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ARTICLE INFO ABSTRACT

This study analyzes cave pCO, and the 8'>Cpc of drip water in response to surface environmental changes in the
Furong Cave, Chongging, southwestern China, between 2009 and 2016. Several indices were continuously
monitored, including air temperature, rainfall, soil pCO, outside the Furong Cave, as well as cave air pCO, and
8'3Cpyc of drip water inside the Furong Cave. The results revealed that (1) the overlying soil pCO, at the Furong
Cave is directly controlled by the surface temperature and rainfall. Soil pCO, is higher in summer and autumn
and lower in winter and spring. On an interannual time scale, soil pCO, shows a trend similar to annual rainfall.
(2) Cave pCO, and soil pCO, both show characteristics of significant seasonal variation, which is similar to the
seasonal variation in rainfall in Chongqing. Rainfall significantly affects cave pCO,. (3) The 8'3Cpyc values of the
drip water at Furong Cave are generally lower in summer and autumn and higher in winter and spring. They are
mainly affected by seasonal variation in rainfall and the consequent soil CO, yield, which is also related to the
increase in CO, degassing of the drip water caused by cave pCO, decreases in winter and spring. (4) The annual
rainfall decreased in 2010-2011, and the 8'3Cpc of the drip water was generally high. The annual rainfall
gradually increased from 2012 to 2016, and the 8§'3Cpc of the cave drip water showed a consistent reduction.
The 8'3Cpyc of the drip water at the Furong Cave may be used as an index of changes in surface rainfall which can
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reflect drought and flood events.

1. Introduction

Carbon isotopes (8'3C) of cave calcites are an alternative index in
paleoclimate and paleoenvironment reconstruction studies of sta-
lagmites. These have drawn broad attention for many years (Hendy,
1971; Bar-Matthews et al., 1996, 1999; Baker et al., 1997; McDermott,
2004; Fohlmeister et al., 2011; Frisia et al., 2011) because of their
important potential for interpreting ecosystem and climate changes
(Huang et al., 2016).

Stalagmite 8'3C is affected by air, soil, vegetation, the epikarst zone,
and the cave, all of which lead to complex carbon sources and nu-
merous contributing factors for the change of stalagmite §'3C. The
overlying vegetation type (C3/C4 vegetation) determines the 8'3C of
soil CO, (Dorale et al., 1992, 1998; Denniston et al., 2000). Surface
temperature and rainfall affect the CO, productivity of the overlying
soil of caves (Hesterberg and Siegenthaler, 1991; Amundson et al.,
1998; Genty et al., 2003; Moreno et al., 2010). The openness of the
epikarst zone determines the proportion of carbon from different
sources (such as the atmosphere, soil, air, and the bedrock) in drip

water and cave deposits (Genty et al., 2001, 2003; Kong et al., 2005;
Spotl et al., 2005; Cruz et al., 2006; Cosford et al., 2009; Moreno et al.,
2010). Cave air pCO, affects the degassing rate of drip water and the
growth rate of cave deposits (Spotl et al., 2005; Dreybrodt and Scholz,
2011; Deininger et al., 2012). Prior calcite precipitation (PCP), which is
the result of CO, degassing from groundwater in the epikarst zone in
dry climatic periods is also an important factor that can increase the
8'3C values of the dissolved inorganic carbon (DIC) in cave drip water
(8"3Cpic) (Baker et al., 1997; Verheyden et al., 2000; Fairchild and
Treble, 2009). Given these factors, the difference in 8'3C values of
different stalagmites in the same cave, during the same time period, can
be 4-10%o (Linge et al., 2001; Serefiddin et al., 2004), which makes it
difficult to correctly interpret climate and environmental information
from stalagmite §'°C.

The factors mentioned above are related to climate change and are
affected by differences in epikarst zones and caves. In addition, most
soil CO, comes from the respiration of plant roots or is released by
microorganisms during the decomposition of organic debris
(Dreybrodt, 1988; Hess and White, 1993; Gillieson, 1996; Murthy et al.,
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2003; Baldini et al., 2008; Bond-Lamberty and Thomson, 2010). Eco-
system and climate warming experiments (Luo et al., 2001; Bronson
et al., 2008), model analysis (McGuire et al., 1995; Raich et al., 2002),
and biodynamics studies have shown that plant root respiration and the
activity of microorganisms in soil are mainly affected by climate change
(Davidson and Janssens, 2006).

Cave simulation and monitoring plays an important role in under-
standing the factors that control stalagmites, and in further analyzing
the transmission process and mechanism of the §'C signal in karst cave
systems (Genty and Massault, 1999; Mickler et al., 2004, 2006; Spotl
et al., 2005; Fairchild et al., 2006; Genty and Dominique, 2008; Mattey
et al., 2008; Deininger et al., 2012; Luo et al., 2013; Dreybrodt and
Deininger, 2014). Through simulating cave temperature, the water drip
rate, CO, degassing in drip water, and the residence time of drip water
on top of a stalagmite, researchers can study the effects of these factors
on the 8'3C of cave deposits (Baldini et al., 2006; Miihlinghaus et al.,
2007, 2009; Whitaker et al., 2009; Dreybrodt and Scholz, 2011;
Deininger et al., 2012). Cave monitoring can lead to the understanding
of the isotope fractionation process between drip water and active
carbonate deposits (Verheyden et al., 2008; Li et al., 2011b; Tremaine
et al., 2011; Riechelmann et al., 2013). The systematic investigation of
factors such as surface temperature, rainfall, vegetation type and dis-
tribution, and soil and cave air pCO5 can help in the interpretation of
the effects of processes in the epikarst zone on the 8'>C values of cave
drip water and active deposits (Whitaker et al., 2009; Li et al., 2012;
Luo et al., 2013; Feng et al., 2014; Meyer et al., 2014).

In order to gain a better understanding of the sources of cave CO,
and the transmission mechanism of CO, from the epikarst zone to the
cave, as well as the relationship between 8§'3C of drip water and cave
pCO,, a multi-parameters monitoring program has been underway at
Furong Cave, Chongqing, southwest China, since 2005. Li et al. (2012)
analyzed the differences in seasonal DIC §'°C in drip water and pool
water. Differences were attributed to variable degrees of CO, degassing
in winter and summer. However, the main factors affecting seasonal
variation in cave pCO, and the sources of cave CO5 were not discussed
in this earlier paper. This study also had a short monitoring time (from
March 2009 to June 2010). In the current study, based on the mon-
itoring data of surface temperature, rainfall, soil/cave air pCO,, and
8'3Cpyc values of drip water measured at Furong Cave from 2009 to
2016, we discuss the relationships between both cave air pCO, and drip
water 8'3Cp;c and surface hydrological and thermal conditions on the
annual time scale, and analyze the effect of regional drought events on
the 8'3Cpic of cave drip water. The data presented here provides an
opportunity to explore the link between rainfall and both soil pCO5 and
cave pCO,.

2. Study area

Furong Cave (29°13’ N, 107°54’ E) is located near the Furong River
at Jiangkou Town, Wulong County, Chongqing, southwest China. It is
approximately 5km away from the confluence of the Furong and
Wujiang Rivers (Fig. 1A). The region has a typical subtropical humid
monsoon climate, affected by both the Asian southeast summer mon-
soon and the Asian southwest summer monsoon. The annual mean
temperature and precipitation was 17.9 °C and 1080 mm, respectively,
during 2005-2016, as recorded at the Wulong weather station. The
precipitation from May to October accounts for 70-80% of the pre-
cipitation for the entire year (Li et al., 2011b). The overlying strata are
Mid-Cambrian limestone and dolomite. The surface vegetation cover is
95%, and mostly consists of trees and shrubs. The soil is affected by
slope gradient, slope direction, and surface vegetation cover, and its
thickness is 20-100 cm (Li et al., 2012).

The cave entrance of the Furong Cave is at an elevation of 480 m.
The total cave length is approximately 2800 m. The width and height
are 30-50m, each. The current developed area is approximately
1800 m long. There is only one entrance and the exit is an artificial
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tunnel excavated in 1996, with a length of 180 m and a height of 3 m.
The cave air temperature is 16.0-16.3 °C and the humidity in the Great
Hall, which is located about 1500m from the cave entrance, is
95-100% year round (Li et al., 2011b) (Fig. 2).

3. Sample collection and experimental analysis

A HOBO miniature meteorological monitor, manufactured by
ONSET (USA), was installed outside the Furong Cave, about 50 m from
the entrance, to monitor the air temperature (range 40-75°C,
precision * 0.2 °C), humidity (range 0-100%, precision * 2.5%), and
precipitation (resolution 0.2 mm, precision = 1.0%). We selected five
soil profiles along the two sides of the valley above the Furong Cave
where CO,-monitoring apparatuses were installed (Fig. 1B). Their la-
bels (depths) were SA (50 cm), SB (20 cm), SC (50 cm), SD (50 cm), and
SE (50 cm), respectively. They were all located at the interface between
the bedrock and the soil. We used an AP-20 CO, sampler manufactured
by Komyo Rikagaku Kogyo K.K. and a 126SA testing tube to measure
the soil CO, concentration monthly. The measurement range was a
0.1-2.6% volume concentration.

An automatic thermometer was placed in the Great Hall (StowAway
TidbiT Temp Logger, Onset Computer Corporation model TBI32-
20 + 50, temperature range —20-70 °C, precision = 0.2 °C) to record
the cave temperature every 2 h, from November 2006 to October 2007
(Li et al., 2011b). Six sites (#2, #4, MP1-MP4) inside the cave were
chosen to measure cave air pCO, once a month. Five sites (#2, #4,
MP1-MP3) were located in the Great Hall, and MP4 was in the corridor,
approximately 600 m from the entrance (Fig. 2). We used a Testo535
infrared CO, meter manufactured by Testo, Germany, to measure the
air CO, concentration inside and outside of the cave (#5) (range of
0-9999 ppmv; measurement precision greater than 2%). We used a
Testo635 temperature and moisture meter to measure the air tem-
perature and humidity at every monitoring site inside and outside the
cave (temperature range —40-150 °C, precision = 0.2 °C; relative hu-
midity range 0-100%, precision = 0.1%).

We selected five drip water monitor sites (MP1 ~MP5) inside the
Furong Cave (Fig. 2) and drip water was collected monthly from 2009
to 2016. For collection of drip water samples, we used clean PE sample
bottles that had been rinsed in 1:1 HCI and washed with deionized
water. To avoid isotope fractionation caused by microorganisms,
0.2 mL saturated HgCl, solution was added into the samples used for
8'3Cpjc measurements (20 mL). The samples were sealed, brought back
to our laboratory, and stored at 5 °C for analysis. The §'*Cp;c of drip
water analyses were completed at the Geochemistry and Isotope La-
boratory of the Southwest University. Analyses were performed using a
Delta-V-Plus Mass Spectrometer connected to a Gas Bench pretreatment
apparatus. The analysis precision was greater than 0.2% (10). The §'°C
results are reported using V-PDB as the reference.

4. Results
4.1. Regional temperature, precipitation, and air pCO

For this study, the monitoring period was from January 2009 to
December 2016. Monthly mean temperature and precipitation are
shown for each year (Fig. 3E and F). Monthly temperature data reveal
low values in December and January (mean T = 7.8 * 1.3°C), and
high values in July and August (mean T = 28.0 + 0.9 °C). The lowest
monthly mean temperature (4.3°C) was observed in January 2011
(Fig. 3E).

The lowest annual precipitation sum (751 mm) was recorded in
2009, while the highest value occurred in 2016 (1498 mm). The lowest
monthly rainfall (4-19 mm) was primarily in January and February,
except in 2016 (December). However, the highest monthly precipita-
tion (154-423mm) was in a different month every year; highest
monthly precipitations were observed from April to July and September
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Fig. 1. Geographical location of the study area. Location of the Furong Cave (solid circle) in Chongqing City, southwest China (A). Five soil monitoring sites, SA-SE
(black solid triangles), overlying the Furong Cave (B). The black shadow indicates the Furong Cave; contours with elevations for this area are shown.
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Fig. 2. Sketch map of the Furong Cave. Distribution of the monitoring sites:
MP1-MP5 for drip water (black solid stars); #2 and #4 for pool water (black
solid dots) (after Li et al., 2011b); site #5 for air pCO, monitoring outside the
cave. The dashed line shows the tour route and the Great Hall indicates the
inner part of the cave.

(Fig. 3F). Meanwhile, it was observed that the monthly rainfall was less
than 50 mm in July (41 mm) 2011, August (44 mm) 2012, and July
(19 mm) 2013, when the monthly mean temperature was higher than
27 °C (Fig. 3E and F). This is characteristic of typical summer droughts.

The air pCO, outside the Furong Cave was measured from May 2010
to November 2016, except for in May 2015, and July and November
2016, due to problems with the instrumentation. The mean air pCO,
was 447 + 75 ppmv. The monthly mean air pCO, varied from 392
ppmv to 504 ppmv; results did not show significant annual or seasonal
variation patterns. The highest monthly air pCO, (690 ppmv) was ob-
served in November 2013 and the lowest (262 ppmv) was recorded in
August 2011 (Fig. 3D). The variation range in air pCO, during
2010-2013 was significantly greater than that during 2014-2016
(Fig. 3D).

4.2. Soil pCO,

The soil pCO, overlying the Furong Cave showed significant sea-
sonal variation. During April ~ October, high values for soil pCO, were
observed, with a mean value of 5700 ppmv. Soil pCO,, reached its peak
in July and August. From November to March, soil pCO, decreased and
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Fig. 3. Comparisons of 8'Cp;c of drip water from the Furong Cave (A), pCO, of
cave air (B), soil air (C), and air outside of the cave (D), monthly average
temperature (E), and monthly precipitation (F) of Wulong County during the
monitoring period of 2009-2016.
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Fig. 4. Comparisons of average 813Cpyc of drip water (A), average pCO, of cave
air (B) and soil air (C), monthly average temperature (D), and annual pre-
cipitation (E). The gray dashed lines with arrows denote the trends for changes
in the monitoring parameters. In general, from 2010 to 2011, decreasing annual
precipitation is consistent with higher §'*Cpc in drip water and lower air pCO,
in the cave and soil. From 2013 to 2016, increasing annual precipitation re-
sulted in lower 8'3Cpc in drip water and higher air pCO, in the cave and soil.

was generally lower than 2000 ppmv, with a mean value of 1300 ppmv.
Soil pCO, reached its annual minimum in January and February
(Fig. 3D). The monthly difference in soil pCO, was large. The maximum
in summer was 16644 ppmv (SE, July 2015), and the minimum in
winter (November to March) was less than 500 ppmv.

There was significant annual variation in characteristics of soil
pCO,. For example, the maximum pCO, values at the SE soil monitoring
site in 2011 and 2015 were 9024 ppmv and 16644 ppmv, respectively
(Fig. 3C). The mean pCO,, values of five sites (SA-SE) in 2011 and 2013
were 3023 ppmv and 3160 ppmv, respectively, while the mean values
were 4138 ppmv and 4858 ppmv in 2014 and 2015, respectively. After
2013, the peak of the mean soil pCO, values showed a gradual in-
creasing trend (Fig. 4C).

4.3. Cave air pCO,

The cave air pCO, at the five monitoring sites (#2, #4, MP1-MP3) in
the Great Hall showed significant seasonal variation from 2010 to 2016.
Low-pCO, values were observed in December to April. The mean value
was 1030 = 255 ppmv. High-pCO,, values were observed between May
and November; the mean value was 1578 = 256 ppmv (Fig. 3B). The
mean pCO,, values of five sites (#2, #4, MP1-MP3) inside the cave were
relatively consistent (1353-1432 ppmv), indicating that air CO, in the
Great Hall was well mixed (Fig. 2). Temperature and humidity

97

Applied Geochemistry 93 (2018) 94-101

14000 —
12000 —
10000 —
8000
6000
4000 —
2000 — ‘

04 | | | | |
400 500

Monthly precipitation (mm)

R* = 0.28, p <0.001

(A)

Average soil air pCO2 (ppmv)

R% =0.69, p <0.001

Average soil air pCO (ppmv)

30
Monthly average temperature (°C)

10 15 20 25 35

Fig. 5. The positive linear relationship between average soil and air pCO, and
monthly precipitation (A) and monthly average temperature (B) over the
Furong Cave, showing that precipitation and temperature are important factors
determining the production of soil CO,. However, during the summer and au-
tumn seasons, precipitation is the decisive factor for the production of soil CO,.
See the text for details.

monitoring data also showed that the inside cave environment was
stable (Li et al., 2011b).

The pCO, values at the MP4 monitoring site also showed significant
annual and seasonal variation patterns. However, the magnitude of the
variation at this site was larger than that at the other sites. From
December to April, the mean pCO, at MP4 was 1321 * 425 ppmv, and
from May to November, the mean pCO, was 1624 * 549 ppmv.
Furthermore, several months showed pCO, concentrations higher than
2500 ppmv, which is significantly higher than the pCO, values mea-
sured at the other sites at the same times (Fig. 3B).

4.4. Drip water §">Cp;c

The variation in 8'3Cp;c values of drip water in the Furong Cave
ranged from 1.2%o to —14.7%o, from 2010 to 2016 (Fig. 3A). The
8'3Cpyc values from all sites (MP1-MP5, Fig. 3A) showed similar var-
iation patterns, indicating that the carbon source for drip water in the
Furong Cave, and the factors that affect the 8'3Cpyc of drip water, were
similar. The mean 8'3Cpic values of drip water (MP1-MP5) in the
Furong Cave displayed seasonal variability, with lower values during
the months from May to November (the summer-autumn half of the
year) and higher values during the months from December to April (the
winter-spring half of the year) (Figs. 4A and 6). The mean 8'3Cpc
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Fig. 6. Seasonal arithmetic mean of drip water 8'3Cpc for all sites in the Furong
cave. The empty and solid squares indicate the mean §'*Cp;c of drip water for
the summer-autumn and winter-spring half of the year, respectively. The error
bars indicate the standard deviation of drip water 8'3Cpyc values at different
sites.

values of the summer-autumn and winter-spring halves of the year were
—9.5 * 2.3%0 and —8.7 * 2.6%o, respectively. For 2011-2013 spe-
cifically, the mean §'3Cp¢ values in the winter-spring half of the year in
2011, 2012, and 2013 were —8.7 * 3.2%0, —6.0 * 2.0%o, and
—6.0 = 1.1%o, respectively. In the same period of 2009-2010 and
2014-2016, the values were lower than —9.0%o (Fig. 6). The same
situation was evident in the summer-autumn half of the year (Fig. 6).
The 8'3Cpjc values of drip water showed an increasing trend in
2010-2012; however, they gradually decreased from 2012 to 2016
(Figs. 3A, 4A and 6).

5. Discussion

5.1. Relationships between soil pCO,, temperature, and precipitation in the
Furong Cave

In summer, from June to August, the Chongqing region is frequently
affected by the west Pacific subtropical high (WPSH) and is prone to
summer drought; during this time it experiences high temperature and
low precipitation, as evident in the data from July 2011, August 2012,
and July 2013 (discussed above in section 4.2) (Fig. 3F). Consistent
with the precipitation data, soil air pCO, at all sites (SA-SE) was not
significantly decreased, and the mean value was more than 6000 ppmv
(Fig. 3C). In other words, the change in soil air pCO, lags behind the
change in precipitation above the Furong Cave. This phenomenon is
consistent with the findings of previous studies. For example,
Reichstein et al. (2003) suggested that, on average, 40% of maximal
(not water-limited) soil respiration can be maintained in months of zero
precipitation.

Temperature and humidity are the most important factors that de-
termine the bioactivity in soils, and precipitation makes a significant
contribution to humidity. Raich and Schlesinger (1992) built the T&P
Model to describe the relationship between annual soil respiration rates
and mean annual air temperatures and precipitation; the correlation
coefficients were RZ = 0.42 and Rg = 0.34, respectively. Because the
pCO,, variation characteristics of the overlying soil of the Furong Cave
showed consistency at all five monitoring sites (SA-SE) (Fig. 3C), we
calculated the arithmetic monthly mean of soil pCO, and analyzed the
correlations between mean soil pCO, and temperature and precipitation
(Fig. 5). The correlation coefficients between monthly soil pCO, and
monthly mean temperature and precipitation were R* = 0.69
(p < 0.001) and R,>=0.28 (p < 0.001). It is clear that local
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temperature and precipitation both significantly affect the monthly
pCO, in the overlying soil of the Furong Cave.

On an annual time scale, the pCO, of the overlying soil of the Furong
Cave showed variation similar to that of the total annual precipitation
(Fig. 4C and E). From 2010 to 2011, the annual precipitation decreased,
and the peak value of soil pCO, also decreased significantly (Fig. 3C).
From 2012 to 2016, the annual precipitation gradually increased, and
the soil pCO, also showed an overall increasing trend (Fig. 3C). How-
ever, the variation in mean monthly soil pCO,, did not show a significant
correlation with that of the monthly mean temperature (Fig. 4C and D),
indicating that on the annual scale, annual total precipitation more
strongly affected soil pCO, than temperature did.

5.2. Analysis of the factors that influence cave air pCO»

Cave CO, originates from multiple sources: (1) CO, produced by soil
biological processes (Knorr et al., 2005; Davidson and Janssens, 2006;
Whitaker et al., 2009; Frisia et al., 2011; Breecker et al., 2012); (2) CO,
produced by the respiration of cave microbes; (3) CO, in the epikarst
zone released, in the form of molecules, to the cave via rock fractures
due to the density of CO, being 1.5 times that of air (Ek and Gewelt,
1985; Berger, 1988; Bourges et al., 2001; Badino, 2009); (4) CO, re-
leased by decomposition of cave organic matter; and (5) geothermal
CO,, via faults and fractures (Mattey et al., 2010; Faimon et al., 2012).
In most cases with no ventilation, cave air pCO, levels can only increase
as high as soil air pCO, (Baldini, 2010). Smith (1999) suggested that
higher cave air pCO,, levels could theoretically be reached through the
consumption of atmospheric O, and the production of CO, through
microorganism metabolism, or through the addition of high levels of
geothermally-derived CO,. Though cave pCO, varied from 500 to 3000
ppmv in the Furong Cave (Fig. 3B), the values were lower than soil air
pCO, (Fig. 3C). There is no fault in the lower strata of the Furong Cave;
thus, the CO, source cannot be (2), (4), or (5). Sources (1) and (3) are
essentially identical; CO, originates primarily from the high-con-
centration soil CO, produced by soil biological activity and organic
matter decay (Fig. 3C).

Due to the consistent cave pCO, variation at different monitoring
sites (#2, #4, MP1 ~MP3) in the Furong Cave (Fig. 3B), we calculated
the arithmetic mean of cave air pCO, and compared it with the mean of
soil pCO, (Fig. 4B and C). Although both soil and cave pCO, showed
seasonal variation patterns, soil CO, was more sensitive and directly
responded to the change in local temperature and precipitation. Its
seasonal variation magnitude could be more than 10,000 ppmv. The
magnitude of the seasonal variation in cave air pCO, was 1000-2000
ppmv, which is far less than that of soil pCO, (Fig. 4B and C). The
month with the maximum soil pCO, corresponded to the month with
the highest precipitation in summer and autumn (Fig. 3C and F), while
peak values of cave pCO, were measured in October and November
(Figs. 3B and 4B). Cave CO, mainly comes from the degassing of
groundwater, which directly reflects the change in precipitation (Li
et al., 2013), and is dissolved in a large amount of soil CO,. Ground-
water flows through the 300-500 m thick bedrock overlying the Furong
Cave (Li et al., 2011b). Therefore, cave pCO, lags 1-2 months behind
changes in surface hydrological and thermal conditions and soil pCO,
(Huang et al., 2016).

Average cave air pCO, showed variation characteristics similar to
that of soil pCO, and precipitation on the inter-annual scale. From 2010
to 2011, the amount of rainfall decreased and was accompanied by a
decrease in soil/cave air pCO,. In 2012, the annual precipitation in-
creased, as did the soil and cave pCO,. There was a gradual increase in
precipitation from 2013 to 2016, and the soil and cave pCO, increased
in the same way (Fig. 4B, C, 4E). Precipitation is clearly an important
factor affecting pCO, in the Furong Cave. The direct influence of at-
mosphere temperature on cave air pCO, is insignificant at the inter-
annual scale (Fig. 4B and D) (Baldini et al., 2008).

The MP4 site showed a higher CO, concentration and a greater
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magnitude of variability. Although atmosphere environment and soil
air pCO,, are the primary factors that control pCO, in the cave, previous
studies have shown that, at various locations inside the cave, different
cave shapes can cause differences in cave airflow and degree of cave air
mixing, which ultimately leads to significantly different CO, con-
centrations at various locations in the same cave (Bourges et al., 2001;
Denis et al., 2005; Benavente et al., 2010; Wong and Banner, 2010). The
height, width, and length of the Great Hall where sites #2, #4, and MP3
are located, are 21 m, 32 m, and 100 m, respectively. Furthermore, this
huge chamber was closed to tourists and the tour route was changed
after the Wenchuan Earthquake occurred in the Sichuan province in
southwest China in 2008. The height and width of the channel where
the MP4 site is located is 8 m and 25 m, respectively; the MP4 site is
near the tour path (Fig. 2). All tourists must pass the MP4 site to
complete the tour process. Studies illustrate that after 5min, human
presence in a cave raises the pCO5 by 30% (assuming an original pCO»
of 0.4%) (Ek and Gewelt, 1985). Therefore, more CO, from human
breathing accumulated at MP4, leading to higher CO, concentrations
and a greater magnitude of variation.

5.3. Effect of precipitation on the §">Cp;c of cave drip water

The carbon in cave drip water originates primarily from CO, re-
leased by the respiration of vegetation roots, CO5 produced by the de-
composition of soil organic matter, and groundwater CO5>~ from
bedrock dissolution. The values of 8'3C for these carbon sources vary
significantly (Hendy, 1971; Genty et al., 2001; Mickler et al., 2004;
Spotl et al., 2005; Fairchild et al., 2006; Frisia et al., 2011). According
to Li et al. (2012), the main vegetation above the Furong Cave is C3
plants with an average §'3C of —32%o, whereas the average §'3C of the
soil total organic carbon is —22%o, and the range of 8'3C in bedrock is
—2.6-0.1%o. In the process of infiltration, changes in conditions such as
temperature, precipitation, pH value, and transport path lead to sig-
nificant variation in the ratios of carbon from different sources in
groundwater, where the ratio of bedrock carbon is between 0 and 50%
(Garrels and Christ, 1965; Hendy, 1970, 1971; Salomons and Mook,
1986; Schwarcz, 1986; Genty et al., 2001). Thus, the 8'3Cp,c values of
cave drip water fluctuate significantly under different climate condi-
tions.

Over the course of a year, during the transition from the summer
and autumn seasons, characterized by more precipitation, to the winter
and spring seasons, characterized by less precipitation, the §'*Cpc of
drip water increases from < -10%o to > -6%o (Fig. 3A). The annual
variability in the 8'3Cpc of drip water follows that of the total pre-
cipitation during the same year (Fig. 4A and E). The annual precipita-
tion was less than 1000 mm in 2009-2011 and more than 1100 mm in
2012-2016, with an increasing trend (Fig. 4E). The average 8'°Cpc
value of drip water gradually became heavier from 2010, and reached a
maximum in the winter of 2012, before gradually decreasing from 2013
(Fig. 4A).

During winter and spring, when there is little precipitation and re-
latively low temperatures (Fig. 3E and F), the respiration rate of ve-
getation roots and the microbial decomposition rate are both reduced,
leading to a significant decrease in CO, produced in the soil (Fig. 3C).
Thus, there is a decrease in CO-, dissolved into groundwater, leading to
a decrease in pCO, of the Furong Cave (Fig. 3B). Drought leads to less
soil infiltration (Li et al., 2013), slower migration velocity of ground-
water in the epikarst zone, longer residence time of groundwater in
bedrock, and stronger water-rock interactions between water and
bedrock (Fig. 7). As a result, more bedrock with a 8'3C value of
—2.6-0.1%o is dissolved into groundwater (Li et al., 2012), leading to a
higher §'3Cpyc of drip water, and as a result, a lower mean 8'3Cp,c in
the summer-autumn half of the year than in the winter-spring half of
the year (Fig. 6). In addition, an extended drought can empty the
fractures/cracks in the epikarst zone through a lack of sufficient water
supply and can strengthen the degassing of groundwater in the epikarst
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zone (Fig. 7). A continuous winter-spring drought climate occurred in
southwest China from 2009 to 2013 (Hu et al., 2014; Wang et al.,
2015), which led to the value of the 8'3Cp;c of drip water in the Furong
Cave being as high as 1.2%o (MP1 drip water collected in January 2011)
(Fig. 3A). A significantly higher §"3Cp;c of karst groundwater, due to
the drought climate enhanced water-rock interaction, has also been
confirmed in the Guizhou province in southwest China (Zhao et al.,
2015).

In addition, the cave pCO, can affect the CO, of cave water to some
degree. When pCO, of the cave air is high, the degassing of water CO, is
suppressed, and vice versa (Baker et al., 1998; Dreybrodt, 1999; Genty
et al., 2001; Baldini et al., 2008; Li et al., 2011a). In the winter and
spring seasons, the pCO, of the Furong Cave decreased (Fig. 3D), pro-
moting the degassing of drip water CO,, and thus, enriching the §'3Cp;c
of drip water (Fig. 7).

The range of variation in seasonal mean 8'3Cpyc values of drip water
from the Furong Cave was —5.9 to —11.8%o0 during 2009-2016
(Fig. 6). This was higher than that from the caves in Gibraltar, Italy,
Austria, Germany, France, and the United States (variation range of —8
to —16%o) (Spotl et al., 2005; Mattey et al., 2010; Frisia et al., 2011;
Riechelmann et al., 2011; Tremaine et al., 2011; Peyraube et al., 2013;
Meyer et al., 2014). Kinetic effects associated with CO, degassing are
considered to be the primary factor responsible for positive deviation in
8'3Cpyc values of cave drip water from Europe and North America in
winter and summer (Meyer et al., 2014). Li et al. (2012) also suggested
that a similar kinetically-enhanced process probably operates in the
Furong Cave. Therefore, the hydrological conditions in the epikarst
zone have changed because of the winter-spring drought climate be-
tween 2009 and 2013. Changes in hydrological conditions in the epi-
karst zone may have a more important effect on 8'3Cpyc values of
groundwater than the kinetic effects in the cave. The response of
813Cp;c values to the change in precipitation illustrates that the signals
of extreme climate can be transferred into the drip water in the Furong
Cave. Higher 8'3Cpc values of drip water correlated with drought
conditions will be used to explain the high 8'°C values (range from
—5%o0 to 1%o) of stalagmite FR0510-1 in the Furong Cave, which are
out of the 8'°C range (—12%o to —6%o) in the area dominated by C3
plants (Li et al., 2011a).

6. Conclusion

Based on continuous monitoring both inside and outside of the
Furong Cave, from 2009 to 2016, this study found that temperature and
precipitation determine the intensity of land surface biological activity
and the yield of soil CO,, which further affects the pCO, of cave air and
the 8"3Cpyc of cave drip water. Although subject to soil and bedrock
thickness, the peak pCO, of cave air lags behind that of soil pCO, by
approximately 1-2 months. However, cave pCO, records the char-
acteristics of seasonal variability in surface precipitation. On the in-
terannual time scale, the higher 8*Cpc of cave drip water corresponds
to less annual precipitation, and the lower 8'3Cp;¢ of cave drip water
corresponds to more annual precipitation. This result suggests that the
8'3Cpyc of cave drip water can be used as an index of regional pre-
cipitation to reflect drought and flood events.
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Fig. 7. Conceptual model demonstrating the link between temperature, precipitation, soil pCO,, cave air pCO,, and drip water 8'Cp;c. With a scenario of high
temperature and more precipitation, such as in the summer monsoon months in this study (A). With a scenario of low temperature and less precipitation, such as in
the winter and spring months in this study; no summer monsoon precipitation (B). This correlation is also suitable for the special scenario of summer drought, i.e.,
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