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Abstract

Rawadanau is a tropical mountain swamp located in Serang, Banten, Indonesia. Rawadanau groundwater is the main
source of supply for the Cilegon Banten industrial area. Knowing the origin and quality of the groundwater can help
preserve existing resources. This paper aims to clarify the origin of Rawadanau groundwater with new evidence of stable
isotopes (**O and *H) and hydrochemical data. Field measurements included pH, temperature, EC, HCO}', while the
analyses of cations, anions and stable isotopes were carried out in the laboratory. The existing water supplies include
springs, excavated wells, and river water. Cluster hierarchy analysis based on water chemistry and stable isotopes can be
grouped into two clusters, cluster K (K1 and K2) and cluster L. Data 80 and 8*H springs in Rawadanau indicate that they
are of meteoric origin and that there has been evaporation from several springs. Water comes from meteoric water with
a stable isotope content of 80 between -6.39 to -4.82 %o and §°H between -41.35 to -31.30 %o, which are controlled by
two main mechanisms, namely rock dissolution and evaporation dominance. Aquifers are composed of volcanic rocks
with a dominant composition of porphyritic andesite, basaltic andesite, and andesite. According to the multivariate
statistical analyses results other than pH and SO *, all parameters (cations and anions) showed a significant correlation.
There are four hydrochemical facies of groundwater, namely Ca-HCO,, Ca-Mg-HCO,, Mg-Ca-HCO,, and Na-Cl.
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1. Introduction As groundwater moves through rock, its chemical
. . _ ) composition normally changes. In general, the longer

Rawadanau is a typical tropical mountain swamp sur-  groundwater remains in contact with aquifer rocks, the
rounded by volcanoes and located 91 metres above sea  greater the amount of material it will take into the solu-
level (3_51)- It beqomes a marsh c.lur_ing th? dry seasonand  (jop (Chebotarev, 1955). Rawadanau also has geother-
a lake in the rainy scason. This Investigation of R?W' mal potential, with several identified hot spring loca-
adanau groundwater is to understand its hydrochemical  jon5 More than 100 companies in the industrial area of
origin and isotope characteristics and thus help explain Cilegon depend on the Rawadanau water reserves
actual groundwater supply conditions in the study area. which are collected by damming the Cidanau Riverj
Groundwater is the most important freshwater resource (Hartanto et al., 2019). Existing water comes from

at Rawadanau and at present, provides almost all of the . . . .
. . . . rainwater, river water, springs flowing through several
water needs in the industrial area Cilegon. Rawadanau . . . .
river branches before entering the Cidanau River.

Sub-basin has an area of 375 km? (KEMEN-ESDM, i .
The groundwater, including surface water and hot and

2017), which is the primary source of water fulfilment > s i )
cold springs, all indirectly come from precipitation. This

for the Cilegon industrial area. Groundwater reverse sur- ) b
face water is available almost everywhere in the area, —Proves that the groundwater is meteoric water, although

and is used for drinking, irrigation, industries, and mu-  Some gradually infiltrates the ground and interacts with

nicipalities (Hussain and Abed, 2019). the rocks in its pth. This injected water continues it; jour-
ney to the saturation zone to become part of the aquifer. It
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Figure 1: Workflow methodology of this research

canic products. Its lithology contributes to an aquifer lay-
er, which is relatively influential in terms of quality. This
quality is influenced by environmental and anthropogenic
factors such as the geological context, climate, precipita-
tion, the interaction between groundwater and aquifers,
and human activities (Houria et al., 2020).

Stable isotopes can be used as tracers in the ground-
water environment to understand water origin in a hy-
drological cycle (Taniguchi et al., 2000). Stable iso-
topes do not decay over geological time. The stable iso-
topes of oxygen and hydrogen in water are '°O, 170, %0,

105'580°E
L |

and 'H and H, respectively, whose values are expressed
in 0 (Tweed et al., 2019). Isotopes provide vital records
that occur in thermal and nonthermal groundwater so
they can play an essential role in hydrogeological inves-
tigations (Oyuntsetseg et al., 2015). Hydrochemical
data and isotopes can be an effective tools to solve vari-
ous hydrology and hydrogeology problems (Chen et al.,
2011; Clark and Fritz, 2013; Liu et al., 2015). The
origin, evolution, and formation of hot springs can be
explained using hydrochemical and trace stable isotopes.
Hydrochemistry was analyzed to determine the quality,
type, dominant hydrogeochemical processes, stable iso-
topes of oxygen (**0), and hydrogen (*H) and thus clari-
fy the origin of the groundwater.

This study aims to determine the groundwater origin of
Rawadanau basin using new evidence covering the main
elements of water chemistry and stable tracer isotopes (*H
and '®0) from springs, dug wells, and surface water. The
data was processed using statistics for grouping and clas-
sification of sources, using some frequently used models.

2. Methods

The research was carried out based on the results of
field observations and laboratory data in the tropics. The
stable isotope approach is used to understand the origin
of groundwater. Meanwhile, to determine water quality,
the chemical analyses of water were carried out, ana-
lysed, and modelled using SPSS statistical software.
Figure 1 shows a workflow methodology of this re-
search.

G005

G 12076

- Kaduranca IS
! | 1|

‘\1-1\‘ /

28 °

\ i(ﬂ".r )]

NISL

G 14075

19§

,,4;;_%

110°E

Jg 100°E
E \\ VT
Malay

Peninsula

\ =
10°N

' Kalimantan

e

I
812078

10°8

[ YIin

o

o
il J\hn\lt“]:\"
" | \-’\A
BOGOR IH\IDU\(;
| i L
N Q ESTJAVA
@ Rain gauge

- 106° 107° 108°

6°

,{_

/| Legend
A S = Spring sample

614075

AR = River sample  H

AW = Well sample

g

105*580"E

Figure 2: Locality map of the study area and sampling points.
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Average Monthly Rainy days in Rawadanau
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Figure 3: Average monthly rainy days in Rawadanau.
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Figure 4: Average Monthly Rainfall in Rawadanau (mm/month).

2.1. Area description
2.1.1. Location

Rawadanau is located on the west side of Java Island
at a morphology between 100 to 1350 metres above sea
level (asl) (see Figure 2), located in the Serang province
of Banten Indonesia. The research area is located at coor-
dinates between 06° 07" 10” - 06° 19" 10” S and 105° 51°
30” - 106° 03" 00” E. The Cidanau River is the main
river in the research area and flows to the Sunda Strait.

Based on meteorological data between 1996 and 2014,
the average annual rainfall is 2806 mm (Hartanto et al.,
2019). Rainy days occur throughout the year, and above
ten days/month occur between November and May, when
the intensity of monthly rainfall is above 200 mm, except
from May to October. Minimum rainy days, occurring
less than five days occur in August and September (see
Figure 3), with average monthly rainfall intensity of 61.2
mm/month and 56.6 mm/month, respectively. The aver-
age dry peak occurs from August to September (intensity
50 mm/month), while the peak rainy season is from De-
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cember to February with an intensity above 300 mm/
month (see Figure 4), respectively.

The southern side of the research area is Mount Par-
akasak (990 metres asl), Mount Karang (1739 metres
asl), Mount Aseupan (1081 metres asl), the north side is
Mount Gede (741 metres asl), and the east side is Mount
Kupak (361 metres asl).

2.1.2. Geological and hydrogeological
characteristics

Rawadanau Sub-basin covers approximately 375
km?, with the constituent rocks being the products of
Mount Garung and Karang-Pulosari Volcano and allu-
vium (Alam et al., 2014; Mulyadi, 1985; Suryadarma
and Fauzi, 1991). Two fault systems control Rawadan-
au, namely the Garung and Wangun system. Both of
them have the same straight line pattern, namely NW-SE
with rocks consisting of porphyritic andesite, basaltic
andesite, and andesite formed since the Pleistocene era
(Suryadarma and Fauzi, 1991). The discovery of hot
springs containing solfatara around Rawadanau, which
are the slopes of Mount Karang-Pulosari and Mount
Garung, shows the remnants of volcanic activity and
geothermal manifestations (Mulyadi, 1985).

The study area is comprised of Rawadanau deposits
(Qr), consisting of gravel, clay sand, mud, and pumice
crust. Colluvium sediment (Qk) forms from ruins, talus,
and the dumping of volcanic ruins. Coral volcanic rocks
(Qvk), composed of volcanic breccia, lava, tuff, and
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Figure 5: Hydrogeology map of the study area

(modified from Suryaman, 1999)

lava, are inseparable. Young volcanic rock deposits
(Qhv) are composed of volcanic breccia, lava, tuff, lava
flows, and other volcanic eruptions (Mount Aseupan,
Mount Parakasak). Upper Banten tuff (Qvtb) consists of
tuff, pumice tuff, sandy tuff (at the top) and crystal tuff,
rocky pumice tuff, glass tuff, and clay tuff insert at the
bottom. Young Lake Volcanic Rock Deposits (Qvd) are
composed of lava flows composed of andesite or basalt
flapping, volcanic breccia, and tuff. Lower Banten tuff
(Qptb) is composed of breccias, agglomerates, pumice
tuffs, lapilli tuffs, and sandy tuffs. Old Lake Volcanic
Rocks (Qpd) are a form of lava flow composed of an-
desite or raised basalt, volcanic breccia, and tuff.

Based on hydrogeology (see Figure 5), the study area
aquifers are divided into cleft flow aquifers and inter-
grain spaces, aquifers through fractures, channels, cavi-
ties, and small productive aquifers and rare groundwater
areas. Discharge areas include active, productive aqui-
fers (discharge more than 5 litres/second), medium pro-
ductive aquifers (discharge less than 5 litres/second),
and rare groundwater (Suryaman, 1999).

2.2. Water analysis

2.2.1. Water sampling and analysis

Water sampling was carried out at the peak of the dry
season in September 2019. A set of 28 samples were
taken, from wells, cold spring, rivers and hot springs.
The 28 sample locations include seven rivers, five wells
and 16 springs. Several water parameters were measured
directly (in situ measure) using Water Checker Toac
portable devices, including pH, temperature, and electri-
cal conductivity (EC). All samples were put in 500 ml
polyethylene bottles and analyzed for major ions (anions
and cations) based on APHA 2005 at the Water Labora-
tory of the Research Center for Geotechnology - Indone-
sian Institute of Sciences (LIPI). Titrations analysis
(Ca*, Mg*, HCO,", and CI'), flame photometry (Na*
and K*), and spectrophotometry (for analysis of SO,*,
and SiO,) were also undertaken. HCO, analysis was
carried out directly on the same day of collection, titrat-
ed using / with 0.01 or 0.1 M HCI against methyl orange
and Bromocresol green indicators (APHA, 2005). The
resulting analysis of the physical and chemical analyses
are presented in Table 1. Minimum raw elements were
analyzed to assess drinking water suitability (Appelo
and Postma, 2005). The accuracy of the chemical anal-
ysis of water was verified by calculating the electrical
balance (EB) where the error is generally less than about
5% with the equation:

ZCations - ZAm'ons

%EB =
° ZCations + ZAnions

(1)

Where ZCations is total cations in meq/l, XAnions is
total anions in meg/l. An error above 5% indicates that
analytical procedures should be examined (Appelo and
Postma, 2005).
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Table 1: The chemical components of the samples R = river; S = spring; W = well; o = EB (electrical-balance)
(Hartanto et al., 2019)

D T y | FEC | DS | Na | K | Ca | Mg |[HCO,|CO,| Cl | SO, | SiO,

€O | * | @S/em) (mg/L) °

IR 27.7 | 7.65 222 144.30 | 18.02 | 4.57 | 18.40 | 5.84 | 97.50 0 27.55 | 3.36 | 54.59 |-3.08
2R 26.2 | 7.11 64 41.60 | 8.12 | 2.72 8.00 | 2.95 | 52.70 0 826 | 2.16 | 37.58 |-3.51
3W 26.8 | 6.16 262 17030 | 9.79 | 0.56 | 28.40 | 9.00 | 139.66| 0 1791 | 3.147 | 3991 |-4.80
4W 29.7 | 6.00 269 174.85 | 11.61 | 1.24 | 26.80 | 559 | 92.23 0 28.92 | 11.666 | 34.24 |-4.81
5W 27.7 | 6.69 473 307.45 | 16.13 | 6.94 | 57.20 | 8.27 | 208.18| 0 34.44 | 14.895 | 46.59 |-3.08
6S 304 | 6.49 210 136.50 | 7.49 | 436 | 30.20 {10.30| 11595 | 0 37.19 | 2.275 | 9432 |-3.54
7S 42.6 | 6.75 | 1240 | 806.00 | 32.18 | 15.42 | 30.00 | 20.67|191.06| O 80.00 | 2.525 | 119.36 |-4.30
8S 23.6 | 6.50 187 121.55 | 5.87 | 3.55 | 18.80 | 8.32 | 110.68| 0 11.02 | 2.356 | 91.65 |-4.94
108 29.5 | 6.43 221 143.65 | 695 | 4.57 | 22.20 | 8.27 | 123.85| 0 12.40 | 2.587 | 97.33 |-4.87
118 440 | 6.78 | 1298 | 843.70 | 54.18 | 32.24 | 70.20 | 36.97|405.82| 0 |123.00| 2.169 | 126.70 |-2.21
128 414 | 6.88 | 1760 |1144.00| 60.69 | 56.61 | 74.80 | 69.18|585.01 | 0O |179.00| 2.284 | 128.37 |-4.16
138 413 | 6.62 | 2410 |1566.50| 86.70 | 42.99 | 102.80 | 86.67| 624.68 | 0 |298.00| 2.649 | 124.03 | -4.37
14W | 272 | 6.76 505 32825 | 12.62 | 6.74 | 49.00 | 21.38|213.35| 0 63.36 | 3.538 | 65.61 |[-4.21
15R 29.2 | 6.93 239 15535 | 695 | 450 | 2420 | 7.84 | 100.14| 0 27.55 | 2.809 | 64.61 |-4.36
16W | 30.5 | 6.69 612 397.80 | 38.65 | 18.12 | 62.20 | 46.83|542.99| 0 38.57 | 3.111 | 85.64 |-4.96
17W | 31.2 | 6.63 | 1576 |1024.40| 60.07 | 16.57 | 70.60 | 64.10| 373.32 | 41.46| 192.00 | 2.854 | 99.66 |-4.60
19R 235 | 7.56 97 63.05 | 1.14 1.51 | 16.20 | 4.40 | 65.88 0 826 | 2.064 | 53.59 |-3.69
20S 25.1 | 5.95 116 7540 | 2.10 | 294 | 1640 | 4.65 | 68.51 0 11.02 | 2.516 | 52.60 |-4.17
21IR 25.0 | 7.10 73 4745 | 1.69 1.65 | 11.40 | 3.68 | 47.43 0 8.26 | 2.275 | 52.93 |-3.46
228 253 | 6.11 46 2990 | 1.25 1.11 9.40 | 2.46 | 34.26 0 6.89 | 2.364 | 40.25 |-3.27
23S 27.6 | 6.55 140 91.00 | 2.77 | 2.80 | 10.80 | 5.35 | 45.26 0 9.64 | 296 | 75.96 | 4.28
24R 27.7 | 7.21 141 91.65 | 250 | 2.60 | 1580 | 6.11 | 79.06 | 5.18 | 8.26 | 3.209 | 66.28 |-9.34
258 27.7 | 5.70 169 109.79 | 5.07 | 694 | 15.20 | 4.16 | 60.61 0 16.53 | 8.412 | 70.96 | -4.34
26S 279 | 5.84 170 110.50 | 4.13 3.89 | 17.20 | 5.86 | 73.66 | 7.78 | 8.26 | 3.583 | 92.65 |-4.55
278 258 | 6.22 151 98.15 | 3.31 335 | 15.60 | 5.86 | 61.15 | 6.78 | 11.02 | 5.006 | 78.63 |-4.87
28R 29.7 | 7.61 159 10335 | 3.72 | 253 | 13.60 | 5.86 | 57.88 | 4.18 | 11.02 | 5.957 | 54.27 |-4.65
298 49.1 | 7.27 | 1155 | 750.75 | 36.62 | 25.94 | 55.80 | 28.46|288.39 |31.21 | 68.87 | 14.21 | 145.07 | -4.05
318 49.7 | 6.32 | 2790 |1813.50|212.25|102.43 | 116.80 | 78.64 | 214.60 | 32.58 | 771.00 | 9.683 | 152.73 | -4.74
338 51.8 | 6.48 | 2850 |1852.50|147.83| 67.32 | 70.60 |40.24 | 232.58 | 58.86 | 376.00 | 6.251 | 157.07 |-4.84

For isotope analysis (**O and *H), the sample was put
in a 100 ml polyethylene bottle analyzed at the Hydro-
chemical Laboratory of the Center for Groundwater and
Environmental Geology, the Geological Agency of In-
donesia using the Picarro L-2130-i analyzer. The results
of the stable isotope analysis (0 and ’H) are presented
in Table 2.

The TDS value is considered an essential value in de-
termining water use and describing inorganic salts’ pres-
ence and correlates with EC (Logeshkumaran et al.,
2015; Rusydi, 2018). In this study, the TDS value is not
measured directly, because this parameter is correlated
with EC, usually expressed by a simple equation (Clark
and Fritz, 2013; Rusydi, 2018):

TDS (mg/L) = 0.65 * EC (uS/cm) )

The interpretation of water types based on major ions
is plotted in two basic triangles as the percentage of cat-
ions and milliequivalent anions of water chemistry using
the Piper Diagram (Piper, 1944). Groundwater’s hydro-
chemical characteristics, and correlation methods were
used for the hydrochemical properties and the piper dia-
gram (Mircovski et al., 2018). The Gibbs Diagram was
used to better understand the processes that occur during
groundwater flowing and mechanisms for hydrochemi-
cal formation, (Chintalapudi et al., 2016; Gibbs, 1970;
Marandi and Shand, 2018). To process statistical data
SPSS V26 was used to process statistical data.

2.2.2. Statistical analysis

Statistical analysis was performed on the data from
the analysis of water chemistry and stable isotopes. The
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Table 2: The stable isotopes composition of the samples, R = river; S = spring; W = well

D 3%0 \SDISO\ 8H \ SDH D 350 \SDISO\ &H \SDZH

(%0) (%0)
IR -4.821 | 0.246 | -31.302 | 0.639 17W | -5.946 | 0.249 | -37.833 | 0.620
2R -5.594 | 0.242 | -36.894 | 0.650 19R | -5.936 | 0.252 | -38.635 | 0.677
3W 5227 ] 0.238 | -34.200 | 0.616 20S | -6.370 | 0.236 | -41.346 | 0.697
4W -5.186 | 0.246 | -33.778 | 0.629 21R | -4.955 | 0.242 | -34.733 | 0.654
5W -5.129 | 0.230 | -33.832 | 0.621 22S | -5.803 | 0.235 | -38.001 | 0.659
6S -6.368 | 0.234 | -40.680 | 0.668 23S | -6.052 | 0.240 | -38.903 | 0.708
7S -6.346 | 0.255 | -40.644 | 0.697 24R | -5.864 | 0.229 | -39.087 | 0.656
8S -6.363 | 0.254 | -41.025 | 0.723 25S | -5.920 | 0.249 | -39.236 | 0.636
10S | -6.393 | 0.239 | -40.970 | 0.660 26S | -6.115 | 0.242 | -39.966 | 0.653
11S | -6.070 | 0.249 | -39.648 | 0.659 27S | -5.684 | 0.239 | -36.497 | 0.799
12S | -6.256 | 0.241 | -40.138 | 0.636 28R | -4.999 | 0.241 | -33.350 | 0.673
13S | -6.163 | 0.242 | -40.500 | 0.634 29S | -5.851 | 0.246 | -37.574 | 0.658
14W | -2.306 | 0.248 | -19.063 | 0.697 31S | -5.863 | 0.254 | -38.617 | 0.698
I5R | -4.911 | 0.241 | -32.765 | 0.757 33S [ -5.989 | 0.233 | -38.841 | 0.711
16W | -5.486 | 0.268 | -35.094 | 0.756

first step is to perform clustering based on the stable iso-
topes 8°H and 6'%0 (see Figure 6). Some of the water’s
chemical properties are related to each other, as indicat-
ed by the value of r (Pearson’s correlation coefficient)
with a value above 0.6 (Marsal, 1987). From the clus-
tering results, the descriptive statistics and the correla-
tion of each element were analyzed. The statistical anal-
ysis of all physical and chemical parameters, including
minimum, maximum, mean, standard deviation, are pre-
sented in Table 3.

The main water elements can be easily determined us-
ing a box plot diagram (Boateng et al., 2016; Srini-
vasamoorthy et al., 2014; Tizro and Voudouris, 2008).
The large concentration range of elemental content
against standard deviation shows that the chemical com-
position of groundwater has been influenced by process-
es including water-rock interactions and anthropogenic
influences (Boateng et al., 2016; Srinivasamoorthy et
al., 2014). An increase in the main water element con-
centration is illustrated in the box plot diagram (see Fig-
ure 7). The box plot shows the upper and lower quar-
tiles; the maximum and minimum values are shown as
lines. The abundance of the main elements of anions in
water is HCO,” > CI" > SO,> > CO," and the cations is
Ca?" > Na'" > Mg*" > K", respectively.

3. Results

3.1. Hydrochemical characteristics

The hydrochemical analysis results, univariate of
each cluster are shown in Table 1 and Table 3. The pri-
mary ions value a charge balance error in water, from
-4.96 to -2.21, while the mean error is -4.05. The error

level shows that the analysis data meets the require-
ments, i.e., less than 5% (Appelo and Postma, 2005), to
be used for further analysis.

The groundwater pH study area generally ranged
from 5.7 to 7.7. Sub-cluster K1 had an average pH of
6.5, Sub-cluster K2 had an average pH of 6.7, and Clus-
ter L had an average pH of 6.9, respectively. Water tem-
perature ranged from 23.5 to 51.8°C (mean 32.1°C),
sub-cluster K1 average temperature of 34.0°C, sub-clus-
ter K2 averages 33.2°C, and cluster L averages 28.3°C,
respectively. Hot springs were found in sub-clusters K2
and K1. At Batukuwung spring (near location 29S), the
water temperature reached 65°C (Hochstein and Su-
darman, 2008). More than 37.8°C can classify as hot
springs (Alfaro and Wallace, 1994). Even if the water
temperature is more than the average surface tempera-
ture in general or more than 36.7°C, it can be said to be
hot springs (Pentecost et al., 2003).

The electrical conductivity (EC) Sub-cluster Kl
ranged from 75 to 2410 puS/cm (mean 845.8 uS/cm),
Sub-cluster K2 from 46 to 2850 uS/cm (mean 834.4 uS/
cm), Cluster L was between 73 and 612 puS/cm (mean
EC 73 uS / cm), respectively. This indicates that the
groundwater has low salinity properties. An increase in
the TDS value followed by an increase in the EC value
was caused by the dissolving process that occurs when
water flows due to evaporation, ion exchange resulting
in an increasing concentration (Delinom, 2009; Liu et
al., 2015; Téth, 1999). For sub-cluster K1 and sub-clus-
ter K2, respectively, the mean EC values of 845.5 uS/cm
and 834.4 uS/cm, respectively, indicate that the existing
groundwater contains many rock dissolved minerals.
TDS value is considered an important value in determin-
ing water use. Total dissolved solids concentration
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(TDS) ranged from 46.0 to 1852.5 mg/L, TDS sub-clus-
ter K1 ranged from 75.4 to 1566.5 mg/L (mean 549.8
mg/L), sub-cluster K2 ranged from 29.9 to 1852.5 mg/L
(mean 542.4 mg/L) and cluster L between 47.5 and
397.8 mg/L (mean 187.6 mg/L), respectively.

An abundance of the main element cation (see Figure
7 and Table 3) is Ca>* > Na* > Mg?* > K*. In general,
content of the sequential cations were Ca?* (between 8.0
and 116.8 mg/L) > Na* (1.1 to 212.3 mg/L) > Mg> (2.5
to 86.7 mg/L) > K* (0.6 to 102.4 mg/L), respectively.
The Ca*" content of the K1 sub-cluster ranged from 16.4
to 102.8 mg/L (mean 42.5 mg/L), the K2 sub-cluster
ranged from 8.0 to 116.8 mg/L (mean 36.8 mg/L) and
cluster L ranged from 11.4 to 62.2 mg/L (mean 30.3
mg/L). The high Ca*" content is caused by enrichment
due to the dissolution of Ca-plagioclase minerals (Equa-
tion 3, 4 and 5) (Alam et al., 2014; Appelo and Post-
ma, 2005). The content of Mg?* sub-cluster K1 ranged
from 4.6 to 86.7 mg/L (mean 27.9 mg/L), sub-cluster K2
ranged from 2.5 to 78.6 mg/L. (mean 22.1 mg/L) and
cluster L ranged from 3.7 to 46.8 mg/L (mean 11.6
mg/L), respectively. Rocks composed of tuff caused
high Mg** content. The groundwater passed through ag-
uifers composed of tuffs and andesitic rocks. The forma-
tion of secondary clay minerals resulting from the dis-
solution of silicate minerals such as albite produces clay
minerals such as kaolinite, which can enrich minerals in
groundwater system as shown in the following equations
(Equation 3, 4, 5, 6 and 7) (Appelo and Postma, 2005):

Ca(ALSi,)O, +2H" + H,O — AL Si,0,(OH), + Ca**
Calcic Plagioclase (Anorthite) (Kaolinite) ..(3)

(Mg, .CaAl ,)(Al ,Si )O, +3.4H"+ 1.1H,0 —
Pyroxene (Augite)
— 0.3A1,S1,0,(OH), + Ca> + 0.7Mg* + 1.1H,SiO,

()

2K(Mg,Fe)(AlSi,)O, (OH), + 10H" + 0.50, + 7TH,0 —
Mica (Biotite)
— ALSi,O,(OH), + 2K* + 4Mg** + 2Fe(OH), + 4H,SiO,

.. (5)
2Na(AlSi,)O, + 2H" + 9H 0 —
Sodic plagioclase (Albite)
— AlSi,O(OH), + 2Na" + 4H,SiO, .. (6)

(Kaolinite)

Na(AlSi,)O, + H* + 7H,0 — AI(OH), + Na* + 3H,SiO,
Albite gibbsite . (7

The Na* content of the K1 sub-cluster ranged from
2.1 to 86.7 mg/L (mean 28.9 mg/L), the K2 sub-cluster
ranged from 1.1 to 212.2 mg/L (mean 43.7 mg/L) and
cluster L ranged from 1.7 to 38.7 mg/LL (mean 13.3
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Figure 6: Dendrogram results from hierarchical cluster
analysis using d’®*0 and d*H

mg/L), respectively. Some locations where very high
Na* content (31S and 33S) was found are thought to be
formation water. The K* content K1 sub-cluster ranged
from 2.9 to 56.6 mg/L (mean 18.5 mg/L), the K2 sub-
cluster ranged from 1.1 to 102.4 mg/L (mean 21.2 mg/L)
and the L cluster ranged from 0.6 to 18.1 mg/L (mean
5.0 mg/L), respectively. The presence of K* in water re-
sults from dissolving igneous rock minerals (Equation
5) (Appelo and Postma, 2005).

The presence of the main elements of anions in water
(see Figure 7 and Table 3) is HCO,” > CI" > SO >
CO,". HCO,™ (between 34.3 and 624.7 mg/L) > CI (be-
tween 6.9 and 771.0 mg/L) > SO (between 2.1 and
14.90 mg/L) > CO,” (between 0.0 and 58.9 mg/L), re-
spectively. The HCO,™ content - sub-cluster K1 ranged
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Figure 7: Box and whisker plot of major ions
in groundwater samples. The stars represent extremes
and white circles represent outliers
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Table 3: Univariate statistical overview of the data set. All values are in mg/L unless otherwise indicated.
S.Dev. = Standard deviation. W = well; S = spring; and R = river. TDS and concentration of ions are in mg/L unit

T EC TDS n o 2 2 - 5 . 2| Qi

Cluster | ID Value ©C) pH e | () Na K Ca* |Mg* | HCO,” | CO,”| CI' | SO/ SiO,

6s.7S. | Max |44.0| 6.9 | 24100 | 1566.5 | 86.7 | 56.6 | 102.8 | 86.7 | 624.7 | 7.8 |298.0| 3.6 | 128.4

135,8S, |Min |23.6] 58| 116.0 | 754 29 | 164 | 46 | 685 | 0.0 | 83 | 22 | 5256
K1 108, 208,

12S. 265, | Mean [34.0| 6.5 | 8458 | 549.8 | 28.9 | 18.5 | 42.5 |27.9 | 255.5 | 0.9 | 844 | 2.5 |103.0

118 SDev | 82|04 | 859 | 5563 | 312|204 | 31.7 |30.4| 2229 | 2.6 |100.0| 0.4 | 245

?7‘\’;757 Max |51.8 7.6 | 2850.0 | 1852.5|212.2|102.4|116.8| 78.6 | 373.3 | 58.9 |771.0| 142 | 157.1

gii’ws’ Min |235|57 | 460 | 29.9 11| 80 | 25| 343 | 00| 69 | 21 | 376
K2 g

fgls{ Mean |33.2| 6.7 | 8344 | 5424 | 43.7 | 212 | 368 | 22.1 | 137.1 | 16.0 | 134.2| 54 | 88.9

318, 238,

33s SDev |11.1| 0.6 | 11032 | 717.1 | 71.4 | 33.3 | 362 | 27.4 | 118.3 | 21.2 |240.8| 3.9 | 44.0

16W Max |30.5| 7.7 | 612.0 | 397.8 | 38.7 | 18.1 | 622 | 46.8 | 543.0 | 42 | 38.6 | 14.9 | 85.6

21R,3W, \Min  |25.0| 6.0 | 73.0 | 475 | 1.7 | 0.6 | 114 | 37 | 474 | 0.0 | 83 | 2.3 | 342
L 4W, 5W,

I5R, Mean |28.3| 6.9 | 288.6 | 187.6 | 13.3 | 5.0 | 303 | 11.6| 160.8 | 0.5 | 243 | 59 | 54.1

28R, IR |spey | 1.8 0.6 | 173.1 | 1125 | 11,7 | 57 | 192 [ 143 | 1624 | 1.5 | 108 | 48 | 159

* 2R = River samples
@ 31S = Spring samples
M 16W = Well samples

k2 > NatK HCO, & N & & c

~ N
Calcium (Ca) Chiloride (CI)

Figure 8: Piper diagram for hydrochemical types
of Rawadanau. All data in meq/L normalized to 100%
(Hartanto et al., 2019)

from 68.5 to 624.7 mg/L (mean 255.5 mg/L), sub-cluster
K2 ranged from 34.3 to 373.3 mg/L (mean 137.1 mg/L)
and cluster L ranged from 47.4 to 543.0 mg/L (mean
160.8 mg/L), respectively. The presence of carbonates
and bicarbonates as dissolution of the remaining carbon-
ate minerals commonly contained in igneous rocks (Ap-
pelo and Postma, 2005).

Carbonate (CO,") was generally only detected at the
K2 sub-cluster between 0.0 and 58.9 mg/L (mean 16.0
mg/L), and in the K1 sub-cluster, only one location
(26S) had a value of 7.8 mg/L and one location in the L
cluster (28R) of 4.2 mg/L. The chloride content of the
K1 sub-cluster was 8.3 to 298.0 mg/L (mean 84.4 mg/L),
the K2 sub-cluster was between 6.9 to 771.0 mg/L (mean
134.2 mg/L), and the L cluster between 8.3 to 38.6 mg/L
(24.3 mg/L), respectively. Likewise, the high Na* con-
tent, followed by the high CI” content in several loca-
tions, is probably sourced from formation water flowing
at hot springs (138, 318, and 33S).

The sulfate (SO,>) content of the K1 sub-cluster
ranged from 2.2 to 3.6 mg/L (mean 2.5 mg/L), the K2
sub-cluster ranged from 2.1 to 14.2 mg/L (mean 5.4
mg/L) and the L cluster ranged from 2.3 to 14.9 mg/L
(mean 5.9 mg/L), respectively. The low SO* content
proves that the study area’s water source has not been
contaminated by anthropogenic factors or mineral dis-
solution, rich in sulfates. Low-sulfate groundwater is
pristine freshwater (Appelo and Postma, 2005).

In September, during the peak dry season, silica
(Si0,) in groundwater varied from 34.24 mg/L to 157.07
mg/L. SiO, content was found in all clusters, SiO, in the
sub-cluster K1 was between 52.6 to 128.4 mg/L (mean
103.0 mg/L), in the K2 sub-cluster between 37.6 to
157.1 mg/L (mean 88.9 mg/L), and in cluster L between
34.2 to 85.6 mg/L (mean 54.1 mg/L), respectively. The
presence of silica indicates the dissolution of rock con-
stituent minerals, which are usually closely related to
geothermal source (Giggenbach, 1981).

The results plotted on a piper diagram yield two domi-
nant water types: Ca-Mg-HCO,-Cl and Ca-Mg-HCO,.
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Table 4: Correlations coefficient of major parameters and isotopes in groundwater (bold shows a strong correlation)

T [ pH | EC [TDS| Na [ K [ Ca [ Mg [HCO,[ co, | a1 [ so, [sio, | 60 | &H
T 1.00
pH | 0.06 | 1.00
EC | 0.89 [-0.02 | 1.00
TDS | 0.89 [ -0.02 | 7.00 | 1.00
Na | 0.81 [-0.07 | 0.93 | 0.93 | 1.00
K 0.85 | -0.05 | 0.92 | 0.92 | 0.97 | 1.00
Ca | 078 [-003] 091|091 | 086 | 0.86 | 1.00
Mg [ 070 [ 0.00 | 0.89 | 0.89 | 0.80 | 0.82 | 0.94 | 1.00
HCO, | 0.57 | 0.08 | 0.68 | 0.68 | 0.49 [ 0.56 | 0.81 | 0.86 | 1.00
CO, | 0.62 [-0.02] 0.67 [ 0.67 | 0.69 | 0.60 | 0.50 | 0.45 [ 0.18 | 1.00
cl 073 ]-010] 0.88 | 0.88 | 0.98 | 0.94 | 0.83 | 0.78 | 0.41 | 0.62 | 1.00
so, | 031 [-010] 018018 ] 023022027 ]003]-002]032]022] 100
Sio, | 0.88 [-003] 083083074 079|073 072]059 060|068 010 | 1.00
550 [-027| 036 [-0.28|-0.28 | -0.18 [ -0.25 [ -0.19 [ -0.28 | -0.23 | -0.12 [ -0.18 | 0.28 | -0.54 | 1.00
82H |[-025| 036 [-027 | -027 [ -0.18 [ -0.25 [ -0.17 [ -0.26 | -0.18 | -0.09 | -0.20 | 0.30 | -0.52 [ 0.98 | 1.00

Two locations (31S and 33S) were showing the Na-Cl
type (see Figure 8). The sodium chloride types of water
(318 and 33S) are likely formed due to groundwater in-
teraction with magmatic rock with minerals containing
sodium and chlorine (MircovskKi et al., 2018). Calcium-
magnesium bicarbonate facies reflects the geology and
climate of the study area. Besides, the research area is
composed of volcanic rock products, so the groundwater
interacts with mineral compounds in the aquifer between
the groundwater and the rocks it passes through (Alam et
al., 2014). Ion exchange occurs between Na" + K" ions in
water and soil Ca’" and Mg?* during the long water’s
residence time in the rock (Equation 3, 4, 5, 6 and 7).
Several locations show a high CI- content; this indicates
that water has travelled relatively far from its source, thus
experiencing enrichment of mineral chloride due to min-
eral dissolution and ancient salt. In general, the longer the
groundwater remains in contact with the aquifer rocks,
the greater the material it will take into solution, the
chemical evolution of groundwater tends toward seawa-
ter’s chemical composition (Chebotarev, 1955).

3.2. Correlation analysis

Several chemical properties of water are related to each
other (Marsal, 1987). Pearson’s correlation coefficient is
used to measure and find the strength of any linear rela-
tionship between two numerical variables. The results of
the correlation matrix between 17 chemical water param-
eters are calculated and presented in Table 4. Pearson’s
correlation coefficient values range between +1 and -1,
where values close to 0.00 do not indicate a linear rela-
tionship (Tabachnick and Fidell, 2013). An r value of
+1.00 or -1.00 indicates one of perfect predictability when
the other is known. Based on Pearson’s correlation, the
positive correlation is significant and high (r > 0.7).

As in Table 4, a positive, robust, and consistent cor-
relation is shown by temperature and EC with almost all
variables from the correlation test result. In addition, a
powerful correlation was shown by sodium with potas-
sium, calcium, magnesium and chloride (r=0.80 - 0.98),
between potassium and calcium, magnesium, chloride (r
=0.82 - 0.94), between calcium and magnesium, bicar-
bonate, chloride (r = 0.81 - 0.94), between magnesium
and bicarbonate (r = 0.86), respectively. The powerful
and positive correlation between Ca?*, Mg*', and Na* is
probably a manifestation of the ion exchange process
that has taken place during the dissolution of silicate
minerals (Equation 3, 4, 5, 6 and 7) (Adams et al.,
2001; Zhang et al., 2018). Strong correlation between
sodium and carbonate (r = 0.69), potassium with carbon-
ate (r = 0.60), magnesium with chloride (r = 0.78), car-
bonate with chloride (r = 0.62). The content of silica
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water samples in Rawadanau
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(Si0,) has a strong correlation with major ions (r = 0.60
- 0.79); this indicates that the dissolution of the minerals
that make up the rock produces silica minerals, which
are usually closely related to geothermal (Giggenbach,
1981). The correlation between SiO, and temperature
can be seen in Figure 9.

Figure 9 shows an existing correlation between tem-
perature (T) and silica (Si0,); an increase in temperature
will also offset the more effective SiO, content. This
SiO, can be used as a reliable geothermometer guide in
geothermal investigations (Zhang et al., 2019). The
graph shows that springs have a temperature between
41.3 to 51.8°C (7S, 118, 128, 138, 298, 318, 33S) with
SiO, concentrations ranging from 119.4 to 157.1 mg/L.
The increase in concentration mainly comes from dis-
solving rocks containing SiO, during groundwater circu-
lation in the rock.

3.3. Water stable isotopes

A graph representing the relationship between $'30
and 6*H regarding the global meteoric water line is pre-
sented in Figure 10. The graph shows that the K1 sub-
cluster and K2 sub-cluster are distributed adjacent to the
global meteoric water line (GMWL) as described by
Craig (1961). The local water meteoric line in the study
area refers to Jakarta’s closest model (Lubis et al.,
2008); the equation used is y = 8x + 10. Cluster L under
GMWL shows that it has been heavily influenced by
evaporation so that enrichment occurs. Cluster L is
heavier than sub-clusters K1 and K2, and this indicates
that the groundwater from sub-cluster K1 and sub-clus-
ter K2 has interacted a lot with rocks on its way.

Cluster analysis is based on the dependence of several
water quality parameters. This study was carried out
with an approach based on the stable isotope content
(6'30 and &°H) in water (see Figure 6). The use of stable
isotopes (8'*0 and 6*°H) was considered because they are
both durable and do not decay over a geological period
(Clark and Fritz, 2013; Liu et al., 2015; Tweed et al.,
2019). The dendrogram graph based on the stable iso-
topes 6*H and 6'*0O (see Figure 6) show two groups,
namely cluster K 20 samples and L cluster 8 samples.
Cluster K includes sub-cluster K1; there are 9 locations
(6S, 78, 8S, 10S, 118, 12S, 138, 20S, and 26S). The
lightest isotope content of Sub-Cluster K1, maximum
8"%0 and &°H (-6.1 %o and -39.6 %o), minimum (-6.4 %o
and -41.3 %eo), mean (-6.3 %o and - 40.5 %o), respectively.
The sample from the springs tends to be lighter so that
the isotope content is depleted.

The K2 sub-cluster contains 11 samples 2R, 278,
17W, 228, 298, 24R, 25S, 19R, 318, 23S and 33S. The
isotope content of the sub-Cluster K2 is generally heav-
ier than the sub-cluster K1; the sample consists of
springs, dug wells, and rivers. The full contents were
&°H and 6"30 (-5.6 %o and -36.5 %o), minimum (-6.1 %o
and -39.2 %o), with a mean (-5.9 %o and -38.2 %o), re-
spectively.

There are 8§ locations: cluster L, including sub-cluster
L1 (7 samples) and sub-cluster L-2 (1 sample), where
dug wells and rivers dominate the water sources. Cluster
L includes eight samples, consisting of wells and rivers
covering 16W, 21R, 3W, 4W, 5W, 15R, 28R, and 1R.
The full contents were 6*H and 8'%0 (-4.8 %o and -31.3
%0), minimum (-5.5 %o and -35.1 %o), with a mean
(-5.1 %o and -33.6 %o), respectively.

4. Discussion
4.1. Hydrochemical characteristics

The hydrochemical analysis result showed that
groundwater pH ranged from 5.7 to 7.7; the water tem-
perature was between 23.5 and 51.8°C. A water temper-
ature of more than 36.7°C indicates hot springs (Pente-
cost et al., 2003). There was a water temperature of up
to 51.8°C, which is more than 36.7°C, and silica (SiO,)
is found as an indication of a geothermal source (Pente-
cost et al., 2003; Zhang et al., 2019). Throughout the
geothermal system, the processes that occur show that
the dissolution of the minerals that make up the rock
produces silica, which is the most stable mineral under a
given set of conditions (Giggenbach, 1981). The hot
springs (13S, 318, and 33S) contain high levels of Na*
and CI, possibly from formation water that comes out as
springs or as seawater trapped in aquifers (Villegas et
al.,, 2018).

Hydrochemistry is influenced by the interaction be-
tween water and the medium in which it passes, in this
case, rock, changes in water’s chemical characteristics
depending on the type of rock and the water composi-
tion. Water is predominantly bicarbonate (HCO,), and
the main cation is Ca*". According to the piper diagram
(see Figure 8) of water types are generally Ca-HCO,
and Mg-HCO,. Water facies like this show that ground-
water is still relatively pristine, originating from rainwa-
ter. The study area is primarily composed of volcanic
products, mainly tuff, porphyritic andesite, basaltic an-
desite, and andesite, rich in plagioclase. The groundwa-
ter flow occurs mineral dissolution, resulting in mineral
enrichment in aquifers’ groundwater (Alam et al., 2014).
According to the piper diagram (see Figure 8), the SO >
content is relatively low, not more than 14.9 mg/L, prov-
ing that groundwater is freshwater that is still original
(Appelo and Postma, 2005). The SO, is related to pes-
ticides or fertilizers, besides dissolution minerals as gyp-
sum and seawater related (Villegas et al., 2018).

4.2. Groundwater isotope characteristics

The study area’s local meteoric water line refers to the
nearest meteoric, namely GMWL Jakarta (Lubis et al.,
2008), the equation used is y = 8x + 10. Plotting the re-
lationship between 6°H and 3'%0 (see Figure 10) has at
least two patterns: a) coincide with the GMWL, which is
occupied by the K-1 and K-2 sub-clusters; b) the pattern
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Figure 10: Relationship between hydrogen (d*H) and oxygen
(d*®*0) isotopes of groundwater samples in Rawadanau

that tends to move away from the GMWL is occupied by
the L sub-cluster. The K-1 and K2 sub-clusters almost
coincide with the GMWL, indicating that the groundwa-
ter is affected by local climate and local topography
(Lee et al., 1999).

Dendrogram graph analysis based on the stable iso-
topes 6'30 and 6*H (see Figure 6) produces two groups:
K of 20 sites, and L of 8 sites. Sub-Cluster K1 includes
location of cold-springs (6S, 8S, 10S, 20S, and 26S) and
hot-springs (7S, 118, 128, 13S), with mean isotope con-
tent of 680 and &°H are -6.3 %o and - 40.5 %o, respec-
tively. Sub-Cluster K2 average isotope content of river
water samples (2R, 24R, 19R), well (17W), cold springs
(278, 228, 258, 23S) and hot-springs (298, 318, 33S), of
880 and 6°H are -5.9 %o and - 38.2 %o, respectively.
Cluster L includes sub-sub-clusters L1 (7 locations) of
dug well 3W, 4W, 5W, 16W) and river water (21R, 15R,
28R) and sub-cluster L-2 (1R). The mean content 3'*0
and 6°H are -5.1 %o and - 33.6 %o, respectively. At four
locations, namely the river water (1R, 15R, 21R, and
28R), stable isotope content indicates evaporated water.

Although the type of water is relatively the same,
dominated by springs, the isotope content of the sub-
Cluster K2 is generally heavier than the sub-Cluster K1.
The isotope content (6°H and 8'*0) of the K1 sub-Clus-
ter is more depleted and lighter than others (K2, L1, and
L2), indicating that these samples are characterized by
water with a longer residence time in the aquifer. Fur-
thermore, the same kind of water is from river water; the
sub-Cluster K2 contents isotope is lighter than the sub-
cluster L.
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Figure 11: Gibbs diagram of groundwater samples
in Rawadanau: TDS vs. Na* / (Na* + Ca*)

4.3. Groundwater interactions

Studying the mechanism of groundwater evolution,
Gibbs (1970) provided a simple solution by making a
semi-logarithmic graph of the relationship between TDS
versus the ratio of Na* / (Na* + Ca*") and CI" / (CI” +
HCO,"). Three mechanisms form the graph: dominance
of precipitation, dominance of rock dissolution process-
es, and evaporation dominance (Gibbs, 1970; Srini-
vasamoorthy et al., 2014).

Plotting the data on the Gibbs chart, which compares
TDS with the ratio of CI" / (CI” + HCO,") and ratio of
Na* / (Na* + Ca?") water, produces two groups, namely
evaporation dominance, and rock dissolution processes
dominance. Based on the Gibbs graph, which reflects the
relationship between TDS and the Na* / (Na* + Ca*)
ratio (see Figure 11), it is divided into two groups,
namely evaporation dominance for the sub-cluster K1
(7S, 118, 128, 13S) and the sub-cluster K2 ( 17W, 298,
318, 33S) and rock dissolution dominance for the K1
sub-cluster (6S, 8S, 10S, 20S, 26S), the K2 sub-cluster
(2R, 278, 228, 24R, 258, 19R, 23S) all L cluster (16W,
21R, 3W, 4W, 5W, 15R, 28R, 1R), respectively.
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Figure 12: Gibbs diagram of groundwater samples
in Rawadanau: TDS vs. Cl- / (Cl- + HCOS')

According to Figure 12, the Gibbs chart shows the
comparison between TDS and the ratio of CI" / (CI” +
HCO;"), divided into two groups, i.e., evaporation domi-
nance and rock dissolution dominance. Eight locations
are the evaporation dominance group, including 7S, 118,
12S, 13S, 17W, 29S, 318, and 33S. Besides, locations
31S and 33S are rich in chloride (leading to saltwater).
Meanwhile, they remain as the second group, i.e., disso-
lution rock, comprise river water, springs, and dug well.
The rock dissolution includes K1 (five samples), and K2
(seven samples), and all L sub-clusters (six samples).

The results of plotting data on the Gibb chart (see Fig-
ure 11 and Figure 12) through the TDS ratio of Na* /
(Na* + Ca*) and CI" / (CI" + HCO,") the ratio of are
generally in the area of rock dissolution dominance and
evaporation dominance (Gibbs, 1970; Marandi and
Shand, 2018; Srinivasamoorthy et al., 2014). That in-
dicates that there is an area of evaporation from several
springs. Also, samples from river water, wells, and cold
springs are heavily influenced by dissolution and weath-
ering of the minerals that make up volcanic rocks from
tuff and andesite, generally containing feldspar (Alam et
al., 2014; Appelo and Postma, 2005).

5. Conclusions

Hydrochemical analysis has been performed to deter-
mine the quality, type, and dominant hydrochemical pro-
cesses in the study area. The study examined groundwater
origin in Rawadanau using a stable isotope approach (6*H
and 6'80) and hydrochemical analyses. Groundwater
quality was assessed by physical properties (pH, EC, tem-
perature) and water chemistry (cations and anions). The
pH was found to be between 5.6 to 7.7, except for the
nearby hot springs, which are more acidic (pH 5.7 - 5.9).
There are two sub-clusters of the grouping using stable
isotopes: cluster K and cluster L. The isotope content (6*H
and 6'%0) of cluster K is lighter than the L cluster. Accord-
ing to stable isotope data (3*H and 4'%0), groundwater that
fills Rawadanau comes from meteoric water.

Meanwhile, the evaporation dominance and rock dis-
solution dominance factors have changed the groundwa-
ter, as shown in the Gibbs diagram. The effect of evapo-
ration and interaction with a rock when groundwater
flows cause depleted isotopes and various water types.
The type of groundwater in Rawadanau is influenced by
mineral dissolution and mineral content volcanic rocks,
and this is in line with the evolutionary sequence of Che-
botarev. The rocks are comprised of porphyritic andesite,
basaltic andesite, and andesite. The chemical composi-
tions are mainly affected by volcanic dissolution. The
enrichment of weathered igneous rock products at peak
dry season produces four types of groundwater. The Ca-
HCO, type dominates river water and cold springs.
Meanwhile, hot springs have three types of water: Mg-
Ca-HCO,-Cl, Ca-Mg-HCO,, and Na-Cl.
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Podrijetlo i kvaliteta podzemnih voda bazena Rawadanau, Serang Banten, Indonezija

Rawadanau je podrudje tropske, planinske moc¢vare u Serangu (Banten), Indonezija. Tamo$nje podzemne vode glavni su
izvor opskrbe industrijskoga podrudja Cilegon, Banten. Poznavanje njihova podrijetla i kvalitete moze pomo¢i u o¢uvanju
toga resursa. Cilj je ovoga rada objasniti podrijetlo tih voda s novim podatcima o stabilnim izotopima (**O i H) te hidroke-
mijskim podatcima. Terenska mjerenja ukljudila su pH, temperaturu, EC, HCO _~, a analiza kationa, aniona i stabilnih izo-
topa napravljena je u laboratoriju. Postojeci izvori vode ukljuc¢uju izvore, buSotine i rijeke. Nacinjena je hijerarhijska analiza
klastera na temelju kemije vode i stabilnih izotopa. Izdvojena su dva klastera: K (K1 i K2) te L. Podatci 8O i 8H iz izvora
upucuju na meteorsko podrijetlo vode te na evaporaciju iz nekoliko njih. Meteorska voda sa sadrzajem stabilnih izotopa
80 izmedu -6,39 i —4,82 %o te §*H od 41,35 do —31,30 %0 odredena je dvama procesima, tj. otapanjem stijena i evaporaci-
jom. Vodonosnici su sastavljeni od vulkanskih stijena preteZito od porfiritskoga i bazaltnoga andezita te andezita. Multiva-
rijantna statisticka analiza svih varijabli (osim pH i SO ,*), tj. vecine kationa i aniona, pokazala je znatnu korelaciju. Izdvo-
jena su 4 hidrokemijska facijesa podzemne vode, redom: Ca- HCO,, Ca-Mg-HCO3, Mg-Ca-HCO, i Na-ClL.

Klju¢ne rijeci:
Rawadanau; podzemna voda; podrijetlo; stabilni izotopi; hidrokemijski facijesi; izvor
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