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groundwater chemistry principally is controlled by a combination of ion exchange, silicate
weathering, calcite, and dolomite dissolution of minerals. The hydrochemical facies were
DOL: 10.22146/ijc.58633 CaCl, CaMgCl, CaMgHCO;, CaHCOs, and NaKHCO;. The CaHCO:; facies describe
moderate groundwater flows. The NaKHCO:; facies shows the mixing of shallow and deep
groundwater. The recharge area in the central, proximal, and medial facies zone consists
of 3 groups. Group I is considered water originating from local rainwater infiltration;
Group II is considered the infiltration elevation, which ranges from 980-1230 m asl;
Group 111 estimated to be derived from the recharge elevation between 750-970 m asl,
Group IV are more likely to show symptoms of evaporation or interaction with surface
water. The discharge area is characterized by less active groundwater circulation, with
dominant HCO5™ and TDS values in the distal facies zone. Hydrochemical variation
helped the identification of recharge areas in the volcanic facies.
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m INTRODUCTION fulfillment of raw water for Bandung Municipality and

A volcanic area is a place for groundwater recharge Bandung Regency [5]. Expansion of built land for

. . settlements in the South Bandung area is feared to affect
and water resources for the surrounding community [1].

The need for groundwater is increasing along with the the g'roundwater conserva.uon area [6]. There h'fls beena
deficit of groundwater in South Bandung in 2015,
amounting to 170,215,063 m?*/year [5].

potential of water sources must be preserved.

development and population growth [2]. Excessive

. . . The large
groundwater extraction will cause environmental changes 5

such as reduced groundwater reserves, drought in the dry

One of the methods wused to validate
season, and groundwater pollutants. Groundwater _ T _ ]
. . hydrogeological conditions is an environmental isotope
recharge is influenced by environmental changes and _ ]
and hydrochemical analysis [1-2,4,7-9]. Isotope

anthropogenic conditions [3-4]. The South Bandung
volcanic area is part of the upstream Citarum watershed
located in Bandung Regency. The potential of abundant

water resources in this area is the main buffer for the

composition in hydrological systems in nature are

influenced by physical variables,

namely air
temperature, air pressure, humidity, geographical
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The reaction between
affects
groundwater quality, such as cation and anion exchange

altitude [10].
and minerals in

location, and
groundwater aquifers
reactions [8]. Groundwater genesis can be seen from the
composition of groundwater, and the processes occur
when passing through aquifer media [9]. Research on
hydrochemical and stable isotopes in hydrogeological
systems at Bandung-Soreang and Batujajar Groundwater
Basin has been widely carried out by several researchers
[6,11-17]. Previous isotope research for groundwater
recharge in the Bandung Basin has been carried out based
on groundwater type. Even though in one kind of
groundwater, it does not necessarily indicate groundwater
system the same. The differences with the previous
studies, in this study, the groundwater recharge was
value and

determined based on the isotope

hydrochemical volcanic facies analysis. The study aimed
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to identify recharge areas with stable isotope and

hydrochemical  analysis of  volcanic  facies.
Environmental isotopes used are the stable isotope
deuterium (8°H or D) and oxygen-18 (8'*0). The stable
isotopes Deuterium and oxygen-18 are also used to

determine the origin of groundwater.

m EXPERIMENTAL SECTION
Location and Sampling

The research was conducted in the South Bandung
volcanic area, geographically located at 107°30°E-
107°45’E and 7°00’S-7°10" S (Fig. 1). The southern part
of the Bandung Basin is surrounded by Malabar Wayang
Windu Patuha volcanoes [18]. The geological condition
from the study area consists of: The Beser Formation
(Tmb) is the oldest rock in the late Miocene, consist of
tuffaceous breccias, lava, andesite and basalt. Quaternary
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Fig 1. Research location on geological map [27-28]
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volcanic rocks overlay Tertiary volcanic rocks. Old
unraveled volcanic deposits (Qopu) of Pleistocene age,
consisting of fine-coarse crystalline tuff, dacite, tuff
breccia containing old pumice and andesite lava deposits.
The youngest rock unit is lake deposits (Qd) of the
Holocene age. The distribution of springs is located in the
old volcanic deposits (Qopu) and the Malabar volcanic
deposits (Qmt) [19-20].

Volcanic facies have characteristics based on the
geological condition, sedimentary structures, and
biological conditions [18]. The study area's volcanic facies
consist of the central, proximal, medial, and distal facies.
The central facies are located in the Pangalengan area, the
proximal facies on the upper slopes of Mount Malabar,
the medial facies on the lower slopes, and the distal facies

plain area of the lake deposits.
Instrumentation

Retrieval of 26 groundwater samples consist of 5 dug
wells, 13 drillings wells, and 8 springs were taken during
the rainy season. Field parameters such as pH, electrical
conductivity, and temperature were measured at each site
using Horiba measuring instruments. Water samples
from dug wells are taken from the top, middle, and
bottom of the well to maintain homogeneity using a
vertical water sampler made of 600 mL volume glass fiber.
The water samples are put into a 500 mL polyethylene
bottle and preserved. The process of taking stable isotope
&°H and 6"0 samples is by taking water samples in
100 mL polyethylene bottles tightly closed to prevent
evaporation. Stable isotope analysis was performed on the
hydrogeochemistry laboratory of Institute Technology
Bandung. The values of 8 °H and 6O were measured
relative to the Vienna Standard Mean Ocean Water
(VSMOW) using the Picaro L-2130-i Analyzer. The
allowable error in the analysis is + 0.2% for 6'*O or + 1.0%
for 8°H. The local meteoric water line (LMWL) equation
is determined by considering a weighted total factor,
namely the monthly rainfall at each rainwater sampling
location [21].

Procedure

Major ion analysis
Laboratory analysis was carried out for the Total

Dissolve Solid (TDS) and major ions: Ca®*, Mg**, Na*,
K*, SO*, CI', HCO:s. The analysis was carried out in the
groundwater laboratory of the Research Center for
Geotechnology LIPI. The Na*, K* were analyzed by
atomic absorption spectrophotometry methods. The
HCOs;™ was carried out by acidimetric methods. The
SO4*" was investigated by turbidimetry methods. The Cl°
was carried out using argentometry methods.
Gravimetry methods determined TDS analysis. The
concentrations of Ca®* and Mg®*" were analyzed by
complexometric titration with EDTA. A hydrochemical
analysis is validated with ion balance. The quality of
laboratory analysis results can be seen from the charge
balance error (CBE), with the formula [22]:

2XZm_ -2 7Zm,
>XZm_ +XZm,

Z notation is ion valence, m. is the molality of cation,

BE= x100 1)

and m, is the anion’s molality.

CBE values can be accepted if < 5% [22].
Laboratory analysis results are presented using graphical
methods, bivariate analysis, and correlation statistics.
The combination of graphical and statistical analysis will
produce an accurate classification that supports the
accuracy of research results [23]. This result can be used
as a groundwater facies indicator.

Correlation analysis

The correlation coefficient uses the Spearman
method to determine the relationship between several
hydrochemical parameters [24]. The correlation values
(r) > 0.7 indicating strong correlation, between 0.5-0.7
indicating moderate correlation, and < 0.3 indicating
weak correlation [24]. The closeness of the relationship
between variables was analyzed using the Spearman
method processed with Minitab.19 software.

Hydrogeochemical analysis

A hydrogeochemical analysis is one of the
techniques used to study groundwater quality [24]. Piper
diagram analysis was carried out to show groundwater's
evolution and the relationship between various
dissolved ions from geochemical data analysis [25]. One
of the groundwater facies type determinants is the

dissolving of plagioclase, ferromagnesian minerals,
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[26].
Groundwater with a predominance of bicarbonate

carbonates, and cation exchange process
(HCOs") concentrations comes from shallow and young
groundwater. The main source of HCOs™ is CO, dissolved

in rainwater and infiltrated into the soil [9].

Isotope analysis

Determination of the recharge area elevation from
isotope can be performed using natural isotope methods,
namely 6°H and 8O isotope in water molecules [2,21].
Water-rock interactions, evaporation, mixing, water
origin, and accompanying processes are known by
comparing the isotopic composition of water with
reference [3,16]. The altitude effect and the amount of
rainfall can be used to find the relationship between the
isotope composition of rainwater and the altitude of a
recharge area [27]. Determination of groundwater origin
was carried out using the ratio of heavy isotopes to light
isotopes, which were determined in terms of the
difference in the rate of 8 °H and 8"O isotopes. The
isotope ratio 6°H and 'O will experience fractionation
when there is a physical change in water molecules due to
differences in isotopic mass in the hydrological cycle [27].
Rainwater falls at different elevations will have different
isotope ratios where the higher the height of a place will
be depleted the isotope composition [28].
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The analysis of the §"O and &°H isotope
composition of the water samples was performed using
the Picaro L-2130-i Instrument. The abundance of §°H
and 80 molecules in water is not measured in absolute
ratio but in terms of their relative abundance to a
standard. The relative abundance of the HD'*O molecule
is called the relative abundance of deuterium (§*H), and
the close lot of H,'®O is called the §O'8. The relative mass
of %0 and &°H in water molecules is measured relative
to an international standard SMOW (Standard Mean
Ocean Water). The relative lot of 2H is written as §°H,
with the formula:

_ Reample ~Rsmow

8 %1000 %o )

Romow
where, Rumple = the isotope ratio (8°H or 8'*0) of the

sample, in %o; Rsmow = the isotope ratio (3°H or 6'°0) of
the SMOW

m  RESULTS AND DISCUSSION
Groundwater Hydrochemical Processes

The summary of the physical and chemical
properties is given in Table 1 and 2. The physico-
chemical properties from the field data collection and
the chemical properties are taken from laboratory
analysis.

Table 1. The summary of the physico-chemical properties in the research area

Type of < ¥ Type of Elevation oH Temp (°C) Conductivity

sample groundwater (m) (nS/cm)
Ma2 784217 9205750 Spring 1427 54 22.6 220
Sb9 784363 9217295 Drilling well 809 7.4 28.4 100
Spl1 776614 9221798 Dug well 816 6.9 25.3 370
Mal4 782672 9212796 Spring 915 7.1 25.5 160
Sgl5 790418 9224231 Dug well 700 7.2 26.0 700
Sb16 790554 9223882 Drilling well 701 6.7 27.7 230
Mal7 790591 9223757 Spring 718 7.2 26.9 160
Ap18 790159 9223906 Lake 720 7.5 254 160
Sb20 793352 9222272 Drilling well 707 7.3 27.6 300
Sb21 793292 9222526 Drilling well 720 7.3 28.8 330
Ma23 797460 9220890 Spring 716 6.9 28.5 230
Sb25 797545 9217430 Drilling well 810 6.4 26.4 70
Ma27 794474 9219337 Spring 855 6.7 26.7 130
Sb35 781008 9221806 Drilling well 700 7,9 254 460
Sb37 779361 9222239 Drilling well 749 7,7 27.2 350
Sb42 781448 9223008 Drilling well 703 7.4 293 460
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Table 1. The summary of the physico-chemical properties in the research area (Continued)

Type of X ¥ Type of Elevation pH Temp (°C) Conductivity
sample groundwater (m) (uS/cm)
Sb42 781448 9223008 Drilling well 703 7.4 29.3 460
Sp44 783701 9223886 Dug well 692 7.4 29.8 390
Sb45 788997 9227341 Drilling well 689 7.7 28.9 440
Sb 49 777512 9221024 Drilling well 734 7.7 31.2 550
Sb50 785689 9920350 Drilling well 706 7.7 28.7 230
Sb52 786103 9221573 Drilling well 696 7.6 28.9 400
Sp54 783759 9220403 Dug well 705 7.3 28.2 330
Sg57 786348 9215868 Dug well 965 6.1 24.8 50
Ma58 786522 9213881 Spring 1179 6.5 24.2 60
Sb60 774648 9216127 Drilling well 1059 7.5 26.3 170
Ma63 776683 9215129 Spring 1222 7.4 28.2 70
Table 2. The summary of the major ion’s chemical analysis in the research area
Type of TDS Na* Kt Mg* Ca** CI SO+ HCO; CBE
sample (mg/L) (mg/L) (mgl) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (%)
Ma2 96 15.0 3.3 10.7 13.4 56.2 10.3 18.5 4.1
Sb9 126 10.1 5.0 3.9 7.7 6.9 6.4 63.2 -3.4
Spll 326 16.6 2.5 16.3 37.8 66.8 8.7 98.5 2.0
Mal4 114 14.2 4.7 4.9 14.6 9.6 6.7 81.7 -1.3
Sgl5 518 36.4 30.9 16.2 66.5 78.5 48.0 216.7 -3.5
Sb16 244 15.0 1.5 4.4 28.4 20.7 9.8 97.5 1.7
Mal7 196 10.1 1.1 7.1 18.8 5.5 53 94.9 -4.1
Ap18 160 11.7 1.4 6.1 17.3 12.4 11.0 73.8 -3.4
Sb20 238 13.0 1.3 12.4 36.4 55 5.0 168.7 -1.5
Sb21 206 14.6 1.7 17.4 353 13.8 5.1 176.6 -3.7
Ma23 152 14.2 0.6 9.2 24.8 16.5 14.9 89.9 4.0
Sb25 28 7.7 0.6 1.2 5.8 9.4 8.2 22.3 -3.9
Ma27 48 3.7 0.6 3.9 15.0 12.4 6.2 47.4 -3.9
Sb35 376 424 3.3 7.4 20.9 22.0 5.7 139.4 -3.5
Sb37 246 26.8 10.9 7.3 31.2 11.0 11.8 200.8 -3.3
Sb42 186 27.6 8.6 18.1 29.8 13.8 4.8 258.3 -3.6
Sp44 200 7.3 7.1 11.2 42.3 6.9 4.6 220.3 -5.0
Sb45 280 25.4 6.2 16.6 36.1 16.5 4.7 228.3 -4.2
Sb49 320 44.3 3.2 13.4 31.9 55.3 7.5 141.2 -3.7
Sb50 172 254 34 6.1 15.1 20.7 4.9 103.3 -3.7
Sb52 308 32.9 2.8 7.9 20.6 53.8 4.6 107.0 -2.8
Sp54 252 20.8 2.5 21.1 25.5 12.4 8.3 191.8 4.0
Sg57 130 2.6 0.5 2.7 6.4 12.4 6.1 10.5 1.3
Ma58 20 2.0 0.5 24 4.9 6.9 6.1 16.4 -4.5
Sb60 266 9.1 1.4 12.4 16.6 6.9 5.0 1154 2.0
Ma63 106 3.3 0.7 3.8 8.2 6.9 8.2 36.2 -4.5
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The correlation coefficient uses the Spearman
method to determine the relationship between several
hydrochemical parameters. The relationship between
variables was analyzed using the Spearman method
processed because the data observations are random
with a wuniform distribution (Table 3).
Correlation analysis was performed on the hydrochemical
data of conductivity, TDS, pH, Ca*", Mg**, Na*, K*, SO,
Cl, HCOs, COs5.

The results of chemical and physical analysis of 26

samples

samples with correlation analysis showed the dominance
of Ca** > Na" > Mg** cations and HCO;™ > Cl" > SO
anions. The moderate to very strong correlation shows the
dissolving reaction of rock minerals in groundwater. In
the study area, almost all types showed the predominance
of Ca** and HCO;, followed by Mg* and C, this
condition is influenced by hydrochemical and geological
formation [29]. The related ions are influenced by

environmental and rock factors [30].

There are three groups of conductivity and TDS
values:

(i) Group A, the upper zone is characterized by active
groundwater flushing with low TDS value < 200 mg/L
and conductivity < 300 uS/cm, found in old volcanic
deposits (Qopu) and Mt. Malabar volcanic Deposits
(Qmt).

(ii) Group B, the intermediate zone is characterized by
less active groundwater circulation, with moderate
TDS value 200-300 mg/L and conductivity with

Indones. . Chem., 2021, 21 (3), 609 - 625

values 170-460 pmhos/cm, is present in the Fm
Beser (Tmb) and lake deposits (Qd).

(iii) Group C, the lower zone is characterized by passive
groundwater with a high TDS value >300 mg/L and
conductivity value of < 370 umhos/cm, is found in
lake deposits (Qd) (Fig. 2). Sources of material
availability from TDS and conductivity come from
the geological conditions and the influence of
human activities such as industry, households, and
agriculture [31]. Variation in TDS values indicates
groundwater recharge areas [6]. A high TDS value
indicates the travel time for groundwater [32]. The
TDS value caused by anthropogenic effects is
validated by Nitrate concentrations (Fig. 3). High
nitrate values are situated in livestock, and
plantation areas were located in the Pangalengan.
The average nitrate concentration in Pangalengan is
23.03 mg/L. The nitrate concentration is getting
lower downstream.

Groundwater hydrogeochemistry is controlled by
several processes such as evaporation, precipitation, ion
exchange, oxidation-reduction, weathering, and
dissolving [32]. The Ca**/Mg*" molar ratio indicates the
dissolution of calcite, dolomite, and silicate. The ratio of
Ca®*/Mg* = 1 indicates dolomite dissolution, Ca**/Mg**
> 1 ratio indicates calcite dissolution and ration
Ca’*/Mg** > 2 ratio indicates silicate dissolution [33].
The dolomite dissolution occurs in Beser formation and

volcanic deposits with Ca**/Mg** values 0.73-0.81 meq/L.

Table 3. Matrix of Spearman’s correlation

Parameter pH Temp  Cond TDS Nat Kt Mg* Ca? Cl SO, HCO; COs
(°C)  (uS/ecm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

pH 1.00

Temp 0.53  1.00

Cond 0.56 0.46 1.00

TDS 0.56  0.25 0.83 1.00

Na* 0.54 0.31 0.86 0.73 1.00

K* 0.53 0.33 0.68 0.46 0.67 1.00

Mg* 0.36 0.39 0.80 0.68 0.62 0.49 1.00

Ca? 0.37 0.43 0.85 0.77 0.57 0.50 0.79 1.00

Cl 0.08 0.02 0.59 0.47 0.73 0.35 0.38 0.35 1.00

SO -0.36 -0.43 -0.14 -0.09 0.06 -0.08 -0.14 -0.05 0.26 1.00

HCO;~ 0.64 0.59 0.87 0.74 0.64 0.67 0.81 0.85 0.20 -0.30 1.00

CO5” 0.30 0.09 0.44 0.44 0.43 0.13 0.36 0.46 0.32 -0.02 0.32 1.00
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Calcite dissolution dominates the entire area with even
distribution of volcanic deposits and lake sediments with
Ca’*/Mg** values 1.00-1.81 megq/L. Silicate weathering
occurs in Beser formation and lake sediments with
Ca’*/Mg** values 2.28-3.93 meq/L. The dominance of
groundwater in the study area is influenced by calcite
minerals dissolution (Fig. 4). The relatively high value of
the Ca**/Mg*" ratio indicates that the interaction process
between rock and water is quite long.

Groundwater hydrochemical processes control the
mechanism of groundwater originating from the
dominance of rainwater, rock weathering, crystallization,
or evaporation. The TDS process in groundwater
evolution has a low value, and the composition of the

C

Indones. . Chem., 2021, 21 (3), 609 - 625

dominant bicarbonate ion shows the water source comes
[33].The Gibbs
distinguishes the effects of rock weathering interactions,
evaporation, the
groundwater chemical processes [34]. Based on the
influenced the

from shallow aquifers diagram

and impact of rainwater on

analysis, rock weathering has
groundwater chemical process (Fig. 5, 6).

The ratio of TDS to CI/(Cl- + HCO5") anions show
that the groundwater is affected by rock weathering (Fig.
5). Group A consists of Ma2 and Sg57, which are springs
and dug wells in the volcanic deposits area in the
proximal facies. Group A has a high CI value due to the
influence of hydrothermal alteration. Group B consists
of Sg15, Sb52, Sb49, and Sp11, located in lake deposits and
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Beser formation deposits in the distal facies. Higher TDS
values in group B indicate this area is much influenced by
anthropogenic activity. Group C consists of Sb25, ma27,
ma58, which are water sources located in the Malabar
volcanic deposits and Beser formation deposits in the
medial facies. Group C has low TDS and Cl~ values
because it comes from springs in the hills with little
anthropogenic influence. Group D is groundwater in the
medial and distal facies. The TDS value in group D is high
due to anthropogenic effects.

The ratio of TDS to the cation (Na* + K*)/(Na* + K*
+ Ca’") shows that the groundwater is affected by rock
weathering (Fig. 6). Group A consists of Ma2, mal4, Sb25,
Sb37, and Sb42, springs, and drilling wells in volcanic
deposits in the proximal and medial facies. Higher TDS in
group A indicate anthropogenic influenced activity.
Group B consists of Sb9, Sb35, Sb49, Sb50, and Sb52, deep
groundwater drilling wells located in lake deposits, and
Beser formation deposits in the distal facies. Groundwater
in Type C is located in the medial and distal facies. Group
D consists of ma27 and ma58, water resources located in
the Malabar volcanic deposits, and Beser formation
deposits in the medial facies. Differences in each group of
these facies show rock properties greatly influence
groundwater chemistry. The high ratio of HCO;™ shows
rock weathering as a major ion[32]. Hydrochemical
conditions are a reflection of the length of the short
residence time in the aquifer. The longer groundwater

interacts and circulates in the aquifer, the total dissolved
solids’ total concentration will increase until it reaches
an equilibrium condition.

The cation exchange process indicates the
interaction between rock and groundwater occurs for a
long time. The plot of (Ca’" + Mg**) - (HCO;™ - SO4*)
versus Na* - Cl- was prepared to evaluate the ion-
exchange process [33]. The dominant process of ion
exchange will form a line with a slope of -1. The reverse
ion exchange will form a line with a slope of > 1. It can

be explained by the following reaction [35].

Ca*t (Mg2+ )+Na™ (clay) <> 2Na™ +CaMg (clay) (3)
The ion exchange process is located in Sb52, Ma63,

Ma58, Ma27, Sg57, Sg15, Ma2, Spll. The reverse ion

exchange is dominated in the area (Fig. 7).

Hydrochemical Facies

The shallow groundwater tends to be influenced by
local rainwater infiltration. It has a low bicarbonate
concentration. However, the deep groundwater has a
higher than
groundwater; the process of deep groundwater from the

bicarbonate concentration shallow
recharge area dissolves more carbonate rocks [34]. To
determine the hydrochemical facies and groundwater
characteristics, the hydrochemical data is plotted on the
Piper diagram [8]. Based on the piper diagram analysis,
the dominant types of hydrochemical facies are CaCl,

CaMgCl, CaMgHCO;, CaHCO;, and NaKHCO:; (Fig. 8).
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The groundwater CaCl facies are located at Sg57 and
Ma2 in the central volcano facies. These facies lies in the
hydrothermal alteration zone. Cl” ions’ density comes
from the weathering of the feldspathoid sodalite mineral
(Na,CL-ALSiO,) as a constituent of porous volcanic rock
[35]. Several factors that cause Cl” enrichment in the study
area are contamination of geothermal fluids and
anthropogenic effects.

The CaMgCl facies in the Ma58 and Sp11 locations
in the Malabar Tilu volcanic deposit. The calcium-
magnesium dominance is generated from the weathering
of silica minerals rich in Ca** from basaltic andesitic
volcanic rocks. Aquifers are formed by coarse tuff
alternating basalt lava. The constituent minerals are
(albite-labradorite,
[35]. The weathering process of aquifer

teldspar olivine, pyroxene, and
chlorite
constituent minerals is described as follows:
Mg,Si0, (s) + 4H,0 <> 2Mg*" +40H™ +H,S0,
(Forsterite)

2NaAlSi;Og +2CO, +3H,0 <> 2Na" +2HCO; ™ +4Si0, (s)
(Albite) +Al,8i,05(OH) 4 (s)
(Kaolinite)

CaFeSi,O, +8H" +0, +6H,0 <> 4Ca** + 4FeOOH +8H,Si0,
(Pyroxene —augite)

The CaMgHCO; is dominates the hydrochemical
type in the Malabar Tilu volcanic deposits. This is located
in Mal4, Mal7, Mal8, Ma23, Ma27, Ma63, Sgl15, Sp54,
Sb18, Sb9, Sb16, Sb37, Sb42, Sb45, Sb49, Sb50, Sb52, Sb54.
This type is formed due to the interaction between rocks
and groundwater for a long time due to mixing, this can
be seen from the amount of enrichment of Ca** and Mg**
ions balanced.

The CaHCOs; facies are at locations Sp44, Sb20,
Sb21, Sb60 scattered in the proximal and medial facies.
This group shows that groundwater circulation is not too
far away. The dominant Ca’* content is due to the
interaction with volcanic rocks. The presence of HCO;"
indicates that the groundwater has been mixed with
shallow groundwater as a local recharge. The presence of
Ca*" cations is affected by the weathering of rocks, while
bicarbonate anions (HCO;") is influenced by the time of
storing water in rocks and the atmospheric condition [8].
The chemical reaction indicates weathering process of the
minerals CaHCO:; facies [35]:
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CaFeSiO, +8H" +02+6H,0 «> 4Ca*" + 4FeOOH +8H,SiO,
(Pyroxene —augite)

The NaKHCO:; facies are located at Sb35, scattered
on distal facies. Volcanic deposit rocks have mineral
compositions of Na-feldspar (NaAlSi;Os), K-feldspar
(KALSi,Os), pyroxene (KAISi;Os), and olivine (Mg,SiO4)
[35]. The result of the weathering of these rock minerals
is the source of the presence of Na* cations and HCO3~
anions.

The reaction indicates the formation of NaKHCO:s
facies [35]:
2NaAlSi;04+2CO0, +3H,0 «> 2Na* +2HCO; +45i0, (s)

(Albite) + Al,Si,05(0OH) 4(s)
(kaolinite)

2KAISi; O +8H" +02+6H,0 > 4Ca’" +4FeOOH +8H,Si0,
(Pyroxene —augite)
Mg,SiO, (s) + 4H,0 <> Mg** +HCO; +H,50,%~

The cation exchange process in groundwater
evolution is characterized by decreasing Ca** and Mg**
values and enriching Na® values [8]. Na" ions’
enrichment is due to the cation exchange process
between Ca** ions and Mg*" ions, and it becomes Na*
ions. In the research area, this process occurs in the distal
area because there are many clay inserts. The adsorption
rate of Na* cations on clay minerals tends to be weaker
than that of Ca** ions. The adsorption tendencies among
the main cations are [32]: (strong adsorption) Ca®* <
Mg* < K* < Na* (weakly adsorbed).

Stable isotopes to determine groundwater recharge
The stable isotopes §'°0O and &6°H have varying
ratios related to elevation functions and rainfall values.
The various isotopic compositions can be grouped using
local meteoric lines (LMWL), determining groundwater
processes, i.e., groundwater and rock interactions,
evaporation, and mixing processes [21]. Analysis of the
recharge area with stable isotope requires three types of
isotope graphs, the local meteoric water line (LMWL)
graph, the depletion gradient graph 8O for elevation,
and the depletion gradient graph 6°H for height [27].
The (LMWL)
determination uses research from the Geological Agency

Local Meteoric water line
[17], which observed rainfall isotopes from January 2008

to July 2009. The stations selected in the study area were
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PT. Safilindo, Cikalong hydropower, and Malabar Data on the results of physical measurements of
plantation (Table 4). The equation of the local meteoric ~ §"0 and § *H isotopes in groundwater in the southern
line (LMWL) from the measurement results [17] with the = Bandung groundwater basin are shown in Table 5.

equation: Groundwater isotope values were plotted on the
§2H=835'30+14.3 (4) Bandung Meteoric Water to determine the relationship
R% =0.9873 between groundwater and meteoric water (Fig. 9) and also

Table 4. Rainwater isotope 6'°0O and §°H analysis for the period of January 2008-July 2009
PT Safilindo (829 m asl) Cikalong (1255 m asl) Malabar (1560 m asl)

Month S o) O°H (%) 670 (%o) O'H (%a) 0O (%a) O°H (%0)
16-May-08 -5.40 -31.1 -5.04 -26.1 — —
13Jun-08  -3.48 10.4 -3.43 -13.0 _ _
14-Jul-08 -2.71 -10.7 - — -6.53 -37.2
13-Agt-08 -3.99 -20.0 -4.23 -17.0 — —
14-Sep-08 -3.88 -17.3 -4.16 -17.0 -541 -27.6
13-Oct-08 — — — — -5.18 -24.7
12-Nov-08  -6.58 -45.0 638 136.3 672 -43
13-Dec-08 -8.65 -55.4 -10.9 -73.1 -10.95 -73.5
13-Jan-09 -11.49 -77.4 -9.68 -68.1 -11.35 -80.6
13-Feb-09 -8.54 -57.2 -10.13 -70.6 -10.65 -73.2
13-Mar-09 -9.83 -66.6 -8.61 -58.4 -9.66 -65.9
13-Apr-09  -6.88 473 622 -40.8 737 492
14 May 09 -5.96 -38.5 -6.30 -38.5 -9.03 -57.9
15-Jun-09 -7.98 -48.9 -7.73 -45.8 -7.30 -45.05
13-Jul-09 -1.81 -1.6 -3.22 -12.0 -4.66 -24.2
Average -6.22 -37.7 -6.62 -39.7 -7.90 -50.17

Table 5. Physical measurements of §'°O and §°H isotopes in the southern Bandung

No Type of sample X Y Elevation (m) 6'0 (%0) &°H (%o)
1 Ma2 784217 9205750 1427 -8.56 -53.5
2 Mal4 782672 9212796 915 -6.51 -42.0
3 Mal7 790591 9223757 718 -7.01 -42.4
4 Ma23 797460 9220890 716 -6.58 -41.1
5 Ma27 794474 9219337 855 -7.61 -47.2
6 Ma58 786522 9213881 1179 -6.39 -39.8
7 Ma63 776683 9215129 1222 -7.12 -43.5
8 Mals 790159 9223906 720 -5.86 -36.1
9 Sb9 784363 9217295 809 -8.02 -47.7

10 Sb 16 790554 9223882 701 -6.88 -41.7
11 Sb20 793352 9222272 707 -7.08 -43.5
12 Sb21 793292 9222526 720 -7.13 -43.5
13 Sb25 797545 9217430 810 -6.98 -43.6
14 Sb35 781008 9221806 700 -7.07 -42.8
15 Sb37 779361 9222239 749 -6.70 -40.8
16 Sb42 781448 9223008 703 -6.84 -41.8
17 Sb45 788997 9227341 689 -7.23 -44.2
18 Sb49 777512 9221024 734 -6.91 -42.2
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Table 5. Physical measurements of §'*O and 6°H isotopes in the southern Bandung (Continued)

No Type of sample X Y Elevation (m) 8%0 (%o0) &*H (%o)
19 Sb50 785689 9920350 706 -7.73 -46.9
20 Sb52 786103 9221573 696 -7.68 -45.9
21 Sb60 774648 9216127 1059 -7.03 -43.8
22 Sp44 783701 9223886 692 -5.46 -34.4
23 Spll 776614 9221798 816 -6.85 -44.3
24 Sgl5 790418 9224231 700 -6.85 -43.5
25 Sg57 786348 9215868 965 -6.58 -41.4
26 Sp54 783759 9220403 705 -6.08 -38.8

o
10 4
20

= 301

o

==

% _4p

Evaporation Water Lina
-50 H=555"%0-43
RY = 0,9450
80 4
70 . . . . . .
10 5 -8 7 5 - 3 2 - 0
520 (%a)

Fig 9. Relationship between 6°H and 6'°O of groundwater in the study area

to estimate the elevation of the recharge area.
10 shows the relationship

Furthermore, Fig.

between elevation and mean &°H and 6'°O isotopes of

monthly rainwater.

Based on Fig. 10, the groundwater in the study area

can be classified into four groups as follows:

(i) Group I: groundwater Ma2, which is at an elevation of
1427 m asl, from the 180 and 2H isotope values do
not indicate water originating from a higher elevation

and is considered water originating from local

rainwater infiltration.

(ii) Group II: groundwater Ma27, Sb9, Sb50, and Sb52,
which are at an elevation of 696-855 m asl, are

considered to come from the same infiltration

elevation, which ranges from 980-1230 m asl.

(iii) Group III: groundwater Mal7, Ma23, Sb16, Sb20,
Sb21, Sb25, Sb35, Sb37, Sb42, Sb45, Sb49, Spll,
Sgl15, which are at an elevation between 700-816 m
asl is estimated to be derived from the recharge
elevation between 750-970 m asl. Meanwhile,
groundwater Ma63 and Sb60, which are in this
group, from the 180 and 2H isotope values, more
indicate local rainwater origin.

(iv) Group IV: groundwater Mal4, Ma58, Mal8, Sp44,
Sg57, Sp54 are more likely to show symptoms of
evaporation or interaction with surface water.

The hydrogeological system's identification in this
study was based on hydrochemical and stable isotope
analysis of §"°O and &°H. The CaCl facies is located in
the hydrothermal alteration zone. Cl™ ions’ density comes
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from contamination of geothermal fluids and the
weathering of the feldspathoid sodalite mineral as a
constituent of porous volcanic rock. The CaMgCl facies is
a mixed water type. The calcium-magnesium dominance
is generated from the weathering of silica minerals rich in
Ca™ The
CaMgHCO:; type is formed due to the interaction between

from Dbasaltic andesitic volcanic rocks.

rocks and groundwater for a long time due to mixing, this
can be seen from the amount of enrichment of Ca** and
Mg*" ions tare balanced. The CaHCO; facies shows
groundwater circulation is not too far away. The
dominant Ca®* is due to the interaction with volcanic
rocks. The presence of HCOs™ indicates groundwater has
been mixed with shallow groundwater as a local recharge.
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The presence of Ca** cations comes from the weathering
of rocks, while the presence of bicarbonate anions
(HCOs") is influenced by the time of storing water in
rocks and the influence of the atmosphere. The CaHCO:;
facies describe the groundwater flow with a short
distance from shallow to moderate groundwater flows.
The NaKHCO:; facies are on distal facies. The cation
exchange process in groundwater evolution is
characterized by decreasing Ca** and Mg** and
enriching Na* ions. The adsorption rate of Na* cations
on clay minerals tends to be weaker than Ca® ions.
Groundwater facies NaKHCO; shows groundwater flow
intensity over a long-distance mixing shallow and deep

groundwater (Fig. 11).
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Groundwater flow systems are classified into the
middle [1]. The
concentration of TDS is also an indication of a recharge

flow or intermediate systems
area. TDS has a low value in the central facies area and
increases upward to the distal region. The catchment area
located in the upper zone is characterized by active
groundwater flushing with a low TDS value, seen in
central and proximal facies. The discharge area is
characterized by less active groundwater circulation, with
dominant HCO;™ and high TDS values are seen in the
medial zone. The lower zone is characterized by passive
groundwater with high sodium concentrations and TDS
in distal facies.

Stable isotope analysis reveals irregular patterns,
and localized catchments represent a complex
hydrogeological system. Isotope analysis shows the
groundwater recharge location follows the groundwater
circulation flow. Groundwater in the study area can be
classified into four groups as follows: Group I, which is at
an elevation of 1427 m asl, from the '*O and *H isotope
values do not indicate water originating from a higher
elevation and is considered water originating from local
rainwater infiltration; Group II: which are at an elevation
of 696-855 m asl, is considered to come from the same
infiltration elevation, which ranges from 980-1230 m asl;
Group IIT which are at an elevation between 700-816 m
asl is estimated to be derived from the recharge elevation
between 750-970 m asl, Group IV are more likely to show

symptoms of evaporation or interaction with surface water.

m CONCLUSION

The results of hydrogeological, hydrochemical, and
stable isotope analysis have determined groundwater
recharge. The variation in groundwater chemistry of this
area is principally controlled by a combination of ion
exchange, silicate weathering, calcite, and dolomite
dissolution of minerals. The hydrochemical facies were
CaCl, CaMgCl, CaMgHCOs, CaHCO3, and NaKHCO:s.
Changes in Ca’ to Mg* cations mean it has been a
hydrochemical evolution. The CaHCO; facies describe
flows. The NaKHCO;
Groundwater facies shows the mixing of shallow and deep

moderate  groundwater

groundwater into intermediate flow systems. The
recharge area in the central, proximal, and medial facies
zone consists of 4 groups. Group I, which is at an
elevation of 1427 m asl, from the 'O and *H isotope
values do not indicate water originating from a higher
elevation and is considered water originating from local
rainwater infiltration; Group II: which are at an
elevation of 696-855 m asl, are considered to come from
the same infiltration elevation, which ranges from 980-
1230 m asl; Group III which are at an elevation between
700-816 m asl is estimated to be derived from the
recharge elevation between 750-970 m asl, Group IV are
more likely to show symptoms of evaporation or
interaction with surface water. The discharge area in the
distal facies zone is characterized by less active
groundwater circulation, with dominant HCOs™ and
TDS values. Hydrochemical variation helped the
identification of recharge areas in the volcanic facies.
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