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ARTICLE INFO ABSTRACT
Keywords: Study region: Bei hot spring in Chongqing, China.
Natural tracers Study focus: The primary objectives of this research are to analyze geothermal water character-

Dynamic relationships
Hydrological pulse model
Hydrogeological genetic model
Bei hot spring

istics of Bei hot spring, simulate the dynamic process of water discharge (Q), groundwater tem-
perature (Ty), and electrical conductivity (EC) during the precipitation event, and build the
hydrogeological genetic model for the Bei hot spring.

Results: Water flow of Bei hot spring reaches depths ranging from approximately 2.61 to 5.42 km,
with the thermal reservoir temperature varying between about 72.00 and 127.36 °C. The
recharge ratios of pore water, fracture water, conduit water, and hot water from the geothermal
reservoir were 6.14 %, 8.86 %, and 78.63 %, respectively. The highest recession coefficient in the
fracture and the relativley low conduit water ratio indicate that Bei hot spring features a less
developed conduit in its upper section, along with a well-connected fracture network. The hy-
drological pulse model effectively simulates the dynamic variations of Q, Ty, and EC in Bei hot
spring, showing a sensitive response to individual precipitation event. The catchment area of Bei
hot spring, which spans 67.87 km?, was subsequently calculated. Finally, a hydrogeological ge-
netic model for Bei hot spring was developed, considering the spatial geological structure, water
sources, and water circulation. These findings had significant implications for the assessment of
water sources in karst hot springs.

1. Introduction

Chongqing, situated in southwestern China, was designated as the “the hot springs capital of China” in April 2011with, owing to its
abundant thermal water resources, (Yang et al., 2017). The abundant shallow geothermal resources in Chongqing are primarily
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situated within the core area of the Eastern Sichuan parallel anticline, which was formed during the Triassic-Jurassic period (Xiao
etal., 2018; Zhang et al., 2022). Geothermal water is a widely available, sustainable, and scientifically viable resource among various
renewable energy sources (Goswami and Rai, 2025). Geothermal water contains unique minerals that promote health (Zhang et al.,
2024). The low-cost utilization of geothermal water has become a research focus for many countries worldwide (Yuan et al., 2022;
Goswami and Rai, 2025). The primary focus of thermal water resource exploitation in Chongqing has been the carbonate strata located
within the city’s main urban area (Yang et al., 2017). The genesis and origination of thermal waters derived from carbonates exhibit a
higher level of complexity than those sourced from other thermal reservoirs (Xiao et al., 2018). The thermal water resources in
Chongqging encompass geothermal wells, hot springs, and geothermal mining waters (Li and Liu, 2011). The general hydrogeochemical
characteristics of thermal water resources in Chongqing have been studied in the past (Xiao, 2012; Yang et al., 2017; Xiao et al., 2018).
The exploitation of hot springs over the past two decades has resulted in a significant decline in both water discharge and temperature
(Ta et al., 2018). Hence, it is essential to evaluate the hydrodynamics of the thermal water resources in Chongqing to uphold its status
as “the hot springs capital of China”. Karst hot springs represent a specific type of water outflow from karst aquifers to the surface.
These hot springs, along with their associated karst aquifers, exhibit significant differences from those formed in other hydrogeological
structures. The distribution of underground hot water is commonly governed by typical fracture-controlled deep circulation; however,
in Chongqing, it is primarily influenced by the presence of anticlines (Ta et al., 2018), leading to an unclear recharge area for the
Chongqging hot spring. Hydrological variation curves of karst aquifers have been successfully used to evaluate the precipitation
infiltration coefficient and recharge area of karst aquifer system (Luo and Jiang, 2022; Li et al., 2025). Hence, the recharge zone of the
typical karst hot spring in Chongqing was evaluated based on the dynamic interrelations among water discharge (Q), water tem-
perature (T,), and electrical conductivity (EC) of geothermal water. This assessment is vital for comprehending the water resources of
karst hot springs.

There are numerous uncertainties for reliably determining the flow of underground water in karst aquifers and the related func-
tioning of karst springs (Fiorillo et al., 2022). Groundwater temperature (T,) is an interactive tracer whose heat changes rapidly in
situations where the aquifer system recharged by mutiple water sources (conduit water, fracture water and matrix water) with
different temperatures (Bonacci and Roje-Bonacci, 2023). EC values in water refers to the ability of the solution to conduct electricity
and reflects the amount of total dissolved solids (TDS), it could interpret the runoff sources of karst aquifer system, and then indirectly
reflect karst development characteristics of fissures and conduits (Guo et al., 2022; Shuster and White, 1971; Wang et al., 2020).
Electrical conductivity (EC) and water temperature (Ty,) in combination with spring discharge (Q) can reflect the infiltration pattern,
the natural factors controlling the hydrochemistry and the storage characteristics (Pinza et al., 2024).

Over the past few decades, tracers such as EC, Ty, hydrochemistry, and isotopes have been employed not only to elucidate the
processes of karst groundwater circulation but also to infer the spatial structural characteristics of karst aquifers (Winston and Criss,
2004; Luhmann et al., 2012; Luo et al., 2023; Guo et al., 2024). Hydrochemical ions, including Ca%*, Mg?", Sr2*, HCO3, and SO, are
often employed to unravel the interactions between karst water and carbonates (Petrovi¢ and Marinovic, 2023; Wei et al., 2024; Wang
et al., 2025). The application of environmental isotopes, including &D, 6180, and 613CDIC, can effectively clarify the recharge sources
and flow pathways of karst groundwater (Herms et al., 2019; Guo et al., 2023). The characteristics of water flow, heat transport, and
the inherent spatial structure in karst aquifers can be elucidated through the response mechanisms of EC and T,y (Birk et al., 2004; Luo
et al., 2023). EC and Ty, can be recored at high resolution using the Solinst Solinst (Levelogger 4.6.2 LTC, Canada), which serves as
significant indicators in the process of karst groundwater circulation (Guo et al., 2024). Therefore, compared to hydrochemistry and
isotopes, EC and Ty, can be obatined more esaily, allowing for the interpretation of the continuous characteristics of karst groundwater
dynamic and providing more stable and reliable hydrogeological information (Luo et al., 2023). The utilization of EC and T, as natural
tracers has attracted significant attention and has emerged as a widely used method for characterizing the hydrodynamics of aquifer
systems (Shi et al., 2024). Time series data from natural or environmental tracers, such as EC and Ty, can be accurately recorded using
dataloggers. These data are frequently used to analyze the transport characteristics of aquifer systems (Schaper et al., 2024). The
hydrodynamic characteristics of the karst groundwater system are significantly influenced by the structure of the karst aquifer, which
consists of conduits, fissures, and matrix (Ford and Williams, 2013). The validity of using EC and T,, as natural tracers depends on the
transmission of fluctuations in these properties within the diverse medium of the karst aquifer system.

Geothermal water in Chongqing can be categorized into natural hot springs and artificial hot springs. Natural hot springs are
formed when rivers erode anticlines, exposing thermal reservoirs that allow deep hot water to rise. In contrast, artificial hot springs are
created by drilling into the wing or axis of to anticlines to access subterranean hot water. Compared to natural ones, Chongqing boasts
a larger number of artificial hot springs, most of which feature medium to low temperatures. The deep boreholes linked to these
artificial hot springs pose challenges for hydrological dynamic monitoring and complicate the assessment of water resources. Among
the five renowned hot springs in Chongqing, Bei hot spring stands out as the most eminent. Since the Song dynasty, as noted by Yang
et al. (2017), it has maintained a continuous operation reflecting a rich onsen culture over 1600 years, thus embodying a significant
historical legacy. The outlet of the spring is well-protected and suitable for monitoring water levels, temperature, and electrical
conductivity. Selecting the Bei hot spring as the research site is representative for studying the hydrodynamic mechanisms of thermal
water in Chongging. The study leveraged the dynamic interplay among precipitation-driven Q, Ty, and EC to delineate the primary
determinant of hydrodynamic characteristics. It also shed light on the spatial structure of the karst hot spring, and calculated the
corresponding ratios, Ty, and EC values, across diverse water sources. The hydrological parameters and recharge area of the karst hot
spring would be evaluated using a hydrological model simulates Q, Ty, and EC. Thus, the genetic formation model for the Bei hot
spring was developed from an integrated perspective of hydrology and hydrochemistry, influenced by precipitation.
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2. Field sites description

Bei hot spring (E 106°25°01.2320", N 29°51°22.8631") is located in the Bolian Hotel of Chongqing, situated on the eastern and
central border of the Sichuan Basin. It is approximately 452 km from the epicenter of the Wenchuan earthquake. The outcrops of Bei
hot spring are prominently exposed within the deep canyon of the main channel of the Jialingjiang river (Fig. 1 and Fig. 2). This site is
situated in the steep section of the asymmetric box anticline at Wentangxia (WTX) anticline, characterized by well-developed joint
fissures and faults. The water-bearing strata consist of the Leikoupo formation (Tsl), which is primarily composed of dolomitic
limestone and gypsum rock, and the Jialingjiang formation (Tyj), mainly comprising brecciated dolomitic limestone, limestone, and
gypsum rock (located 600-1000 m underground). Above the carbonate rocks of Leikoupo formation (T,l) and Jialingjiang formation
(Tyj) are the sandstones and shales of the upper Triassic Xujiahe formation (T3xj), which serve to insulate water and retain heat.

The recharge area of the Bei hot spring is located in the karst outcrop region at the parallel ridge and valley anticlinal structures in
eastern Sichuan and the northern end of the Huaying mountains. The EC values in Bei hot spring range from 2545.3 to 3057.0 ps/cm,
which is approximately three times higher than karst shallow underground river (809.4 ps/cm). This indicates that the geothermal
water primarily undergoes a long flow path and prolonged interactions between water and rocks. The thermal energy is primarily
sourced from geothermal heating. The Wenchuan earthquake in 2008 disrupted several outcrops in the vicinity of the Bei hot spring
(Xiao, 2012). However, the main outcrop of the Bei hot spring has remained continuously active. A automatic monitoring station was
established at this outcrop to record the continous variation data of EC and Ty,.

3. Materials and methods
3.1. Hydrological monitoring

To thoroughly investigate the dynamic changes in water quantity and hydrochemical characteristics of the Bei hot spring, a Solinst
Levelogger 4.6.2 LTC, installed in a Marshall tank, was employed. The water temperature (Ty), electrical conductivity (EC) and water
level (Hy,) were measured simultaneously at 15-minute intervals, which respective accuracies of 0.01 °C, 0.1 uS/cm, and 0.01 mm. The
throat width of the small Marshall tank is 0.076 m, and the equation calculation for calculating water discharge can be expressed as
follows:

Q=177.1 x H,® (¢))

Mussna

N

Legend
. Stratigraphic e :
Spring boundgar; E Anticline El Highway E Park road

Lower part of Xujiahe Formation

Middle part of Xujiahe Formation Upper part of Xujiahe Formation

Fig. 1. The location of Bei hot spring.
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Fig. 2. Longitudinal profile of Bei hot spring.
3.2. Methods

A hydrograph is a graphical representation of variations in water discharge (Q), EC, Ty, and other hydrological variables (Bonacci
and Roje-Bonacci, 2023). In comparison to isotopes and hydrochemistry, the continuously recorded Q, EC, and Ty, can effectively
describe the dynamic hydrological processes with high resolution. The analysis of T, EC, and their interaction with Q and precipi-
tation (P) significantly enhances our understanding of the complex processes involved in water circulation and storage within the karst
aquifer system.

3.2.1. The mixed ratio model based on Sr and the isotopic ratio of & Sr/%0sr

Bei hot spring is replenished by a combination of shallow cold water and hot water from the geothermal reservoir. A mixed ratio
model based on Sr and the isotopic ratio of 8’Sr/%°Sr was employed to calculate the recharge ratios of shallow cold water and
geothermal hot water. The equation used for this calculation is as follows:

[87S1/%6Srys x [Stlus = f x ([¥7St/%Srlsc x [Stlse) + (1- P x ([¥Sr/%srlgr x [Srler) @)

Where [¥7Sr/%0Sr]s, [87Sr/%0Srlsc, and [#7Sr/%%Srlgr represent the Sr isotope ratios of hot spring, shallow cold water, and hot
water from the geothermal reservoir, respectively; [Srlys, [Srlsc, and [Sr]gT denote the Sr content of hot spring, shallow cold water,
and hot water from the geothermal reservoir, respectively; and f indicates the recharge ratio of shallow cold water.

3.2.2. Chemical geothermometers

Chemical geothermometers include both silica geothermometers and cation geothermometers. The Na-K and K-Mg cation geo-
thermometers demonstrate insensitivity to secondary mixing processes of thermal waters in medium- and low-temperature geothermal
systems (Li et al., 2019). The water-rock interaction in the Triassic carbonate reservoir of Chongqing has not reached equilibrium
(Xiao, 2012). Therefore, cation geothermometers are not reliable for assessing reservoir temperatures. Silica geothermometers pri-
marily consist of quartz and chalcedony geothermometers. The reservoir temperature determined using chalcedony geothermometers
is only slightly higher than the measured water temperature. Consequently, silica geothermometers are considered reliable for
evaluating the temperatures of carbonate reservoirs.

Quartz geothermometers are categorized into three types: those with no steam loss (Eq. (3)) (Fournier, 1977), those with maximum
steam loss (Eq. (4)) (Fournier, 1977), and improved quartz geothermometers (corrected) (Eq. (5)) (Verma and Santoyo, 1997). The
calculations for each type are presented below:

Tsio2 = —44.119+0.24469S — 1.7414 x 107*S? 4-79.305 log S 5)
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Where Ts;o2 represents the calculated reservoir temperature, and S denotes the concentration of SiOy in mg/L.

3.2.3. Geothermal water circulation depth
The depth of geothermal water circulation can be calculated using the reservoir temperature (Wang et al., 1993; Ma et al., 2024).
The equation for calculation is as follows:

Z =Zo+ (T — To) /AT )

Where Z represents the depth of geothermal water circulation (m); Zy denotes the depth of thermostatic zone (m); T indicates the
reservoir temperature (°C); Ty refers to the temperature of thermostatic zone (°C); and AT signifies the geothermal gradient (°C/m).

3.2.4. Exponential models

The exponetial equation is a common mathematical model utilized to simulate the recession process of water discharge in karst
aquifers (Maillet, 1905; Guo et al., 2024). The hydrograph recession in the karst aquifer system can be represented as the sum of three
exponential components, which are described as follows (Bailly-Comte et al., 2010; Lauber et al., 2014):

Qleialt[of tl)
Q = Qe ™[ty 1) @
Qse™®'[ty, t3)

Where Q;, Q2, and Qs represent the initial water discharge of the conduit, fracture, and matrix, respectively; a;, a2 and az denote the
recession coefficients for the conduit, fracture, and matrix, respectively.

3.2.5. Linear regression method
A simple linear regression method was employed to examine the relationship among Q, Ty, and EC in the Bei hot spring.

y=kx+b ®)

In this study, T, was identified as the independent variable (x), while EC was designated as the dependent variable (y) to analyze
the dynamic variation relationships across three stages. The equation for calculating the slope value (k) is as follows:

S - (2% /n
k=—v = /7 (©)]
Yxy—(Cx3y)/n
3.2.6. Multi-source linear mixed model
The water volume in Bei hot spring comprises conduit water, fracture water, and matrix water. Each component exhibits distinct
values of water temperature and electrical conductivity. The mathematical relationships among water discharge, water temperature,
and electrical conductivity in these three water components can be expressed as follows:

Qc+Qr+Qu =Qw 10
Qe xTe+Qr x Tr+Qu x Ty = Ty (11)
Q¢ X ECc + Qr X ECr+ Qy X ECy = ECy (12)

Where Q¢, Qr, and Qy represent the water volumes of conduit water, fracture water, and matrix water, respectively; T¢, Tr, and Ty
denote the temperatures of conduit water, fracture water, and matrix water, respectively; EC¢c, ECr, and ECy indicate the electrical
conductivities of conduit water, fracture water, and matrix water, respectively. Additionally, Qw, Tw, and ECy represent the water
volume, water temperature, and electrical conductivity at the outlet of the aquifer system, respectively.

3.2.7. Hydrological pulse model

Criss and Winston (2008) developed a hydrograph model that simulates natural hydrographs following sharp precipitation events
by employing the diffusion equation and Darcy’s law (Winston and Criss, 2004; Yang and Endreny, 2013; Luo et al., 2016). The
calculation equations are as follows:

Q B 2er\ 1® -,
o ()« o
b=or (14)

Where Q represents the water discharge at any given moment; Q, denotes the peak water discharge; t signifies the elapsed time since
the recharge event; e refers the Euler’s number; and 7 indicates the intrinsic time constant, which represents the characteristic response
time of the aquifer system. The theoretical lag time between the rise of aquifer and the peak flow is given by 27/3. Additionally, t,
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represents the time of peak water discharge following the increase in water discharge.

The total water discharge (Qeyen) resulting from the precipitation event can be determined not only by the groundwater runoff
depth (i.e. effective precipitation, Py = axP; where a represents the precipitation infiltration coefficient) and the catchment area (A)
(Eq. (9)), but also by integrating the water discharge over time (Eq. (12)).

Quent = X P XA (15)
2¢\ 15
Qeven = QTVT (E) (16)
By combining Egs. (15) and (16), the resulting mathematical equation is derived:
axPxA
Q= 15 = MP 17)
wa()
A
M= a X (18)

By combining Egs. (13) and (15), the resulting mathematical equation is derived:
2eT 15
=MP(— i/t 1
Q <3 t) e (19)

The total hydrograph represents the cumulative sum of individual hydrograph elements during a series of continuous precipitation
events. The total water discharge can be expressed as follows:

m 2er 15
Q= ZMPi (g) et (20
i—

Where Q; represents the water discharge at time of t, and m denotes the number of precipitation events.

From the Eq. (15), it is clear that the value of M is determined by the linear slope value between Q, and P, which is influenced by
the parameters of a, A, and 7.

The simulated hydrograph was compared with the observed hydrograph to calibrate the parameters 7 and M, with the aim of
improving both the agreement and maximizing the Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970) and volumetric effi-
ciency (VE) (Criss and Winston, 2008). The closer the NSE and VE are to 1, the more effective the calibration or validation results.

Sty (Qobs — Quim);

NSE=1- — 2n
Z?:l (Qﬂbs - Qobs)i
Z?:1|Qobs - Qsim|i
VE =1 &l o (22)
Zi:l (QObS)i

Where n represents the total number of rainfall-runoff events; i is an integer varying from 1 to n; Qs denotes the observed runoff; éobs
signifies the mean observed runoff; and Qg;, refers to the simulated runoff.

4. Results and discussion
4.1. Recharge characteristics, thermal reservoir temperature, and water circulation depth of Bei hot spring

Values of [87Sr/868r]Hs, [87Sr/868r]sc, and [87Sr/865r]GT were 0.70828, 0.70830, and 0.70812, respectively. Values of [Srlys,
[Srlsc, and [Sr]lgr were 12,250, 1632, and 15,140 pg/L, respectively. The recharge ratios of shallow cold water and hot water from the
geothermal reservoir, as calculated using the Eq. (2), were 21.37 % and 78.63 %, respectively. Consequently, the Bei hot spring
primarily originates from the geothermal reservoir. Shallow cold water enters the system as geothermal water flows upward through
the faults and fractures. Therefore, it is essential to analyze the thermal reservoir temperature and water circulation depth to un-
derstand the hydrogeological characteristics of Bei hot spring.

Considering the subsurface thermal reservoir temperature is crucial when evaluating the potential for geothermal resource utili-
zation. The reservoir temperature, an essential indicator of the geothermal system, thus provides a clearer reflection of the conditions
at depth (Na et al., 2024). Quartz geothermometers (Fournier, 1977) have proven effective not only in alkaline thermal groundwater
but also in waters with temperatures reaching up to 180 °C (Grasby et al., 2019). The SiO5 concentration in the Bei hot spring is
measured at 24.54 mg/L. The reservoir temperatures (Tg) calculated using Egs. (3)-(5) are 71.32 °C, 127.36 °C, and 72.00 °C,
respectively. The temperature variation range of the carbonate thermal reservoir in the Bei hot spring system is between 72.00 °C and
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127.36 °C, further validating the suitability of quartz geothermometers for estimating the temperatures of carbonate reservoirs.

The thermostatic zone in Chongqing reaches to a depth of approximately 15 m to 40 m (Zp), with a temperature of around 19.6°C
(Tp) (Cuietal., 2011). Below this depth of 40 m, the geothermal gradient is measured at 0.02°C/m (AT) (Cui et al., 2011). The depth of
geothermal water circulation (Z) in the Bei hot spring system, calculated using the Eq. (3), ranges from 2.61 km to 5.42 km. It can be
concluded that precipitation infiltrates the exposed carbonate rock, subsequently entering the deep water cycle. As the water traverses
the surrounding rock, its temperature gradually rises, ultimately emerging as a hot spring in the deep valley. The hot water from the
geothermal reservoir remains relatively stable, whereas the shallow cold water is susceptible to precipitation due to its shallow water
flow paths. The response characteristics of Q, Ty, and EC in the Bei hot spring in relation to precipitation would be discussed in the
following sections.

4.2. Response characteristics of Q, Ty, and EC in the Bei hot spring to precipitation

4.2.1. EC and T response in Bei hot spring

The average of Ty, and EC values recorded at the Bei hot spring during the monitoring period were 36.24 °C and 3011.66 ps/cm,
respectively. Variations in Ty, EC, and Q at the Bei hot spring were observed in response to changes in precipitation based on daily data
(Fig. S1) and the data monitored at 15-minute intervals (Fig. 3). Bei hot spring is replenished by shallow cold water and hot water from
thermal reservoir. The shallow cold water exhibits low values of T,y and EC. The T, and EC values of Bei hot spring showed a significant
decreasing trend with increasing precipitation (Fig. S1), indicating that the recharge ratio of shallow cold water had higher. However,
the Q at Bei hot spring sometimes increased with precipitation, while at other times, it remained in a dynamically stable state (Fig. S1).
This variability was primarily influenced by the operational activities of the Bolian Hotel. The long-term variation curves of T, EC,
and Q exhibited a pronounced lagged response to precipitation (Fig. S1), which failed to capture the hydrodynamic characteristics of
the Bei hot spirng influenced by the precipitation event. Seven distinct precipitation events were identified based on the varation
curves of Ty, EC, and Q using the high resolution data (Fig. 3), which could be used to capture the short-term hydrodynamic char-
acterisctis of Bei hot spring. The start time, end time, maximum and minimum values of T,y and EC for each precipitation event (Tymax,
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Fig. 3. Variation curves of T,,, EC, and Q in relation to precipitation based on monitoring data collected at 15-minute intervals during the
rainy season.
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TwMin, ECMax, ECmin), the maximum precipitation recorded in any 15-minute interval (Pyax), the total precipitation (Protq)), and the
precipitation intensity (PI) during the event were presented in Table 1.

The values of Ty, and EC exhibited a rapid decreasing trend upon the onset of precipitation (Fig. 3a,b). Once the precipitation
ceased, both T, and EC values increased sharply (Fig. 3a,b). It is crucial to highlight that T,, and EC are sensitive parameters that reflect
variations in the hydrodynamic characteristics of the Bei hot spring. The Bei hot spring has been developed into the Bolian hotel. The
monitoring location is affected by various external factors, leading to a frequently fluctuating variation curve of Q in the Bei hot spring.
However, the increase in Q values from event B (EB) to event C (EC) (Fig. 3c,d) suggested Q values were also influenced by
precipitaiton.

The differences between Tyyax and Tywmin (AT), and between ECyax and ECygin (AEC) under varying Pyax and Proa) were depicted in
Fig. 4. The variation curves of AT,y and AEC in relation to different Pyjx and Protq) exhibited significant similarities. The values of ATy,
and AEC initially decreased with increasing Py (1.4-3.8 mm) and P (10.6-13.0 mm), followed by an increase with further in-
crements in Pyjax (6.0-7.4 mm) and Pro (18.8-37.0 mm). Eventually, they decreased again as Pyax (7.4-13.8 mm) and Progq
(37.0-63.6 mm) continued to rise. The values of AT,, and AEC initially increased with PI (from 2.5 mm/h to 9.3 mm/h), and sub-
sequently decreased as PI continued to rise (from 9.3 mm/h to 25.1 mm/h). The maximum values of AT,, and AEC were recorded
during event B, which had a Pyjax of 7.4 mm, a Protg of 37.0 mm, and a PI of 9.3 mm/h. In contrast, the minimum values of AT,, and
AEC were observed during event G, which had a Pyjax of 13.8 mm, a Prot, of 18.8 mm, and the highest PI of 25.1 mm/h. These findings
suggested that the values of AT,, and AEC were affected by both Ppjax and Progal.

4.2.2. Event-scale EC and T, response

The hydrograph of karst springs are crucial indicators of karst aquifers. The shape of these hydrographs is influenced by a variety of
factors, including the area and morphology of the basin, as well as climatic, hydrological, hydrographic, geological, geomorphological
conditions, terrain surface, and vegetation cover.

The curves of Ty, EC, and Q varied with precipitation from Event A to Event D (Fig. 3 and Fig. S1). The hourly variation curves of
Tw, EC, and Q during Events A, B, C, and D demonstrated that Events A and D captured the response processes of Ty, EC, and Q to
precipitation (Fig. 5 and Fig. S1). The variation curves of Ty, EC, and Q in the Bei hot spring during Events A and D using the hourly
data exhibited a rapid response to precipitation (Fig. 5). The values for Ty, EC, and Q in the Bei hot spring at the onset of Event A
(2024/6/19 7:15) were 36.39 °C, 3038.4 pus/cm, and 6.61 L/s, respectively. During the precipitation event (Event A), the values of Ty,
and EC decreased, along with a decline in Q. At the conclusion of the precipitation event on 2024/6/19 at 10:15, the total recorded
precipitation was the highest for Event A. At this time, the Bei hot spring exhibited the lowest values of T, (35.68 °C) and EC (2810.7
ps/cm), while Q reached its peak value of 8.35 L/s (Fig. 5a). When the precipitation ceased, the values of T,y and EC increased, while
the Q gradually decreased. The variations in Ty, EC, and Q at the Bei hot spring during Event D exhibited trends similar to those
observed during Event A.

The karst aquifer system acts as a filter, producing varied responses and outputs in response to different input signals. Even when
the total rainfall from two precipitation events is identical, distinct characteristics in the time series can lead to significantly different
output waveforms. The precipitation during Event A demonstrated an initial increase, followed by a subsequent decrease (Fig. 5a),
thereby characterizing it as a typical concentrated rainfall event. In contrast, Event D demonstrated a pattern characterized by an
initial increase in precipitation, followed by a decline, a subsequent rise, and a final decrease (Fig. 5b). This behavior can be interpreted
as two distinct concentrated rainfall events, further supported by the variation curves of Ty, and EC, which exhibit two significant low
values. The variation curve of Q exhibited a peak value that occurred later than the lowest values of Ty and EC. This suggests that Ty,
and EC responded more sensitively to precipitation than Q during the complex precipitation event, as further corroborated by the
variation curves of Q presented in Fig. 3c. The precipitation process of Event D exhibited more frequent fluctuations than Event A, and
the variation curves of Ty, EC, and Q were significantly more diverse compared to those observed in Event A (Fig. 5). The analysis
results suggest that the hydrodynamics of the Bei hot spring are closely linked to variations in precipitation. Event A represented a
singular precipitation event, and its hydrodynamic analysis more accurately reflects the impact of precipitation. The following
research primarily utilized the monitoring data from Event A to analyze the relationships among Q, Ty, and EC, as well as to simulate
these elements.

Table 1

Variation of EC and T,y under different precipitation events.
Event Date P(mm) T(°C) EC(ps/cm)

Start End Ppax Protal PI TuwMax Twmin ECmax ECwmin

A 6/19 7:30 6/19 10:15 1.4 10.6 3.9 36.40 35.68 3038.4 2810.7
B 6/21 2:15 6/21 6:15 7.4 37.0 9.3 36.33 34.53 3053.0 2545.3
C 6/26 7:30 6/28 10:45 2.0 63.6 19.6 36.30 35.82 3045.8 2913.4
D 7/5 4:30 7/5 9:45 3.8 13.0 2.5 36.24 36.07 3026.1 2969.9
E 7/10 20:15 7/11 3:30 9.4 45.0 6.2 36.28 35.79 3035.0 2880.9
F 7/13 18:30 7/14 3:15 6.0 41.4 4.7 36.12 35.77 2984.9 2877.6
G 7/29 22:30 7/29 23:15 13.8 18.8 25.1 36.37 36.32 3038.6 3020.7
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Fig. 4. Variation curves of AT and AEC with Pyay, Prota and PL
4.3. Dynamic variation characteristics of Q, Ty, and EC during the precipitation event

4.3.1. Variation characteristics of Q, Ty, and EC during the recession periods

The precipitation process of Event A is well-suited for analyzing the dynamic variation characteristics of Q, Ty, and EC. The
variation curves of Q, T, and EC were plotted in Fig. 6, immediately after the precipitation ceased. The karst hydrological recession
curve is influenced by geological, climatic, and topographic factors, providing significant hydrological insights for interpreting the
characteristics of aquifer media, hydraulic connections, and the geometric properties of the karst aquifer system (Hall et al., 1968; Amit
etal., 2002; Fiorillo et al., 2022; Bonacci and Roje-Bonacci, 2023). Due to the intricate permeability structures of karst aquifers, which
encompass conduits, fractures, and matrix (Kogocsek et al., 2023; Musgrove et al., 2023), the recession processes of Q in the Bei hot
spring can be distinctly categorized into three stages (Fig. 6a). Therefore, the aquifer associated with the Bei hot spring exemplifies a
typical carbonate system.

The hydrograph recession of Q in the Bei hot spring can be represented as the sum of three exponential components, as follows:

10'74e—OvO78t1
Q; = { 18.18e791%% 1 (23)
8.65e 0040 11

The recession processes of the conduit, fracture, and matrix correspond to stages I, II, and III, respectively. The recession co-
efficients for the conduit (a;), fracture (@2), and matrix (a3) were measured to be 0.078, 0.199, and 0.04, respectively. The recession
coefficient (o) varies dynamically during the water discharge process and serves as a critical parameter for quantifying the rate of flow
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recession, particularly in relation to karst aquifer media (Guo et al., 2024). The « values of karst water flow generally decrease with
increasing duration (Katsanou et al., 2015). However, the value of a; is lower than that of a2, suggesting that the hydraulic connectivity
of the conduit is inferior to that of the fracture network. This implies that the conduit is poorly developed in the Bei hot system. The
vertical thickness of the Bei hot spring is considerable, with the maximum value of a2 indicating that the fractures network possesses
well-established hydraulic connections. The karst aquifer system is distinguished by its permeability, and the formation of the Bei hot
spring typically involves deep circulation processes, as discussed in Section 4.1. The varying dynamics of recession coefficients during
the water discharge recession process are indicative of the hydraulic behavior of karst hot springs.

The ratios of conduit water, fracture water, and matrix water were 6.37 %, 8.86 %, and 84.77 %, respectively. The matrix water
comprises pore water from shallow cold water and hot water from the geothermal reservoir. Based on the analysis presented in Section
4.1, the ratio of hot water from the geothermal reservoir at Bei hot spring is 78.63 %. Consequently, it can be concluded that the ratio of
pore water from shallow cold water is 6.14 %. The conduit water ratio is lower than that of fracture water, further confirming that the
conduit system in the Bei hot spring is not well developed. The primary water source of the Bei hot spring is hot water from the
geothermal reservoir, which is associated with deep karst water circulation that contributes to the formation of the hot spring.

4.3.2. Conceptual models of recovery processes of EC and T,

For the Bei hot spring with a specific structure, the values of Ty, and EC after a concentrated recharge event are mainly influenced by
the volume of the recharge water and the temporal variations in its temperature. The variation curves of T,y and EC exhibited opposite
trends compared to Q during the precipitation event (Fig. 5), indicating that the Bei hot spring received a water source characterized by
relatively low T,, and EC values. During each recession period of Q, both T,, and EC values increased exponentially (Fig. 6a,b),
reflecting the recovery process of these parameters in the Bei hot spring. The three recovery periods were also expressed as the sum of
three exponential components as follows:

34.1260'014t1
Ty = { 35.28¢%006t )] 24
35.98¢%002 11

2344.1e%0%01
EC, = { 2685.7e0%]] (25)
2894.5e%007t ]

The conceptual models of recovery processes of EC and Ty, in the Bei hot spring were constructed in the following based on the
above exponential equations:

N[0, 1)
N, = { Noe'[t;,t;) (26)
Nse®'[ty, t3)

Where Nj, N,, and N3 represent the initial values of Ty, or EC in the conduit, fracture, and matrix at the onset of Q’s recession,
respectively; 11, 12 and A3 denote the recovery coefficients of Ty, or EC in the conduit, fracture, and matrix, respectively.

The recovery coefficient (1) is a crucial parameter for quantifying the variation rates of T\, and EC. The values for Aty1, ATwz2, and
Atws Were 0.014, 0.006, and 0.002, respectively. Likewise, the values of Agc1, Agc2, and Agc3 were 0.056, 0.023, and 0.007, respectively.
The recovery coefficient (1) exhibited a decreasing trend during the recovery process of Ty, and EC. In contrast to the variation
characteristics of the recession coefficient (a) of Q, the recovery coefficient (A) is particularly related to the values of T\, and EC from
water sources. The variation ranges of Ty and EC in conduit water were greater than those observed in the fracture water and matrix
water. Matrix water exhibited the most stable values for T,, and EC. Therefore, analyzing the relationships among Ty, EC, and Q is
essential for evaluating the water resources of Bei hot spring.

4.3.3. Dynamic correlations among Q, Ty, and EC during the precipitation event
Both the recession of Q and the recovery of T,,/EC adhered to an exponential model during each period (Fig. 6). The mathematical
equations among Q, Ty, and EC were analyzed and are presented as follows:

—1.26T,, + 53.45(R* = 0.95)/
Q = { —7.19T, + 267.78(R*> = 0.99)1] (27)
—4.66T, + 176.13(R* = 0.98)11]

—0.004EC + 19.36(R* = 0.98)/
Q: = { —0.022EC + 72.28(R* = 0.99)// (28)
—0.012EC + 43.94(R* = 0.94)111

325.69T, — 8804.6(R> = 0.99)/
EC, = { 329.06T, — 8934.8(R2 = 0.99)I/ (29)
360.09T,, — 10063(R? = 0.94)111

There exists a distinct linear relationship among Q, Ty, and EC throughout each period. The linear equations demonstrate that the
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specific volume of Q is associated with special values of T,y and EC. The absolute slope values (k) for Q and Ty, as well as Q and EC,
were highest during the second period (II). Furthermore, the slope values (k) for EC and T,, demonstrated an increasing trend from the
first period (I) to the third period (III). This observation further confirmed the unique hydrogeological structure of the Bei hot spring.
Using the aforementioned linear relationships, the values of T\, and EC in conduit water, fracture water, and matrix water, along with
the corresponding ratios of these water sources, can be quantitatively determined.

The third phase (III) represents the process of matrix water recession. It can be concluded that the volume of matrix water ranges
from 6.84 L/s to 7.08 L/s. The values of T,, and EC ranged from 36.28 °C to 36.34 °C and from 2998.4 ps/cm to 3020.9 ps/cm,
respectively. The measurements for Q, Ty, and EC during the transition of fracture water to matrix water were found to be 7.08 L/s,
36.28 °C, and 2998.4 ps/cm, respectively. Utilizing the linear relationships among Q, Ty, and EC for each period, the variation ranges
of Ty and EC in fracture water were found to be 34.29-34.82 °C and 2488.51-2560.92 ps/cm, respectively. In conduit water, the
variation ranges of T, and EC were 26.43-28.85 °C and 136.01-662.03 ps/cm, respectively. The average values of T,, in conduit water,
fracture water, and matrix water were 27.34, 34.56, and 36.31 °C, respectively. The average values of EC in conduit water, fracture
water, and matrix water were 358.03, 2524.72, and 3011.22 ps/cm, respectively. The values of Ty, and EC in conduit water were
significantly lower than those in fracture water and matrix water. Specifically, the EC values in matrix water and fracture water were
8.4 and 7.05 times greater than those of conduit water, respectively. This indicates that the conduit is situated within a shallow karst
aquifer system. During the precipitation Event A, the average air temperature (Tx;;) was recorded at 27.65 °C, which closely matched
the temperature of the conduit water, further confirming that the conduit is poorly developed in the shallow karst aquifer system.

4.4. Simulations of Q, Ty, and EC in the Bei hot spring

4.4.1. The precipitation infiltration coefficient (@) of the Bei hot spring

The infiltration rate (a) is defined as the ratio of groundwater recharge from a specific amount of precipitation to the total pre-
cipitation received in a given catchment area (Al-humair et al., 2023). The outlet of the Bei hot spring collects the region’s water
resources, with water level automatically monitored using the Solinst Levelogger 4.6.2. LTC (Canada) in a marshall tank at 15-min
intervals. The groundwater discharge, influenced by infiltraion at the Bei hot spring, is reflected in the changes in water level at
the outlet (AH,,). According to the Eq. (11), the precipitation infiltration coefficient (@) is defined as the ratio of AH,, to P. Therefore, the
equation can be expressed as follows: a= AH,,/P. The values of a fluctuated throughout the precipitation process due to factors such as
soil moisture, surface vegetation, evaporation, topographic slope. The characterisctis of a during the precipitaiton Event A were
depicted in Fig. 7.

The values of o corresponding to hourly precipitation levels of 1.0 mm, 3.8 mm, 5.0 mm, and 0.8 mm were 0.013, 0.005, 0.003,
and 0.016, respectively. The values of a exhibited a clear negative linear trend with the amount of precipitaiton (y = -0.003x + 0.02,
R2=0.98). Therefore, it can be concluded that a higher volume of precipitation is likely to produce increased surface water flow,
whereas a lower volume of precipitation may infiltrate the Bei hot spring system at a reduced rate. Consequently, the infiltration rate
can be determined from the variations in water levels at the outlet during the precipitation event. This finding offers valuable insights
for deriving hydrological parameters from hydrographs, which can subsequently be used to evaluate the water resources of the karst
aquifer system.

4.4.2. Simulations of Q, Ty, and EC during the precipitation event at the Bei hot spring

The hydrological and hydrochemical factors of Q, Ty, and EC responded rapidly to precipitation during the Event A, indicating that
precipitation was the primary factor influencing hydrodynamics and hydrochemistry in the Bei hot spring. The phenomenon suggested
that simulating the dynamic variations of Q, Ty, and EC in the Bei hot spring during the Event A was appropriate.

The value of 7 is influenced by the shape and response time of the hydrograph curve, which can be derived from the measured
hydrograph. It functions as a lumped parameter representing the structure of the karst aquifer system, encapsulating both the scale of
the aquifer and the characteristics of the aquifer media. The value of Tt was determined to be 2.50 h based on the hydrograph curves of
Q during Event A. The total hydrograph represents the cumulative sum of all calculated hydrograph elements. It can be inferred that
the values of M varied according to the Eq. (16), with a range of variation from 26.25 m?/s to 58.41 m?/s. The simulation that best
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Fig. 7. Variation characteristics of a in relation to precipitation levels (a: values of a and H,, across different PI; b: the linear relationship between o
and PI).
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represents the observed water discharge was shown in Fig. 8a, as evidenced by the highest values of the NSE at 0.96 and the VE at 0.99.

It can be inferred from Egs. (23)-(25) that Ty, and EC were in the recovery period, while Q was in the recession period. Additionally,
Egs. (27) and (28) indicated that Q exhibited negative linear relationships with both T,, and EC. Therefore, the dynamics of Ty, and EC
exhibited opposite variations compared to Q. The hydrological pulse simulation model was also effective in simulating T,, and EC.
Finally, the best simulations of the observed T, and EC were shown in Fig. 8b and c, where both the NSE and VE values approached 1,
indicating the appropriateness of the simulation model. Therefore, the hydrological pulse model is invaluable for predicting variations
in the hydrograph and hydrochemograph of Bei Hot Spring under natural conditions. Ultimately, the mathematical equation for the
hydrochemograph pulse model can be formulated as follows:

m 28‘[ 1.5
N, = Ny + ZANi (§> e/t (30)
i=1

Where N; represents the value of Ty, or EC at time t, Ny denotes the value of Ty, or EC at the onset of the precipitation event, and m
signifies the number of precipitation events.

The simulation results of the pulse model clearly demonstrate the processes of variation for Q, Ty, and EC. The t and M parameters
were derived from these simulations, which are crucial for evaluating the water resources of Bei hot spring.

The values of «, T, and M could be derived from the fluctuations in water levels during the precipitation event and the simulation
processes of the pulse model. Consequently, the area of Bei hot spring (A) could be calculated using the Eq. (18), resulting in a value of
67.87 km?. Thus, the water discharge (Q) of Bei hot spring under natural conditions can be evaluated using the Eq. (15).

4.5. Hydrogeological genetic model for the Bei hot spring

The axial parts and two wings of each anticline expose the Triassic strata, which can be classified from oldest to youngest as follows:
the Feixianguan Formation (T;f), the Jialingjiang Formation (T4j), the Leikoupo Formation (T3l), and the Xujiahe Formation (T3xj).
The T1f formation primarily consists of shale and mudstone, and exhibiting water barrier characteristics. It serves as the bottom layer
for the geothermal reservior (Fig. 9). The T;j formation primarily consists of limestone, dolomite, bioclastic rocks, and gypsum-salt
breccia. This formation acts as a geothermal reservoir and is located in the near-axis region of anticlines. The carbonates in Tqj
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Fig. 8. The simulation results of Q, EC and Tw in the Bei hot spring using the theoretical model.
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Fig. 9. Hydrogeological genetic model for the formation of thermal water in Bei hot spring.

formation show well-developed karst conduits and corrosion, which imply a good geothermal reservoir (Fig. 9). The Tyl formation
primarily consists of dolomite, limestone, and claystone. The formation is distributed in a linear pattern along the wings of the WTX
anticline, therby contributing to the geothermal reservoir. The T3xj formation and the Jurassic strata serve as the geothermal cover for
the geothermal reservoir (Fig. 9). The T3xj formation is mainly characterized by sandstone, shale interbedded with thin coal seams.

The recharge ratios of shallow cold water and hot water from the geothermal reservoir were 21.37 % and 78.63 %, respectively
(Fig. 9). The hydrodynamics of the Bei hot spring are closely linked to the variations in precipitation, primarily due to the shallow
water flow paths of cold water. As a result, both T,, and EC respond sensitively to changes in precipitation. Although the Q is influenced
by the operational activities of the Bolian Hotel, the hydrodynamic of Q remain relativley stable, as the hot spring is primarily
replenished by the geothermal reservior. The EC values in the conduit water were significantly lower than those in the fracture water
and matrix water. This indicated that the conduit is poorly developed in the upper part of Bei hot system. Therefore, the temperature of
the conduit water was similar to that of the surrounding air. The highest recession coefficient of fracture water indicated that the
fracture network has well-established hydraulic connections and served as the primary vertical pathway for precipitation to flow into
the carbonate thermal reservoir. The recession process of Q and the recovery processes of EC and T, in the Bei hot spring followed
exponential equations. The hydrological pulse model effectively simulated the variation processes of Q, Ty, and EC under natural
conditions, indicating that the hydrodynamic and hydrochemistry of the Bei hot spring are primarily governed by the carbonate
aquifer system.

Precipitation infiltrates karst outcrop regions situated within the parallel ridge and valley anticlinal structures of eastern Sichuan
and the northern Huaying mountains. Shallow pores and conduits receive precipitation, which accumulates in the well-connected
fracture network. In the upper part of the system, the collected water flows through the geological strata, forming shallow cold
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water. Vertically, this water moves downward, with groundwater temperatures increasing with depth, eventually entering the
geothermal reservoir and resulting in the geothermal water source of the Bei hot spring. Water flow reaches depths ranging from
approximately 2.61 to 5.42 km, with the thermal reservoir temperature varying between about 72.00 and 127.36 °C. The thermal
water rises to the surface through fractures along faults in the deep valley.

5. Conclusions

In this study, we analyzed the dynamic variation processes of natural tracers, calculated the proportions of various water sources,
developed the simulation model for Q, Ty, and EC during a single precipitation event and the hydrogeological conceptual model of the
Bei hot spring. The main conclusions are summarized below.

(1) Ty, and EC are sensitive natural tracers, exhibited clear negative linear relationships with Q during the single precipitation
event, in the absence of the operational activities of the Bolian Hotel. The variation curves of Ty, and EC The values of AT and AEC
during the precipitation were influenced by both Pypax and Proga).

(2) The Bei hot spring is primarily replenished by hot water from the geothermal reservoir (78.63 %), followed by shallow cold
water (21.37 %). The proportions of pore water, fracture water, and conduit water of shallow cold water were 6.14 %, 8.86 %, and
6.37 %, respectively.

(3) The mathematical recovery model for EC or T,, was developed based on the inverse relationships among T,,, EC, and Q. The
hydrological and hydrochemical pulse model successfully simulated the dynamic variation of Ty, EC, and Q during a single precip-
itaiton event, and calculated the precipitation infiltration coefficient (a) and the catchment area (A).

(4) Hydrogeological genetic model of Bei hot spring was constructed by intergrating the hydrodynamics of shallow cold water, the
spatial geological structure of geothermal reservoir, and the recharge characteristics of water sources.

These findings not only elucidated the dynamic characteristics of Q, Ty, and EC during the single precipitation event, but also had
significant implications for the calculation of hydrogeological parameters and the assessment of water sources in karst hot spring. The
research findings will assist the Chongqing Bureau of Planning and Natural Resources in implementing strategies to ensure the sus-
tainable development of geothermal water resources.
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