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A B S T R A C T

The scientific explanation of speleothem δ18O in Chinese monsoon region is a greatly debated issue. Modern cave
monitoring combined with instrument observation maybe is an essential solution to deal with this issue. During
the period from 2011 to 2016, we monitored local precipitation, soil water in three soil profiles, and six drip
water sites in Yangkou Cave, which is located in Chongqing City, Southwest China. This article presents mea-
surements about δ18O, δD and Mg/Ca ratios of drip water and compared these geochemical proxies with con-
temporaneous atmospheric circulations. The main conclusions are: (1) As water migrates from precipitation to
soil water to cave drip water, the amplitudes of seasonal variations in δD and δ18O decreased gradually. Due to
the existence of complex hydrogeological conditions, the range of variation and the seasonal characteristics of
δD and δ18O differ among the drip sites where samples were collected, but the interannual variability is nearly
the same. The drip water Mg/Ca ratios are mainly regulated by changes in hydrological conditions in the epi-
karst zone, with higher values during winter months than that during summer months. (2) When an El Niño
event occurs, the Western Pacific Subtropical High (WPSH) is migrated westward, and the production of near-
source water vapor from the western Pacific and the South China Sea increases, leading to higher δ18O values in
the precipitation and the cave drip water. The drip water Mg/Ca ratios were significantly lower with increased
summer precipitation. On the other hand, during La Niña events, the WPSH is migrated eastward, and inputs of
water vapor that has traveled greater distances (from the Indian Ocean) become comparatively important, re-
sulting in lower δ18O values in the precipitation and the cave drip water. The drip water Mg/Ca ratios were
higher with decreased summer precipitation. In summary, the interannual variability of δ18O in the drip waters
of Yangkou Cave reflects changes in water vapor sources caused by atmospheric circulation patterns. Mg/Ca
ratios respond to changes of precipitation and CO2 in soil and can be used to reconstruct abnormal drought or
flood events.

1. Introduction

To predict future climate changes, it is especially necessary to re-
cognize the laws that governed past global climate changes. Cave sta-
lagmites, which can be dated with great precision, provide high-re-
solution records that can be used in paleoclimatic reconstructions
(McDermott, 2004; Liu et al., 2013; Duan et al., 2016). Measurements
of δ18O in stalagmites from the Chinese monsoon region record a series
of abrupt climate events (Wang et al., 2001). Previous studies have
shown that the δ18O values of stalagmites from the Chinese monsoon
region reflect changes in summer precipitation and summer monsoon
intensity; more negative δ18O values in stalagmites indicate stronger
summer monsoons, whereas more positive values indicate weaker
summer monsoons (Wang et al., 2001, 2005; Cheng et al., 2009; Han

et al., 2016; Li et al., 2014, 2017; Zhang et al., 2017). However, the
interpretation of the δ18O signals in Chinese stalagmites is still con-
troversial (Wang and Liu, 2016). Pausata et al., (2011) argued that
Chinese stalagmite δ18O was controlled by Indian monsoon. On the
other hand, in the interannual scale, the weakened Indian summer
monsoon present anti-phase oscillations with the strengthened East
Asian summer monsoon (Hong et al., 2009). Lower δ18O values do not
infer stronger summer monsoons alone (Clemens et al., 2010). Even,
others proposed that the variation of δ18O can primarily reflected local
temperature that was dominated by insolation (Dayem et al., 2010).

Maher (2008) noted that the stalagmite records of the monsoon
areas in South China and India are consistent. However, these records
were inconsistent with other regional precipitation records in China,
suggesting that the stalagmites of South China reflect changes in water
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vapor. Tan (2016) argued that the changes in δ18O in the monsoon
region of China are governed by atmospheric circulation patterns over
time scales ranging from interannual to centennial or even longer, and
these changes mainly reflect the influence of moisture from different
source and the ratio of locally derived water vapor to other sources of
water vapor in summer monsoon precipitation. Recent stalagmite re-
cords from South China indicate that the weakening of the Asian
summer monsoon (ASM) is closely tied to El Niño-Southern Oscillation
(ENSO) (Burns et al., 2002; Zhao et al., 2016). δ18O can be influenced
by the shifts in the position and intensity of the subtropical pressure
cells (Maher and Thompson, 2012). A δ18O record from a stalagmite
collected in Heshang Cave in Hubei province, central China, is one of
the strongest pieces of evidence for this assertion. This record has been
compared with the Southern Oscillation Index (SOI), and a negative
correlation was identified between the two records for the period ex-
tending from 1900 to 2000 CE (Fig. 3 in Tan, 2016). Modern instru-
mental data covering a larger area are critical in the assessment of these
views.

Observations in cave drip water contribute to the scientific ex-
planations of speleothem paleoclimate records (Pape et al., 2010). Drip
water, which provides the material that forms stalagmites, represents a
link between the external environment and cave deposits (Bradley
et al., 2010). Much has been learned about the ways in which drip
water migrates, the response of drip water to precipitation, and the
spatial and temporal changes in the stable isotopes of hydrogen and
oxygen through the analysis and monitoring of cave water (Baker et al.,
2000; Cobb et al., 2007; Riechelmann et al., 2011; Li et al., 2011; Duan
et al., 2016). The changes in δ18O and the ratios and concentrations of
elements in the drip water reflect changes in the climatic environment
and the hydrogeological conditions of the epikarst zone (Wackerbarth
et al., 2010; Partin et al., 2012; Baldini et al., 2012). For example, the
Mg/Ca, δD and δ18O were sensitive to changes in wet and dry seasons
(Partin et al., 2012). Drip rate and CO2 in cave air may primarily
controlled Mg/Ca ratios (Duan et al., 2012). ENSO events also driven
drip discharge and hydrogeochemical variations (Tadros et al., 2016),
and Moerman et al. (2014) reported that δ18O variation in precipitation
and drip water is sensitivity to ENSO. Cave water has been the primary
focus of past studies, whereas less systematic monitoring of precipita-
tion, soil water, and drip water has been conducted (Luo and Wang,
2008; Riechelmann et al., 2017). Fewer studies report the results of
continuous monitoring of cave systems (Treble et al., 2013; Genty et al.,
2014; Breitenbach et al., 2015; Mattey et al., 2016). Wang et al., (2014)
reported the preliminarily monitoring work in Yangkou Cave, only
analyzed the seasonal variability of drip water, but not discussed the
interannual variability of cave systems. This relative lack of data pre-
vents accurate understanding of the relationship between atmospheric
circulation and stable isotopic changes in summer monsoon precipita-
tion and the correct interpretation of the climatic significance of δ18O
records in cave deposits.

Based on six years of δD and δ18O data from Yangkou Cave, we
demonstrate the effects of atmospheric circulation patterns on the
stable isotopes of precipitation in the southwest monsoon region of
China. We also compare these data with the intensity of ENSO and the
WPSH and analyze these atmospheric circulation patterns. The re-
sponses of calcium and magnesium in the cave drip waters to external
climate changes are also studied. This study advances our under-
standing of the process by which water migrates from the outside to the
inside of caves, based on the chemical indicators it contains.

2. Study area

Yangkou Cave (29°02′N, 107°11′E) is located in Southwest China,
specifically in Mount Jinfo of Nanchuan and near the city of Chongqing
(Fig. 1a). The study site is located on the southeastern margin of the
Sichuan Basin, along the northern margin of the Yun-Gui Plateau and at
the northern end of the Dalou Mountains. The uppermost rock unit that

makes up Mount Jinfo is Permian limestone, and a huge and complex
underground cave system has developed within this unit (Zhang et al.,
1998). The cave occurs at an elevation of 2140m and is 2245m in
length and displays a corridor plane form. The width is generally
15–20m, and the height is generally 8–12m. The regional climate is
influenced by both the Indian summer monsoon (ISM) and East Asian
summer monsoon (EASM) (Fig. 1a, Li et al., 2014). The regional annual
mean temperature and annual precipitation is 8.5 °C and 1400mm,
respectively. Precipitation occurs primarily from April to October,
when 83% of the annual precipitation occurs, and the annual mean
temperature in the cave is 7.5 °C (Zhang et al., 1998; Li et al., 2014). In
addition, Han et al., (2016), Zhang et al., (2017) and Li et al., (2017)
indicated that the evolution of Asian summer monsoon in the Last
Glacial period which reconstructed based on stalagmites from Yangkou
Cave, are consistent with other stalagmites records in Chinese monsoon
realm including Hulu Cave (Wang et al., 2001), Xiaobailong Cave (Cai
et al., 2006), Sanbao Cave (Wang et al., 2008) and Xinya Cave (Li et al.,
2007). Series abrupt climatic events, such as Heinrich events, had been
dated with higher precise chronology benefit from the high Uranium
concentration (∼10 ppm) of the stalagmites in Yangkou Cave (Han
et al., 2016; Zhang et al., 2017; Li et al., 2017).

3. Data and methods

3.1. Sample collection

Following the collection standards of the International Atomic
Energy Agency’s Global Network of Isotopes in Precipitation (IAEA-
GNIP), we set up a plastic bucket with a funnel and an approximately 1-
cm-thick layer of liquid paraffin to collect precipitation outside
Yangkou Cave. The bucket was packaged using foil and insulated foam
to avoid evaporation of the sample. The bucket and funnel soaked in 5%
nitric acid for 24 h were cleaned with deionized water and dried (Chen
et al., 2012).

According to the different vegetation and soil conditions at the
surface, soil infiltration water was collected at three different locations.
SW1#, SW2#, and SW3# were placed at depths of 120 cm, 125 cm and
75 cm in the soil profile, respectively. For each sampling point, a
polyethylene (PE) plate for collecting soil water that was 30 cm in
diameter was ultrasonically cleaned with deionized water and dried
after soaking in 50% hydrochloric acid for 24 h (Fig. 1c, d). The top of
the plate was covered with 3 layers of gauze, which had been cleaned
and dried by the same method as the plate. Quartz cotton was placed in
the layers of the gauze to prevent mud and sand from entering the plate
(Fig. 1c). The bottom of the plate was drilled a hole and connected with
an external PE bottle with a capacity of 1000ml through a plastic tube
(Fig. 1c, d). One milliliter of HgCl2 solution was added to the bottle to
prevent microbial action from affecting the water sample. Each col-
lecting device was positioned horizontally and covered with soil. Be-
cause the situations of light precipitation resulted in few soil water,
there are several hiatuses in the data of soil water.

We collected drip water at six sites (1#–6#; Fig. 1b) in Yangkou
Cave that reflected different distances from the entrance and discharge
of the drip water, as well as the height (Wang et al., 2014). Depending
on the drip rate, the drip water was collected using 10ml or 100ml
cylinders; the top of each cylinder had a funnel shape (diameter, 9 cm).
The volume of water collected in 1min was taken to reflect the dis-
charge of the drip water (ml/min), and the drip rates measurements
were taken once a month when we visit the cave. Before sampling, all of
the vials were soaked in approximately 15% nitric acid for approxi-
mately 48 h in the laboratory before being washed with deionized water
and dried. At the monitoring sites, the drip water samples were filtered
through pre-washed 0.45-μm Millipore nitrocellulose filters, and the
bottles were washed with the filtrate; the filtrate was then added to the
polyethylene bottles and acidified to pH < 2 through the addition of
trace level ultrapure HNO3 (1:1) for the analysis of the elements Ca and
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Mg. At each site, another 5ml of filtered drip water was placed in dark
brown glass bottles for the measurement of δ18O and δD. Precipitation
and soil water samples were filled over one month, drip water samples
were collected instantaneously every month. All of the samples were
sealed and kept in a laboratory refrigerator at 5 °C. The monitoring
extended from 2011 to 2016. Seasonal sampling was carried out in
2011, whereas samples were collected at regular intervals of one month
during the other five hydrological years (2012–2016).

3.2. Sample analyses

All of the measurements were conducted at the School of
Geographical Sciences, Southwest University. The stable isotope sam-
ples were measured using a DTL-100 liquid water stable isotope ana-
lyzer (LWIA) manufactured by Los Gatos Research, USA. 1.5 ml vo-
lumes of water were analyzed 6 times, and the average of the last four
measurements was taken as the result for a given sample. The results
are expressed relative to Vienna Standard Mean Ocean Water (V-
SMOW). The accuracy of the measurements is ≤0.2‰ for δ18O and
≤0.5‰ for δD (Zhou and Li, 2017). The concentrations of Ca and Mg in
the drip waters were measured using an Optima 2100DV Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) produced by
USA. The detection limit is 1 μg L−1, and the relative error of the
measurements is less than 2%.

3.3. Cave monitoring and meteorological data

A TESTO 535 infrared CO2 tester produced in Germany was used to
monitor the CO2 in cave air at the six drip sites. The measurement range
of this unit is 0–9999 ppmV, and the testing accuracy is better than 2%.

The precipitation data came from meteorological stations on Mount
Jinfo (2250m a.s.L, 700m northern of Yangkou Cave) operated by the
Meteorological Bureau of Nanchuan. Other data were obtained from the
following sources. (1) The Niño 3.4 (5 °S–5 °N, 170 °W–120 °W) Sea
Surface Temperature Anomaly (SSTA) index is often used to indicate
ENSO events (Dayan et al., 2014), and these data were obtained from
http://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices. ENSO
events are defined using Niño 3.4 index follow the five consecutive 3-
month running mean SST anomalies exceeding 0.5 °C (Kiladis and van
Loon, 1988; Abdolrahimi, 2016). According to the United States Na-
tional Oceanic and Atmospheric Administration (NOAA), a La Niña
event occurred from July 2011 to March 2012, and an El Niño event
occurred from November 2014 to April 2016. (2) The Western Pacific
Subtropical High (WPSH) values (http://cmdp.ncc-cma.net/
Monitoring/cn) are used to illustrate the changes in the general circu-
lation pattern associated with ENSO events. (3) The data used to in-
dicate atmospheric circulation patterns were obtained from the daily
atmospheric circulation data in Chinese National Climate Center
(http://cmdp.ncc-cma.net/Monitoring/cn_stratosphere.php#seasonal)
(Jiang et al., 2016). This dataset has a resolution of 2.5°× 2.5°.

4. Results

4.1. Relationship between δD and δ18O in precipitation

The linear relationship between δD and δ18O in precipitation is
called the meteoric water line (Craig, 1961). According to the mea-
surements of δD and δ18O in rainwater samples collected outside
Yangkou Cave (Fig. 2a), the local meteoric water line (LMWL) is es-
tablished as δD=9.0δ18O+24.6 (n=57, r= 0.99, p < 0.01). This

Fig. 1. (a) Location of the study area, Yangkou Cave (YK) in Southwest China. Gray arrows: The Indian summer monsoon (ISM) and the Southeast summer monsoon
(SESM). White arrows: The Asian winter monsoon (AWM). The red dot indicates the location of Yangkou Cave. (b) Locations of the soil water sampling sites outside
Yangkou Cave. The red dots indicate the soil water sampling sites (1#, 2# and 3#). The brown dashed lines show the extension of Yangkou Cave. (c) Distribution of
monitoring sites (black dots) in Yangkou Cave (Black dots are all drip water sites) (modified after Zhang et al., 1998; Wang et al., 2014). (d) and (e) The sketch map
for the soil water collector, please see the details in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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equation is similar to that established by Wang et al. (2014) for this
area (δD=8.8δ18O+22.1).

The slope and intercept of the LMWL are higher than the global
meteoric water line (GMWL) of δD=8.0δ18O+10.0 (Craig, 1961)
because the GMWL represents the combined average of different water
and temperature conditions. In contrast, the winter precipitation in the
study area is influenced by continental-type air masses, and the winter
snowfall leads to higher intercept and slope values (Peng et al., 2007;
Kumar et al., 2010). Dansgaard defined deuterium excess (d-ex-
cess= δD-8δ18O) (Dansgaard, 1964). The value of d-excess reflects the
kinetic fractionation and the climatic conditions in the region (hu-
midity, air temperature, and sea surface temperature of the water
vapor) (Tian et al., 2005). The differences of the mean d-excess were
less than 2.6‰ between precipitation and soil water and the drip water
(Table 1). The δD/δ18O values of the soil water and the drip water
collected from the cave are all distributed around the LMWL (Fig. 2b,
c), indicating that the collected water samples were not affected by
kinetic fractionation. The isotopic compositions of soil water and the
drip water respond to the changes in precipitation (Li et al., 2011;
Riechelmann et al., 2011).

4.2. δD and δ18O

During the study period, the range of precipitation δ18O is −16.4‰
to −1.4‰, and the range of δD is −119.2‰ to −5.2‰, and the mean

Fig. 2. Relationship between the hydrogen and
oxygen isotopic compositions of precipitation,
soil water and cave drip water and the local
meteoric water line (LMWL). (a) The LMWL
(solid black line) based on the δ18O and δD va-
lues of the precipitation measured out Yangkou
Cave (green squares). The global meteoric water
line (GMWL, dashed blue line; Craig, 1961) has
been plotted for comparison. (b) Distribution of
δ18O and δD values of the soil water on the
LMWL (black solid line). (c) Distribution of δ18O
and δD values of the drip water on the LMWL
(black solid line). (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Table 1
The maximum, minimum and mean values of δD, δ18O, and d-excess for the precipitation, soil water and drip water in Yangkou Cave.

δD (‰) δ18O (‰) d-excess (‰)

Max. Mean Min. Max. Mean Min. Max. Mean Min.

Precipitation −5.2 −47.8 −119.2 −1.4 −8.1 −16.4 27.2 16.8 7.1
TR1 −24.0 −47.6 −71.6 −5.6 −8.0 −11.2 21.2 16.8 9.9
TR2 −23.4 −58.0 −94.5 −3.0 −8.8 −13.3 20.7 15.7 10.4
TR3 −15.2 −51.5 −116.8 −3.8 −8.5 −16.1 20.0 15.5 8.3
1# −50.4 −55.8 −61.1 −8.1 −8.9 −9.8 16.8 15.3 10.1
2# −51.7 −56.1 −59.8 −8.1 −8.9 −9.7 16.9 15.2 9.8
3# −48.3 −53.5 −60.3 −7.5 −8.5 −9.6 16.0 14.2 8.8
4# −50.2 −55.1 −60.7 −7.4 −8.8 −9.6 17.3 15.3 8.0
5# −50.1 −55.6 −59.2 −8.0 −8.9 −9.7 17.6 15.4 8.5
6# −47.4 −54.1 −62.1 −7.1 −8.7 −10.0 17.6 15.5 5.5

Fig. 3. (a) The monthly variations in the δ18O (green squares) and δD (blue
dots) of precipitation, and (b) the monthly air temperatures (red dots) and
amount of precipitation (blue histogram) out Yangkou Cave. It should be noted
that the axes of (a) are inverse for a better visibility of the negative correlation
with temperature and precipitation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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of δ18O and δD is −8.1‰ and −47.8‰, respectively, lower than that
in the precipitation in Chongqing (Zhou and Li, 2017) (Table 1). δ18O
and δD values of precipitation show obvious seasonal variations; lower
values in summer, whereas higher values in winter (Fig. 3). The sea-
sonal variations of δ18O and δD are negatively correlated with local
temperature (r=−0.58, p < 0.01). In addition, there is also a nega-
tive correlation between δ18O and monthly precipitation (r=−0.37,
p < 0.01). Compared to the summer of 2012, the mean values of δ18O
and δD in the precipitation in the summer of 2016 are 2.0‰ and 17.7‰
higher, respectively (Table 2). The weighted average δ18O of pre-
cipitation during the period from April to October 2016, is −8.7‰,
which is 0.8‰ higher compared with that in 2012. The total pre-
cipitation from April to October in 2012 and 2016 was 1087mm and
1340mm, respectively. On the other hand, the average monthly tem-
perature in the months in 2016 was 1.0 °C higher than that in 2012.
This result contradicts the negative correlation between the precipita-
tion δ18O and precipitation amount and temperature on seasonal time
scales.

There is a 1-month lag in the peak of δ18O and δD values between
the soil water and the precipitation (Fig. 4a, a′, b, b′), this should be
attributed to the time consuming of infiltration processes of precipita-
tion in soil layers. While, the seasonal variations in δ18O and δD are
generally similar to those of the precipitation (Fig. 4b, b′). The mea-
surements of δ18O and δD in soil water range from −16.1‰ to −3.0‰
and from−116.8‰ to−15.2‰, respectively. These ranges are slightly
less (by 1.8‰ and 12.4‰, respectively) than those measured in the
precipitation. The mean value of δ18O in precipitation and soil water is
−8.1‰ and −8.4‰, respectively (Table 1). The slightly lighter for the
mean value of δ18O in soil water than that in precipitation is because of
the lack of soil water sample in some months (Fig. 4b), especially in the
winter months with higher δ18O values in precipitation (Fig. 3a). The
isotopic values are well define mixing of summer and winter pre-
cipitation in soil water samples SW1# and SW#2, moreover sample
SW3# is mainly dominated by summer precipitation which lower in
δ18O and δD.

The ranges of δ18O and δD measurements at the six drip water sites
are −10.0‰ to −7.1‰ and −62.1‰ to −47.4‰, respectively. The
amplitude for the variation of δ18O and δD values measured in the drip
water are lower by approximately 10.3‰ and 86.9‰, respectively,
than the measurements of the same quantities made in the soil water,
and lower by approximately 12.1‰ and 99.3‰, respectively, than that
in the precipitation. This result clearly reflects mixing of the soil water
in the epikarst zone before the formation of the cave drip water (Li
et al., 2011; Feng et al., 2014). The values of δ18O and δD measured in
the drip water increase gradually from 2013 to 2016 (Fig. 4). It is si-
milar to the trend of δ18O and δD variations in precipitation (Fig. 4a).

4.3. Drip rate, CO2 in cave air, and Mg/Ca ratios

To reduce the occasional errors that may occur in the monitoring
process, we discuss only the seasonal mean of each drip rates in this
study (winter extends from December to the following February, and
summer extends from June to August (Fig. S1 in the Supplementary

presents the variation of monthly drip rates). The annual average drip
rate at the six cave drip sites are more than 100ml/min at sites 1# and
2#; 10ml/min-100ml/min at sites 3# and 6#; and less than 10ml/min
at sites 4# and 5#. The drip rate at each monitoring site shows seasonal
variations (Fig. 5a), and the drip rate in the dry season is slower than
that in the rainy season (gray columns in Fig. 5), indicating that the drip
rate is mainly controlled by precipitation amount.

The concentrations of cave air CO2 show a consistent tendency in six
monitoring sites. During the wet and warm summer/autumn seasons,
the concentrations of CO2 in the cave is higher than that during the cold
and dry winter/spring seasons (Fig. 5b). The annual average CO2 con-
centration in the air in Yangkou Cave is 386 ppmV, and the summer
average is 489 ppmV. In the summer of 2016, the concentration of CO2

in cave air (545 ppmV) was higher than the average value and clearly
higher than the corresponding value (338 ppmV) in the summer of
2012 (Fig. 5b).

The Mg/Ca ratios measured in the drip water of Yangkou Cave in
winter/spring are higher than those measured in summer/autumn in
2011–2016. We used Z-score method to calculate the common varia-
tions of Mg/Ca ratios in drip water (Supplementary Fig. S2), reflecting
clear seasonal variations (Fig. 5c and Supplementary Fig. S2).

5. Discussion

5.1. δ18O and δD in precipitation

The negative correlation between δ18O values and the amount of
precipitation above Yangkou Cave is similar to that in other monsoon
region in South China (Liu et al., 2008; Li et al., 2010; Zhou and Li,
2017). On the one hand, the negative correlation between δ18O and
temperature and precipitation at this study site is also consistent with
the results of monitoring at seven other caves in the monsoon region of
China, including Furong Cave in Chongqing, Xianren Cave in Yunnan,
and Liangfeng Cave in Guizhou, all are located in Southwest China (Li
et al., 2011; Duan et al., 2016). The correlation, however, is contrary to
the Rayleigh fractionation that δ18O is positive with temperature
(Dayem et al., 2010), which illustrate that the effect of temperature is
negligible. The location of Yangkou Cave is affected by the Asian
summer monsoon. During the summer monsoon period, the water
vapor mainly comes from the distant Indian Ocean (Ding and Liu,
2008). During the movement of water vapor, precipitation results in the
fractionation of the stable isotopes of hydrogen and oxygen (Li et al.,
2010; Wang et al., 2014). In summer, during the movement of air
masses from the ocean toward the continent, the progressive fallout of
precipitation enriched with δ18O isotopes results in lighter isotopes of
the remaining air masses due to isotopic fractionation. In winter, at low
humidity and less precipitation amount, the isotopic fractionation
during water fall out leading to higher δ18O values in precipitation
(Tian et al., 2005; Cai and Tian, 2016). In combination with these
factors, the measurements of δ18O in the study area decrease in summer
and increase in winter.

Table 2
The δD and δ18O values for the summer precipitation out Yangkou Cave.

2012 2013 2014 2015 2016

δ18O (‰) δD (‰) δ18O (‰) δD (‰) δ18O (‰) δD (‰) δ18O (‰) δD (‰) δ18O (‰) δD (‰)

June −10.1 −70.5 −9.3 −67.5 −9.4 −64.2 −11.3 −77.3 −11.0 −76.1
July −12.3 −87.6 −13.6 −99.8 −11.5 −82.6 −12.1 −86.8 −12.1 −82.6
August −16.1 −115.6 −16.4 −119.2 −12.0 −81.9 −14.7 −109.3 −9.2 −61.8

Mean −12.8 −91.2 −13.1 −95.5 −11.0 −76.2 −12.7 −91.1 −10.8 −73.5

The mean values of δ18O and δD for La Niña (2012) and El Niño (2016) years are highlight in bold for contrast.
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5.2. δ18O and δD in soil water and drip water

Partly because of the absence of soil water samples in some months
due to unavoidable circumstances (e.g. no soil water was collected in
drought months), there is no correlation between the δ18O values
measured at SW1# and SW2# and δ18O values measured in the pre-
cipitation (rSW1= 0.07 and rSW2= 0.16) (Table 3). While, the mea-
surements of δ18O in soil water at SW3# and in the precipitation are
strongly correlated (r= 0.51, p < 0.01) (Table 3). In addition, all the
change of the δ18O values of soil water presented similar seasonal
variations as the variations of δ18O in precipitation (Fig. 4b, b′).
Therefore, the δ18O in soil water inherits the seasonal signals of δ18O in
the precipitation as part of its migration from the atmosphere to the
lithosphere.

The variations in δ18O and δD are similar at drip sites 1# and 2#,
which featured with rapid drip rates in annual time scales (rδ18O = 0.62,
rδD= 0.78; p < 0.01) (Tables 3 and 4); however, the δ18O and δD of

drip water do not strictly record the interannual variability in δ18O and
δD of the precipitation outside the cave (Fig. 4c, d). The variations in
δ18O and δD are similar at sites 3# and 6#, which featured with
moderate drip rates in annual time scales. The seasonal variations are
obvious and present a 3- to 6-month lag relative to the precipitation
signal (Fig. 4e, 4h). This time lag resulted from the migration of
groundwater in the epikarst zone, which varied by the differences in the
thickness of overlying host rock and flow path for each drip sites. The
lag lead to the phase difference, but it does not change the response of
soil water and cave drip water to precipitation. These observations
show that the recharge of these drip waters are greatly affected by
seasonal precipitation (Baldini et al., 2006). There is a significant cor-
relation between the δ18O and δD values of drip water at sites 4# and
5#, which featured with slow drip rates (rδ18O =0.52, rδD=0.40,
p < 0.01) (Tables 3 and 4). However, giving the similar high air hu-
midity (> 95%) in Yangkou Cave, the amplitudes of the δ18O and δD
values measured at site 4# are greater than those at site 5# (Fig. 4f-g, f′-

Fig. 4. The monthly variations in the δ18O (a–h)
and δD (a′–h′) of precipitation, soil water and
drip water. The blue vertical steps in (a, a′) re-
presents the total of annual precipitation. The
blue histograms show the seasonal average dis-
charge for each drip site (c–h). There is a general
tendency of higher values for precipitation, soil
water and drip water in the change of δ18O and
δD during the monitoring period in this study
(dashed lines with arrow). The axes of δ18O and
δD are inverse for a better visibility of the ne-
gative correlation with temperature and pre-
cipitation. (For interpretation of the references
to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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g′). Because the drip height at site 4# is approximately 10m, whereas
the drip height at site 5# is only approximately 20 cm. The δ18O and δD
values of drip water from site 4# reflects the effects of disequilibrium
fractionation during the falling process. In addition, site 5# is located
close to an enclosed space within the cave, whereas site 4# is located
close to the main tunnel and is affected by the flow of cave air. To sum
up, when the seepage flows through the bedrock that hosts the cave, the
seepage mixes in the surface karst zone, and the seepage and drip water
are homogenized. So, the seasonal variation of the isotopic

compositions in the precipitation become attenuated or smoothed
(Lambert and Aharon, 2010; Li et al., 2011; Duan et al., 2016). Finally,
the amplitude of δ18O and δD variations decreased from the pre-
cipitation to the soil water and subsequently to the drip water. Al-
though the six drip sites in Yangkou Cave display spatial differences in
terms of their δ18O and δD values, the δ18O values of the six drip sites
display the similar general tendency of interannual variability (Fig. 4),
and inherited the interannual variability of the stable isotopes in the
precipitation (Pape et al., 2010).

5.3. Seasonal variation of Mg/Ca in the drip water

In the monitoring period of 2011–2016, the Mg/Ca ratios of drip
water at the six drip water sites in Yangkou Cave present some seasonal
variations with higher values in winter and lower values in summer
(Fig. 5 and Supplementary Fig. S2). Cave drip water is affected by many
factors, such as differences in the surface vegetation cover, the thick-
ness of the overlying carbonate rock, and the flow path, resulting dif-
ferences in discharge of the drip water and the drip rate (Johnson et al.,
2006; Li et al., 2011; Casteel and Banner, 2015). Tooth and Fairchild
(2003) noted that the evolution of Mg/Ca ratios reflect hydrological
changes from dry to wet conditions and vice versa, and Mg/Ca ratios in
cave drip water are affected by precipitation (which is the source of
karst water), prior calcite precipitation (PCP), and the leaching of the
overlying soil. Carbon dioxide (CO2) is the main factor controlling the
dissolution of karst rocks which produced from atmospheric and soil
CO2. The CO2 gas dissolve in precipitation and soil water, forming
carbonic acid (lowering the pH value) which can dissolve carbonate
rocks, such as calcite (CaCO3) and dolomite (CaMg(CO3)2), during in-
filtration through soil layers (Cai et al., 2011). The ratio of Mg/Ca in
cave drip water depends on the rate of dissolution of carbonate rocks
which is higher in calcite than dolomite rocks. In the winter and spring
months, precipitation outside Yangkou Cave is limited (Fig. 5d), the
drip rate is slow (Fig. 5a), CO2 percentage is low compared to summer
season, so the rate of dissolution of carbonate rock decrease. During dry
season (the winter months), the pathway of groundwater may relatively
open in the epikarst zone which were conductive to the degassing of
CO2 from the infiltration water, thus causing more Ca to precipitate
along a flow path (Fairchild et al., 2000; Partin et al., 2012), and finally
resulted in higher Mg/Ca in drip water. Conversely during the summer,
low Mg/Ca ratio is the result of increasing rate of calcite dissolution,
enriched calcium ions in drip water.

The concentration of CO2 in cave air is also an important factor that
may influence the degassing of CO2 and Mg/Ca ratios (Spötl et al.,
2005; Johnson et al., 2006). In general, CO2 in cave air may come from
soil bio-productivity, decomposition of organic material in soil and
cave, and geothermal activity (Baldini et al., 2008). The concentration
of CO2 in caves is mainly controlled by the rate of input of CO2 from the
overlying soil (Wong and Banner, 2010; Cowan et al., 2013). High
concentrations of CO2 in the cave air prevents the degassing of CO2

Fig. 5. (a) The changes in the seasonal average discharge at the drip sites in
Yangkou Cave (gray columns indicate lower discharges corresponding to
drought conditions during the winter and spring months). (b) The PCO2 of cave
air at the drip sites. (c) The monthly variations in Mg/Ca ratios in drip waters
(the yellow column indicate lower Mg/Ca ratios in the months with anom-
alously high precipitation in 2016). (d) The monthly temperatures (red dots)
and precipitation amounts (blue histograms) out Yangkou Cave. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 3
Correlations between the monthly δ18O values of the drip water, soil water, and precipitation.

r 1# 2# 3# 4# 5# 6# TR1 TR2 TR3

2# 0.62**

3# 0.39** 0.54**

4# 0.40** 0.54** 0.20
5# 0.15 0.20 0.24* 0.52**

6# 0.50** 0.36** 0.52** 0.33** 0.26*

TR1 0.28 0.33 0.56** 0.43** 0.17 0.35
TR2 0.38* 0.48** 0.48** 0.60** 0.16 0.34 0.93**

TR3 0.14 0.24 0.22 0.39* 0.22 0.28 0.71** 0.87**

Precipitation −0.11 0.02 −0.20 0.35** 0.05 −0.11 0.07 0.16 0.51**

* Indicates significant at a 95% confidence level (p < 0.05).
** Indicates significant at a 99% confidence level (p < 0.01).
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from the drip water, resulting in lower calcite deposition precipitation
(Cai et al., 2011). At the same time, the drip speed increased in
summer/autumn and karst fissure were filled with water, which is not
conducive to the degassing of CO2 from interstitial water in the flow
(Sherwin and Baldini, 2011; Partin et al., 2012). Thus, the precipitation
of CaCO3 is inhibited, which further results in lower Mg/Ca ratios
(Baldini et al., 2008).

5.4. The δ18O, δD and Mg/Ca ratios respond to ENSO and atmospheric
circulation

The values of δ18O and δD measured in the drip water increase
gradually from 2013 to 2016 (Fig. 4). Moreover, the values of δ18O and
δD measured in the precipitation also tend to be heavier in summer
after 2013 (Fig. 4a). The lowest value of precipitation δ18O and δD in
the summer of 2016 is 4.0‰ and 33.6‰ higher than that in the
summer of 2012, respectively (Fig. 4a). This result contradicts the ne-
gative correlation between the δ18O in the precipitation and pre-
cipitation amount and temperature in seasonal scales (section 4.2). We
suggest that the “inverse precipitation effect” seen in the interannual
scale is due to the circulation effect, which proposed that the variation
of atmosphere circulation changed the moisture source and finally re-
sulted in the change of precipitation δ18O (Tan, 2014, 2016).

Changes in the δ18O and δD values measured in precipitation in
interannual time scales can reflect climatic changes on large spatial
scales (Cobb et al., 2007; Mischel et al., 2015) and are influenced by the
global pattern of atmospheric circulation (Lambert and Aharon, 2010).
Water vapor in the summer monsoon region of China is primarily de-
rived from three sources: (1) the Indian Ocean (via the Southwest
summer monsoon); (2) the South China Sea; (3) the tropical western
Pacific (via the Southeast summer monsoon) (Tian et al., 2004; Sun
et al., 2006; Liu et al., 2008). In the summer of 2012, during the decay
of the La Niña (Kiladis and van Loon, 1988; Trenberth, 1997; Zhou and
Li, 2017), the WPSH was located northern and eastern of the average
position, its area decreased, and the value of the main area of the WPSH
showed a negative anomaly relative to the average (Fig. 6a). A cyclonic
circulation pattern developed in the western North Pacific (a western
North Pacific cyclone or a WNPC) and the eastern coast of China, and
anomalous west winds occurred at lower latitudes (Fig. 6b) (Chen et al.,
2013). The water vapor was mainly derived from the Indian Ocean, and
a divergence formed in Southwest China (Fig. 6c). At the same time, the
amount of precipitation falling within the study area decreased
(Fig. 6c). The long distance of water vapor led to lower δ18O values
(Breitenbach et al., 2010; Tan, 2014). In another hand, the northerly
winds in the western WNPC blocked the water vapor from the western
Pacific Ocean from reaching the inland areas. The southeast monsoon
became weak in the following summer (Zhou et al., 2014), and the
input of water vapor from the local source (the Pacific Ocean) during
the summer monsoon precipitation period decreased (Fig. 6c) (Tan,
2014, 2016).

During the El Niño event, convective cooling over the tropical
western Pacific Ocean caused the tropical atmosphere to produce a
Rossby wave in the lower troposphere (Cai et al., 2017), resulting in the
development of anomalous anticyclonic circulation in the western
North Pacific (a western North Pacific anticyclone or a WNPAC)
(Fig. 6e) (Cai et al., 2017). The southeast monsoon was enhanced, and
the precipitation in the Yangtze River drainage area increased in the
summer of the following year (Fig. 6f) (Zhang et al., 1999). In the
summer of 2016, during the decay of the El Niño, the WPSH was lo-
cated to the west of the past average position, a ridge was located to the
south, and the area of the WPSH increased (Fig. 6d); moreover, a large
portion of the WPSH area showed positive anomalies (Fig. 6d). Thus,
the intensity of the WPSH in 2016 was clearly stronger than that of
2012 (Fig. 6a, d) (Jiang et al., 2016). Anomalous east winds developed
at low latitudes, and an anticyclonic circulation pattern (WNPAC) ap-
peared over the eastern coast of China (Fig. 6e) (Cai et al., 2017). The
inputs of water vapor from the western Pacific Ocean and the South
China Sea increased and the water vapor displayed convergence (green
shading), resulting in the increase of precipitation over the study area
(Fig. 6f).

Tan (2014, 2016) argued that moisture source from the western
Pacific Ocean and the South China Sea led to higher δ18O values and the
δ18O value of rainwater didn’t depend on the precipitation sum. Cai and
Tian (2016) demonstrate that at the situation of El Niño, the Walker
circulation is weakened, and the convective intensity in Indo-Pacific
region is weak, resulting in less precipitation and inhibits the fractio-
nation of isotope in precipitation, and finally leads to higher values of
δ18O. So, they proposed that precipitation δ18O in ASM region is not
strongly related to change of moisture source (Cai et al., 2017). How-
ever, based on four caves monitoring work in the Asian monsoon region
and combined with the analysis of IsoGSM model, Yang et al. (2016)
confirmed that the values of δ18O in precipitation were enhanced
during El Niño period. In the same time, the annual weighted average of
precipitation δ18O and δD values in 2016 is 0.6‰ and 6.5‰ higher,
respectively, compared to that in 2012 at Hong Kong site (data come
from the International Atomic Energy Agency website). These changes
were also noted by Moerman et al. (2013, 2014) in the study of the
caves in Borneo (4°N, 114°E), Malaysia. Finally, based on our cave
monitoring results and the analysis of atmospheric circulation (Fig. 6),
we proposed that change of moisture source can significantly influence
on the δ18O of precipitation and drip water, with higher values during
El Niño and lower values during La Niña periods, respectively. This is
consistent with previous hypothesis that the values of δ18O in pre-
cipitation responds to ENSO within most parts of the monsoon region of
China (Ishizaki et al., 2012; Tan, 2014).

McDonald et al. (2004) demonstrated that Mg/Ca ratios in drip
water can response to ENSO events based on the monitoring work in
Wombeyan Cave. Tadros et al. (2016) shown that the variation of Mg/
Ca ratios in drip water is opposite between El Niño event and La Niña
event. In this study, the change in Mg/Ca in drip water was increase

Table 4
Correlations between monthly δD values of the drip water, soil water, and precipitation.

r 1# 2# 3# 4# 5# 6# TR1 TR2 TR3

2# 0.78**

3# 0.64** 0.46**

4# 0.21 0.34** −0.12
5# 0.41** 0.38** 0.07 0.40**

6# 0.77** 0.53** 0.69** 0.15 0.21
TR1 0.48** 0.38* 0.79** 0.14 0.19 0.60**

TR2 0.49** 0.38* 0.81** 0.30 0.36 0.67** 0.88**

TR3 0.26 0.13 0.31 0.39* 0.29 0.46** 0.65** 0.80**

Precipitation 0.14 −0.03 −0.32 0.51** 0.16 −0.14 −0.05** −0.03 0.48**

* Indicates significant at a 95% confidence level (p < 0.05).
** Indicates significant at a 99% confidence level (p < 0.01).
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Fig. 6. Averaged atmospheric circulation anomalies in June–July (modified after Yuan et al., 2017). (a, d) 500-hPa geopotential height (contours) and anomalies
(shading) (Jiang et al., 2016). Green 5880 contours represent the Western Pacific Subtropical High (WPSH) in 2012 (a) and 2016 (d), respectively (unit: gpm). Red
contours indicate the average WPSH during 1981–2010. Colors from white to red in the scale represent positive anomalies (unit: gpm). The WPSH moved distinctly
westward in 2016, in contrast to its average position. (b, e) 850-hPa wind anomalies (unit: m/s). The dashed blue ellipse in Fig. 6b indicates the western North Pacific
cyclone (WNPC), and the red dashed ellipse in Fig. 6e indicates the western North Pacific anticyclone (WNPAC) (Chen et al., 2013; Cai et al., 2017). (c, f) Anomalous
moisture flux integrated from 1000 hPa to 300 hPa (vectors; unit: kg/(m*s)) and divergence (shading; unit: 10−5 kg/(m2*s)) (Yuan et al., 2017). The red dots indicate
the location of Yangkou Cave. In 2012, Yangkou Cave was located in a divergence zone, and the local rainfall decreased. In contrast, in 2016, Yangkou Cave was
located in a convergence zone, and the local rainfall increased. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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slightly in the summer of 2012 (Supplementary Fig. S2), the decay
period of the La Niña event discussed above, but was significantly lower
in the summer of 2016 (Fig. 5c and Supplementary Fig. S2), during the
decay of the El Niño event. The precipitation in the study area increased
in El Niño event because the major rainbelt of China is concentrated in
the middle and lower reaches of the Yangtze River during El Niño event
(Wang et al., 2015). The slightly increase of Mg/Ca ratios in drip water
in the summer of 2012 corresponds to an abnormal decrease in pre-
cipitation during July and August of that year, which is normally
359mm (based on the data from Chongqing meteorological bureau,
1970–2000), but as less as 136mm in the July and August of 2012
(Fig. 5d). This abnormal decrease in summer rainfall resulted in an
increase in the time available for water–rock interactions, finally
leading to increases in the Mg/Ca ratios (Musgrove and Banner, 2004).
In addition, the higher Mg/Ca ratios values of drip water in the summer
of 2013 also respond to the decrease in precipitation in July of 2013
(Fig. S2).

The Mg/Ca ratios of the drip water collected in the summer of 2016
are clearly low (Fig. 5c, Supplementary Fig. S2), which is consistent
with the abnormal increase in precipitation that occurred from April to
June in 2016 (Fig. 5d). Increases in precipitation lead to increases in the
velocity of water infiltration into soil and epikarst zone, and shorten the
contact time between soil/rock and water (Fairchild et al., 2000; Li
et al., 2013). Because the dissolution rate of calcite is greater than that
of dolomite (Chou et al., 1989), the Mg concentrations decrease to a
greater degree than the Ca concentrations during the summer of 2016,
resulting in significantly smaller Mg/Ca ratios. This deduction has been
confirmed by the change of Mg and Ca concentrations measured in drip
water. The concentrations of Mg and Ca in the drip water were sig-
nificantly lower in the summer of 2016 than in 2012. The Ca con-
centrations measured at the six drip water sites decreased by 10–31%;
the decrease in the measured Mg concentrations was 44–54%. The Mg
concentrations decrease to a greater degree than the Ca concentrations.
These observations confirm that Mg/Ca ratios can respond to abnormal
precipitation events (e.g., seasonal drought or flood events).

In addition, warm and humid surface environments enhanced the
soil biological effect (Bond-Lamberty and Thomson, 2010), the
strengthened respiration and decomposition in soil release more CO2

and increased the CO2 concentration in cave air (Fig. 5b). A rise in PCO2
in cave air inhibits the CO2 degassing from drip water (Duan et al.,
2012), depressed the deposition of carbonate from drip water, which
also contributes to lower Mg/Ca ratios.

In summary, in the interannual time scales, the change of δ18O and
δD in drip water in ASM regions is dominated by the change of atmo-
spheric circulation, such as the variation of ENSO situations. While, the
Mg/Ca ratios in cave drip water responded to the change of CO2 in soil
and the external hydrological conditions. Thus, they can be used as
indicators in the reconstruction of paleoclimate. Although other factors
as PCP can cause the rising of Mg/Ca ratios in drip water, the occur-
rence of PCP is essentially influenced by hydrological conditions which
mainly dominated by precipitation.

6. Conclusions

(1) Measurements of δ18O and δD in precipitation falling on Mount
Jinfo show significant seasonal changes and negative correlations
with temperature and precipitation. Although the epikarst zone
contains a mixture of precipitation from different times of the year,
the obvious seasonal and interannual changes in δ18O and δD in the
soil water and drip water respond to precipitation on interannual
scale. Measurements of δ18O in the drip water can reflect the δ18O
signal in precipitation.

(2) The changes in δ18O and δD in precipitation are closely related to
the atmospheric circulation patterns on interannual time scales in
the area of Yangkou Cave. During El Niño events, the WPSH is
stronger and located farther west; the southwest monsoon is

weaker, whereas the southeast monsoon is stronger; and the inputs
of water vapor from the nearby source in the western Pacific in-
crease. Finally, the δ18O of the precipitation is higher values.
During La Niña events, the WPSH shrinks and is located farther
east; the southwest monsoon is enhanced; the water vapor is de-
rived primarily from the Indian Ocean; and the δ18O of the pre-
cipitation is lower values.

(3) Mg/Ca ratios can reflect changes of CO2 in soil and hydrological
conditions in epikarst zones which dominated by the precipitation
that falls outside of cave. When the precipitation and CO2 in soil
anomaly increases in summer, the Mg/Ca ratios decrease in the drip
water; when the summer precipitation and CO2 in soil decreases,
the Mg/Ca ratios increase in the drip water.
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