher bio-production and more rainfall.

8'3C of DIC (6" Cpyc) varied from —15.7 to —4.5%o (mean
—9.6%0) with significant spatial and seasonal variations (i.e.
lower in the wet season than in the dry season at each site, and
higher in UGW than in SFS). This pattern is relevant to the spatio-
temporal changes of DIC sources. During the dry season, DIC
mainly originated from '*C-enriched CaCO; at most UGW sites
(excluding in the middle reaches). During the wet season, '>C-
depleted soil CO, was the primary contributor to DIC in both
UGW and SFS, and was higher than in the dry season at each
sampling site, partially because of the influence of climate factors
(e.g. rainfall and temperature), the change of dominant flow (i.e.
slow base flow through tiny fissures/matrix or quick flow through
large fractures/conduits) and agricultural activities (the applica-
tion of fertilizer/manure). The contribution of atmospheric CO,
to DIC could be ignored for UGW but should be considered for
SFS. In addition, dedolomitization might also be a regulator of
DIC in a deep confined spring draining gypsum stratum.

Overall, DIC concentrations and its sources in the karst
catchments were controlled by many factors, including climate
(rainfall and temperature), soil CO,, water flow path/types, hu-
man activities (the usage of fertilizer/manure) and other pro-
cesses (e.g. carbonate weathering and dedolomitization). In
addition, this study provides strong evidence supporting the
fact that DIC dynamics could be enhanced by rainstorms.
Therefore, high temporal resolution information during storms
and more in-depth analyses are necessary in the future to un-
derstand those processes and mechanisms and to estimate car-
bon fluxes more accurately in the karstic critical zone, and then
to provide detailed cognition about carbon fate and relevant
biogeochemical processes.
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