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Abstract

We investigated potential factors influencing variations in isotopic composition of external precipitation and internal drip 
water at Zhenzhu Cave, Hebei Province, north China. Two meteoric precipitation sites and three cave drip sites were 
monitored monthly during April 2012–April 2014. The results of meteoric precipitation present: on monthly timescale, 
δ18Op and δDp showed a significant seasonal double peak characterized by depleted isotopic values in both dry and wet 
seasons (but a significant seasonal variation in d-excess). There is a weakly negative correlation with monthly mean 
precipitation amount but no significant correlation with surface air temperature. Based on GNIP data, there are no sig-
nificant correlations on an interannual scale between annual weighted mean δ18Op (and δDp) and annual precipitation 
or annual mean temperature. This implies the variation of δ18Op (and δDp) in the area cannot be interpreted solely as 
reflecting an “amount effect” or “temperature effect” on either seasonal or interannual scale, and may be affected by 
moisture sources. There isn’t any significant change in δ18Od and δDd values of cave drip water during monitoring pe-
riod, demonstrating that cave drip water comprise a mixture of precipitation integrated over a long period rather than 
seasonal timescale. There were significant seasonal changes in cave air CO2 concentration, with higher concentrations 
in summer and lower concentrations in winter that is well correlated with environmental variables such as surface 
temperature and precipitation, which may help improve the interpretation of stable carbon isotope records from spele-
othems (δ13Cs) in relation to cave air CO2.

Introduction
Owing to the availability of various environmental proxies and precise chronology, speleothems are widely recog-

nized as one of the most important archives of information for high-resolution paleoclimatic studies (Fairchild et al., 
2006; Fairchild and Baker, 2012). In particular, the oxygen isotope and carbon isotope ratios of speleothems (δ18Os, 
δ13Cs) have been widely used to reconstruct past climatic variability (Wang et al., 2001, 2008; Cosford et al., 2009; 
Cheng et al., 2009). δ18Os is often considered to inherit the δ18O signal of atmospheric precipitation (δ18Op) (Cheng et 
al., 2005; Luo and Wang, 2008), and thus, climatic factors effecting changes in δ18Op are usually regarded as drivers 
of variations in δ18Os (Wang et al., 2001; Dayem et al., 2010; Cheng et al., 2012; Tan, 2009, 2014). However, δ18Op is a 
function of air temperature, rainfall amount, moisture source, and other complex factors (Craig, 1961; Rozanski et al., 
1982). Consequently, it is often difficult to separate the effects of these variables for the climatic interpretation of δ18Op 
records, although research has indicated that changes in δ18Op are mainly controlled by rainfall amount in low latitude 
regions and by temperature in high latitude regions (Dansgaard, 1964). Furthermore, δ18Os is not controlled solely by 
changes in δ18Op. Cave conditions such as host rock lithology, ventilation, CO2 concentration, and the in-cave process 
of calcite precipitation could also influence variations in δ18Os (Feng et al., 2012, 2014; Genty et al., 2014; Duan et al., 
2016). Consequently, the interpretation of δ18Os is ambiguous, especially in the case of δ18Os records from the Asian 
monsoon region which are often interpreted as a proxy of local rainfall amount or monsoon intensity (Clemens et al., 
2010; Pausata et al., 2011; Tan, 2009, 2014; Liu et al., 2015; Rao et al., 2015, 2016). 

From the foregoing, it is evident that cave monitoring can help improve our understanding of the relationship be-
tween δ18Op and δ18Os (Luo and Wang, 2008; Ruan and Hu, 2010; Li et al., 2011; Genty et al., 2014; Duan et al., 2016). 
In the past decade, cave monitoring research has yielded valuable information (Luo and Wang, 2008; Ruan and Hu, 
2010; Li et al., 2011; Genty et al., 2014; Duan et al., 2016), but monitoring results may be difficult to interpret and vary 
among different caves. Moreover, in some cases even results for different sites within the same cave are inconsistent 
(Duan et al., 2016). Therefore, more cave monitoring studies of longer duration are needed to clarify the significance 
of the δ18O record of speleothems.

1 Key Laboratory of Western China’s Environmental Systems (Ministry of Education), College of Earth and Environmental Sciences, Lanzhou 
University, Lanzhou 730000, China
2 Center for Water Research, Department of Geological Sciences, University of Texas at San Antonio, San Antonio, TX 78249, USA
3 College of Resources and Environmental Sciences, Hunan Normal University, Changsha 410081, China
4 College of Resources and Environment, Hebei Key Laboratory of Environmental Change and Ecological Construction, Hebei Normal University, 
Shijiazhuang 050024, China
5 School of Soil and Water Conservation, Beijing Forestry University, Beijing 100083, China
CCorresponding Author: raozhg@hunnu.edu.cn.

Journal of Cave and Karst Studies, June 2019 • 123



124 • Journal of Cave and Karst Studies, June 2019

Li, Zhang, Liu, Gao, and Rao

The present study seeks to provide a reference for reconstructing past environmental changes in the Zhenzhu Cave 
region in north China and to better understand the cave environment. For this purpose, we conducted a two-year (April 
2012–April 2014) on-site monitoring study of precipitation and drip water with a monthly sampling interval. 
Study area and sampling sites

Zhenzhu (‘Pearl’ in English) Cave (38º15′ N, 113º42′ E, 990 m) is in the Tiangui Mountains in Pingshan County, Hebei 
Province, north China (Fig. 1). The current climate in the study area is dominantly monsoonal, characterized by two 
distinct seasons: a cool and dry winter from November to February and a hot and rainy summer from June to Septem-
ber. According to the meteorological data covering 1981-2010 from the nearest weather station (Pingshan city, National 
Meteorological Information Center, http://data.cma.cn/data/weatherBk.html), the mean annual temperature (MAT) is 
13 °C, and the mean annual precipitation (MAP) is 539 mm, with 80 % of the annual precipitation occurring in 
summer (June to September). However, because Zhenzhu Cave is located in the high elevation mountainous area, the 
MAT in this cave area is 2-3 °C lower than that in Pingshan city, but the MAP in this cave area is 110 mm more than 
that in Pingshan city, with a final MAT of 8-11 °C and MAP of 649-690 mm (Chen, 2010). The bedrock of Zhenzhu Cave 
is upper Cambrian-lower Ordovician dolomite, lime-dolomite, and dolomitic limestone. The cave was formed along a 
NNW-SSE oriented fault zone. The thickness of the bedrock overlying the cave is very thin (10 m). At present, the 
natural vegetation above the cave is well-developed (Wang et al., 2011). According to the results of monitoring covering 
April 2012–April 2014, the thermohydrograph (hourly average output) showed that the relative humidity inside Zhenzhu 
Cave maintains 99%100% during almost the whole monitoring period. The average temperature inside the cave is 9 
°C, with a standard deviation of 1 °C, consistent with annual air temperature in this area. 

Two precipitation monitoring stations (W1 and W2) were established for this study. W1 was located on the rooftop of 
a water house at a scenic location near Zhenzhu Cave and W2 was located on the rooftop of the administration building 
near site W1. The linear distance between W1 and W2 is 600 m (Fig. 1B). Three drip monitoring sites (D1, D2, D3) were 
chosen from different localities along cave passages, with increasing distance from the cave entrance to the innermost 
part of the cave (Fig. 1C). Cave conditions, including cave air CO2 concentration (CO2 meter), cave air temperature (Tin) 
and inside cave relative humidity (RH) (Thermohydrograph), were also monitored (Fig. 1C).

Methods And Data
Two precipitation-monitoring stations and three drip sites were visited every month from April 2012–April 2014 and 

corresponding water samples were collected. Drip water samples were collected in 100 mL high-density polyethylene 
(HDPE) bottles and stored at 4 °C until processing. Storage and processing of precipitation samples were the same 
as those for drip water. All samples were filtered using a 0.45 µm glass fiber membrane filter and stable isotopic com-
position of oxygen and hydrogen were measured using a liquid water isotope analyzer (Los Gatos Research, DLT-100) 
in the Key Laboratory of Western China’s Environmental Systems (Ministry of Education), College of Earth and Envi-
ronmental Sciences, Lanzhou University. Results are expressed relative to V-SMOW (Vienna Standard Mean Ocean 

Figure 1. (A) Location of Zhenzhu Cave (red star) in Pingshan County, Hebei Province, China. The locations of Beijing and Shijiazhuang 
are also shown; (B) Location of rainfall sampling sites (blue rectangles, W1: 38.2643°N, 113.7149°E; W2: 38.2621°N, 113.7231°E), (Google 
Maps Image); (C) Plan view of the passages of Zhenzhu Cave, showing the locations of dripwater sampling sites (red circles), CO2 meter 
(red star), and thermohydrograph (purple cross).
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Water). Measurement errors of hydrogen isotope (δD) and oxygen isotope (δ18O) measurements were 0.3 ‰ and 0.1 
‰, respectively. Because meteorological data of a specific month in Pingshan city isn’t available in the National Mete-
orological Information Center, meteorological data (monthly temperature and monthly precipitation) of Shijiazhuang (80 
km away from Zhenzhu Cave) is downloaded from NOAA (https://gis.ncdc.noaa.gov/maps/ncei/summaries/monthly) to 
represent the local climate conditions.

Results and Discussion
Stable isotopic composition of precipitation
Seasonal variations

The hydrogen (δDp) and oxygen (δ18Op) isotopic compositions of precipitation samples from sites W1 and W2 during 
April 2012–April 2014 range from 84.4 ‰ to 16.9 ‰, and from 11.7 ‰ to 4.0 ‰, respectively. Because of the ab-
sence or limited amount of rainfall in some months, δDp and δ18Op data for March 2013, December 2013, January 2014 and 
March 2014 are not available (Supplementary 1). In principle, precipitation isotopic values of sites W1 and W2 should be 
the same or similar. However, there are minor differences in the values in December 2012, January 2013, February 2013 
and February 2014. Evidently, this difference occurred in months in which precipitation amount and temperature were 
very low, and thus water samples may have been affected by environmental factors such as evaporation and freezing. 
Minor variations in sampling and storage procedures during sample collection, as well as measurement errors, may also 
have been responsible for the differences. Nevertheless, precipitation isotopic values of the two sites were generally con-
sistent during the 
monitoring period, 
suggesting that the 
data are valid.

P r e c i p i t a t i o n 
isotopic data was 
used to construct 
the local meteor-
ic water line in the 
Zhenzhu Cave re-
gion (LMWL): δD 
 7.6 δ18O9.0 (n 
 41, R2  0.94) 
(Fig. 2A). The slope 
of the LMWL is 
close to but slightly 
smaller than that of 
the global meteoric 
water line (GMWL: 
δD  8 δ18O10.0, 
Craig, 1961) and the 
Chinese meteoric 
water line (CMWL: 
δD  7.9δ18O8.2, 
Zheng et al., 1983), 
implying that isoto-
pic composition of 
precipitation in the 
area was weakly 
affected by unbal-
anced secondary 
evaporation and other fractionation factors, such as considerable seasonal temperature variations and relatively low 
condensation temperature (Liu et al., 2014).

A seasonal double-peak is evident in the data. δDp and δ18Op were lower in the summer/rainy seasons and cold/dry 
seasons (Fig. 3A and 3B). This result differs from isotopic compositions of precipitation in South China, which are lower 
only in the summer/rainy season, but are similar to those in northeast China (Liu et al., 2008, 2009, 2014). Correlation 
analysis of the monthly mean δ18Op (and δDp ) and precipitation amount or temperature revealed a relatively weak nega-
tive correlation between isotopic composition (δ18Op and δDp) and monthly precipitation (MP) (W1: δ18Op  0.014P6.0, 

Figure 2. (A) Relationship between δD and δ18O of drip water and local precipitation in Zhenzhu Cave. The Local 
meteoric water line (LMWL, blue line) is defined by all the precipitation data from two precipitation monitoring 
sites (W1 and W2). Within the analytical uncertainty, the Zhenzhu Cave drip-water samples fall on the Global 
meteoric water line (GMWL, black line) and below the LMWL; (B) Relationship between δD and δ18O of drip water 
(grey box).
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n  21, R2  0.19; δDp  
0.14P34.4, n  21, R2  
0.26; W2: δ18Op  0.011P6.5, 
n  20, R2  0.11; δDp  
0.12P37.9, n  20, R2  0.2) 
(Fig. 4). This demonstrates that 
δ18Op and δDp in the Zhenzhu 
Cave area were either uninflu-
enced or only slightly influenced 
by the rainfall amount effect on 
a seasonal scale. There was no 
significant correlation between 
isotopic composition and month-
ly mean air temperature (W1: 
δ18Op = −0.011T−6.6, n = 21, R2 
 0.003; δDp  0.22T39.4, n 
 21, R2  0.019; W2: δ18Op  
0.010T7.3, n  20, R2  0.003; 
δDp  0.16T43.4, n  20, 
R2  0.006) (Fig. 4). Therefore, 
isotopic compositions of precip-
itation on a seasonal scale in 
the study area cannot be inter-
preted solely in terms of rainfall 
amount or temperature effect. 

Changes in moisture source 
and vapor transport path have 
substantial effects on variations 
in isotopic compositions of pre-
cipitation (Welker, 2000; Liu et 
al., 2008, 2009, 2014). In stud-
ies of modern isotopic composi-
tions of precipitation, deuterium 
excess (d-excess), defined as 
d  δD  8δ18O, is an import-
ant parameter that may reflect 
climatic conditions in the mois-
ture source area such as the 
distance from the source area 
to the precipitation location, and 
condensation and re-evapo-
ration processes during vapor 
transport (Araguás-Araguás 
et al., 2000; Merlivat and Jou-
zel, 1979; Johnsen et al., 1989; 
Pfahl and Wernli, 2008; Pfahl 
and Sodemann, 2014). 

We calculated d-excess during the monitoring period, using the monthly averaged δ18Op and δDp data (Fig. 3C). 
Compared to the double-peak signal in the record of the isotopic composition of precipitation, a significant seasonal 
variation is evident, with higher values in winter and lower values in summer. For the Zhenzhu Cave area, which is very 
sensitive to changes in the summer and winter monsoon, the wind direction in summer is from the ocean towards the 
interior land, which is determined by the land-sea thermal gradient, or the local inland atmospheric circulation pattern. 
The temperature and relative humidity over the ocean result in a lower d-excess value than that of air masses origi-
nating from inland (Pfahl and Sodemann, 2014). By contrast, air masses transported by winter winds originate in high 
latitude regions, characterized by dry conditions and strong evaporation in the source area and by a long transport 
distance, resulting in a higher value of d-excess. In addition, based on NOAA/ARL HYSPLIT back trajectory modelling 

Figure 3. Time series of δ18O (A), δD (B) and d-excess (C) from the W1 (black squares) and W2 
(red squares) rainfall sampling sites in the Zhenzhu Cave area; (D) Temperature anomalies in the 
Niño 3.4 region (black triangles); (E) Variation of monthly precipitation (blue bars) and monthly 
mean temperature (red triangles) (the yellow bar represents the summer period).
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(https://www.ready.noaa.gov/HYSPLIT_traj.php, Zhang et al., 2015), the air mass trajectory of a typical summer month 
(July 2013) and a typical winter month (January 2013) was determined weekly. Results demonstrated that the air mass 
trajectory in July 2013 was complex and mainly sourced from local inland circulation (Fig. 5). However, the air mass 
in January 2013 was mainly transported by northerly or westerly winds from high latitudes or by westerly winds far 
inland (Fig. 6), which is consistent with our d-excess data and results from previous research (Wang et al., 2003). On 
the other hand, this characteristic pattern of variation of d-excess is also in accord with the double-peak evident in the 
isotopic composition of precipitation mentioned above (Pfahl and Sodemann, 2014). Precipitation in the rainy season 
in the Zhenzhu Cave area is derived from local recycled vapor or oceanic sources, with lower values of precipitation 
isotopic compositions (δ18Op and δDp) resulting from the rain-out effect. For the winter/dry season, precipitation is main-
ly sourced from remote inland air masses or polar air masses, with a long transport distance and evaporation, which 
finally result in lower isotopic values of precipitation.
Interannual variations

On an interannual scale, taking W1 for example, the amplitude of variation of δ18Op, δDp during April 2012 to February 
2013 (δ18Op: 11.7 ‰ to 4.0 ‰; δDp: 84.4 ‰ to 16.9 ‰) was greater than that during the same period from 2013-
2014 (δ18Op: 8.4 ‰ to 5.4 ‰; δDp: 57.4 ‰ to 30.5 ‰). In addition, the mean value of δ18Op (δDp) weighted by 
monthly precipitation amount (MWP) for April 2012–February 2013 was 8.2 ‰ (55.4 ‰), 8.6 ‰ (60.0 ‰) for June 
2012–September 2012 (warm/rainy season), and 8.4 ‰ (50.5 ‰) for October 2012–February 2013 (cold/dry season). 
These values are lower than those for the same period in 2013–2014 (Table 1). On the other hand, meteorological data 
show that the total amount of precipitation during April 2012 to February 2013 (653.5 mm) was greater than that during 
April 2013–February 2014 (578.5 mm) (Table 1). Combining the corresponding MWP isotopic values for the aforemen-
tioned periods (Table 1), it suggests that the greater the rainfall amount, the more depleted the isotopic composition (i.e., 
the rainfall amount effect). This conclusion is tentative due to the relatively short monitoring period, however. 

Figure 4. Relationship between monthly precipitation (MP, A) or monthly mean temperature (MMT, B) and monthly mean δ18Op for the 
Zhenzhu Cave area; C and D are the same as A and B, but for monthly mean δDp. 
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To examine the relationships between δ18Op (and δDp) and environmental variables (rainfall amount and temperature) 
on an interannual scale, due to the lack of monitoring data covering a longer interval, we referred to results of previous 
research (Li et al., 2015; Rao et al., 2016). Based on GNIP data from Shijiazhuang meteorological station, weighted 
mean annual δ18Op (and δDp) spanning a 13-year interval was used to analyze the relationship between weighted mean 
annual δ18Op (and δDp) and annual precipitation amount or annual mean temperature (Fig. 7). Results show that cor-
relations between weighted mean annual δ18Op (and δDp) and annual precipitation amount or annual mean temperature 
are weak (Fig. 7), and thus we cannot attribute the variation in δ18Op to a rainfall amount effect or temperature effect on 
interannual scales. 

It has been suggested that the El Niño-Southern Oscillation (ENSO) cycle is the dominant control on the interannual 
variation in δ18Op in the monsoon regions of China, via its effect on the ratio of water vapor originating from distant oce-
anic sources (progressively depleted in δ18O) and local oceanic sources (relatively enriched in δ18O) at an observation 
site (Tan, 2014). Hence, we compared our precipitation isotopic values with an ENSO index, defined by the sea-surface 
temperature anomaly (SSTA) in the Niño 3.4 region (5°S  5°N, 170°W  120°W) in the tropical Pacific (NOAA, https://
www.cpc.ncep.noaa.gov/data/indices/sstoi.indices). The results demonstrate that the pattern of variation of SSTA in the 
Niño 3.4 region is similar to that of the isotopic composition in precipitation, with the amplitude of variation in 2012-2013 
greater than that during 2013–2014 (Fig. 3D), implying that the variation of the isotopic composition of precipitation 
during the monitoring period may be affected by the SSTA or by an atmosphere-ocean circulation anomaly, which can 
effect changes in moisture source or transport path, causing variations in the isotopic composition of precipitation. 
However, more research is needed to confirm this conclusion.

Figure 5. Weekly trajectory modeling of the air mass path in a typical summer month (July 2013) based on NOAA/ARL HYSPLIT.
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Table 1. Summary of average temperature, total precipitation, mean δ18Op and δDp, weighted by monthly precipitation amount 
(MWP), and average δ18Od and δDd for specific periods for the Zhenzhu Cave area.

Projects 
for 

Statistics
April 2012–
April 2014

April 2012–
February 2013

June 2012–
September 2012

October 2012–
February 2013

April 2013–
February 2014

June 2013–
September 2013

October 2013–
February 2014

Average 
temperature 

(°C)

14.4 14.55 25.7 3.2 14.8 25.4 5.1

Total 
precipitation 

(mm)

1260 653.5 515.9 53.8 578.5 486.9 23.3

MWP δ18Op 
(‰, VSMOW)

7.7 8.2 8.6 8.4 7.3 7.6 −6.9

MWP δDp (‰, 
VSMOW)

51.1 55.4 60.0 50.5 48.5 50.3 −41.4

Average 
δ18Od (‰, 
VSMOW)

9.1 9.0 9.0 9.0 9.1 9.1 −9.1

Average δDd 
(‰, VSMOW)

62.1 61.6 61.5 61.9 62.4 62.6 −61.3

Figure 6. Weekly trajectory modeling of the air mass path in a typical winter month (January 2013) based on NOAA/ARL HYSPLIT.
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In summary, the variation of the precipitation isotopic composition in the Zhenzhu Cave area during the monitoring 
period cannot be attributed solely to the rainfall amount effect or temperature effect, on either seasonal or interannual 
timescales.
Stable isotopic composition of drip water

Three drip monitoring sites (D1, D2 and D3) were sampled monthly. Drip rate were measured at the time of sample 
collection from April 2012–April 2014. All three sites had perennial drips, but the drip rates of all sites were very low 
(30 minutes per drip). 

The range of variation of the hydrogen (δDd) and oxygen (δ18Od) isotopic composition of drip water samples from the 
three sites was as follows. D1: δDd: 62.9 ‰ to 60.1 ‰, and δ18Od: 9.1 ‰ to 8.7 ‰; D2: δDd: 63.7 ‰ to 60.1 ‰, 
and δ18Od: 9.3 ‰ to 8.8 ‰; D3: δDd: 63.8 ‰ to 59.9 ‰, and δ18Od: 9.3 ‰ to 8.7 ‰. Isotopic compositions of 
drip water for some months are unavailable because of conditions such as limited drip water amount and evaporation 
during storage (Fig. 8, Supplementary 2).

Isotopic composition of the drip water samples generally plot close to or slightly below the LMWL (Fig. 2). In the 
meantime, the average value of δ18Od (δDd) during the entire monitoring period is 9.1 ‰ (62.1 ‰), which is close to 
or slightly more depleted than the δ18Op (δDp) with values of 7.7 ‰ (51.1 ‰) (Table 1), which indicates that in general 
δ18Od (δDd) inherits the signal of the meteoric water above the caves (Luo and Wang, 2008; Pape et al., 2010; Genty 
et al., 2014). The drip water δ18Od (δDd) plotting below the LMWL and the lower value of δ18Od (δ Dd) may result from 
more depleted precipitation recharge of the drip water.  Compared with the variation of the isotopic composition of pre-
cipitation (δDp and δ18Op), the δ18Od (δDd) at the three sites had a low degree of variability (range of δ18Od  1 ‰), and 
a seasonal signal is absent (Fig. 8A), which is in accord with results in other cave sites (Genty et al., 2014; Duan et al., 
2016). The pattern furthermore confirmed that the variation of δ18Od (δDd) in drip water may be attributed to groundwater 
homogenization via the mixing of different timescales or multi-year timescales precipitation in the soil and epikarst zone 
above the cave (Williams and Fowler, 2002; Pape et al., 2010; Benton and Doctor, 2018; Eagle et al., 2015). The range 

Figure 7. Relationships between annual weighted mean precipitation δ18O and annual precipitation (A) or annual mean temperature (B) at 
Shijiazhuang.
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of variation of the isotopic composition of 
the drip waters was small, implying that 
the resulting speleothem δ18O (δ18Os) 
could not reflect seasonal-scale varia-
tions in the isotopic composition of pre-
cipitation in the Zhenzhu Cave region. 
Cave air CO2 concentration, cave air 
temperature and relative humidity

In contrast to δDd and δ18Od, cave air 
CO2 concentration exhibits a clear sea-
sonal pattern of variation, ranging be-
tween 352 to 1383 ppmv, with lower val-
ues in the winter/dry season and higher 
values in the summer/wet season (Fig. 
9). The average temperature inside the 
cave is 9 °C, with a standard deviation 
of 1 °C, consistent with annual air tem-
perature in this area (Fig. 9). The RH in 
Zhenzhu Cave is 99 % to 100 % during 
the entire monitoring period. These char-
acteristics of cave air CO2 concentration, 
Tin, and the RH in Zhenzhu Cave were 

also observed in other studies (Hu et al., 
2007; Li et al., 2011; Pu et al., 2015).

The variability of cave air CO2 concen-
tration is mainly affected by CO2 sources: 
including the overlying soil, bacterial oxida-
tion of organic matter in the cave system, 
outside atmosphere CO2, and deep gas 
diffusion or transport (Liñán et al. 2008; 
Pu et al., 2015). However, contributions of 
other factors (e.g., the concentration of the 
outside atmospheric CO2 and deep gas 
diffusion or transport) were minor, com-
pared to the 1000 ppmv range observed 
in the CO2 level of Zhenzhu Cave. Thus, 
we conclude that the variation of cave air 
CO2 concentration in Zhenzhu Cave was 
dominated by variations in CO2 generated 
in the overlying soil, which were controlled 
by vegetation conditions and biological 
activity. In addition, biological productivi-
ty of vegetation and soil above a cave are 
influenced by climatic variables such as 
precipitation and temperature. 

As shown in Fig. 9, seasonal variations of cave air CO2 concentration in Zhenzhu Cave are highly consistent with 
the surface monthly mean temperature (MMT) and monthly precipitation (MP). There is also a significant positive 
correlation between CO2 concentration and MP or MMT (Fig. 10). During the warm/wet season, when vegetation and 
soil biological activity are flourishing, the biogenic production of CO2 would increase. As the outside air temperature 
increases, cave ventilation effects resulting from the barometric pressure (or density) difference between the outside 
air and cave air begin to decrease and the soil CO2 yield begins to increase. In addition, an increasing amount of CO2 
from the overlying soil enters the cave with dripwater (or seepage water) that passes through the zone, maintaining the 
cave air CO2 concentration at a higher level because of the continuous supply from the soil (Buecher 1999; Fernan-
dez-Cortes et al. 2009). In the dry/cold season, when biological activity and the outside air temperature are lower, the 
soil CO2 yield would decrease. Colder and denser air with lower CO2 concentration enters the cave via the entrance 
and karst fissures, diluting the cave air CO2 and leading to lower cave air CO2 concentration (Li et al., 2012; Liñán et al. 

Figure 8. Time series of monthly water δ18O (A), δ D (B) for two precipitation and three 
drip sites in Zhenzhu Cave.

Figure 9. (A) Time series of cave air CO2 concentration at Zhenzhu Cave; (B) variabil-
ity of monthly precipitation (blue bars), monthly mean temperature (red triangles), and 
relative humidity (RH, green rectangle) inside the cave and cave air temperature (Tin, 
red dot).
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2008; 2015). However, statistical results including average temperature, total precipitation amount, and monthly mean 
CO2 concentration during April–October of 2012 and 2013 (Table 2) show that the monthly mean CO2 concentration 
during April–October of 2012 was greater than that during 2013, and was also the case for total precipitation, although 
the temperature was not significantly different between 2012 and 2013. The cave air CO2 concentration may be more 
sensitive to precipitation variations. More sites for long-term monitoring are needed to verify these inferences.

In summary, climatic conditions (temperature and especially precipitation) outside the cave are likely responsible for 

the seasonal changes in cave air CO2 concentration, which may control cave ventilation and biological activity in the 
vegetation and soil overlying the cave.
Implications of results for paleoclimatic studies

Our findings have several implications for the use of stable isotope values of speleothems from Zhenzhu Cave for 
paleoclimatic reconstruction. First, in the study area, there is no significant correlation between the stable isotopic com-
position of precipitation and rainfall amount or air temperature, on either seasonal or interannual scales. Therefore, vari-
ations in precipitation isotopic composition cannot be interpreted as a proxy of local rainfall amount or air temperature 
on these timescales. Second, because the relatively constant isotopic composition of drip water is caused by the mixing 
of meteoric waters in the epikarst zone above Zhenzhu Cave, the isotopic composition of drip water should reflect the 
long-term weighted average composition of local precipitation above the cave. Therefore, paleoclimatic records based 
on the oxygen isotopic composition of speleothems growing from such drip sites should reflect multi-year variations in 
the climate of the Zhenzhu Cave area. 

Cave air CO2 is closely related to speleothem δ13C (δ13Cs), which is demonstrated by the following: δ13Cs is mainly 
influenced by the δ13C of soil CO2 and CO2 degassing of the drip water, which are also the dominant factors controlling 
cave air CO2 concentration. Conversely, cave air CO2 concentration plays an important role in the degassing of CO2 and 
carbonate reprecipitation, which in turn affect variations in δ13Cs (Paulsen et al., 2003; Fairchild et al., 2006, 2009; Spötl 
et al., 2005). Thus, the study of cave air CO2 complements and reinforces our interpretation of δ13Cs records. The cave 
air CO2 level in Zhenzhu Cave during April 2012–April 2014 exhibited distinct seasonal changes and were well-correlat-
ed with outside climate conditions especially precipitation. Climatic conditions outside the cave substantially influenced 
the variations of cave air CO2 concentration. Furthermore, the history of vegetation changes and deforestation based 
on the δ13Cs record covering the past millenium from Zhenzhu Cave has been successfully reconstructed (Yin et al., 
2017). CO2 results with seasonal variation may be useful for interpreting the significance of δ13Cs on seasonal timescale.

Figure 10. Linear regression between cave air CO2 and MP (A) or MMT (B) for Zhenzhu Cave.

Table 2. Summary of average temperature, total precipitation, and monthly mean CO2 concentration during April − October 
in 2012 and 2013 for the Zhenzhu Cave area.

Year Average temperature (°C) Total precipitation (mm) Monthly mean CO2 (ppmv)
2012 22.9 606.2 1122.6

2013 21.8 565.9   906.6
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Conclusions
The major conclusions of our two-year monitoring study of Zhenzhu Cave in north China are
1. In the study area there was no significant correlation between δ18Op and δDp and precipitation and temperature 

on the seasonal and interannual scales. Variations in δ18Op (δDp) cannot be interpreted solely by the tempera-
ture effect or amount effect. They could be influenced by other factors such as changes in moisture sources 
caused by changes in atmospheric circulation.

2. The narrow range of variation and absence of seasonality in the drip-water δ18Od (δDd) values suggest that the 
drip water is derived from the mixing of different timescales or multi-year meteoric waters in the epikarstic zone. 
Thus, the δ18Os records of speleothems fed by this type of drip water should reflect multi-year variations in the 
isotopic composition of the local precipitation. 

3. The CO2 concentration of Zhenzhu Cave exhibited significant seasonal changes and was well-correlated with 
climate conditions especially precipitation, implying seasonal variations in CO2 concentration likely impact the 
signatures of δ13Cs, and possibly providing a seasonal signal that does not appear in δ18Os data.

Acknowledgements
We appreciate the efforts of students from Hebei Normal University who joined us in field trips to the cave and pro-

vided assistance with sampling of precipitation and drip water. The work was supported by the Fundamental Research 
Funds for the Central Universities (lzujbky-2016-240, lzujbky-2018-it77), and the National Natural Science Foundation 
of China (Grant Nos. 41772373, 41428202, and 41372181).

References
Araguás-Araguás, L., Froehlich, K., and Rozanski, K., 2000, Deuterium and oxygen-18 isotope composition of precipitation and atmo-

spheric moisture: Hydrological Processes, v. 14, no. 8, p. 1341−1355. https://doi.org/10.1002/1099-1085(20000615)14:8<1341::AID-
HYP983>3.0.CO;2-Z.

Baker, A., Asrat, A., Fairchild, I. J., Leng, M. J., Wynn, P. M., Bryant, C., Genty, D., and Umer, M., 2007, Analysis of the climate signal contained 
within δ18O and growth rate parameters in two Ethiopian stalagmites: Geochimica et Cosmochimica Acta, v. 71, no. 12, p. 2975−2988. https://
doi.org/10.1016/j.gca.2007.03.029.

Banner, J. L., Guilfoyle, A., James, E. W., Stern, L. A., and Musgrove, M., 2007, Seasonal variations in modern speleothem calcite growth in 
central Texas, USA: Journal of Sedimentary Research, v. 77, no. 8, p. 615−622. https://doi.org/10.2110/jsr.2007.065.

Benton, J. R. and D. Doctor, 2018, Investigating Vadose Zone Hydrology in a karst terrain through hydrograph and chemical time series analysis 
of cave drips at Grand Caverns, Virginia: In NCKRI Symposium 7: Proceedings of the 15th Multidisciplinary Conference on Sinkholes and the 
Engineering and Environmental Impacts of Karst and the 3rd Appalachian Karst Symposium, p. 213−219.

Buecher, R. H., 1999, Microclimate study of Kitchener Caverns, Arizona: Journal of Cave and Karst Studies, v. 61, no. 2, p. 108–120.
Caballero, E., De Cisneros, C. J., and Reyes, E., 1996, A stable isotope study of cave seepage waters: Applied Geochemistry, v. 11, no. 4, p. 

583−587. https://doi.org/10.1016/0883-2927(96)00026-1.
Chen, Z., 2010, The formation and evolution of Karst in Tianguishan area, Hebei Province: Master thesis, Hebei Normal University, Shijiazhuang, 

p. 15−16 (in Chinese with English abstract).
Cheng, H., Edwards, R. L., Broecker, W. S., Denton, G. H., Kong, X., Wang, Y., Zhang, R., and Wang, X., 2009, Ice Age Terminations: Science, v. 

326, no. 5950, p. 248−252. https://doi.org/10.1126/science.1177840.
Cheng, H., Edwards, R. L., Wang, X. F., Wang, Y. J., Kong, X. G., Yuan, D. X., Zhang, M. L., Lin, Y. S., Qin, J. M., and Ran, J. C., 2005, Oxygen 

isotope records of stalagmites from southern China: Quaternary Science, v. 25, no. 2, p. 157–163 (in Chinese with English abstract).
Cheng, H., Zhang, P. Z., Spötl, C., Edwards, R. L., Cai, Y. J., Zhang, D. Z., Sang, W.C., Tan, M., and An, Z. S., 2012, The climatic cyclicity in 

semiarid-arid central Asia over the past 500,000 years: Geophysical Research Letters, v. 39, no. 1. https://doi.org/10.1029/2011GL050202.
Clemens, S. C., Prell, W. L., and Sun, Y., 2010, Orbital-scale timing and mechanisms driving Late Pleistocene Indo-Asian summer monsoons: 

Reinterpreting cave speleothem δ18O: Paleoceanography, v. 25, no. 4. https://doi.org/10.1029/2010PA001926.
Cosford, J., Qing, H., Mattey, D., Eglington, B., and Zhang, M., 2009, Climatic and local effects on stalagmite δ13C values at Lianhua Cave, China: 

Palaeogeography, Palaeoclimatology, Palaeoecology, v. 280, no. 1-2, p. 235–244.
Craig, H., 1961, Isotopic variations in meteoric waters: Science, v. 133, no. 3465, p. 1702−1703. https://doi.org/10.1126/science.133.3465.1702.
Dansgaard, W., 1964, Stable isotopes in precipitation: Tellus, v. 16, no. 4, p. 436−468. https://doi.org/10.3402/tellusa.v16i4.8993.
Dayem, K. E., Molnar, P., Battisti, D. S., and Roe, G. H., 2010, Lessons learned from oxygen isotopes in modern precipitation applied to interpre-

tation of speleothem records of paleoclimate from eastern Asia: Earth and Planetary Science Letters, v. 295, no. 1-2, p. 219−230. https://doi.
org/10.1016/j.epsl.2010.04.003.

Ding, Y. H., and Chan, J. C. L., 2005, The East Asian summer monsoon: an overview: Meteorology and Atmospheric Physics, v. 89, no. 1-4, p. 
117−142. https://doi.org/10.1007/s00703-005-0125-z.

Duan, W., Ruan, J., Luo, W., Li, T., Tian, L., Zeng, G., Zhang, D., Bai, Y., Li, J., Tao, T., Zhang, P., Baker, A., Tan, M., 2016, The transfer of sea-
sonal isotopic variability between precipitation and drip water at eight caves in the monsoon regions of China: Geochimica et Cosmochimica 
Acta, v. 183, no. 15, p. 250−266. https://doi.org/10.1016/j.gca.2016.03.037.

Eagle, S., W. Orndorff, Schwartz, B., Doctor, D., Gerst, J. and Schreiber, M., 2015, Analysis of hydrologic and geochemical time-series data at 
James Cave, Virginia: Implications for epikarst influence on recharge in Appalachian karst aquifers: Geological Society of America Special 
Papers, v. 516, p. SPE516-15.

Fairchild, I. J., and Baker, A., 2012, Speleothem science: from process to past environments: v. 3, John Wiley & Sons. https://doi.
org/10.1002/9781444361094.

Fairchild, I. J., and Treble, P. C., 2009, Trace elements in speleothems as recorders of environmental change: Quaternary Science Reviews, v. 
28, no. 5-6, p. 449−468. https://doi.org/10.1016/j.quascirev.2008.11.007.



134 • Journal of Cave and Karst Studies, June 2019

Li, Zhang, Liu, Gao, and Rao

Fairchild, I. J., Smith, C. L., Baker, A., Fuller, L., Spötl, C., Mattey, D., and McDermott, F., 2006, Modification and preservation of environmental 
signals in speleothems: Earth-Science Reviews, v. 75, no. 1-4, p. 105−153. https://doi.org/10.1016/j.earscirev.2005.08.003.

Fernandez-Cortes, A., Sanchez-Moral, S., Cuezva, S., Cañaveras, J. C., and Abella, R., 2009, Annual and transient signatures of gas exchange 
and transport in the Castañar de Ibor cave (Spain): International Journal of Speleology, v. 38, no. 2, p. 6. https://doi.org/10.5038/1827-
806X.38.2.6.

Feng, W., Banner, J. L., Guilfoyle, A. L., Musgrove, M., and James, E. W., 2012, Oxygen isotopic fractionation between drip water and speleo-
them calcite: A 10-year monitoring study, central Texas, USA: Chemical Geology, v. 304, p. 53−67. https://doi.org/10.5038/1827-806X.38.2.6.

Feng, W., Casteel, R. C., Banner, J. L., and Heinze-Fry, A., 2014, Oxygen isotope variations in rainfall, drip-water and speleothem calcite from a 
well-ventilated cave in Texas, USA: Assessing a new speleothem temperature proxy: Geochimica et Cosmochimica Acta, v. 127, p. 233−250. 
https://doi.org/10.1016/j.gca.2013.11.039.

Genty, D., Labuhn, I., Hoffmann, G., Danis, P. A., Mestre, O., Bourges, F., Wainer, K., Massault, M., Van Exter, S., Regnier, E., Orengo, P., Fa-
lourd, S., and Minster, B., 2014, Rainfall and cave water isotopic relationships in two south France sites: Geochimica et Cosmochimica Acta, v. 
131, p. 323−343. https://doi.org/10.1016/j.gca.2014.01.043.

Hu, C., Henderson, G., Huang, J., Chen, Z., and Johnson, K., 2008, Report of a three-year monitoring programme at Heshang Cave, central 
China: International Journal of Speleology, v. 37, p. 143–151. https://doi.org/10.5038/1827-806X.37.3.1.

Johnsen, S. J., Dansgaard, W., and White, J. W. C., 1989, The origin of Arctic precipitation under present and glacial conditions: Tellus B, v. 41, 
p. 452−468. https://doi.org/10.3402/tellusb.v41i4.15100.

Lambert, W. J., and Aharon, P., 2011, Controls on dissolved inorganic carbon and δ13C in cave waters from DeSoto Caverns: implications for 
speleothem δ13C assessments: Geochimica et Cosmochimica Acta, v. 75, no. 3, p. 753–768. https://doi.org/10.1016/j.gca.2010.11.006.

Li, T., Li, H., Xiang, X., Kuo, T. S., Li, J., Zhou, F., Chen, H., and Peng, L., 2012, Transportation characteristics of δ13C in the plants-soil-bedrock-
cave system in Chongqing karst area: Science China Earth Sciences, v. 55, no. 4, p. 685−694. https://doi.org/10.1007/s11430-011-4294-y

Li, T. Y., Shen, C. C., Li, H. C., Li, J. Y., Chiang, H. W., Song, S. R., Yuan, D. X., Lin, C. D.-J., Gao, P., Zhou, L. P., Wang, J. L., Ye, M. Y., Tang, 
L. L., Xie, S. Y., 2011, Oxygen and carbon isotopic systematics of aragonite speleothems and water in Furong Cave, Chongqing, China: Geo-
chimica et Cosmochimica Acta, v. 75, no. 15, p. 4140−4156. https://doi.org/10.1016/j.gca.2011.04.003.

Li, Y. X., Rao Z. G., Liu, X. K., Jin, M., and Chen, F. H., 2015, Interannual correlations between modern precipitation δ18O and precipitation 
amount recorded by GNIP stations in China and India: Chinese Science Bulletin, v. 60, no. 80, p. 741–743 (in Chinese with English abstract). 
https://doi.org/10.1360/N.972014-00838.

Liñán, C., Vadillo, I., and Carrasco, F., 2008, Carbon dioxide concentration in air within the Nerja Cave (Malaga, Andalusia, Spain): International 
Journal of Speleology, v. 37, p. 99–106. https://doi.org/10.5038/1827-806X.37.2.2.

Liu, J. B., Chen, J. H., Zhang, X. J., Li, Y., Rao, Z. G., and Chen, F. H., Holocene East Asian summer monsoon records in northern China 
and their inconsistency with Chinese stalagmite δ18O records: Earth-Science Reviews, v. 148, p. 194−208. https://doi.org/10.1016/j.earsci-
rev.2015.06.004.

Liu, J., Song, X., Yuan, G., Sun, X., Liu, X., Wang, Z., and Wang, S., 2008, Stable isotopes of summer monsoonal precipitation in southern China 
and the moisture sources evidence from δ18O signature: Journal of Geographical Sciences, v. 18, no. 2, p. 155−165. https://doi.org/10.1007/
s11442-008-0155-9.

Liu, J., Song, X., Yuan, G., Sun, X., Liu, X., and Wang, S., 2009, Characteristics of δ18O in precipitation over Eastern Monsoon China and the 
water vapor sources: Chinese Science Bulletin, v. 54, no. 2, p. 3521−3531.

Liu, J., Song, X., Yuan, G., Sun, X., and Yang, L., 2014, Stable isotopic compositions of precipitation in China: Tellus B: Chemical and Physical 
Meteorology, v. 66, no. 1, 22567.

Luo, W. J., and Wang, S. J., 2008, Transmission of oxygen isotope signals of precipitation-soil water-drip water and its implications in Liangfeng 
Cave of Guizhou, China: Chinese Science Bulletin, v. 53, no. 21, p. 3364−3370.

Merlivat, L., and Jouzel, J., 1979, Global climatic interpretation of the deuterium-oxygen 18 relationship for precipitation, Journal of Geophysical 
Research, v. 84, no. C8, p. 5029−5033. https://doi.org/10.1029/JC084iC08p05029.

Pape, J. R., Banner, J. L., Mack, L. E., Musgrove, M., and Guilfoyle, A., 2010, Controls on oxygen isotope variability in precipitation and cave drip 
waters, central Texas: USA, Journal of Hydrology, v. 385. no. 1-4, p. 203−215. https://doi.org/10.1016/j.jhydrol.2010.02.021.

Paulsen, D. E., Li, H. C., and Ku, T. L., 2003, Climate variability in central China over the last 1270 years revealed by high-resolution stalagmite 
records: Quaternary Science Review, v. 22, no. 5-7, p. 691−701. https://doi.org/10.1016/S0277-3791(02)00240-8.

Pausata, F. S., Battisti, D. S., Nisancioglu, K. H., and Bitz, C. M., 2011, Chinese stalagmite δ18O controlled by changes in the Indian monsoon 
during a simulated Heinrich event: Nature Geoscience, v. 4, no. 7, p. 474−480. https://doi.org/10.1038/ngeo1169.

Pfahl, S., and Sodemann, H., 2014, What controls deuterium excess in global precipitation?: Climate of the Past, v. 10, no. 2, p. 771−781. https://
doi.org/10.5194/cp-10-771-2014.

Pfahl, S., and Wernli, H. 2008, Air parcel trajectory analysis of stable isotopes in water vapor in the eastern Mediterranean: Journal of Geophysi-
cal Research, v. 113, no. D20104. https://doi.org/10.1029/2008JD009839.

Pu, J., Wang, A., Yin, J., Shen, L., Sun, Y., Yuan, D., and Zhao, H., 2015, Processes controlling dripwater hydrochemistry variations in Xueyu 
Cave, SW China: implications for speleothem palaeoclimate signal interpretations: Boreas, v. 44, no. 3, p. 603−617. https://doi.org/10.1111/
bor.12117.

Rao, Z. G., Li, Y. X., Zhang, J. W., Jia, G. D., and Chen, F. H., 2016, Investigating the long-term palaeoclimatic controls on the δD and δ18O of 
precipitation during the Holocene in the Indian and East Asian monsoonal regions: Earth-Science Reviews, v. 159, p. 292−305. https://doi.
org/10.1016/j.earscirev.2016.06.007.

Rao, Z. G., Liu, X. K., Hua, H., Gao, Y. L., and Chen, F. H., 2015, Evolving history of the East Asian summer monsoon intensity during the MIS5: 
inconsistent records from Chinese stalagmites and loess deposits: Environmental Earth Sciences, v. 73, no. 7, p. 3937−3950. https://doi.
org/10.1007/s12665-014-3681-z.

Rozanski, K., Sonntag, C., and Münnich, K. O., 1982, Factors controlling stable isotope composition of European precipitation: Tellus, v. 34, no. 
2, p. 142–150. https://doi.org/10.3402/tellusa.v34i2.10796.

Ruan, J. Y. and Hu, C. Y., 2010, Seasonal variations and environmental controls on stalagmite calcite crystal growth in Heshang Cave, central 
China: Chinese Science Bulletin, v. 55, no. 34, p. 3929−3935. https://doi.org/10.1007/s11434-010-4193-1.

Spötl, C., Fairchild, I. J., and Tooth, A. F., 2005, Cave air control on dripwater geochemistry, Obir Caves (Austria): implications for speleo-
them deposition in dynamically ventilated caves: Geochimica et Cosmochimica Acta, v. 69, no. 10, p. 2451–2468. https://doi.org/10.1016/j.
gca.2004.12.009.



Journal of Cave and Karst Studies, June 2019 • 135

Li, Zhang, Liu, Gao, and Rao

Tan, M., 2009, Circulation effect: climatic significance of the short term variability of the oxygen isotopes in stalagmites from monsoonal China—
dialogue between paleoclimate records and modern climate research: Quaternary Science, v. 29, no. 5, p. 851−862. (in Chinese with English 
abstract)

Tan, M., 2014, Circulation effect: response of precipitation δ18O to the ENSO cycle in monsoon regions of China: Climate Dynamic, v. 42, no. 3-4, 
p. 1067−1077. https://doi.org/10.1007/s00382-013-1732-x.

Wang, B., Clemens, S. C., and Liu, P., 2003, Contrasting the Indian and East Asian monsoons: implications on geologic timescales: Marine Geol-
ogy, v. 201, no. 1-3, p. 5−21. https://doi.org/10.1016/S0025-3227(03)00196-8.

Wang, J., Chen, Z., Zhang, M. P., and Huang, H. F., 2011, The genetic sorts of the typical karst caves in Tianguishan, Hebei province: Journal of 
Mountain Science, v. 29, no. 2, p. 188−194 (in Chinese with English abstract).

Wang, Y. J., Cheng, H., Edwards, R. L., An, Z. S., Wu, J. Y., Shen, C. C., and Dorale, J. A., 2001. A high-resolution absolute dated late Pleisto-
cene monsoon record from Hulu Cave, China: Science, v. 294, no. 5550, p. 2345−2348. https://doi.org/10.1126/science.1064618.

Wang, Y. J., Cheng, H., Edwards, R. L., Kong, X. G., Shao, X. M., Chen, S. T., Wu, J. Y., Jiang, X. Y., Wang, X. F., and An, Z. S., 2008, Millenni-
al- and orbital-scale changes in the East Asian monsoon over the past 224,000 years: Nature, v. 451, p. 1090−1093. https://doi.org/10.1038/
nature06692.

Welker, J.M., 2000, Isotopic (δ18O) characteristics of weekly precipitation collected across the USA: An initial analysis with application to 
water source studies: Hydrological Processes, v. 14, no. 8, p. 1449−1464. https://doi.org/10.1002/1099-1085(20000615)14:8<1449::AID-
HYP993>3.0.CO;2-7.

Williams, P. W., and Fowler, A., 2002, Relationship between oxygen isotopes in rainfall, cave percolation waters and speleothem calcite at Waito-
mo, New Zealand: Journal of Hydrology (New Zealand), v. 41, p. 53−70.

Yin, J. J., Li, H. C., Rao, Z. G., Shen, C. C., Mii, H. S., Pillutla, R. K., Hu, . M., Li, Y. X., Feng, X. H., 2017, Variations of monsoonal rain and 
vegetation during the past millennium in Tiangui Mountain, north China reflected by stalagmite δ18O and δ13C records from Zhenzhu Cave: 
Quaternary International, v. 447, p. 89−101. https://doi.org/10.1016/j.quaint.2017.06.039.

Zhang, M. L., Zhu, X. Y., Wu, X., Yin, J. J., and Pan, M. C., 2015, δ18O characteristics of meteoric precipitation and its water vapor sources in the 
Guilin area of China: Environmental Earth Sciences, v.74, no. 2, p. 953−976. https://doi.org/10.1007/s12665-014-3827-z.

Zheng, S. H., Hou, F. G., and Ni, B. L., 1983, Study on the hydrogen and oxygen stable isotopes in meteoric precipitation of China: Chinese 
Science Bulletin, v. 13, p. 801−806 (in Chinese).

Zhou, T. J., and Yu, R. C., 2005, Atmospheric water vapor transport associated with typical anomalous summer rainfall patterns in China: Journal 
of Geophysical Research, v. 110, no. D08104. https://doi.org/10.1029/2004JD005413.


