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A B S T R A C T   

Stalagmites are the product of the combined effects of the surface environment and the cave environment, and 
their stable carbon and oxygen isotope ratios (δ18O and δ13C) have been widely used as proxies for palae-
oclimatic and palaeoenvironmental reconstructions. Modern cave monitoring is essential for the accurate 
interpretation of multiple-proxies in stalagmites. However, the interpretation of the climatic and environmental 
signals indicated by the carbon and oxygen stable isotopes in stalagmites remains controversial. Based on the 
ongoing monitoring work of Furong Cave in Southwest China over 12 years (2008-2019 AD) involving a com-
bination of field monitoring and experimental data, the following conclusions were drawn. (1) On the interan-
nual scale, the isotopic fractionation of oxygen in active speleothems (AS) exhibits equilibrium fractionation. On 
the seasonal scale, the crystallization of a mixture of calcite and aragonite minerals is one of the reasons for the 
deviation of oxygen isotopic composition from the value expected under equilibrium fractionation. (2) There was 
a significantly positive correlation between δ18O and δ13C values in the AS, which may have been controlled by 
climate change rather than dynamic fractionation. (3) Mainly because of the mixing effect in the 300–500 m of 
bedrock overlying Furong Cave, the δ18O value of the drip water reflected the annual average δ18O value of 
precipitation. (4) The AS δ18O (δ18OAs) values over the 12-year monitoring records did not show significant 
seasonal variations but exhibited multiyear trend, which might reflect changes in the external atmospheric 
circulation and “amount effect” on decadal and longer timescales. Consequently, speleothem δ18O values in 
Furong Cave can be used for isotope-based palaeoclimate reconstruction.   

1. Introduction 

Stalagmites have become an important archive of palaeoclimate 
research because of their high-precision dating and high-resolution 
multiproxy records (Fleitmann et al., 2004; Yuan et al., 2004; Li et al., 
2011a; Cheng et al., 2012). Stable isotopes (oxygen and carbon) are the 
most widely used proxies in stalagmites (Wang et al., 2001; Zeng et al., 
2015). The carbon and oxygen stable isotopes of stalagmites deposited 
in the state of isotopic equilibrium fractionation can record palae-
oenvironmental information (Hendy, 1971). However, the cave 

temperature, CO2 degassing, drip rate and the relative humidity of the 
air may cause nonequilibrium fractionation (Mickler et al., 2006; Fair-
child et al., 2006; Coplen, 2007; Dietzel et al., 2009; Day and Henderson, 
2011; Feng et al., 2014), which may alter the climate signal, resulting in 
an inaccurate interpretation of the proxies in geologic archives. Spe-
leothem δ18O values are commonly related to the δ18O values of cave 
drip water derived from surface rainfall. To date, the indicative signif-
icance of precipitation δ18O values is still contested. For example, pre-
cipitation δ18O values may be dominated by the temperature effect, 
amount effect, circulation effect, rainout effect and convective activity 
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over primary moisture source regions (Fleitmann et al., 2004; Lee et al., 
2007; Liu et al., 2008; Dayem et al., 2010; Tan, 2014; Moore et al., 2014; 
Ruan et al., 2019). 

In addition, the covariance of carbon and oxygen isotopes in sta-
lagmites is not necessarily caused by dynamic fractionation (Fairchild 
et al., 2006; Dorale and Liu, 2009; Zhang et al., 2013). Changes in the 
ecological environment, biological processes, and hydrological condi-
tions indicated by stalagmite δ13C values can be robustly related to the 
climate changes indicated by δ18O values (Holmgren et al., 1995; Hodge 
et al., 2008; Scholz et al., 2012; Li and Li, 2018; Li et al., 2018). Spe-
leothem δ18O and δ13C values are covariant on the centennial timescale, 
which has been confirmed by many stalagmite records in China (Cosford 
et al., 2009; Kuo et al., 2011; Liu et al., 2016; Wu et al., 2020). Conse-
quently, continuous cave monitoring has been recognized as an essential 
method for clarifying the climatic and environmental significance of 
proxies in stalagmites (Johnson, 2006; Baldini et al., 2008; Tan, 2014; Li 
et al., 2017, 2018; Chen and Li, 2018). 

The ongoing monitoring research in Furong Cave in Southwest China 
has been carried out since 2005 AD. The geochemical characteristics and 
influencing factors of local precipitation, soil water, and cave drip water, 
have been systematically studied (Li et al., 2011b, 2012, 2018; Li and Li, 
2018; Zhang and Li, 2019). Due to the mixing effect in the 300–500 m 
thick bedrock above Furong Cave, the monitoring data collected over 
1–2 years failed to record a pattern similar to the seasonal cycle in the 
δ18O values of local precipitation (Li et al., 2011b). In addition, it is also 
impossible to conduct a detailed comparison between the precipitation 
and drip water on a monthly timescale (Zhang and Li, 2019). Previous 
monitoring work in Furong Cave only focused on atmospheric precipi-
tation, soil water, and drip water, and few studies have focused on active 
speleothems (AS) (Li et al., 2011b, 2018; Li and Li, 2018; Li, 2018; 
Zhang and Li, 2019). Furthermore, on the interannual to decade time-
scale, it is still unknown whether AS in Furong Cave record the 
long-term variation trend in precipitation δ18O values. 

The contributions of the study can be summarized follows: (1) We 
evaluate the equilibrium fractionation situation of δ18OAS values. (2) 
The long-term variation in δ18OAS values and its climatic and environ-
mental significance are discussed. This study has essential scientific 
relevance for the reconstruction of palaeoclimate based on speleothem 
δ18O data in the East Asian monsoon (EAM) region. 

2. Study area and monitoring sites 

Furong Cave (29◦13′44′′ N, 107◦54′13′′ E) is located in the Cambrian 
limestone and dolomite strata of the eastern bank of the Furong River, 
which is a secondary branch of the Yangtze River, Chongqing, south-
western China (Fig. 1A and B). The overlying bedrock is 300–500 m 
thick, the elevation at the cave entrance is 480 m above sea level (a.s.l.), 
the cave air temperature is 16.3 ◦C, and the humidity is 95–100% (Li 
et al., 2011b; Li and Li, 2018). Furthermore, the regional climate is 
dominated by the Asian monsoon system and is characterized by cold, 
dry winters and hot, wet summers. The current annual average precip-
itation is 1200 mm, with 70% of the annual rainfall occurring during the 
wet season from May to October (Li et al., 2011b). 

Five drip water monitoring sites (MP1, MP2, MP3, MP4, and MP5) 
were chosen in a tunnel far from the entrance of Furong Cave (Fig. 1C). 
The drip height of MP1 was approximately 22 m, and each water droplet 
split into multiple droplets during the process of falling. MP2 was 
located on the top of a 2 m-high stalagmite, with a falling height of 27 m. 
MP3 was on the cavity wall, with a short soda-straw stalactite as the 
outlet, and the drip height was 0.3 m (Li et al., 2011b; Zhang and Li, 
2019). The distance between MP4 and MP5 was 1.5 m, and the drip 
heights were 14 m and 13 m, respectively (Zhang and Li, 2019). 

3. Data and methods 

3.1. Meteorological data and back trajectory model 

The air temperature was continuously recorded at 2-h intervals by a 
temperature recorder (U12-011, Onset, USA), with a measurement 
range of − 40–70 ◦C, and an error of ±0.1 ◦C. Precipitation was recorded 
using an automatic rainfall monitoring instrument (RG3-M, Onset, 
USA.) at a frequency of once every 2 min, with the precision being 
±1.0%. The rainfall monitoring instrument was installed at a height of 
1.5 m above the floor, approximately 100 m from the cave entrance. The 
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory 
Model) (Challa et al., 2008; Stein et al., 2015; Cai et al., 2018; Zhang 
et al., 2020), NCEP (National Centers for Environmental Prediction), 
and NOAA (National Oceanic and Atmospheric Administration) rean-
alysis data sets (ftp://arlftp.arlhp.noaa.gov/pub/archives/reanalysis) 
were used to simulate air mass trajectories to determine the moisture 
sources in summer (June to August) from 2008 to 2019 AD and to cluster 
the moisture trajectories (Table 1). Trajectory analysis was performed 

Fig. 1. The geographical location of the study area. (A) Furong Cave is located 
in Southwest China. The grey arrows indicate the Indian summer monsoon 
(ISM) and the East Asian summer monsoon (EASM), and the white arrows 
indicate the Asian winter monsoon (AWM). (B) Red dots indicate the location of 
Furong Cave (FR) and Chongqing city (CQ). (C) Sketch of Furong Cave and 
distribution of monitoring sites (black triangle, MP1-MP5), modified after (Li 
et al., 2011b). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 1 
Proportion of moisture sources and the weighted δ18O of summer precipitation 
in Chongqing from 2008 to 2019 (A.D).  

Year 
(A.D) 

Indian 
Ocean (%) 

Pacific 
Ocean (%) 

Other 
sources (%) 

Amount weighted δ18O 
(V-SMOW, ‰) 
(June–August) 

2008 53 21 26 − 8.50 
2009 59 36 5 − 9.40 
2010 58 14 28 − 8.60 
2011 45 12 43 − 8.11 
2012 56 11 33 − 9.72 
2013 50 33 17 − 8.60 
2014 47 45 8 − 8.31 
2015 38 37 25 − 7.16 
2016 58 35 7 − 8.31 
2017 47 11 42 − 7.97 
2018 46 19 35 − 8.70 
2019 32 22 46 − 7.94  
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four times every day (at UTC 00:00, 06:00, 12:00, and 18:00); the 
simulation height was set at 850 hPa, and the air masses were moved 
backwards for 240 h (10 days) (Sun et al., 2018). 

3.2. Water samples collection and measurement 

A rainwater collection device — a plastic bucket with a funnel — was 
set outside Furong Cave. The specific steps and methods were described 
by Zhou and Li (2018). A polyethene bottle for collecting drip water, 30 
ml in volume, was soaked in a 5% nitric acid solution for 5 h, rinsed with 
ultrapure water and naturally dried in an ultrapure room. The prepared 
polyethene bottles were placed under each drip site to collect drip water 
and were subsequently sealed in the cave and put into a laboratory 
refrigerator (5 ◦C) within 24 h for the isotope test. Water samples (with a 
volume of 1.5 ml) were analysed by a liquid isotope analyser 
(LWIADLT-100, Los Gatos) for the analysis of the δ2H and δ18O values of 
the water. Each sample was analysed six times, and the average value of 
the last four measurements was used as the final value. LGR3A, LGR4A, 
and LGR5A (Los Gatos Research, USA.) were used as reference stan-
dards, and all results were reported in per mil (‰) relative to the Vienna 
Standard Mean Ocean Water (V-SMOW) standard. The absolute errors of 
the δ18O and δ2H measurements were less than 0.2‰ and 0.5‰, 
respectively (Zhang and Li, 2019). 

3.3. Active speleothem collection and measurement 

Clean glass plates with a diameter of 10 cm and a thickness of 1 mm 
were placed under five drip sites (MP1-MP5) to collect AS material. 
These plates were collected every three months (due to the breakage or 
loss of some glass plates, the samples in some periods are missing), and 
dried at 60 ◦C in the laboratory. A clean knife was used to scrape 20–50 
μg of AS powder from the glass plates. The measurements were per-
formed using an isotope ratio mass spectrometer, specifically, a Finne-
gan DELTA V PLUS coupled with a Kiel IV automated carbonate device 
at the Laboratory of Geochemistry and Isotopes, Southwest University, 
China. Measurements of an international standard, NBS19, and an 
inhouse standard, SWU1, show a one-sigma reproducibility of ±0.10‰ 
for δ18O and ±0.06‰ for δ13C. The detailed analysis methods were 
described by Li et al. (2011b). All AS isotope data are reported in per mil 
(‰) relative to the Vienna Pee Dee Belemnite (V-PDB) standard. A 
polarizing microscope (ECLIPSE Nikon E600W POL) was used to observe 
the morphological composition of the five glass plates of speleothems 
during the monitoring period. 

4. Results 

4.1. Precipitation δ18O 

The range of precipitation δ18O values during the monitoring period 
was − 14.28‰ ~ − 0.54‰, the monthly amount-weighted δ18O value of 
precipitation was − 7.58‰, and the standard deviation (1σ) was 3.18‰ 
(Table 2). On the interannual timescale, the δ18O values of precipitation 
from 2008 to 2019 AD and the amount-weighted δ18O values of pre-
cipitation in the rainy season (April–October) exhibited an overall pos-
itive trend (Fig. 2A and B). 

4.2. Drip water δ18O 

The ranges of δ18O values in the MP1-MP5 drip water were − 5.21‰ 
~ − 8.14‰, − 4.80‰ ~ − 8.39‰, − 6.26‰ ~ − 7.96‰, − 5.89‰ ~ 
− 8.37‰, and − 6.03‰ ~ − 8.79‰, respectively (Fig. 3, Table 2). The 
multiyear averages of drip water δ18O values were − 7.04 ± 0.73‰, 
− 7.19 ± 0.76‰, − 7.29 ± 0.70‰, − 7.43 ± 0.36‰, and − 7.51 ± 0.34‰ 
(Table 2). There was no clear seasonal change in the δ18O values of drip 
water during the entire monitoring period (Fig. 3A–E). However, the 
δ18O of drip water was significantly higher from December 2014 to 

February 2015, and significantly lower in summer 2017 (Fig. 3A–E). 
These two anomalies may be attributed to the potential response of the 
drip water δ18O values to El Niño-Southern Oscillation (ENSO) (Zhang 
and Li, 2019). In addition, except for MP1, the variations in drip water 
δ18O values at the other four sites were generally consistent in 
2011-2019 AD, showing a positive trend before 2015 AD and a weak 
negative/positive trend before/after the minimum δ18O values in the 
summer of 2017 AD (Fig. 3A–E). 

4.3. Active speleothem δ18O values and morphological composition 

The AS δ18O values of MP1-MP5 ranged from − 6.52‰ ~ − 7.36‰, 
− 6.63‰ ~ − 7.38‰, − 6.77‰ ~ − 7.38‰, − 6.42‰ ~ − 7.78‰, and 
− 6.56‰ ~ − 7.73‰, respectively (Fig. 4A–E, Table 2). The average AS 
δ18O values of MP1-MP5 were − 6.91 ± 0.23‰, − 7.01 ± 0.17‰, − 7.12 
± 0.14‰, − 7.40 ± 0.39‰, and − 7.49 ± 0.28‰ (Table 2). Unlike the 
δ18O values of drip water, the δ18O values of the AS at the five drip sites 
appeared to show a weak seasonal cycle during the monitoring period, 
with lower values in summer and higher values in winter, with the 
largest amplitude of the seasonal variation being less than 0.5‰ (Fig. 4). 
However, taking drip site MP1 as an example, this seasonal character-
istic of AS δ18O values is contrary to the seasonal variation in the drip 
water δ18O values (Figs. 3A and 4A). In addition, in 2019 AD, the δ18O 
values of the AS were higher in summer and lower in winter at all drip 
sites, opposite the seasonal variation observed in other years (Fig. 4). 
Except for the anomaly in 2019 AD, the variation in AS δ18O values 
generally showed a negative trend, followed by a positive trend, 
although the timing of the transition was different at each site 
(Fig. 4A–E). Polarization microscopy observation results showed that 
MP1, MP4, and MP5 are mixtures of rhombi and acicula (Fig. 5A, D, 5E), 
while MP2 and MP3 are purely calcite rhombi (Fig. 5B and C). 

4.4. Changes in moisture source 

The HYSPLIT model was used to calculate the change in the moisture 
contribution ratio in summer (June–August) during the period of 2008- 
2019 AD in Chongqing (Table 1). The Indian Ocean (IO) is the principal 
moisture source for precipitation in the Asian summer monsoon. The 
moisture from the IO accounts for 38%–59% (with an average of 49%) of 
all vapor. On the other hand, the proportions of moisture from the Pa-
cific Ocean and other sources (westerlies and the continent) amount to 
11% ~ 45% (with an average of 25%) and 5% ~ 46% (with an average 
of 26%), respectively (Table 1). During the summer months in this 
monitoring period, the moisture originating from the IO presented a 
decreasing trend, while moisture from other sources outside the IO (e.g., 
from the Pacific Ocean, the South China Sea, westerlies, or the conti-
nent) showed an increasing trend (Fig. 2C). 

Table 2 
δ18O values of precipitation, drip water, and active speleothems.  

Sample Minimum Mean Maximum ±1σ Sample 
number 
(n) 

Precipitation δ18O (V- 
SMOW, ‰) 

− 14.28 − 7.58 0.54 3.18 130 

Drip water δ18O 
(V-SMOW, 
‰) 

MP1 − 8.14 − 7.04 − 5.12 0.73 132 
MP2 − 8.39 − 7.19 − 4.80 0.76 132 
MP3 − 7.96 − 7.29 − 6.26 0.70 123 
MP4 − 8.37 − 7.43 − 5.89 0.36 122 
MP5 − 8.79 − 7.51 − 6.03 0.34 123 

Active 
speleothems 
δ18O (V-PDB, 
‰) 

MP1 − 7.36 − 6.91 − 6.52 0.23 41 
MP2 − 7.38 − 7.01 − 6.63 0.17 41 
MP3 − 7.38 − 7.12 − 6.77 0.14 39 
MP4 − 7.78 − 7.40 − 6.42 0.39 42 
MP5 − 7.73 − 7.49 − 6.56 0.28 42  
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5. Discussion 

5.1. Testing equilibrium fractionation for oxygen isotope 

Speleothems deposited under isotopic equilibrium fractionation can 
inherit the stable oxygen and carbon isotopic compositions of the drip 
water (Faichild et al., 2006). The equilibrium fractionation of 18O/16O in 
aragonite and calcite controlled by the drip water δ18O value and the 
cave temperature (Kluge et al., 2014; Lachniet, 2015). The equations for 
the deposition of aragonite (Equation (1); Kim et al., 2007) and calcite 
(Equation (2); Tremaine et al., 2011) were used to calculate the theo-
retical δ18O values under equilibrium fractionation. Equation (3) was 

used to convert drip water δ18O values from the V-SMOW standard to 
the V-PDB standard (Coplen et al., 1983). The theoretical AS δ18O values 
calculated by the above three equations were compared with the actual 
AS δ18O values obtained from the material deposited on the glass plates 
(Table 3). If the difference between the theoretical values and the actual 
values is less than 0.2‰, the speleothems can be considered to have been 
deposited under isotopic equilibrium fractionation (Mickler et al., 
2004). 

1000 ln α= 17.88 × 1000/T − 31.14 (1)  

1000 ln α= 16.01 × 1000/T − 24.60 (2)  

δ18OV− PDB = 0.97002 × δ18OV− SMOW − 29.98 (3)  

α=
(
δ18Ocarbonate + 1000

)
/
(
δ18Owater + 1000

)
(4) 

α represents the 18O/16O fractionation coefficient of carbonate de-
posits, and T is the absolute temperature (Kelvin). It should be noted that 
the AS at MP1, MP4, and MP5 were composed of aragonite and calcite 
minerals (Fig. 4). Aragonite and calcite cannot be manually separated 
when sampling the deposits on the glass plates for the analysis of stable 
isotopic compositions. We calculated the theoretical values of the de-
posits under equilibrium fractionation by using the aragonite and calcite 
equations. For all five monitoring sites, on the interannual timescale, the 
differences between the average AS δ18O values at MP1-MP5 and the 
theoretical average δ18O values are 0.07‰–0.12‰, 0.09‰, 0.03‰, 
0.02‰–0.08‰, and 0.03‰–0.14‰ (Table 3). The mixed deposition of 
calcite and aragonite minerals (MP1, MP4, and MP5) (Fig. 5A, D, and 
5E) may be the main reason for the slight deviation between the theo-
retical and actual values. The comparisons between the calculated 
values and the analysed values indicate that the deposition of AS in 
Furong Cave occurs under isotopic equilibrium fractionation. 

5.2. Positive correlations between δ18OAS and δ13CAS 

At all the drip sites, there are significant correlations between the 
δ18O and δ13C values of the AS (Fig. 6). Previous studies have attributed 
the significant correlation between the δ18O and δ13C values of calcium 
carbonate to dynamic fractionation (Hendy, 1971; Laskar et al., 2011). 
However, the covariant changes in stalagmite δ18O and δ13C values at 
the centennial to millennial timescales, even at the orbital timescale, 
have been confirmed by many geologic records, indicating that the 
changes in δ18O and δ13C values are controlled by the same 
climate-driven mechanism (Li et al., 2012, 2018; Liu et al., 2016; Wu 
et al., 2020). Many factors influence the carbon isotopic composition of 
soil water, including the type and density of local plants, the activity of 
microbes, and the concentration of CO2 in soil, which is dominantly 
controlled by the temperature and humidity of the soil (Bar-Matthews 
et al., 1996; Li et al., 2018). Surface vegetation is heavily affected by the 
local climate and environment, especially the surface hydrological 
conditions. 

Long-term monitoring results confirmed that the change in the δ13C 
values of dissolved inorganic carbon (δ13CDIC) in drip water in Furong 
Cave occurred in response to changes in local precipitation on a decadal 
timescale, with negative δ13CDIC values corresponding to more precipi-
tation (Li and Li, 2018). It is well known that the δ13C value of drip water 
is not only controlled by surface vegetation and soil CO2 but is also 
affected by the δ13C composition of the bedrock (Bar-Matthews et al., 
1996; Baker et al., 1997; Linge, 2001). Both surface biological processes 
and physicochemical processes (e.g. water-rock interaction) during the 
migration of karst groundwater are regulated by local hydrological 
conditions (Sondag et al., 2003; Treble et al., 2005; Baker et al., 2007; Li 
et al., 2018). Therefore, we propose that the significant positive corre-
lation between the δ18O and δ13C values of AS in Furong Cave was 
mainly controlled by regional climate change and local hydrological 
conditions rather than by dynamic fractionation. 

Fig. 2. (A) Original data of monthly precipitation δ18O; (B) Amount weighted 
δ18O of precipitation from April to October; (C) Proportion of moisture source 
in summer (June–August) based on the analyses of the HYSPLIT model. The 
blue curve indicates the proportion of moisture from the Indian Ocean, and the 
black curve represents the proportion of moisture from other sources (the Pa-
cific Ocean and the South China Sea, as well as westerlies and the continent); 
(D) Monthly precipitation and average air temperature outside Furong Cave. All 
dotted lines in the panels are linear trend lines based on the least squares 
method. (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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Fig. 3. Variation in the δ18O values of drip water at five sites during the period of 2008-2019 AD. The grey dashed arrows indicate the stage characteristics.  

Fig. 4. Variation in the δ18O values of AS at five sites from 2008-2019 AD. The grey dashed arrows indicate general trend in different stages.  
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5.3. Precipitation δ18O responding to changes in moisture sources 

During the monitoring period from 2008 to 2019 AD, there was no 
significant negative correlation between precipitation and precipitation 
δ18O values in summer (June to August) (r = 0.12, p < 0.01). However, 
there was a negative correlation between original monthly precipitation 
and δ18O value on the annual timescale (r = − 0.33, p < 0.01). Similar to 
the interannual scale, there was a negative correlation between original 
monthly precipitation and δ18O value from April to June in 2008- 
2019AD (r = − 0.12, p < 0.01). The results indicate that the “amount 
effect” does exist in the study area and the influence factors of the local 
δ18Op are various, it can be affected by rainfall amount, fractionation 
temperature and moisture source. 

The period from mid-late May to early June is well known for the 
onset of the Indian summer monsoon (ISM) and arrival of the East Asian 
rainy season (Li and Qu, 2000; Jin and Tao, 2002; Ding et al., 2014; 
Cheng et al., 2005; Lü et al., 2006; Chow et al., 2008). The water vapor 
in summer months mainly comes from the IO, South China Sea (SCS) and 

West Pacific Ocean (WPO), and the arrival of this water vapor is asso-
ciated with abundant precipitation. In sharp contrast, during the winter 
and early spring seasons, the water vapor mainly originates from the 
evaporation of inland water or short-distance sources, such as the SCS, 
resulting in positive precipitation δ18O values. 

Previous studies have shown that precipitation and the δ18O values 
in monsoon China may be mainly regulated by the circulation effect or 
the rainout effect (Tan, 2009, 2014; Li, 2018). The IO is the primary 
moisture source of summer precipitation in the EAM region (Hu et al., 
2008; Xie et al., 2011; Liu et al., 2015; Yang et al., 2016; Ding et al., 
2014). Compared with the moisture from the SCS and the WPO, the 
moisture from the IO travels a relatively long distance (Tan, 2014). 
During the transport of water vapor from moisture sources to inland, the 
heavy isotopes (2H and 18O) preferentially condense during the forma-
tion of precipitation, resulting in a depleted isotopic composition in the 
residual water vapor (Ishizaki et al., 2012; Cai and Tian, 2016; Ruan 
et al., 2019). In summer months, along with the increase of distance 
from the oceanic moisture source, this so-called “rainout effect” leads to 
lower precipitation δ18O values in Chongqing and monsoon China, 
which are located in a downstream EAM region (Nan et al., 2014; Tan, 
2014, 2016; Tang et al., 2015; Yang et al., 2016; Li, 2018). However, 
moisture from the WPO and the SCS is transported a relatively short 
distance to the EAM regions, and this relatively short migration distance 
leads to precipitation with higher δ18O values than the precipitation 
originating from IO-derived vapor (Tan, 2014; Liu et al., 2015). Addi-
tional moisture comes from the continental interior and the westerlies. 
Due to secondary evaporation under clouds and local moisture supple-
mentation, the δ18O values of this fraction of moisture are relatively high 
(Tang et al., 2015). Therefore, the decreasing proportion of 
long-distance moisture and the increasing proportion of other moisture 
on the interannual scale may be an important reason for the apparent 
positive trend in precipitation δ18O values outside Furong Cave (Fig. 2A, 
B, and 2C). 

5.4. δ18O of drip water and speleothems respond to precipitation δ18O 

Previous studies have shown that the mixing of precipitation in 
bedrock above caves can smooth the seasonal changes in isotopic 
composition in precipitation (Li et al., 2011b; Duan et al., 2016). The 
response of drip water δ18O values and speleothem δ18O values to pre-
cipitation δ18O values is heavily influenced by thick overlying bedrock 
(Caballero et al., 1996; Perrin et al., 2003; McDonald and Drysdale, 
2007; Breitenbach et al., 2015). In addition, mixing of old and young 
water masses, evaporation in the soil and epikarst zone, and fracture 
development may modify the original precipitation δ18O values (Müh-
linghaus et al., 2009; Pape et al., 2010; Wackerbarth et al., 2010; Genty 
et al., 2014; Moerman et al., 2014; Comas-Bru et al., 2015). In this study, 
compared with the general smooth change in δ18O during the entire 
monitoring period, abnormal changes in drip water δ18O occurred in the 
winter period between 2014 and 2015 AD and in the summer period of 
2017 AD and may have been influenced by changes in moisture source, 
which potentially occurred in response to changes in atmospheric 

Fig. 5. Morphological compositions of AS deposited on glass plates at the 
monitoring drip sites. (A) MP1, (B) MP2, (C) MP3, (D) MP4, (E) MP5. The 
mineral compositions of the deposits at MP1, MP4, and MP5 are mixtures of 
rhombi and acicula, while those at MP2 and MP3 are purely calcite rhombi. 

Table 3 
Comparison between actual δ18O of active speleothems and theoretical δ18O for carbonate deposited at isotopic equilibrium fractionation.  

Site δ18OW (V-SMOW, ‰) Tw(◦C) δ18OC (V-PDB, ‰) δ18OE (V-PDB, ‰) △18OC-E (V-PDB, ‰) 

Mean ±1σ Mean ±1σ Equation (1) Equation (2) 

MP1 − 7.07 ±0.28 16.38 − 6.91 ±0.23 − 7.03 − 6.98 0.07–0.12 
MP2 − 7.13 ±0.14 16.47 − 7.01 ±0.17 Pure calcite − 7.10 0.09 
MP3 − 7.28 ±0.17 16.41 − 7.12 ±0.14 Pure calcite − 7.15 0.03 
MP4 − 7.43 ±0.25 17.46 − 7.40 ±0.39 − 7.48 − 7.38 0.02–0.08 
MP5 − 7.32 ±0.24 17.71 − 7.49 ±0.26 − 7.63 − 7.52 0.03–0.14 

The δ18Ow and Tw represent the drip water δ18O and the deposition temperature, respectively. δ18OC is the actual δ18O for active speleothems (aragonite or calcite); 
δ18OE is the theoretical δ18O at isotopic equilibrium fractionation calculated by Equations (1) and (2) (in Section 5.1); and △18OC-E is the difference between actual 
δ18O and theoretical δ18O, which have been used to assess the extent of isotopic fractionation. 
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circulation patterns, such as El Niño and La Niña scenarios (Chen and Li, 
2018; Zhou and Li, 2018; Zhang and Li, 2019). The different seasonal 
variation in the δ18O values between AS and drip water may result from 
changes in the cave environment, such as CO2 degassing, cave temper-
ature, humidity, ventilation, and drip rate (Spötl et al., 2005; Wiedner 
et al., 2008; Riechelmann et al., 2013). Furthermore, the magnitudes of 
the δ18O variations in drip water and AS are smaller than that of the δ18O 
variations in precipitation (Li et al., 2011b; Zhang and Li, 2019). The 
distributions of drip water δ2H and δ18O values were concentrated near 
the local meteoric water line (LMWL) (Fig. 7), indicating that the δ2H 
and δ18O values of drip water represented averages of the precipitation 
isotopic composition on the multiyear timescale. In the well-enclosed 
Furong Cave, the deposition of AS occurs under isotopic equilibrium 
fractionation. There is no doubt that the δ18O value of AS in Furong cave 
is a lagging and mixed expression of the precipitation δ18O value. A 
high-resolution (e.g., seasonal and annual) δ18O record of AS in Furong 
Cave may be unavailable. However, the δ18O records of speleothems in 
Furong Cave maybe reflect the long-term trend of local precipitation 
δ18O values on decadal and longer timescales. Therefore, the stalagmites 
in Furong Cave can be used in the reconstruction of palaeoclimate and 
paleoenvironment changes on decadal and longer timescales (Li and Li, 
2018; Zhang and Li, 2019). 

6. Conclusions 

Based on the continuous monitoring of drip water and AS in Furong 
Cave overlain by 300–500 m of bedrock, the climatic and environmental 

significance of AS δ18O values has been investigated. The deposition of 
AS occurred under isotopic equilibrium fractionation on an interannual 
timescale. The mixed deposition of calcite and aragonite minerals may 
be part of the reason for the deviation between the actual δ18O values 
and the calculated δ18O values under isotopic equilibrium fractionation. 
There was a significant positive correlation between the δ18O and δ13C 
values of AS, which was mainly controlled by the changes in the climate 
and regional hydrological conditions rather than by dynamic fraction-
ation. As a major influencing factor, the mixing effect in the hundreds of 
metres of bedrock overlying the cave resulted in relatively stable δ18O 
values in the drip water and AS, without an obvious seasonal cycle. Due 
to the mixing and lag transportation in the 300–500m vadose zone, the 
high-resolution (e.g., seasonal and annual) δ18O record in AS in Furong 
Cave, which is overlain by hundreds of metres of bedrock, may be un-
available. For a stalagmite record longer than 100 years, one may 
observe a long-term δ18O trend containing the influence of atmospheric 
circulation change as well as the “amount effect". 
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