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Abstract
The karst aquifer of Jinfoshan Karst (JFK) in UNESCO’s South China Karst World Heritage Site was investigated. An artificial
tracer test, geochemistry, and oxygen and hydrogen isotopes were employed to assess the impacts of effluent from the Jinfoshan
Holiday Hotel (JHH), Chongqing, on the karst aquifer and its outlet, Shuifang spring (SFS). Most of the fluorescent dye (uranine)
flushed into a JHH toilet was recovered at SFS, suggesting a strong hydraulic connection between JHH and SFS. The waters of
SFS were of HCO3–Ca type, whereas the effluent had more complex hydrochemical characteristics. The effluent was charac-
terized by higher mean δD and δ18O values. The slope of the δD–δ18O evaporation line for effluent was significantly lower than
that of the local meteoric water line, indicating evaporation. Concentrations of major elements at SFS were below the threshold
values of the Chinese Standard for Groundwater Quality. However, hydrogen and oxygen isotopic compositions of SFS waters
were influenced by the effluent and mixing with water from diffuse sources within the aquifer. Low values of d-excess at SFS
corresponded well to periods of high tourism activity (weekends and holidays), suggesting that declining d-excess probably
signifies an increased release of contaminants from the hotel. The contribution of effluent to the discharge of the SFS was ~18%.
Because of tourism activities and their production of wastewater, the results of this study may be relevant to other karst
environments and World Heritage Sites throughout the world.
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Introduction

Onsite wastewater treatment systems, commonly known as
septic systems, are the predominant method of wastewater
treatment in rural areas without municipal sewage treatment
alternatives. Most septic systems have two basic components:
a septic tank and a drainfield (Toor et al. 2011). Simple in
design, septic systems are normally recognized as a low-cost,
long-term, decentralized and viable means of removing con-
taminants from household wastewater before discharging the

wastewater into the environment (USEPA 2002; Toor et al.
2011). Therefore, septic systems are widely used throughout
the world—for example, nearly 25% of households in the
United States and 33% of households in Florida have septic
systems (Toor et al. 2011), while in Australia, approximately
17% of the population relies on these systems to treat and
dispose of wastewater (Carroll and Goonetilleke 2005).

Conventional septic tanks allow solids to settle and liquid
effluent to flow out to a drainfield where the effluent perco-
lates downward through the soil and unsaturated zone even-
tually reach the groundwater. Septic systems are sometimes
located near shallow domestic wells or springs, which in-
creases the probability of a direct connection between the
septic system and the groundwater (Pei et al. 2003). In karst
terrains, such situations present a particular risk for the rapid
movement of bacteria, viruses, nitrogen, and other pollutants
into groundwater because karst aquifers are known to be gen-
erally more vulnerable to contamination than those aquifers in
nonkarst areas (Ford and Williams 2007; Goldscheider 2005;
Katz et al. 2010). Eventually, the mobile constituents may
discharge to the surface water (Iverson et al. 2015). Water
contaminated by human effluent can cause a variety of water-
borne diseases.
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Karst aquifers are very vulnerable to various pollution
sources (e.g. Jiang et al. 2008; Jiang et al. 2009). Many exam-
ples have proved that human activities such as agriculture and
farming (e.g. Ekmekci 2005; Mellander et al. 2012), urbani-
zation (e.g. Amiel et al. 2010; Bodhankar and Chatterjee
1994), landfills (e.g. Kogovšek and Petrič 2013; Ghobadi
et al. 2017), and mining (e.g. Gong et al. 2014) can result in
pollution that often influence karst groundwater quality and
can contaminate drinking water.

In recent decades, high-resolution artificial tracer tests have
been used to investigate the hydraulic connection within karst
aquifers (e.g. Goldscheider et al. 2003; Goldscheider 2008;
Lauber and Goldscheider 2014).With these methods, artificial
tracers are injected into the karst aquifer to label flowing wa-
ter, constituting useful tools to better understand the karst
aquifer networks. They are also used to prove a hydraulic
connection between a sinkhole and a spring and more broadly
to delimit the boundary of the catchment area of a spring
(Goldscheider et al. 2008).

Major elements (e.g. Yang et al. 2010), nitrate isotope (e.g.
Jiang et al. 2009), phosphorus (e.g. Mellander et al. 2012),
pesticides (e.g. Ekmekci 2005), bacteria (e.g. Pronk et al.
2007), and even pharmaceutical compounds, personal care
products, and hormones (e.g. Dodgen et al. 2017) have been
used as indicators/tracers for karst groundwater pollution.
Selected physicochemical parameters of karst groundwater
have become one of the most important methods to study
hydrogeochemistry and the factors influencing karst ground-
water (e.g. Mahler and Massei 2007; Yang et al. 2013). The
isotopes 2H and 18O are natural components of water. Despite
their typically low concentrations, 2H and 18O have sensitive
responses to the regional environment and can record the pro-
cess of water circulation (Craig 1961; Zang et al. 2015).
Through analysis of the deuterium excess (d-excess = δD −
8δ18O; Dansgaard 1964), one can determine the degree of
evaporation of a water body and identify the source of air
mass. Using different geochemical and isotopic characteristics
of various waters, studies have successfully traced the impact
of wastewater discharge on groundwater resources (e.g. Rapti-
Caputo and Martinelli 2009; Schiavo et al. 2009; Vanderzalm
et al. 2011) and calculated the ratio of different recharge
sources (e.g. Duque et al. 2011; Grimmeisen et al. 2017).

Recently, tourism has become an important type of recrea-
tion that stimulates local economic growth (Yang et al. 2009).
Wastewater discharges due to tourism activities can cause
substantial negative impacts on vulnerable karst groundwater
systems, but documented reports are rare (Milenic et al. 2014).
Jinfoshan Karst (JFK), located in Chongqing, southwestern
China, was included in theWorld Heritage List in 2014 as part
of the South China Karst Phase II (UNESCO 2014a). It is also
a popular tourist destination, and was ranked nationally as a
5A scenic spot in 2013, the highest ranking by China’s
Ministry of Culture and Tourism for the most important and

best maintained sites. Every year, a large number of tourists
visit JFK, especially during holidays and festival periods. This
results in a substantial increase in domestic water demand and
generates a large amount of hotel wastewater that is treated by
a septic system and then drains into the karst aquifer.

It is hypothesized here that the septic effluent of hotel,
which are point source, affects the hydrogeochemistry and
water quality of the karst aquifer. The objective of this study
therefore is to obtain insight into the impacts of septic effluent
on the underlying karst aquifer, focusing on the following
goals: (1) to investigate the hydraulic connection between
the pollution source and the aquifer’s principal spring outlet
with an artificial tracer test; (2) to evaluate the geochemical
and stable hydrogen and oxygen isotopic characteristics of the
effluent and the karst groundwater; (3) to quantitatively assess
the contribution of the effluent to karst groundwater based on
the stable isotopes of hydrogen and oxygen. On a broader
scale, this study illustrates the characteristics of karst environ-
ments impacted by the wastewater throughout the world, be-
cause of the widespread global tourism activities and their
production of wastewater, including groundwater within nu-
merous karst-rich World Heritage Sites.

Materials and methods

Study area

Location and geographical setting

The JFK is located in NanchuanDistrict of Chongqing, China,
with a summit elevation at Fengchui Peak of 2,251 m above
sea level (asl; Fig. 1). It lies in the landscape transition zone
between the southeastern margin of the Sichuan Basin and the
Yunnan–Guizhou Plateau on the north slope of Daloushan
Mountain. This region of southwestern China has a subtropi-
cal humidmonsoon climate; however, the study area is located
at an elevation of >2,000 m on the upper part of the mountain
and is therefore subject to a local temperate climate, with an
average annual temperature of 8.2 °C and precipitation of
1,434 mm/year, respectively. The rainfall is mainly concen-
trated in the period from April to October.

Hydrogeological setting

The aquifer is developed within Permian carbonate rocks,
with flow dominated by an underground river system which
discharges via a karst spring. A series of karst landforms,
including depressions and sinkholes, are developed in the car-
bonate rocks formed on the mountain tableland surface. The
karst hydrogeological conditions of the watershed are charac-
terized by an approximately 20-m-thick unsaturated zone, a
heterogeneous and anisotropic interior structure, and highly
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variable input and output (Wu et al. 2008). The heterogeneity
and anisotropy of the system’s structure results from the ex-
treme range of hydraulic conductivities among the epikarst

zone, large conduits and diffuse flow regions within a matrix
dominated by microfractures beneath the surface (Fig. 2). The
shallow carbonate aquifer at a depth of 30–120 m is separated

Fig. 1 Location of the study area, and a hydrogeological schematic map (modified from Wu et al. 2008). RW rainwater collection site. SW soil water
collection site. IT injection site of an irrigation tracer test (Lettingue 2007)
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by a horizon of coal with ~10 m thickness that overlies a
deeper carbonate confined aquifer. In most parts of the region,
the karstified rocks are covered by yellow–brown loamy soils
with average thickness of 0.8–1.2 m, but quite unevenly dis-
tributed with a maximum depth to 18 m (Wu et al. 2008),
particularly in the depressions. The study area is overgrown
by vegetation. As is common in well-developed karst flow
systems, surface water is not present in this area since precip-
itation sinks quickly into the aquifer to reach the underground
river conduit system (Figs. 1 and 2). The main entrance of the
underground river is sinkhole No. 1, which lies at an elevation
of ~2,090 m asl at the margin of the Yaochiba depression. Its
outlet is Shuifang spring (SFS), which lies at an elevation of
2,053 m asl. The lateral distance between sinkhole No. 1 and
SFS is ~526 m. The water of SFS is drained into a pool and
then pours along the cliff forming a stream. The underground
river network comprises a hydrological system with a re-
charge area of approximately 1.5 km2. The SFS, a perennial
karst spring, has a highly variable discharge from 0.5 to 38 L/s
with an average of 6.5 L/s (Jiang et al. 2013). The aquifer
drained by SFS is rapidly recharged through conduits and
slowly recharged by low inflow from the fissured aquifer ma-
trix (Wu et al. 2008).

Based on geological surveys, the carbonate basin of the
JFK formerly had a large drainage area with abundant precip-
itation and a large and well–developed karst underground riv-
er system. Neotectonic uplift, river capture, and headward
erosion destroyed the original drainage basin, and only a
smaller tableland surface at an elevation of approximately
2,100 m asl remains, which is surrounded by steep cliffs.
The former underground rivers have evolved into dry caves
with very large passages such as Gufo Cave, Yangkou Cave,
and Xiannv Cave in the eastern and southern part of the study
area (Fig. 1). The JFK records the process of dissection of the
high-elevation karst plateau and contains evidence of the re-
gion’s intermittent uplift and karstification since the Cenozoic
Period. It is a superlative type-site of a karst table mountain
(UNESCO 2014b).

Human activities and potential pollution

The JFK is an important tourist destination for Southwest
China and attracts a large number of tourists every year.
Since 2000, the Ice and Snow Festival (from mid-December
to mid-February) and the Azalea Festival in early May have
been held every year. According to one estimate, 519,100
people visited JFK in 2014. The Jinfoshan Holiday Hotel
(JHH), with a total of 96 suites, 195 beds and a dining hall
for 620 people, is located near the upper stream of the SFS
basin which is in the core zone of the JFK. The domestic
wastewater derived from the JHH is treated by a buried septic
system (Fig. 1). The septic tank effluent, acting as a point
source, sinks directly into the karst aquifer at sinkhole No. 1
through a sewage pipe. In a 2007 site reconnaissance
(Lettingue 2007), bacteriological contamination was mea-
sured at SFS with 158 thermotolerant coliforms per 100.
This concentration was induced by a high runoff event,
forwarding the wastewater by the tourist village directly into
sinkhole No. 1 without soil filtration. This suggests that the
microbial contamination caused by tourist activities was quite
serious at that time.

Research methods

Artificial tracer test

The aim of this artificial tracer test experiment was to deter-
mine if a hydraulic connection exists between the sinkhole
No. 1 and SFS. The fluorescent dye uranine (sodium fluores-
cein) was used as a conservative tracer (e.g. Geyer et al. 2007).
The dye (517.8 g) was flushed into a toilet in a roomwithin the
JHH at 20:10 on January 17, 2015. The tracer test was finished
at 13:00 on February 2, 2015. Before injection, a field spectro-
fluorometer GGUN-FL30 with an excitation of 470 nm and a
measurement limit of 0.01 μg/L (Albillia Sarl, Switzerland;
Schnegg and Costa 2002) was installed at SFS to monitor the
concentration of uranine. Its measurement interval was set at

Fig. 2 A hydrogeological cross-section of the study area
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10 min. The mass recovery is calculated by multiplying dis-
charge by the concentrations of uranine. The discharge was
converted from the water stage using a rating curve, which is
expressed as the following empirical formula: Q = 1.86 Bh2/3

(Wang 2011), where Q is the discharge (m3/s), B is the weir
width of SFS with a value of 0.3 m, and h is the water stage of
SFS (m). The water stage was automatically recorded using a
Manta2 multi–parameter analyzer (Eureka, USA), with an ac-
curacy of 0.01 mm. The lateral distance from the JHH to
sinkhole No. 1 is ~335 m, and it is 526 m from sinkhole No.
1 to SFS, so the total lateral distances from the JHH to SFS is
~881 m (Fig. 2).

Field sampling and monitoring

Local meteoric water samples were collected following stan-
dards of the International Atomic Energy Agency’s Global
Network of Isotopes in Precipitation (IAEAGNIP). Of these,
18 samples were subjected to stable hydrogen and oxygen
isotope analysis, and eight of them were also tested for phys-
icochemical data. Soil water samples were collected from 20
and 60 cm depths in a depression (Fig. 1), and nine samples
were taken at each depth for stable hydrogen and oxygen
isotope analysis. Samples were taken between January 4,
2015 and April 3, 2016. Additional data can be found in
Chen and Li (2018).

A total of 17 effluent samples were manually collected
from the septic tank outlet at sinkhole No. 1 for stable hydro-
gen and oxygen isotope analysis between January 4, 2015 and
April 3, 2016, and 12 of those samples were also used for
measuring physicochemical parameters in situ.

Water samples (1 L) at the SFS were collected using a
Sigma 900 autosampler (Hatch, USA) at 1-day intervals from
September 24, 2014 to May 7, 2015, and from October 21,
2015 to April 3, 2016. The samples were used to analyze
cations, ions, and stable hydrogen and oxygen isotopes. The
sampling was partially interrupted due to equipment failure,
and a total of 210 samples were collected to measure the
oxygen and hydrogen isotopes and major elements. Of these,
12 samples of water temperature (WT), pH, specific conduc-
tance (SpC), and dissolved oxygen (DO) were measured in
situ. To prevent degassing and water vapor exchange in the
water samples, ~20 ml of liquid paraffin was added into sam-
ple bottles before sampling. In addition, NH4

+ concentrations
were measured in nine samples of effluent and from SFS from
March 12, 2016 to August 18, 2016.

The water samples were stored in 10-ml-brown-glass bot-
tles for stable hydrogen and oxygen isotope analysis or in 50
and 800-ml-polyethylene bottles for cation and anion analysis,
respectively. All water samples were filtered through a
0.45-μm-membrane filter. A few drops of 1:1 HNO3 were
added into the samples used for cation analysis to adjust the
pH to <2 and maintain the ionic activity. After pretreatment,

the samples were transported to the laboratory and stored at
4 °C.

Analytical techniques

WT, pH, SpC, and DO of the effluent and SFS samples were
measured in the field using a WTW 3430 multiparameter me-
ter (WTW, Germany); the accuracies of the parameter mea-
surements were 0.1 °C, 0.001 pH unit, 1 μS/cm, and 0.01 mg/
L, respectively. All instrument probes were calibrated before
use in the field. Cations were measured using an Optima
2100DV ICP–OES (PerkinElmer, USA), and the relative stan-
dard deviation of the equipment within 1 h was ≤0.5%. Anion
measurements were conducted in accordance with the
Chinese standard of GB/T 8538–2008 (State Bureau of
Technical Supervision of China 2008). HCO3

− concentrations
were measured by titration using a field alkalinity test kit
(Merck, Germany) with an accuracy of 0.1 mmol/L. For all
samples, the concentrations of cations and anions were sub-
jected to a charge balance check at ≤±5%. The NH4

+ concen-
trations were determined in situ immediately after collection
using a DR2800 spectrophotometer (Hach, USA), which had
accuracies of 0.01 mg/L.

δ18O and δD were measured using an IWA-35d-EP liquid
water stable isotope analyzer (LGR, USA). The absolute er-
rors of the δ18O and δD analyses were less than 0.1 and 0.3‰,
respectively. The ratio of stable isotopes (18O/16O or 2H/1H)
was reported in parts per thousand (‰) relative to the Vienna
Standard Mean Ocean Water (V-SMOW). The aforemen-
tioned sample analyses were carried out in a geochemistry
and isotope laboratory in the School of Geographical
Sciences, Southwest University, China.

Results and discussion

Artificial tracer test

The artificial tracer test parameters are summarized in
Table 1. Most (82.5%) of the injected tracer was recovered,
indicating that SFS is the main drainage outlet of the water
release from the JHH, at least the wastewater from the flush
toilets. The breakthrough curve (BTC) shows a plateau-like
shape with two secondary concentration peaks (Fig. 3). The
plateau-like phase lasted from 44.8 to 90.3 h after injection
with similar concentrations of tracer near 123 μg/L. A
plateau-like BTC following instantaneous injection is ex-
pected where there is an intermediate storage of tracer in
large cavities that contain quasi-immobile groundwater and
a slow release into active conduits (Goldscheider et al. 2003).
This plateau-like shape of the studied case thus may be at-
tributed to the intermediate storage of the tracer in the septic
tank system and its gradual release into the aquifer via
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sinkhole No. 1. As the curve shows no clear concentration
peak among the plateau-like section, the time of the maxi-
mum concentration (tm) was arbitrarily selected from the
middle point of the plateau-like curve, i.e., 67.6 h after the
injection. The time that the tracer was first detected (tf) was
26.8 h after the injection. A maximum flow velocity (mv)
and a dominant apparent flow velocity (dv) therefore are
calculated as 32.9 and 13 m/h, respectively.

In addition, there were two secondary peaks in the BTC
after 109.4 and 201.6 h after the injection (Fig. 3). Field and
Leij (2012) simulated the BTCs and showed that multiple
peaks on a BTC can be caused by pools or auxiliary conduits
(bifurcated flow paths) in a karst aquifer. The dual secondary
peaks are therefore probably attributable to the main conduit
and a pool or a bifurcated flow path in the main conduit be-
tween sinkhole No. 1 and SFS. This is confirmed by injection
of uranine and tinopal CBS-X dye as tracers into the sinkhole
No. 1 and a double-peaked recovery curve for uranine and
tinopal CBS-X recording at the SFS (unpublished data). The
difference between the tf value and the time when it decays to
the natural background level (tn) can be used to indicate the
time required for polluted groundwater to revert to a natural
background (Magal et al. 2013). Due to technical difficulties,
the tracer tests were stopped before the tracer concentrations
had reverted to background levels (Fig. 3). Exponential func-
tion fitting of the BTCs was therefore carried out to obtain an
estimated tn value, which was 56.2 days. This result indicates

that a short-term pollution event produced at the JHH could
have long-term (approximately two months) impacts on the
quality of SFS, regardless of biodegradation, absorption or
reaction with other substances in the groundwater. Lettingue
(2007) carried out an irrigation tracer test using uranine as the
tracer in a location inside the catchment area of SFS (Fig. 1).
However, the tracer did not arrive at the spring for 2 weeks,
which means that the soil and the epikarst constitute a mech-
anism to partially ameliorate contamination at SFS.
Consequently, the main risk of contamination for SFS is in-
duced by the effluent which recharged into the aquifer and
transported in the conduit system.

Hydrogeochemical characteristics

A statistical summary of major element concentrations of rain-
water, effluent and SFS is presented in Table 2. In the rainwa-
ter, pH ranged from 4.41 to 6.22, with a mean of 5.24 ± 0.74,
which indicates that acid rain could occur in the study area
previously thought to be pristine due to regional deposition of
air pollution (Larssen et al. 2006). SO4

2− and Ca2+ were the
major ions, whose concentrations ranged from 3.03 to 14.8
and 1.30 to 5.89mg/L, respectively, with means of 6.52 ± 4.06
and 2.57 ± 1.59 mg/L, respectively. SO4

2− constituted 36.9–
80.8% of the total equivalent of anions, which is in agreement
with the fact that sulfate is the dominant anion in precipitation
in China (Tang et al. 2001). Ca2+ constituted 31.5–85.1% of
the total equivalent of cations, which is consistent with region-
al air pollution in China characterized by the high concentra-
tion of base cations in the atmosphere (Larssen and
Carmichael 2000). Additionally, Cl− concentrations ranged
between 0.71 and 3.55 mg/L, with a mean of 1.78 ±
1.03 mg/L and accounting for 13.5–42.6% of the total equiv-
alent of anions. The concentrations of K+, Na+, Mg2+, and
NO3

− were relatively low, with means of 0.44 ± 0.11, 0.61 ±
0.68, 0.26 ± 0.35, and 0.94 ± 0.72 mg/L, respectively. Overall,
the hydrochemical facies of rainwater were complex, includ-
ing SO4–Ca, SO4 · Cl–Ca, SO4 · Cl–Ca·Na, and SO4 · Cl–Ca·
Mg types (Fig. 4).

In the effluent, the WT ranged between 0.6 and 13.4 °C,
with a mean of 7.09 ± 4.08 °C, while the pH was in the range
of 6.45–7.77, with a mean of 7.36 ± 0.37. The SpCwas within
the range of 75.9–957 μS/cm, with a mean of 418 ±
283 μS/cm and the DO occurred in the range of 3.6–
10.9 mg/L, with a mean of 7.20 ± 2.61 mg/L. The HCO3

−

and Ca2+ concentrations ranged from 79.3 to 281 and 35.2
to 58.1 mg/L, respectively, with means of 137 ± 52.2 and
44.5 ± 7.83 mg/L, respectively, accounting for 52.9–76.3%
and 45.9–81.0% of the total equivalent of anions and cations,
respectively. Na+, Cl−, and SO4

2− were 18.8 ± 15.1, 21.5 ±
9.26, and 20.5 ± 11.0 mg/L, respectively. The NO3

− concen-
trations were relatively low, with a mean of 5.53 ± 3.28 mg/L,
whereas the NH4

+ concentrations ranged from 1.23 to

Table 1 Summary of artificial tracer test

Tracer M (g) D (m) tf (h) mv (m/h) tm (h) dv (m/h) R (%)

Uranine 517.8 881 26.8 32.9 67.6 13 82.5

M mass of injected tracer; D lateral distance between JHH and SFS; tf
time of the first detection of the tracer; mvmaximum velocity; tm time of
detection of the maximum concentration; dv dominant apparent flow
velocity; R tracer mass recovery

Fig. 3 Breakthrough curve of the artificial tracer test from a flushed toilet
of the JHH
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17.2 mg/L, with a mean value of 7.3 ± 6.06 mg/L. After am-
monification or mineralization in a septic tank, the nitrogen in
the septic effluent is often largely in the form of NH4

+ (Zhu
et al. 2016), which makes the effluent rich in NH4

+ and rela-
tively poor in NO3

−. With mixing of oxic groundwater, the

high NH4
+ has the potential to increase the NO3

− concentra-
tion via nitrification (Umezawa et al. 2009). The effluent
showed complex hydrochemical facies, including HCO3–Ca,
HCO3 · Cl–Ca, HCO3–Ca · Na, HCO3 · Cl–Ca·Na, and
HCO3 · Cl · SO4–Ca (Fig. 4).

Fig. 4 Piper diagram showing the
distribution of the chemical
compositions of rainwater, SFS
and septic tank effluent. The
effluent samples show complex
geochemical facies, while the SFS
samples belong to HCO3–Ca
geochemical facies

Table 2 Statistical description of major element concentrations in rainwater, septic tank effluent, and SFS

Parameter Rainwater Effluent SFS

Min Max Mean SD Min Max Mean SD Min Max Mean SD

WT 4.4 15.3 11 6.58 0.6 13.4 7.09 4.08 9.37 10.2 9.85 0.17

pH 4.41 6.22 5.24 0.74 6.45 7.77 7.36 0.37 7.41 8.64 8.27 0.3

SpC 21.3 62.9 40.3 15.8 75.9 957 418 283 219 301 252 15.9

DO 6.78 11.2 9.1 1.4 3.6 10.9 7.2 2.61 5.37 8.8 7.99 0.43

K+ 0.28 0.57 0.44 0.11 1.63 22.3 8.02 6.5 0.35 2.14 0.81 0.43

Na+ 0.11 2.03 0.61 0.68 6.01 61.6 18.8 15.1 1.04 6.39 2.41 1.31

Ca2+ 1.3 5.89 2.57 1.59 35.2 58.1 44.5 7.83 42.8 58.5 50.8 2.39

Mg2+ 0.02 1.12 0.26 0.35 1.04 3.07 1.73 0.58 0.83 3.09 1.55 0.39

Cl− 0.71 3.55 1.78 1.03 6.38 41.1 21.5 9.26 1.42 26.9 10.3 4.27

SO4
2− 3.03 14.8 6.52 4.06 7.73 40.2 20.5 11 4.59 20.6 9.35 3.23

HCO3
− 0 0 0 0 79.3 281 137 52.2 116 171 141 10.2

NO3
− 0.05 2.39 0.94 0.72 1.9 12.3 5.53 3.28 2.72 24.3 8.59 3.83

NH4
+ ND ND ND ND 1.23 17.2 7.3 6.06 0.07 2.37 0.65 0.85

Ion concentrations (mg/L), WT (°C), SpC (20 °C in μS/cm), and DO (mg/L). SD standard deviation; ND not detected
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At the SFS, the WT ranged between 9.37 and
10.2 °C, with a mean of 9.85 ± 0.17 °C, while the pH
ranged from 7.41 to 8.64, with a mean of 8.27 ± 0.3,
which was higher than that of the effluent and showed
the weakly alkaline characteristics of the karst region.
The SpC fell in the range of 219–301 μS/cm, with a
mean of 252 ± 15.9 μS/cm. The DO was in the range of
5.37–8.8 mg/L, with a mean of 7.99 ± 0.43 mg/L, which
was higher than that of the effluent. HCO3

− and Ca2+

were dominant in the SFS water. The HCO3
− concen-

trations fell in the range of 116–171 mg/L, with a mean
of 141 ± 10.2 mg/L and accounting for 67.4–87.5% of
the total equivalent of anions. The Ca2+ concentrations
ranged between 42.8 and 58.5 mg/L, with a mean of
50.8 ± 2.39 mg/L and accounting for 83.4–94.6% of
the total equivalent of cations. Compared with the efflu-
ent data, low levels of Cl−, SO4

2−, K+, and Na+ were
present in the SFS, with means of 10.3 ± 4.27, 9.35 ±
3.23, 0.81 ± 0.43, and 2.41 ± 1.31 mg/L, respectively.
The hydrochemical facies were of the HCO3–Ca (Fig.
4), whereas the NO3

− and NH4
+ concentrations were

2.72–24.3 mg/L with a mean of 8.59 ± 3.83 mg/L, and
0.07–2.37 mg/L with a mean of 0.65 ± 0.85 mg/L, re-
spectively. It should be noted that the mean NO3

− was
much higher than that of effluent, and the mean NH4

+

concentration was much lower than that observed in the
effluent (Table 1). This result is ascribed to nitrification
occurring in the karst conduit, where NH4

+ from the
effluent was rapidly and completely converted to NO3

−

by nitrification and mixing of relatively oxygen-rich
groundwater from the matrix (Umezawa et al. 2009;
Grimmeisen et al. 2017).

The major element concentrations as indicated by SpC
in the effluent were much higher than that observed at
SFS (Table 1), demonstrating that the element concentra-
tions of the effluent are higher than those of SFS. The
hydrochemical facies of the effluent were also substantial-
ly different from those of the SFS (Fig. 4), reflecting
different geochemical environments between the effluent
and SFS. The SFS was rapidly recharged through conduits
and slowly recharged by low inflow from the fissured
aquifer matrix (Fig. 2; Wu et al. 2008). So the effluent
that sank into the aquifer via sinkhole No. 1 was greatly
diluted by the relatively unpolluted groundwater from the
karst matrix, which rendered the geochemical type of SFS
to be HCO3–Ca, the most typical geochemical facies in
karst environments (Ford and Williams 2007). According
to the Standard for groundwater quality (General
Administration of Quality Supervision, and Inspection
and Quarantine of the People’s Republic of China 2017),
the related major element concentrations of the SFS
belonged to class II which means that the water quality
was suitable for various purposes.

Stable hydrogen and oxygen isotopes

In the rainwater samples, the δD and δ18O ranged from −84.3
to −0.6‰ and − 12.0 to −3.1‰, respectively, similar to the
range observed by Chen and Li (2018) from 2012 to 2016
outside of Yangkou Cave here at JFK, which has the same
elevation and geological setting as the vicinity of the study
area (Fig. 1). The δD and δ18O values of rainwater show a
wide distribution (Fig. 5a). These δD and δ18O data produce a
local meteoric water line (LMWL), i.e., δD= 9.2δ18O + 28.3
(r2 = 0.98, p < 0.01). This LMWL has a steeper slope and
higher intercept compared with the global meteoric water line
(GMWL), δD= 8δ18O + 10 (Craig 1961). On the other hand,
the slope and intercept of the LMWLare similar to those of the
LMWL of δD = 9.0δ18O + 24.6 observed by Chen and Li
(2018) from 2011 to 2016, and δD= 8.8δ18O + 22.1 observed
byWang et al. (2014) through the period of September 2011 to
August 2013 outside of Yangkou Cave. Due to the different
molecular masses of H and O, 2H has a higher fractionation
rate than 18O under the same conditions; that is, the precipita-
tion formed by multiple fractionation processes is enriched
with 2H, resulting in the steeper slope and higher intercept of
the LMWL compared with the GMWL (Craig 1961).
Therefore, the high slope and intercept of the LMWL suggests
that precipitation in the study area was likely formed after
several episodes of evaporation during transportation.

In the soil water at 20 and 60-cm depths, the ranges of δD
values were −73.5 to −15‰ and −65.7 to −32.6‰, and the
ranges of δ18O values were −11.0 to −4.3‰ and −9.9 to
−6.3‰. The δD–δ18O evaporation lines were δD =
9.4δ18O + 26.7 (r2 = 0.99, p < 0.01) and δD= 9.5δ18O + 26.5
(r2 = 0.99, p < 0.01), which are almost parallel to the distribu-
tion of LMWL (Fig. 5). The δD–δ18O evaporation lines have
a slightly steeper slope than the LMWL, indicating almost
negligible evaporation of soil water.

In the effluent, δD and δ18O were in the ranges of −57.7 to
−47.9‰ (mean − 52.7 ± 0.8‰) and − 8.9 to −5.4‰ (mean −
8.1 ± 2.9‰), respectively. The δD–δ18O evaporation line of
the effluent is denoted as δD = 2.1δ18O + 35.8 (r2 = 0.3,
p < 0.01). In the SFS, δD and δ18O ranged from −62.1 to
−51.1‰ (mean −54.8 ± 1.1‰) and −9.8 to −7.9‰ (mean
−8.6 ± 0.2‰), respectively. The δD–δ18O best-fit line of the
SFS is denoted as δD= 3.7δ18O + 23.0 (r2 = 0.59, p < 0.01).
The effluent and SFS samples are distributed on the right side
of the LMWL, and the slope of the fit lines are significantly
lower than that of the LMWL (Fig. 5).

Karst groundwater is typically derived from the rainwater
that infiltrates soil to enter the unsaturated zone and then pen-
etrates into the saturated zone creating concentrated discharge
in the karst conduits (Ford and Williams 2007; Yang et al.
2013). If the SFS was mainly recharged by rainwater, in the-
ory, the stable hydrogen and oxygen isotopes of the SFS are
distributed at both sides of the LMWL. However, the SFS
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water actually has undergone significant isotopic enrichment
compared with the local meteoric water (Fig. 5). The preced-
ing analysis reveals that the rainwater has undergone little
evaporation during soil infiltration; furthermore, the isotopes
of drip water (representing water in the unsaturated zone) in
Yangkou Cave are distributed on both sides of the LMWL,
showing no significant evaporation (Wang et al. 2014; Chen
and Li 2018). The means of δD and δ18O in SFS (−54.8 and −
8.6‰, respectively) were much more positive than those in
the drip water at Yangkou Cave (−57.1 and − 9.1‰, respec-
tively; Wang et al. 2014) by 2.3 and 0.5‰, respectively. The
SFS fit line intersects with the soil water evaporation line at
−8.7 and − 55.3‰ (Fig. 5), which represents the initial isoto-
pic composition of nonevaporated soil water recharging the
SFS. Additionally, water–rock interaction has little effect on
δD and δ18O in groundwater at temperatures <90 °C (Mook
2000); therefore, the fractionation from soil to the unsaturated
zone and water–rock interactions occurring in the aquifer have
minimal impact on the enrichment of hydrogen and oxygen
isotopes at SFS.

The slopes of the effluent and SFS fit lines were signifi-
cantly lower than that of the LMWL (9.17), which indicates a
stronger influence of kinetic versus equilibrium isotope effects
(Gat 2010). Evaporation results in elevated δD and δ18O
values and in lower regression slopes (e.g. Grimmeisen et al.
2017); thus, the δD and 18O samples distributed below the
LMWL and with a lower slope than the LMWL suggest iso-
topic enrichment due to strong evaporation. Similar δD–δ18O
relationships with distinctively low slopes have been observed
in polluted coastal groundwater (Schiavo et al. 2009), ground-
water in an arid alluvial basin (Vanderzalm et al. 2011), and
polluted karst groundwater in the city of As-Salt in Jordan
(Grimmeisen et al. 2017). The effluent from the septic tank
was mainly domestic sewage discharged from the restaurant
and tourist facilities at JHH.Most of the wastewater, including
water boiled or heated in kitchens and exposed to the air for a
long time, or warm water from showers or laundry facilities,
would obviously change 2H and 18O isotope signals, and re-
sults in the enrichment of hydrogen and oxygen isotopes and a

less steep slope in the effluent at sinkhole No. 1. Thus, on one
hand, the low slope and enrichment of hydrogen and oxygen
isotopes of SFS water is ascribed to the drainage of the waste-
water from the JHH into the aquifer via sinkhole No. 1 and
mixing with diffuse groundwater. On the other hand, owing to
the release of the wastewater into the karst aquifer, there were
significant changes in the pH, SpC, DO, and turbidity of the
effluent and the SFS concurrently. Specifically, the pH and
DO are drastically decreased, whereas SpC and turbidity
markedly are increased, and the overall water quality at SFS
deteriorated during the peak tourist seasons (e.g. International
Labor Day, Golden Week of the National Day in early
October, the summer hot season in August, and the Ice and
Snow Festival in the winter) on the basis of physicochemical
data with a time step of 15-min in situ (unpublished data).

Compared with those of local meteoric water and soil sam-
ples, the δD and δ18O values of the SFS water show a consid-
erably narrow distribution (Fig. 5). The atmospheric signature
in groundwater has undergone substantial changes, and the
signature of stable hydrogen and oxygen isotopes in meteoric
water is reduced via mixing of meteoric waters in the unsatu-
rated zone (Guo et al. 2015; Pape et al. 2010). These generally
make the isotope distribution more concentrated relative to
that in local meteoric water, which means the SFS water does
not show the seasonal signature from the rainfall, a finding
which has also been observed in the groundwater of other
places (e.g. Jin et al. 2012; Florea and McGee 2010;
Schiavo et al. 2009). In the study area, the aquifer is highly
sensitive to the external environment, and karst conduits are
well developed; however, the overlying soil layer and the
epikarst zone are relatively thick, resulting in a better devel-
oped rock matrix of diffuse flow that plays a significant role in
regulation and storage of groundwater in the aquifer. Thus, the
hydrogen and oxygen isotopes with a narrow distribution at
SFS are a result of mixture of dominant diffuse flow and
conduit flow in the study area, which does not reflect the
seasonality, a finding which is also in agreement with the drip
water observed by Chen and Li (2018), andWang et al. (2014)
in Yangkou Cave.

Fig. 5 a–b δD–δ18O relationship.
Septic tank effluent and SFS have
much smaller slopes than the local
meteoric water line (LMWL),
indicating the effluent undergo
isotopic enrichment
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D-excess

Deuterium excess was defined by Dansgaard (1964) as d-
excess = δD − 8δ18O, which is related to the meteorological
conditions in the source region, e.g. relative humidity, temper-
ature and wind. In the study area, the rainwater had d-excess in
the range of 11.5–27.5‰, with a mean of 20.2 ± 4.8‰ that
exceeds the mean d-excess of global meteoric water (10‰;
Craig 1961). Owing to the altitude effect, water vapor in the
air mass continuously falls in the form of rainwater when
rising up a mountainside; consequently, d-excess increases
with an increase in altitude (Gonfiantini et al. 2001). In the
study area, the altitude is above 2000 m asl, and the elevation
difference is more than 1,500 m higher than the lower part of
the mountain, showing a significant altitude effect. Xiao
(2015) has found that in the lower part of JFK at 719 m, the
groundwater that was recharged by local meteoric water had a
d-excess of only 8.3‰, which is significantly lower than the
d-excess of rainwater in the study area. Thus, the altitude
effect is responsible for the relatively high d-excess in rainwa-
ter in the study area. Water bodies subject to evaporative en-
richment deviate from the GMWL and LMWL, signified by
declining d-excess (Huang and Pang 2012; Turner et al.
2014). The d-excess consequently can be used to assess the
effect of evaporation.

The d-excess parameter offers a possibility for character-
izing the interaction of different air masses and their tempo-
ral evolution (Araguás-Araguás et al. 2000), and seems to be
a good indicator of evaporative conditions (Benetti et al.
2014). An observational study by Huang and Pang (2012)
has shown that in arid and semi–arid regions, the higher the
evaporation rate of groundwater is, the higher the salinity,
resulting in a negative correlation between d-excess and sa-
linity (total dissolved solids) in groundwater. According to
the previous discussion, the wastewater has undergone evap-
oration due to boiling in the kitchen, hot water used showers
or washing, and exposure to the air in the JHH. The higher
the SpC is, the lower the d-excess, resulting in a somewhat
negative correlation between the two parameters to some
extent (Fig. 6), which shows that the SFS is a mixture of
the two end members. Therefore, if the wastewater has more
evaporation, this means that the effluent had more impact on
groundwater. It seems reasonable that one could use the d-
excess as a proxy for the extent of contamination signifying
the release of contaminants from the JHH. The d-excess of
effluent ranged from −5.9 to 16.6‰, with a mean of 12.2 ±
5.5‰. The d-excess at SFS was between 9.8 and 17.0‰,
with a mean of 14.1 ± 1.3‰, whereas the mean d-excess
values of both the effluent and the SFS were lower than those
of local meteoric water by 8 and 6.1‰, respectively, indicat-
ing that the stronger pollution occurred in the effluent than
that in the SFS, which is consistent with the interpretations of
this study.

Weekends and holidays are the preferred time for travel and
vacation. To further verify the impact of effluent on the d-
excess of the SFS, the times of the low values of d-excess
from the continuous SFS samples collected in the period of
October 21, 2015 to April 3, 2016 were extracted in order to
check whether they are consistent with the time of tourism
activities. Statistical data show that the d-excess of the SFS
had 17 low values below the mean (14.1‰), and 13 (76.5%)
of them appeared on weekends or holidays (Fig. 7). In this
period, the rainfall was 196 mm, and the water level showed a
rapid response to rainfall. Even so, the preceding analysis has
shown that the isotopic signature of rainwater in the SFS has
been reduced, allowing for exclusion of the interference of d-
excess by rainwater; therefore, the wastewater discharged by
tourism activities had an important influence on SFS. Because
the sampling interval of effluent data was relatively long, it
was not possible to analyze the low values of d-excess in the
effluent corresponding to the weekends and holidays; never-
theless, in the d-excess data of the effluent, the minimum of
−6‰ appeared on the day before Christmas Eve, i.e.,
December 23, 2015 (Fig. 7). This was mainly due to the early
arrival of numerous tourists for vacation (although Christmas
is not a traditional holiday in China, it has become more pop-
ular with younger people in recent years). The corresponding
d-excess of the SFS remained at low levels during December
23–24, 2015 (11 and 10.8‰, respectively), which further ver-
ifies the impact of wastewater from the JHH on the SFS.

The recharge rate of septic tank effluent
to groundwater

The aforementioned analyses have demonstrated that the ef-
fluent and SFS had distinct characteristics of geochemistry
and stable oxygen and deuterium. Thus, the effluent from
the JHH can be treated as one single source of artificial

Fig. 6 A negative correlation between d-excess and conductivity. The
arrows show that SFS is a mixture of the effluent and diffuse water
within the aquifer, and suggest that decreasing d-excess probably
signifies that water has deteriorated with increasing SpC
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recharge, and the recharge of effluents to the groundwater
aquifer of the SFS basin can be quantified. In order to do so,
a two-component mass balance of 18O and 2H was applied, an
approach based on the mixing of two water bodies with mark-
edly different signatures of stable hydrogen and oxygen iso-
topes, which has been extensively used in discharge separa-
tion studies (e.g. Laudon et al. 2002; Huth et al. 2004; Maurya
et al. 2011; Klaus and McDonnell 2013). The two-component
mass balance equation is:

δ18Oexþ δ18Ouð1−xÞ ¼ δ18OSFS ð1Þ
δDexþ δDu 1−xÞ ¼ δDSFSð ð2Þ
where x is the proportional contribution of effluent to the SFS,
δ18Oe is the mean δ18O of the effluent, δ18Ou is the mean δ18O
of the unsaturated zone, δ18OSFS is the mean δ18O of the SFS;
δDe is the mean δD of the effluent, δDu is the mean δD of the
unsaturated zone, and δDSFS is the mean δD of the SFS.

δ18Oe and δDe are −8.1 and − 52.7‰, respectively, while
δ18Ou and δDu are derived from the intersection of the SFS
fitting line and soil water, i.e., −8.7 and − 55.3‰, respectively,
and δ18OSFS and δDSFS are −8.6 and − 54.8‰, respectively.
The preceding δ18O and δD are substituted into Eqs. (1) and
(2) to calculate the contribution of effluent to SFS, that is, 16.7
and 19.2%, respectively, with a mean of 18%. As revealed by
field observation, the discharge at sinkhole No. 1 was ~0.6 L/s
(Fig. 7). The results of tracer tests have revealed that 82.5% of
tracers injected at sinkhole No. 1 can be recovered from the
SFS. The discharge of the SFS was found to be ~3 L/s on
average over the study period. Accordingly, the contribution

of effluent to the SFS is estimated to be 16.5%, which is
consistent with the result obtained based on the two-
component mass balance. The calculated contribution is sim-
ilar to the fraction of wastewater of 0–20% spring discharge
for individual large springs in the western margin of the Lower
Jordan Valley (Schmidt et al. 2013).

Conclusions

Nutrient loading from septic tanks can have a serious impact
on groundwater, especially in karst terrains due to the high
vulnerability of these aquifers. The JFK is a popular tourist
attraction and the groundwater quality has been threatened by
wastewater derived from JHH. The combination of an artifi-
cial tracer test, geochemical analysis and stable hydrogen and
oxygen isotopic composition is an effective tool to delineate
the impact of septic effluent on the karst aquifer. There is a
strong hydraulic connection between JHH and SFS. Although
the major element concentrations of SFS are far below the
threshold values for groundwater quality, and the effluent
was greatly diluted by the groundwater from the karst aquifer
matrix, the stable hydrogen and oxygen isotopic compositions
were affected by the effluent. These slopes of best-fit lines of
septic effluent and SFS are significantly lower than that of the
LMWL, suggesting strong evaporation affecting the effluent,
along with mixing of groundwater in the aquifer. The low
values of d-excess of the SFS show good correspondence to
weekends and holidays. Based on the two-component mass

Fig. 7 Time series of d-excess in
samples from SFS and septic
effluent. Red arrows indicate the
low values of d-excess on
weekends and holidays. The
results show good
correspondence of low d-excess
values to weekends and holidays,
suggesting that the SFS is
probably impacted by
contaminant release from the
tourism activities
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balance, the effluent contributes 18% of the discharge to the
SFS, resulting in a relative enrichment of stable hydrogen and
oxygen isotopes in the SFS. Although these interpretations are
consistent with our observations, there were a number of fac-
tors that were not taken into account—for example, quantita-
tive consideration of air temperature and humidity, as well as
the air mass source regions. In addition, the study did not fully
consider the seasonal variations of the oxygen and hydrogen
isotopes of the groundwater (e.g. Bar-Matthews et al. 1996;
Carlson et al. 2018), and the effluent contribution on the
spring discharge was at a comparatively low time resolution.
However, the data firmly show that the karst aquifer of JFK is
highly vulnerable to the impact of the effluent from tourism
activities; therefore, managers need to develop reasonable pol-
icies and propose scientific protection measures. The ultimate
goal of this paper is to provide background to enhance scien-
tific protection for the vulnerable karst aquifers in China and
throughout the world.
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