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Abstract

The karst hydrogeology systems of the Watuputih Hills region of Central Java, Indonesia, have many springs with varying
discharge and are composed of formations with complex geological structures. This work characterized the karst hydrogeology
by studying 50 hydrogeological features (caves, springs and wells) and by analyzing the chemical-physical properties of
groundwater in the field (pH, temperature, EC, HCO; , **?Rn) and the major ions and stable isotopes of the groundwater samples
in the laboratory, along with the stable isotope content of rainwater sampled over 1 year. Hierarchical cluster analysis of the water
samples identified three hydrochemical groups: groundwater flowing through carbonate rocks (groups C2 and C3), through
quartz sandstones and volcanic rocks (group C4), and through carbonate rocks and the siliciclastic rocks (quartz sandstones)
underneath them (group C1). Springs with large discharge, typified as artesian fault-guided springs, were categorized into group
C1. These springs are Sumbersemen, Brubulan Tahunan, and Brubulan Pesucen, with mean discharges of 1,516, 165, and 95 L/s,
respectively. Based on the results of the stable isotope analysis, the d-excess calculation and the **’Rn concentrations, groups C2,
C3, and C4 associate with shallow groundwater systems that dominantly flow through pores, whereas group C1 associates with a
deep groundwater system controlled by geological structure. The geological structure also determines the groundwater flow in
the cave streams. The shallow groundwater system is sourced by local rainwater, while the deep groundwater system displays a
relationship with the groundwater in the northern hills at an elevation >375 m above sea level.
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Introduction

Karst regions have a specific hydrogeological character
(Milanovic 1981; Ford and Williams 1989, 2007) because
the constituent rocks, like limestone and dolomite, are
highly susceptible to chemical dissolution (Milanovic
1981; Goldscheider and Andreo 2007; Ford and
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Williams 1989, 2007). For karst regions, study of chem-
istry is essential (White 2015) because hydrochemical
properties reflect the mechanism of groundwater flow in
karstic rocks (Ford and Williams 1989; Ford and Williams
2007). Karst aquifers have heterogeneous characteristics
owing to the three media-based systems through which
groundwater flows, namely pores, fractures, and cavities
(Goldscheider et al. 2007). In Indonesia, karst aquifers
develop mainly in limestones and only occasionally in
dolomite and marble, and these features have not been
found in noncarbonate rocks (Haryono 2001).

This report elaborates on hydrochemical characteristics
using hierarchical group analysis, which is validated with
the data of stable isotopes (**0, ?H) and radon (***Rn), to
identify the karst hydrogeological system characteristics
in Watuputih Hills and the surrounding areas. The area
is located in Rembang Regency, Central Java Province,
Indonesia, where active limestone mining of the Paciran
Formation takes place. Since approximately 2014, the
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study area has been heavily discussed due to the growing
concerns of the community about the sustainability of
springs connected to the limestone mining.

Studies of karst hydrogeological systems using
hydrochemical and stable isotope analyses (‘*0O and *H) have
been carried out by, for instance, Ashjari and Raeisi (2006),
Petitta et al. (2011), Krishnaraj et al. (2012), Dimitriou and
Tsintza (2015), and Thilakerathne et al. (2015), while more spe-
cific study employing multivariate hydrochemical analysis has
also been conducted by, e.g., Valdes et al. (2007), Narany et al.
(2014), Chihi et al. (2015), and Yuan et al. (2017). These previ-
ous studies generally explain hydrochemical processes such as
dissolution and precipitation of carbonate and silicate mineral
and cation exchange, and identification of karst hydrogeological
systems including: the process of karst groundwater recharge,
flow, and discharge. In addition to explaining the hydrochemical
processes, the studies that apply multivariate statistics can also
unfold the relationships between hydrochemical facies and aqui-
fer groups and between the hydraulic characteristics of faults and
physical-chemical processes in aquifers.

The majority of karst hydrogeological studies take place in
nontropical regions in Paleozoic-Mesozoic rocks whose ground-
water has varying electrical conductivity (EC) or total dissolved
solids (TDS), like studies conducted by Yidana et al. (2010),
(2011), Belkhiri et al. (2011), Narany et al. (2014), Chihi et al.
(2015), and Yuan et al. (2017); for these studies, grouping using
multivariate analysis can adequately explain hydrochemical char-
acteristics. Karst groundwater in the tropics in Cenozoic rocks
has a low variability of EC. To produce a more convincing mul-
tivariate analysis using EC of low variability, a validation that
relies on stable and unstable isotopes as tracer agents becomes
necessary.

The stable isotopes and “*?Rn have been widely applied as
tracers in groundwater studies. The isotopes '°0 and *H are
conservative (Falcone et al. 2008; Pu et al. 2013; Tillman et al.
2014; Murillo et al. 2015; and Sun et al. 2016), that is, not
affected by water—rock interaction processes at temperatures low-
er than 200 °C (Marfia et al. 2004). These isotopes have been
used in studies of groundwater recharge and flow (Marfia et al.
2004; Rodgers et al. 2005; Blasch and Bryson 2007; Mukherjee
et al. 2007; Ryu et al. 2007; Al-Gamal 2011; Singh et al. 2013),
the heterogeneity of aquifer hydraulic properties (Marfia et al.
2004; Leibundgut et al. 2009; Doveri et al. 2013), residence time
of groundwater (Rademacher et al. 2003; Mahlknecht et al.
2006), and the mixing of groundwater from different sources
(Coplen 1993). The isotope ***Rn can also be used as a tracer
element (Burnett et al. 2001) because, in addition to having a
short half-life of 3.8 days (Michel 1990; Clark and Fritz 1997), it
is a noble gas that has the highest water solubility (Clever 1985)
through diffusion. Moreover, it is conservative, meaning that it
does not react with the surrounding environment (Clark and Fritz
1997). The study of fractured aquifers using 222Rn has success-
fully pinpointed areas affected by faults (Choubey and Ramola
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1997, Villalobos et al. 2017) and regions with intensive fractures
and active hydraulic characteristics (Cook et al. 1999; Hamada
1999; Skeppstrom 2005), to identify geological controls on water
chemistry in geothermal systems (Iskandar et al. 2018), and to
assist in groundwater studies in karst aquifers (Criss et al. 2007).

By conducting a validated hydrochemical study with
stable isotopes and 222Rn data on a more detailed scale,
a thorough comprehension of hydrogeological character-
istics in relation to lithological control and geological
structure, as well as the origin of groundwater in the study
area, can be achieved and, therefore, used as the basis for
spring management. This study hypothesizes that impor-
tant springs (with large discharges) have a deep ground-
water system that not only interacts with carbonate rocks
but also with nonkarst (siliciclastic) rocks, which are con-
trolled by geological structures.

Geological and hydrogeological setting

The study area is an anticlinorium zone with an east-west
direction, forming a range of hills at an elevation averag-
ing less than 500 m above sea level (masl) (Bemmelen
1949). Geomorphologically, it is dominated by structural
hills, karst morphology, low to undulating hills, and a
small portion of volcanic cones that are geologically com-
posed of various rock formations such as carbonate rocks,
siliciclastic sediments, and volcanic rocks (Luthfi et al.
2017; Novita et al. 2017). Karst morphology develops in
limestones of the Bulu Formation with isolated karst cone
patterns. The spatial variation of the lithological types in
the study area is presented in Fig. 1.

The stratigraphy of the study area is composed of rock for-
mations from early Miocene to Pleistocene epoch (Luthfi et al.
2017; Novita et al. 2017). The limestone of the Tawun Formation
(Nmtl), formed in the later early Miocene, is composed of sandy
marl alternating with bioclastic limestone, with coarse grains at
several sites. The quartz sandstone of the Ngrayong Formation
(Nmns), formed in the middle Miocene, is composed of quartz
sandstones with limestones and sandy limestone intercalations.
The limestone of the Bulu Formation (Nmbl), formed in the later
middle Miocene, is composed of layered clastic limestone
(packstone-wackestone), which is solid, locally jointed, and po-
rous. The sandstone of the Wonocolo Formation (Nmws),
formed in the later middle Miocene, is composed of calcareous
sandstone with sandy marl intercalations. The sandstone of the
Ledok Formation (Nmls), formed in the late Miocene, is com-
posed of glauconitic sandstones in layered structures of coarse to
fine sand, and cemented by carbonates. The limestone of the
Ledok Formation (Nmll), formed in the late Miocene, iS com-
posed of clastic limestone, of medium to fine sand. The marl of
the Mundu Formation (Npmm), formed in the Pliocene, is dis-
tributed around the synclinal axis. The limestone of the Paciran
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Fig. 1 a Map of the geology and hydrogeological sampling features in gravity anomalies investigation (GAI, Geological Agency of Indonesia,
the study area (Modified from Luthfi et al. 2017; Novita et al. 2017). b Jakarta, Indonesia, unpublished report, 2017)
Geological cross section along the A-B line, based on resistivity and
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Formation (Nppl), formed in the Pliocene-Pleistocene, is com-
posed of layered clastic limestone, with fine-to-very-coarse grain
size, and is distributed in Watuputih Hills surrounded by the
limestones of Bulu Formation. The Gutak Volcanic Rocks
(Qvg), formed in the Pleistocene, are composed of dacitic andes-
itic lava, andesitic breccia, and andesitic intrusions in the northern
part of the study area.

The geological structures developed in the study area are
folds (syncline, anticline), with west—east and northwest—
southeast directions, and northwest-southeast-oriented faults.
The anticlines in the south and north and the syncline in the
middle of the study area plunge to both directions. This syncline
is partially covered by the limestone of the Paciran Formation.
In the north, there is another syncline thrusting from the east.
Meanwhile, in the east and west, there is a northwest—southeast-
oriented lateral or strike-slip fault (Luthfi et al. 2017; Novita
etal. 2017). Such complex geological structures are apparent in
the geological cross-sections, a product of geophysical investi-
gations conducted by the Geological Agency of Indonesia-GAI
(Geological Agency of Indonesia, Jakarta, Indonesia, unpub-
lished report, 2017) using resistivity and gravity anomalies
(Fig. 1). The cross-sections also show a downthrown block in
the eastern lateral fault and a slightly upthrown wall on the
western lateral fault. In the middle of the study area, the fault
systems cut through the limestone of the Tawun Formation, the
quartz sandstone of the Ngayong Formation, and the limestone
of the Bulu Formation. These faults are not visible on the sur-
face because they are covered by the limestone of the Paciran
Formation that forms Watuputih Hills.

The development of the hydrogeological system in the study
area is indicated by the presence of around 39 springs and four
cave streams around the limestones of the Paciran Formation
(Fig. 1). Based on the results of measurements in the dry season
(July—August 2017), the springs’ discharge varies from 0.01 to
1,516 L/s with a geometric average of 0.5 L/s. The springs are
generally permanent and, based on lithological conditions, divid-
ed into two types, namely springs in karst rocks and springs in
nonkarst rocks. The typology of the former refers to the classifi-
cation of karst springs (Ford and Williams 2007), which includes
artesian fault-guided springs and free-draining or contact springs.
The artesian fault-guided springs emerge through a fault plane
and have eroded impermeable layers in the limbs of the folds.
The contact springs are formed on the cliffs of a valley by gravity
or due to the presence of an impermeable layer under the karst
rocks (Ford and Williams 2007).

Materials and methods
Field sampling

Samples, consisting of waters from 33 springs, four cave wa-
ters, and 13 dug wells, were taken in July—August 2017 for
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hydrochemical and stable isotope (**0 and *H) analysis. Some
parameters like temperature, pH, electrical conductivity (EC),
HCO; , and radon (222Rn) were examined in the field. The
temperature, EC, and pH were measured with a portable
LaMotte water testing kit. Meanwhile, the HCO;3 ™ ion and
?22Rn concentration were determined using an alkalinity test
kit by titration and RAD7, respectively. The stable isotope
analysis of rainwater was carried out every month for 1 year
(2018) at three locations to determine the local meteoric water
line (LMWL) equation.

The sampled waters were filtered using a 0.45-um syringe
filter and then inserted into two 200-ml polyethylene bottles,
each for anion and cation analysis. For cation analysis, the water
samples were acidified with 0.1 N HNO; to prevent precipitation.
All water samples were preserved at 4 °C for transport to the
laboratory. The “**Rn concentrations in the field were measured
with RAD7 connected to the RAD-H,O accessory. The water
sample was poured into a 250-ml reagent bottle attached to the
scintillator. Air was then circulated in a closed circuit for 5—
10 min until the ***Rn was mixed homogeneously with the air,
and the resulted **’Rn activity was recorded directly. Each sam-
ple was subjected to five measurement cycles.

Hydrochemical analysis

Analysis of major ions, namely Ca**, Na*, Mg”*, K*, HCO;
SO427, Cl', and NO; ', was carried out in the hydrochemical
laboratory of the Center for Groundwater and Environmental
Geology, the Geological Agency of Indonesia. Tons Ca**, Na*,
Mg?*, and K™ were analyzed using the Dionex ICS-1500 ion
chromatography system. As for SO,> and NO;, these ions
were determined with a Varian Cary 100 UV-Vis spectrophotom-
eter. Meanwhile, CI" and HCO; were measured with
argentometric titration and alkalinity titration, respectively. The
laboratory analysis results can be used only if the charge balance
error (CBE) is <5% (Yidana et al. 2010, 2011, 2017; Al-
Charideh 2011; Wu et al. 2013), which, in this study, was calcu-
lated using the following equation (Freeze and Cherry 1979):

> Zme—y Zmy

%CBE = =———— =
? SZme + Y Zm,

x 100 (1)

The notation Z is ionic valence, m, is molality of cations,
and m, is molality of anions.

Stable isotope analysis

The stable isotope analysis was performed in the
hydrochemical laboratory of the Center for Groundwater and
Environmental Geology, the Geological Agency of Indonesia.
The & '®0 and 6°H values were measured relative to Vienna
Standard Mean Ocean Water (VSMOW) using the
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Picarro L-2130-i analyzer. The allowed error in the
analysis is £0.2% for 6'%0 or+1.0% for 5°H. The
LMWL equation was determined by considering the
amount-weighted factor, i.e., monthly rainfall at each
rainwater sampling location, which was calculated using
the following equation (Zuppi 1981; Clark 2015):

M=

Prs®
by == (2)
> P
i=1

The notation P} represents monthly rainfall (mm) and 4"
is the oxygen and hydrogen isotope ratios (%o expressed as
5'%0 and 5°H).

Calculation of saturation index and partial pressure
of COZ

The saturation index for minerals (SI) and partial pressure of
CO, (Pcoy) are parameters that determine the characteristics
of a karst aquifer system (White 2015). Pco, serves as the
basis for evaluating the level of interaction between water
and CO,, which can be calculated using the following equa-
tion (Ford and Williams 2007):
(HCO;) (HY)

Pco, K, Kco, 3)

The notation (HCO;3") is bicarbonate ions, (H") is hydro-
gen ion activity, K; is equilibrium constants of reactions at
25 °C, and Kco, is equilibrium constants for CO, in water at
25 °C.

The mineral saturation index (SI) can determine the degree
of chemical equilibrium between water and minerals in aqui-
fers (Domenico and Schwartz 1990; Ford and Williams 1989,
2007; Yuan et al. 2017), which, in this study, was calculated
using the equation below:

SI = logIAP/K (4)

The notation K is the equilibrium constant of the
mineral and IAP is the ion activity product of the min-
eral. SI>0 means that water is saturated with minerals,
whereas SI<0 signifies the opposite, i.e., water is not
saturated with minerals. When SI=0, it indicates an
equilibrium water—rock interaction. This study calculated
the saturation index of calcite (CaCO;; expressed as
SIc) and dolomite (CaMg(CO;),; expressed as SId).
The SIc and SId values generally have an error of
+0.1-0.2 (Ford and Williams 1989, 2007). The mineral
saturation and Pco, values were calculated using the
program PHREEQC (Parkhust and Appelo 1999).
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Fig. 2 Piper plot of the major ion
chemistry representing the
hydrochemical facies

® Spring
- Dugwell

Calcium (Ca) Chloride (Cl)
CATIONS %mea/l ANIONS
Hierarchical clustering of hydrochemical data Results

Hierarchical cluster analysis is a multivariate statistical meth-
od that has been widely used in Earth sciences (Davis 1986),
one of which is for hydrochemical studies (Swanson et al.
2001; Guler et al. 2002; Guler and Thyne 2004). This method
has provided various benefits to explaining hydrological pro-
cesses in nature (Yidana et al. 2010, 2011; Narany et al. 2014;
Chihi et al. 2015; Yuan et al. 2017). This technique is useful
for pinpointing similarity and dissimilarity in a group of data
based on the Euclidean distance; the smaller the distance, the
more similar the data group is (Yidana et al. 2010, 2011). The
Euclidean distances are calculated, preferably, using parame-
ters with the highest variant, instead of those with the lowest
one (Guler et al. 2002). Parameters with the most similarity
are grouped into one cluster and then linked to another cluster
based on this similarity; therefore, clusters connected with
shorter relationship distances share more similarities to each
other than those with longer ones (Yidana et al. 2010, 2011).
For this analysis, the required data included temperature, EC,
pH, Ca**, Mg**, Na*, K*, HCO5 , SO4> ", CI", Pco,, Slc, and
SId. Major cations such as Ca**, Mg®*, and HCO;  are au-
tochthonous as the results of the dissolution of limestone,
whereas the anions Cl, Na, K, SO, are allochthonous
(Valdes et al. 2007). This analysis was performed in SPSS
Statistics v20.

Hydrochemical characteristics

For the hydrochemistry and environmental isotopes in the
study area, the water samples were divided into three types,
namely spring (S), dug well (D), and cave water (C). The
analysis results of major ions and groundwater type, according
to the Szczukariew-Priklonski’s hydrochemical classification
scheme (Jankowski 2001), are summarized in Table 1 and
graphically depicted in a Piper diagram in Fig. 2. The order
of cation abundance from the highest to the lowest is Ca”*
(average = 102.99 mg/L), Mg** (14.50 mg/L), Na*
(10.67 mg/L), and K* (6.16 mg/L), while the order of the
anion abundance is HCO3 ™ (average = 357.75 mg/L), SO427
(26.29 mg/L), and CI" (16.93 mg/L). The Piper diagram
shows that the groundwater samples are dominantly bicarbon-
ate types, and some of them indicate enrichment of CI (D-26),
SO, (S-43), and both CI and SO, ions (S-49 and S-36).

The hierarchical group analysis based on the Euclidean
distance is presented in a dendrogram (Fig. 3). For the
Euclidean distance of 5, the water samples are divided into
four hierarchical groups, namely group one (C1; 25 samples),
group two (C2; 19 samples), group three (C3; two samples),
and group four (C4; four samples; Table 2). Electrical conduc-
tivity (EC) is the most crucial factor that distinguishes one

@ Springer
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Fig. 3 Dendrogram of water samples grouping based on hierarchical
cluster analysis

group from another. The EC and major ions composition in
group C1 are lower than in C2. Group C4 has lower EC, pH,
and compositions of Ca**, Mg®*, HCO;~ than C1~ and C2.
Since group C3 is characteristically similar to C2, the discus-
sion is focused on three main groups, namely C1, C2, and C4.
Based on the hierarchical division, the intensive mineral dis-
solution is the highest in water samples included in groups C2
and C3, then followed by group C1 and, the lowest, group C4.

Group C1 is mainly scattered in the geological structure
zone (faults, folds) and the contact between limestones and
two types of rocks, namely calcareous sandstones and quartz
sandstones (Fig. 4). The groundwater in group C1 has types
Ca-HCOj3 (64%) and Ca-Mg-HCO;5; (36%), most of which

@ Springer

comes from springs that are controlled by the underlying geo-
logical structure (artesian fault-guided spring) and cave wa-
ters, and some are from contact springs and dug wells. Springs
with large discharge are included in this group, for instance,
Sumbersemen (S2), Brubulan Tahunan (S1), and Brubulan
Pesucen (S10) with instantaneous discharges of 1,516, 165,
and 95 L/s., respectively. Group C2 is spread mainly in lay-
ered limestones, calcareous sandstones, fault zones, and the
places of contact between limestones and quartz sandstones.
The groundwater in this group has types Ca-HCO3 (58%) and
Ca-Mg-HCOj3; (42%), most of which comes from dug wells
and contact springs, and some are from springs in the fault
zone and one cave water. The groundwater in group C3 has
types Ca-Na-HCO;-Cl and Ca-HCO;-SO,, which is found in
calcareous sandstones (dug wells) and the sites of contact
between limestones and quartz sandstones (contact springs).
Group C4 has varied groundwater types, namely Ca-HCOs3,
Ca-Na-Mg-HCO;-Cl, Ca-CI-HCO5-SQOy, and Ca-K-Na-Cl-
SO,4. These groundwater types come from nonkarst springs,
namely three springs in quartz sandstones and one spring in
volcanic rocks.

The study area is primarily composed of carbonate rocks.
Accordingly, one of the important hydrochemical processes is
chemical weathering, which refers to a chemical reaction be-
tween water and the constituent minerals of rocks at low tem-
peratures (Kehew 2001). The Mg**/Ca*" ratio reflects the in-
tensity of carbonate rock dissolution. The ratio for dolomite
dissolution is approximately 1 (El-Fiky 2010), while 0.5-1
indicates calcite dissolution (Mayo and Loucks 1995;
Rajmohan and Elango 2004). The Mg”* vs. Ca”* plots show
that most of the groundwater samples are below the line Mg**/
Ca’*=0.5 or Mg”*/Ca®* < 0.5 (Fig. 5), indicating the effects
of silicate dissolution along with the dominant calcite disso-
lution (Narany et al. 2014; Katz et al. 1997; Thilakerathne
et al. 2015). The Mg>*/Ca**ratios range from 0.03 to 0.56
(average =0.20) in group C1, 0.04-0.65 (average =0.30) in
C2, 0.20 and 0.25 in group C3, and 0.10-0.57 (average =
0.29) in group C4. The Mg>*/Ca”*ratios of the water samples
in the study area are mainly in the range of 0.1-0.33, and the
enrichment of Ca** and Mg”* ions in group C2 implies greater
water-carbonate rock interaction.

The interaction between water and carbonate rocks is
the primary determinant in the hydrochemistry of karst
aquifers. Such interaction is expressed as the saturation
index for dolomite (SId) and calcite (Slc; Fig. 6). Most
of the water samples in group Cl are saturated with
calcite (SIc=-0.16-0.52, average=0.24) but not with
dolomite (SId=-0.7-0.35, average =—0.18). The major-
ity of water samples in group C2 are saturated both
with calcite (SIc=0.02-0.58, average=0.32) and dolo-
mite (SId=-0.58-0.71, average=0.16). In group C3,
the values of the Slc are —0.03 and 0.51, while the
values of the SId are —0.60 and 0.57. In group C4, all
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Table2  Statistical summary of the chemical-physical properties of water samples based on hierarchical cluster analysis. Averages shown in italic. Min.

minimum, Max. maximum, Ave. average

Clusters 1D Values Temp. EC pH Ca Mg K Na HCO; (1 SO, Pco, Slc  SId
°C)  (uS/em) (mg/L) (mg/L) (mg/L) (mglL) (mg/L) (mg/L) (mg/L) (mg/L)
Al (Cl) S-2,S-37,S-10,S-9,D-21, Min. 25.8 453 6.82 623 24 0.5 25 219.7 39 0.0 1.1 -0.16 —0.83
C-3, S-1, S-17, S-12, Max. 28.8 643 747 132.0 24.1 2.8 14.1 414.9 19.5 504 54 0.52 035
S-39, S-47, S-56, S-7, Ave. 26.8 563.7 7.18 987 11.2 14 5.7 342.4 7.9 11.5 24 024 —0.18
C-57, S-4, S-20, S-38,
S-19, D-24, S-52, S-48,
S-14, C-34, D-22, D-32
A2-1 D-13, D-28, S-41, S-42, Min. 253 681 690 95.1 3.7 14 5.6 3539 5.1 152 23 -0.02 —0.58
(C2) D-25, S-45, C-54, D-8, Max 28.2 887 725 1552 42.7 18.5 25.6 549.2 44.7 70.1 5.0 0.58 0.71
D-27, D-18, S-40, S-44, Ave. 264 772.5 7.11 1208 204 7.7 14.1 437.6 23.6 35.1 3.3 032  0.16
D-23, S-51, S-15, D-30,
S-5, S-55, S-53
A2-2 D-26, S-43 Min. 25.1 901 7.05 927 114 2.0 17.9 274.6 11.7 78.8 22 -0.03 -0.60
(C3) Max 27.1 922 724 165.1 253 59.7 48.8 410.2 63.8 189.6 24 0.51  0.57
B (C4) S-16, S-58, S-36, S-49 Min. 24.9 214 6.50 17.6 2.1 29 6.1 36.5 11.3 0.3 12 -1.80 —4.43
Max 27.8 415 6.79 422 7.2 31.5 174 115.9 514 444 2.5 -0.95 246
Ave. 26.1 299.3 6.64 324 4.9 16.3 144 82.5 31.2 232 19 —1.37 —321
552000 3200.0 ssaoo? £
T Legend B
) —4— Syncline
—3}— Anticline
—— Fault

N

=

~  Stnke and dip of beds

~=— Drainage system
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Fig. 4 Spatial distribution of water samples based on the hierarchical clustering analysis
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Fig. 5 Plots of Mg>* versus Ca** 20
showing that the water samples

are mainly in the Mg/Ca ratios of

0.1-0.33 and also showing the 1.6
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water samples are not saturated with either calcite
(SIc=-1.80 to —0.95, average=-1.37) or dolomite
(SId=-4.43 to —2.46, average =—3.21). With this distri-
bution of index scores, group C2 has relatively more
intensive groundwater—carbonate rock interaction (longer
residence time) than group Cl.

The interaction between CO, and water is observable
by comparing Pco, with atmospheric conditions, which is
around 0.04% (Clark 2015). The Pco,-pH plots show that
all water samples are supersaturated with CO, in atmo-
spheric conditions, meaning that the groundwater has ex-
perienced CO, diffusion in the soil zone (Fig. 7). The
Pco, ranges from 1.07 to 5.37% (average=2.37%) in
group Cl, 2.34-4.68% (average=3.33%) in group C2,
2.24 and 2.40% in group C3, and 1.2-2.45% (average =
1.88%) in group C4. The analysis results revealed that the

Ca?* (mmol/l)

water samples in group C2 had the highest Pco, and,
therefore, the most intensive CO,-H,O interaction among
the groups. A high Pco, also indicates that the groundwa-
ter comes from an aquifer system located close to the
epikarst zone (Savoy 2007).

In addition to chemical dissolution, cation exchange is
also an important process in hydrochemical evolution
(Charfi et al. 2013). The process is demonstrated by the
decrease in Ca®* and Mg”" levels and the enrichment of
Na* ions (Schoeller 1977; Hem 1992). The cation ex-
change process in water samples is represented by the de-
crease in Ca®*/Na* molar ratio along with the increase in
salinity (CI; Fig. 8). This pattern was identified in three
samples of springs appearing in quartz sandstones (group
C4) with very strong correlations (R?=0.96). Group C2
has a moderate correlation (R?=0.43), while group C1

Fig. 6 Plots of the saturation 1.0 S-40 o e S-55
index for dolomite (SId) versus $-45 ) 553
Icite (SIc) showing that th X -19 ¢ D-8
calci eé c)s owmlg 1at the 00 - 530 ise ‘i‘Qs,g
most of water samples in group - o0 O i 514
C2 are saturated both with calcite } 3 & ST
and dolomite S-17A A - k s-4
-1.0 1 0-32 0., \-s38
c-57
= 2.0 1
0 s-s8
0O s-16
-3.0 1 0 s-36
ACl ocC2
-4.0 A
O 54 xC3 DOC4
-5.0 r T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
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Fig. 7 Plots of Pco, versus pH oah
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has a low correlation (R°=0.17). Based on the Ca®*/Na*
vs. CI™ graph, the process of cation exchange between Ca**
and Na™ occurs mainly in group C4 and less intensive in
group C2. Cation exchange, i.e., the exchange of Ca** and
Mg** ions by Na*, is a common process in natural ground-
water systems. It involves the potential absorption of Ca**-
rich water by the surface of clay minerals and the release of
Na*, causing an increase in Na* concentration in ground-
water (Kehew 2001).

Stable isotope characteristics

The results of the stable isotope analysis are summarized in
Table 3, while the numerical ranges, averages, standard devi-
ations (SD), and coefficient of variance (CV) based on the
type of hydrogeological sampling source (caves, springs and
wells) are listed in Table 4. The stable isotope composition of

the samples of cave water and artesian fault-guided spring
water has low standard deviation and coefficient of variance,
while the composition of samples from contact springs,
nonkarst springs, and dug wells has low to high standard de-
viation and a high coefficient of variance. These findings
show that the range of the stable isotope composition in
artesian fault-guided springs and cave water is relatively more
homogeneous than the other water sources.

The stable isotope analysis of the local meteoric water was
carried out during 1 year (2018) at three locations, and the
results are presented in Table 5. The amount-weighted annual
isotopic values (Table 6) were calculated by considering the
intensity of the precipitation (I). The analysis of the stable
isotope composition in rainwater produced a local meteoric
water line (LMWL) equation 6°H = 7.456"%0 + 6.45.

The origin of groundwater can be determined by plot-
ting its 5'%0 and &°H values relative to the Global

Fig. 8 Plots of Ca®*/Na* versus 25
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correlation (R*=0.96) for the o 2
. <12 A S14
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Table 3  Results of §'%0 and §”H analysis and deuterium excess values of the water samples in the study area

1D 5'%0 (%) 82H (%o) d-excess (%o) Hydrogeological feature/type
S-1 —6.30 —40.79 9.60 Artesian fault-guided spring
S-2 —6.38 —38.89 12.17 Artesian fault-guided spring
C-3 —6.31 —38.42 12.06 Cave water

S-4 -5.82 —37.36 9.17 Artesian fault-guided spring
S-5 —6.31 —39.25 11.23 Contact spring

S-7 —6.28 —39.24 11.01 Contact spring

D-8 —6.31 -38.79 11.72 Dug well

S-9 —5.54 —3443 9.89 Contact spring

S-10 —6.10 -37.99 10.80 Artesian fault-guided spring
S-12 —6.25 —41.04 8.93 Contact spring

D-13 -5.95 —37.83 9.76 Dug well

S-14 —6.07 —38.37 10.16 Contact spring

S-15 -6.07 —38.06 10.52 Contact spring

S-16 —6.50 —38.69 13.32 Nonkarst spring

S-17 —6.41 -39.60 11.71 Contact spring

D-18 —6.22 -37.70 12.09 Dug well

S-19 —5.54 —34.59 9.74 Contact spring

S-20 —6.06 —37.26 11.23 Contact spring

D-21 —4.96 =31.77 7.87 Dug well

D-22 -5.83 -36.55 10.10 Dug well

D-23 =575 —35.66 10.35 Dug well

D-24 —5.54 —33.87 10.41 Dug well

D-25 —4.43 —30.28 5.12 Dug well

D-26 —6.10 —37.31 11.46 Dug well

D-27 -4.99 -31.92 8.03 Dug well

D-28 —5.61 =35.17 9.69 Dug well

D-30 —5.82 -35.90 10.63 Dug well

D-32 —5.57 —35.50 9.02 Dug well

C-34 —6.49 —40.93 11.02 Cave water

S-36 —5.39 —35.31 7.81 Nonkarst spring

S-37 —6.40 —38.12 13.04 Artesian fault-guided spring
S-38 —6.19 —37.99 11.56 Artesian fault-guided spring
S-39 —6.33 —38.55 12.09 Artesian fault-guided spring
S-40 —6.17 —37.50 11.86 Artesian fault-guided spring
S-41 —5.93 —35.86 11.59 Contact spring

S-42 —5.84 —35.48 11.27 Contact spring

S-43 —5.59 —33.45 11.30 Contact spring

S-44 —6.06 -36.80 11.68 Artesian fault-guided spring
S-45 —6.20 —38.08 11.55 Artesian fault-guided spring
S-47 —6.28 —38.69 11.54 Artesian fault-guided spring
S-48 —6.08 —37.49 11.11 Artesian fault-guided spring
S-49 -5.98 —36.65 11.19 Nonkarst spring

S-51 =5.70 —34.88 10.70 Contact spring

S-52 —6.21 —38.03 11.63 Contact spring

S-53 -6.27 —37.78 12.34 Artesian fault-guided spring
C-54 —6.21 —37.87 11.79 Cave water

S-55 -5.93 —36.65 10.81 Contact spring

S-56 —6.26 —38.18 11.90 Contact spring

C-57 —6.40 —40.43 10.74 Cave water

S-58 —6.10 —-37.70 11.09 Nonkarst Spring

Meteoric Water Line (GMWL) and the LMWL. The equa-
tion of GMWL is 6°H=285'20+10 (Craig 1961). The
plots of the 6?H and §'®0 values in the water samples
and their association with LMWL and GMWL are pre-
sented in Fig. 9. These plots show the relative positions
of the groundwater samples relative to GMWL and
LMWL, which indicates that they come from modern
rainwater (Li et al. 2013; Fig. 9). Most groundwater sam-
ples from the dug wells and contact springs, as well as

@ Springer

some samples from the artesian fault-guided springs, are
closer to the LMWL. Deviations from this line represent
the effect of evaporation, as seen in some dug wells and
one nonkarst spring, e.g., D-21, D-25, D-27, D-32, and
S-36. Evaporation can occur during the process of rain-
water infiltration into groundwater (Gibson et al. 2008; Li
et al. 2013). The majority of the samples from artesian
fault-guided springs and cave waters, and some contact
springs and dug wells, have a lower isotopic composition
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Table 4 Range, average, standard deviation, and coefficient of variance of the 5'%0 and §7H values of the water samples in the study area

Hydrogeological feature/type N 5'%0 (%o) 5*H (%o)

Range Average SD Ccv Range Average SD CvV
Cave waters 4 —6.5 t0 —6.21 —6.35 0.12 -1.93 —40.93 to —37.87 —39.41 1.50 -3.79
Artesian fault-guided springs 13 —6.40 to —5,82 —6.20 0.16 -2.56 —40.79 to —36.80 —38.16 0.98 -2.56
Contact springs 16 —6.41t0 —5.54 —6.00 0.29 —4.79 —41.04 to —33.45 =37.15 2.18 —5.88
Nonkarst springs 4 —6.50 to —5.40 -5.99 0.46 -7.67 —38.69 to —35.31 —37.09 1.45 -3.91
Dug wells 13 —6.31to —4.43 —5.62 0.54 —9.68 —38.79 to —30.28 —35.25 2.61 -7.40

with a relative position above the LMWL, signifying the
nonexistence of the secondary evaporation process.

The effect of evaporation is also observable from the
deuterium excess (d-excess), which can be calculated
using the formula d=3D - 8 5'®0 (Dansgaard 1964;
Gat 1980). The d-excess is useful for inferring any sec-
ondary processes that shape the composition of atmo-
spheric vapor in the evaporation-condensation cycle in
nature (Craig 1961; Merlivat and Jouzel 1979; Gat et al.
1994; Machavaram and Krishnamurthy 1995). These
processes affect the 5'%0 and 6*H values in groundwa-
ter (Dansgaard 1964). If the d-excess is lower than 10,
that suggests that this isotopic composition is generally
attributable to a secondary evaporation process
(Dansgaard 1964). The d-excess values of the water
samples of the artesian fault-guided springs and cave
waters are >10, whereas in some contact springs,
nonkarst springs, and most dug wells, these values are
<10 (Table 7).

Table 5

The high d-excess values in cave waters and artesian fault-
guided springs and their relative positions above the LMWL
indicate that during the recharge process, the rainwater is rel-
atively less subjected to secondary evaporation. This condi-
tion suggests that the relatively deep groundwater flow system
has a recharge area with lower temperature and higher relative
humidity than the study area, as well as a relatively fast infil-
tration process (Harvey 2001; Gibson et al. 2008; Li et al.
2013). Values of d-excess in contact springs and nonkarst
springs vary, with an average approaching 10. In other words,
there is no consistent evidence for the secondary evaporation
process, except at some locations. It also represents a relative-
ly fast infiltration process. The average d-excess values of the
dug wells are <10, indicating that the water receives supply
from local rainwater, and some of the water sources such as
D-21, D-25, D-27, and S-36, are affected by a secondary
evaporation process during infiltration. However, some dug
wells such as D-8, D-18, and D-26, and contact springs have
high d-excess values, and the waters thereby originate from a

Results of stable isotope analysis of rainwater during one year (2018) of observation. / rainfall intensity

Month (2018) Location AH-1

Location AH-2

Location AH-3

I 5180 (%o) 87H (*/o0) I 5180 (%o) 5°H (%o) I 5180 (%o) 8°H (%o)

(mm) (mm) (mm)
Jan. 441.18 -8.43 -5891 407.44 -7.99 ~55.96 43481 -8.35 -57.82
Feb. 137.51 —4.45 -23.88 169.02 -4.86 -27.41 192.90 -5.17 -30.64
Mar. 253.06 -7.01 4542 245.10 -7.41 —47.12 381.97 -8.00 —-52.42
Apr. 178.25 -4.30 -23.26 135.28 —-4.18 -21.99 60.48 -391 —24.44
May 4138 -3.14 -13.80 17.19 -2.63 -7.12 4838 -3.29 -15.08
Jun. 234.59 -5.72 -38.30 166.48 —4.83 -29.23 23937 -5.78 —-37.44
Jul. 24.19 -291 -18.91 14.48 -3.68 —-24.20 11.14 —-4.04 -27.04
Aug. - - - - - - 3.82 —344 -19.36
Sep. 11.46 -2.07 -5.93 9.23 -2.15 -6.92 6.68 -1.86 -5.01
Nov. 57.30 -1.55 -3.71 66.85 -3.19 -14.62 38.20 -1.64 -4.39
Dec. 206.90 -5.03 -28.96 229.18 -3.96 -23.76 237.14 -5.28 -30.49
Average 158.58 —4.46 -26.11 146.02 —4.49 -25.83 150.44 -4.61 -27.65
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Table 6 Results of the amount-weighted annual analysis of rainwater
stable isotope

Location  Location, Location, Elevation 5'%0 5°H
ID X Y (masl) (%0) (%0)
(m) (m)
AH-1 559,739 9,239,815 180 -6.03 —38.59
AH-2 556,009 9242309 310 -5.82 —36.83
AH-3 557,680 9,243,842 400 -6.55 —42.33

deeper groundwater system. The same case applies to artesian
fault-guided springs and cave waters.

Radon characteristics

Monitoring of the 51 hydrogeological features (caves,
springs and wells) produced a range of **?Rn concentra-
tions from 441 to 19,300 Bq/m® with an arithmetic aver-
age of 10,322 Bq/m3, a standard deviation (SD) of
5,038.85 Bq/m3, and coefficient of variance (CV) of
48.82. Based on the classification of radon concentration
proposed by Przylibski (2005), these water sources fall
into the categories of radon-poor water to low-radon wa-
ter. The spatial distribution and the measurement results
of **?Rn concentrations based on the geological

logy Journal

29 Hydr

= D-25

O7H (“/,,)

O Artesian fault-guided spring
Cave Water
O Contact spring
= Dug Well
X Non Karst Spring
---- Linear (GMWL)

Linear (LMWL)
-43 T T T T T
-7.0 -6.5 -6.0 -5.5 -5.0 -4.5 -4.0
8180 (*/,,)

Fig. 9 Plots of §°H versus §'®0 values of water samples associated with
the Global Meteoric Water Line (GMWL) and local meteoric water line
(LMWL) in the study area
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Table 7 Results of deuterium excess (d-excess) analysis of the water
samples for each of the hydrogeological features. SD = standard devia-
tion, CV = coefficient of variance

Hydrogeological feature/type  d-excess

Range (%0) Average (%) SD CV
Cave waters 10.7-12.1 11.4 06 54
Artesian fault-guided springs  9.2-13.0  11.4 1.1 93
Contact springs 8.9-119 109 08 7.6
Nonkarst springs 7.8-13.3 109 23 21.0
Dug wells 5.1-12.1 9.7 1.9 194

characteristics of the hydrogeological features (caves,
springs, wells) can be seen in Fig. 10 and Table 8.

The ?*’Rn concentration in the quartz sandstones of
Ngrayong Formation has a relatively high value, i.e., an average
13,563 Bg/m® (CV =31.31; Table 8). The high **’Rn concen-
trations are also distributed in artesian fault-guided springs (av-
erage = 11,851 Bg/m?; CV =41.95), springs in the contact zone
of the quartz sandstones of Ngrayong Formation (average =
11,694 Bq/m3 ; CV =19.39), and in cave waters (average =
10,315 Bg/m®; CV =76.10). The **’Rn concentrations in dug
wells average at 9367 Bg/m® (CV =60.25). In the contact
springs appearing in the limestones of Bulu Formation, the
222Rn concentrations vary with an average of 7,521 Bg/m’
(CV =50.86). One spring emerging from volcanic rocks has a
low 2?2Rn concentration, that is, 1,470 Bq/m3.

The **Rn concentration ranges in the different types
of hydrogeological feature indicate correlation with li-
thology and geological structure. The high **’Rn levels
in springs emerging from the quartz sandstones of
Ngrayong Formation and the sites of contact between
limestones and quartz sandstones suggest that the quartz
sandstone naturally has a relatively high **’Rn concen-
tration. In the springs and dug wells with the lithology
of limestone and calcareous sandstones, the levels of
222Rn tend to be high around the faults or folds. This
finding is in line with Skeppstrom (2005), Kendall and
McDonnell (1998), and Cook et al. (1999), who state
that high radon concentrations are caused by rock types
and rock permeability factors such as grain size and
fracture intensity.

Discussion

Hydrochemical analysis that has been validated with envi-
ronmental isotope data can provide a clear overview of the
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Fig. 10 Spatial distribution and classes of **?Rn concentration (Bg/m®) of the hydrogeological sampling features in the study area. Types are labelled by:
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characteristics of a complex karst hydrogeological system.
This analysis identified three processes controlling the
hydrochemical parameters in the study area, namely disso-
lution of carbonate rocks, dissolution of siliciclastic rocks,
and cation exchange. The geological structure also plays an
essential role in shaping the groundwater flow system in
the study area, as indicated by both stable ('*0 and *H) and
unstable (**’Rn) isotope data.

Spatial variation and hydrochemical processes

The hydrochemical characteristics of the study area show
that the main processes in groups C2 and C3 are the

dissolution of carbonate rocks, cation exchange, and
slight dissolution of siliciclastic rocks, while in group
C1, carbonate and siliciclastic rocks dissolution with lim-
ited cation exchange dominates. For the nonkarst aquifer
system (group C4), the primary processes are the dissolu-
tion of siliciclastic rocks and cation exchange. The
hydrochemical processes are represented by the Mg®*/
Ca®* and Ca®*/Na* molar ratios, and the spatial distribu-
tion is shown in Fig. 11.

Water samples that reflect the dissolution of not only
carbonate rocks but also silicate minerals are indicated
by low Mg**/Ca®* ratio (Narany et al. 2014; Katz et al.
1997; Thilakerathne et al. 2015). These water samples

@ Springer
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Table 8 Range, average, standard deviation (SD) and coefficient of variance (CV) of *?Rn concentrations in each type of hydrogeological feature in

the study area

Hydrogeological feature/type Lithology N 222Rn (Bg/m®)
Artesian fault-guided spring Limestone, contact between limestone and quartz sandstone 13 Range 4,550-18,700
Average 11,851
SD 4,956
CV 41.95
Cave water Limestone, contact between limestone and calcareous sandstone 4 Range 441-19,200
Average 10,315
SD 7,850
CV 76.10
Contact spring Limestone 9 Range 3,100-14,400
Average 7,521
SD 3,825
CcvV 50.86
Contact spring Contact between limestone and quartz sandstone 7 Range 8,060-15,000
Average 11,694
SD 2,268
(6% 19.39
Dug well Calcareous sandstone 13 Range 699-19,300
Average 9,367
SD 5,644
(0% 60.25
Nonkarst spring Quartz sandstone 4 Range 7,950-17,000
Average 13,563
SD 4,246
(0% 31.31
Nonkarst spring Volcanic rocks 1 Value 1,470

are mainly located in the west to the northwest of the
study area, namely in the sandstone of the Wonocolo
Formation, the quartz sandstone of the Ngrayong
Formation, and the sites of contact between limestones
and the quarts sandstones of the Ngrayong Formation.
This condition is plausible because the sandstones of the
Wonocolo Formation, which has calcareous properties,
and the quartz sandstones of the Ngrayong Formation
are both siliciclastic rocks (Luthfi et al. 2017; Novita
et al. 2017). The low Mg**/Ca** ratio of springs emerg-
ing from the limestones of the Bulu Formation and the
limestones of the Ledok Formation in the north and east
of the study area reflects the effects of groundwater
from the underlying siliciclastic rock formation. For this
reason, three artesian fault-guided springs that yield the
largest discharge (S-1, S-2, and S-10) and most of the

@ Springer

other water sources are included in groups Cl and C4,
which have low Mg**/Ca®* ratios (< 0.4). The Mg**/
Ca®* ratio is around 0.5, which represents the domi-
nance of carbonate rock dissolution (Mayo and Loucks
1995; Rajmohan and Elango 2004), particularly in
springs appearing in the upper slope of the faulted hills
whose lithology is composed of limestones from the
Bulu Formation (S-40, S-44, and S-45) and at the bot-
tom of the anticlinal axis at the limestones of the
Tawun Formation (S-48, S-51, and S-53). Most of these
springs are included in group C2. The water samples at
these locations also show Mg”* enrichment because they
are saturated not only with calcite but also dolomite.
This condition is probably related to the thickness of
the limestone formation through which the groundwater
in the faulted hills flows. Meanwhile, in the plunging
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anticlinal hills, which are the oldest rock in the study
area, the influence of groundwater from the quartz sand-
stones of the Ngrayong Formation is relatively nonexis-
tent. Mg>* enrichment is also present in water samples
in the north area, namely a spring in volcanic rocks
(S-16) and two nearby springs that are located close to
the limestones of the Bulu Formation (S-55 and S-56).
The Mg** enrichment in these three springs marks the
influence of volcanic rocks.

The cation exchange process that is associated with Na*
enrichment can be identified from the low Ca®*/Na* ratio
(Schoeller 1977; Hem 1992). Low Ca/Na ratio (<5) character-
izes springs formed in the quartz sandstones of the Ngrayong
Formation (group C4) and most of the dug wells whose lithol-
ogy is composed of sandstones of the Wonocolo Formation
(group C2). The Na* enrichment in these water sources is the
consequence of intensive cation exchange between Ca>* and
Na* ions in a groundwater flow system involving slow move-
ment through the pores. This condition occurs because the
quartz sandstones of the Ngrayong Formation have many
claystone intercalations, whereas the sandstone of the
Wonocolo Formation has many sandy marl intercalations. A
high Ca®*/Na* ratio (>10) is exhibited in the water sources
around the faults and folds (group C1), except for the springs
in the southwest part of the study area, on the slopes of the
faulted hills (S-44 and S-45). The high Ca®*/Na™ ratio in these
water samples indicates that the cation exchange is not inten-
sive because the water flows through fractures (geological
structure). Based on the Ca®*/Na* ratio, the cation exchange
process is dominant in water sources with the lithology of the
quartz sandstone of the Ngrayong Formation and the sand-
stone of the Wonocolo Formation.

Based on the information acquired, there are three
groundwater flow systems characterized in the study ar-
ea, namely the groundwater system that flows predomi-
nantly through carbonate rocks (groups C2 and C3),
through siliciclastic (quartz sandstone) and volcanic
rocks (group C4), and through not only carbonate rocks
but also the siliciclastic rocks (quartz sandstones) below
them (group C1). The high interaction between ground-
water and carbonate rocks can also explain why groups
C2 and C3 have higher EC, Ca®*, Mg®*, and HCO;~
values and are more saturated with respect to calcite
and dolomite (SIc and SId) than group CI1.

Aquifer system

Referring to the concept of the Chebotarev sequence
(Domenico 1972), the dominant HCO5  (anion) classifies

3

the groundwater flow into an “upper zone”. However,
based on the §'%0 and &%H values, the groundwater flows
can be divided relatively into two groups, namely shallow
and deep. The aquifer systems in the study area can be
categorized from the spatial variation of the stable isotope
compositions using the standard equal interval method
and producing a map (Fig. 12). As illustrated in the
map, the 5'%0 and &°H values of the water in the fault
and fold zones are relatively low, representing a deep
groundwater flow system. Meanwhile, the water samples
of the quartz sandstones of the Ngrayong Formation and
the calcareous sandstones of the Wonocolo Formation
have relatively medium—to—high isotope contents, indicat-
ing a shallow groundwater flow system with a relatively
slow flow and, accordingly, show the effects of the evap-
oration process. The result of evaporation is also mani-
fested in the low values of d-excess, as previously ex-
plained. In addition to fault and fold zones, water samples
that have low 5'%0 and 6°H values are mainly situated in
the north, which is the highest point of the study area
(above 375 masl), including S-16, S-17, S-55, and D-18.
This finding shows that the groundwater system in that
area is the same as that of the springs that appear in the
fault and fold zones; in other words, the groundwater flow
is controlled by the hydraulic gradient and geological
structures.

The role of geological structure in controlling the
groundwater flow system can be seen from the correlation
between 6'%0 and EC, as well as between 2*>Rn and CI,
in each hierarchical group of hydrochemistry (Fig. 13). In
group Cl, there is no correlation between §'*0 and EC
(R?=0.005). In group C2, 15 out of 19 water samples (not
D26, D27, S45, and C54) show a tendency of negative
correlation (RZ =0.45); the higher the EC, the lower the
5'%0 will be. In contrast, a positive correlation between
the two parameters is present in group C4 (R?=0.96).
These findings show that there is almost no relationship
between 5'%0 and the duration of water—rock interaction
in group Cl1, meaning that the geological structures con-
trol the groundwater flow system through high permeabil-
ity zones. In group C2, the longer the groundwater inter-
acts with rocks (the higher the EC value), the lower the
§'%0, indicating that the water dominantly flows through
pores. The positive correlation between EC and the 5'%0
in group C4 is possibly attributable to the effects of the
evaporation process on the shallow groundwater flow
system.

Group C1 also does not show any correlation be-
tween “*’Rn and Cl™ in each hierarchical group of
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Fig. 11 Spatial distribution of the molar ratios of a Mg?*/Ca** and b Ca®*/Na*, which represent the hydrochemical processes in the study area

hydrochemical (R?=0.035). In group C2, 18 out of 19
groundwater samples (not S-55) show that these two
parameters have a negative correlation (R”=0.34); in
other words, higher CI" is associated with lower 222Rn
concentration. Relationships with stronger values are
present in three spring water samples in quartz sand-
stones of the Ngrayong Formation, i.e., in group C4
(R’=0.82). The correlation indicates that the low con-
centrations of **Rn in groups C2 and C4 are influenced
by evaporation that is associated with the relatively poor
groundwater circulation associated with the springs. The
significant effect of evaporation, especially in group C4

@ Springer

(water samples S-36 and S-49), is also shown by Cl and
SO, enrichment; these two ions exhibit conservative be-
havior toward the evaporation process (Sahli et al.
2013). The absence of correlation between *>?Rn and
Cl" ion in group Cl suggests that the springs have
active groundwater circulation because of the evolved
geological structure. This condition suggests that **’Rn
can provide more explanation regarding the study area
when applied as a tracer in fractured systems with ac-
tive hydraulic character, as performed by Choubey and
Ramola (1997), Cook et al. (1999), Hamada (1999), and
Skeppstrom (2005).
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Fig. 11 continued.

The spatial variations of stable isotope composition and
222Rn concentration in the different sampling features
(caves, springs and wells) can also explain the complexity
of the groundwater flow systems in the study area. The
spring S-10, which has large discharge (95 L/s) and is
located close to the west synclinal axis, has lower o 80
and 6°H values than the water sources to the east, such as
D-30, D-32, D-28, and D- 25. This condition indicates
that S-10 is a deep groundwater flow system that is con-
trolled by the syncline, while the hydrogeological sam-
pling features in the east are associated with a shallow
groundwater flow system. The artesian spring S-2, with

the largest discharge (1,500 L/s) and located in the east
synclinal limb, also has low § 80 and &°H values.
Meanwhile, the artesian spring with a small discharge in
the south (S-4) shows a mixing with shallow groundwater
because it is located in rice fields. S-10 has a lower ***Rn
concentration (4,550 Bg/m?) than the springs S-2 and S-4
(14,400 and 11,600 Bq/m3; Fig. 10). The low concentra-
tion of **’Rn in the spring S-10 is possibly attributable to
the development of a cavity system in the spring outlet.
The high discharge of the spring S-2 is caused by its
location (i.e., the synclinal limb and at a lower elevation
than the other springs) and the east-west fault system that
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Fig. 12 Spatial distribution and classes of a §'30 and b 5*H values for hydrogeological sampling features in the study area

can be identified from gravity and resistivity investigation
(GAI, Geological Agency of Indonesia, Jakarta,
Indonesia, unpublished report, 2017).

The & '"®0 and &°H values of the springs at the top
of the plunging anticline hills such as S-38, S-47, S-52,
and S-53, are relatively low, while those at the bottom
of the hills such as S-48 and S-51, are relatively mod-
erate. These conditions indicate that the springs at the
top of the anticline hills originate from a deep ground-
water system, whereas the ones at the bottom are mixed
with shallow groundwater. The springs (S-38, S-47, and
S-48) in the anticline hills whose lithology is composed

@ Springer

of the limestones of the Tawun Formation (the oldest
rock) have lower concentration of 222Rn (4,490; 8.,450;
and 4,970 Bq/m®) than the springs (S-51 and S-52) that
are in contact with the quartz sandstones of the
Ngrayong Formation (12,100 and 13,000 Bq/m?). One
spring at the peak of the faulted anticline (S-53) has a
high radon concentration, that is, 18,700 Bq/m3, due to
contact with the quartz sandstone of the Ngrayong
Formation (Fig. 10).

The spring S-1, which has a flow discharge of 165 L/s
and is located in the normal strike-slip fault in the east,
along with several of the hydrogeological sampling
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Fig. 12 continued.

features in the west of the fault (e.g., S-5, S-7, and D-8),
have low & '®0 and &%H values, but a high 222Rn concen-
tration is present in S-1 and S-5 (14,100 and 14,400 Bg/
m®). All springs in the part of the thrust strike-slip fault in
the west (S-37, S-39, S-40, S-45, and S-44) also have low
5 %0 and 6°H values with high levels of 222Rn (11,400,
17,500; 13,400; 17,900; and 12,600 Bq/m3, respectively;
Fig. 10). In addition to the lower elevation, the spring
discharge system in the east strike-slip fault is also more
relatively centralized than in the west strike-slip fault.
This condition is likely to yield more significant discharge
in S-1 compared with the springs emerging from both

fault zones even though they have one deep groundwater
flow system.

Aside from the springs found around the faults and
folds, the lower 5'%0 and 6H values are also present in
the sampled cave waters. The **?Rn concentrations in four
cave waters (C-3, C-34, C-54, and C-57) vary, i.e.,
12,800; 441; 19,200; and 8820 Bq/m3, respectively. The
low ?*’Rn concentration in C-34 is probably related to
water that is stagnant or retained in the cave. In contrast,
the waters are flowing in the caves C-3 and C-54,
representing active water circulation. For this reason, the
geological structure controls not only the groundwater
system in the springs that appear in fault and fold zones

@ Springer
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but also the deep groundwater flow system connected to
the cave waters. From the various descriptions above, the
hydrogeological system of the study area can be simpli-
fied in a conceptual model, as depicted in Fig. 14. The
subsurface conditions are reconstructed based on a geo-
physical survey using gravity and resistivity methods
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(GAI, Geological Agency of Indonesia, Jakarta,
Indonesia, unpublished report, 2017).

Conclusions

The integration of hierarchical cluster analysis of
hydrochemical data and environmental isotopes (180, y,
and **’Rn) data has successfully identified a more compre-
hensive set of hydrogeological system characteristics for
the study area. There are generally three groups of ground-
water system that can be hydrochemically characterized,
namely groundwater that flows predominantly through car-
bonate rocks (group C2 and C3), through siliciclastic rocks
(quartz sandstone) and volcanic rocks (group C4), and
through not only carbonate rocks but also the siliciclastic
rocks (quartz sandstones) below them (group C1). Springs
with large discharge, classified as artesian fault-guided
springs, are included in group C1 such as Sumbersemen
(S2), Brubulan Tahunan (S1), and Brubulan Pesucen (S10)
with instantaneous discharges of 1516, 165, and 95 L/s,
respectively. Based on the stable isotopes analysis, d-
excess calculation, and the measurement of 2>>Rn concen-
trations, the groundwater flow systems in groups C2, C3,
and C4 are identified as shallow groundwater flow systems
in which the groundwater flows through the pores (rela-
tively slow). Meanwhile, group C1 is a deep groundwater
flow system that is controlled by the geological structure
(relatively fast flow). The geological structure not only
determines the groundwater systems in springs that appear
in fault and fold zones but also in cave streams. The shal-
low groundwater system is indicated by water that origi-
nates from local rainwater, some of which is affected by
secondary evaporation processes, whereas the deep
groundwater system is associated with the groundwater in
the hills located in the north of the study area whose ele-
vation is above 375 masl.
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