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Increased anthropogenic activity in urban areas has exacerbated the vulnerability of groundwater resources. The AVI, GOD,
SINTACS, and DRASTIC methods were used to analyze groundwater vulnerability in Pangkalpinang City. Schlumberger
vertical electrical sounding was used to determine the lithology and aquifer configuration in the study area. There are three
vulnerability index areas in the city of Pangkalpinang. Low levels of aquifer vulnerability were generally found in the
southeastern and northwestern parts of the study area, whereas high levels of aquifer vulnerability were discovered in the
northern and southern parts of the study area. Areas with low aquifer vulnerability levels generally have low hydraulic
conductivity values on the protective layer. In these areas, groundwater extraction is possible with a reasonable extraction
pattern. Industrial areas can also be built by considering environmental aspects. In an area with high-level aquifer vulnerability,
groundwater pollution must be considerably managed. The areas should not be designated for industrial areas and excess

groundwater extraction.

1. Introduction

1.1. Background. Pangkalpinang is the capital of Bangka Beli-
tung Islands Province (Figure 1). It has a population of
212,727 people, with a growth rate of 0.85% and an area of
118.41km” (Pangkalpinang Central Bureau of Statistics,
2020). It is the center of the economy in Bangka Belitung
Islands Province with rising economic growth rates from
year to year. As the economy of a city develops, the demand
for water resources will continue to grow. The amount of
water needs in the city of Pangkalpinang reached at least 2
million m® annually (Pangkalpinang Central Bureau of
Statistics, 2020). With the decline in surface water quality,
massive exploration of groundwater is unavoidable [1].
Increased anthropogenic activity in urban areas will
increase vulnerability of existing groundwater resources [2].
Anthropogenic wastes will threaten groundwater quality
and quantity [3]. Proper groundwater identification and
management are needed to support the sustainability of
groundwater resources. Indexing areas that have potential

groundwater resource vulnerability will facilitate better
groundwater management [4].

Aquifers are highly threatened by urban waste [5]. Con-
taminated groundwater will cause severe health problems
for humans, such as cancer [6]. This chain of problems cer-
tainly will greatly impact the economy of a city if not taken
seriously [7].

Many researchers used different approaches to identify-
ing groundwater vulnerability [8]. Some researchers used
the aquifer vulnerability index (AVI) method to identify
and analyze groundwater vulnerability [9]. GOD, SINTACS,
and DRASTIC methods were commonly used by other
researchers [10].

The aquifer vulnerability index (AVI) is an approach
introduced by Van Stempvoort et al. [11]. The aquifer vul-
nerability index (AVI) method attempts to calculate the aqui-
fer susceptibility index based on the thickness value and the
hydraulic conductivity of the aquifer cover layer. The thicker
and lower the hydraulic conductivity value of the aquifer
cover layer, the lower the aquifer susceptibility index of the
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F1Gure 1: Pangkalpinang City.

region [11]. In hydrogeological systems, this layer is com-
monly referred to as aquitard, aquiclude, or aquifuge layer
[12]. Obiora and Ibuot [2] and Van Stempvoort et al. [11]
refer to this layer as the protective layer of the aquifer. This
research used the geoelectric method to get the value of
aquifer thickness. This threat will greatly increase if the sys-
tem does not have a good protective layer of the aquifer
[12]. In urban areas, vertical percolation is a threat to
groundwater [2].

The GOD method utilizes three parameters to determine
groundwater vulnerability, ie., groundwater confinement,
overlying strata, and depth of groundwater. This method is
introduced by Foster [13]. The SINTACS method used seven
parameters to identify groundwater vulnerability. The SIN-
TACS method used in this study was developed by Civita
and De Maio [14] to evaluate relative groundwater pollution
vulnerability. The seven parameters were water table depth
(S), effective infiltration (I), unsaturated zone (N), soil media
(T), aquifer media (A), hydraulic conductivity zone (C), and
topographic slope (soggiacenza (depth of water), infiltrazione
efficace (effective infiltration), non saturo (vadose zone),
tipologia della copertura (soil cover), acquifero (aquifer),
conducibilita idraulica (hydraulic conductivity), and superfi-
cie topografica (slope of topographic surface)). DRASTIC
methods were introduced by Aller et al. [15]. DRASTIC
methods also used seven parameters to determine groundwa-
ter vulnerability. Depth to groundwater, net recharge, aquifer
media, soil media, topography, impact of vadose zone, and
hydraulic conductivity were the parameters that are needed
to analyze groundwater vulnerability.

According to Maria [16], the GOD method is suitable for
designing large areas such as land management while DRAS-
TIC has good accuracy and more real use in geoenvironmen-

tal detailed studies. The SINTACS method generates very
high vulnerability zones in the areas concerned with surface
waters and aquifer interactions [16]. AVI methods are suit-
able for regional groundwater basin analysis [11].

The geoelectric method is one of the geophysical methods
for mapping subsurface conditions based on the electrical
parameters [17]. The resistivity method maps subsurface con-
ditions based on rock resistivity parameters [18]. The resistiv-
ity method has been widely used in hydrogeological research
[19]. It is also widely used in research on aquifer susceptibility
[20]. Vertical electrical sounding is a data collection technique
widely used in geoelectrical research [21]. Schlumberger arrays
are electrode configuration techniques in vertical electrical
sounding that are widely used in hydrogeological investiga-
tions [22]. Schlumberger arrays have a good vertical resolution
in providing a clear view of subsurface conditions [23].

This study’s objective was to analyze groundwater
vulnerability in Pangkalpinang City and proposed a vulnera-
bility index by integrating commonly used methods (AVI,
GOD, SINTACS, and DRASTIC). Possible groundwater
management patterns are based on the new proposed vulner-
ability index considerably.

2. Geology and Hydrogeology

2.1. Geology. According to Mangga and Djamal (1994), there
are three geological formations in the study area, i.e., allu-
vium, Tanjunggenting Formation, and Pemali Complex
(Figure 2). The alluvium is a Holocene surficial deposit.
The alluvium in the study area consists of boulders, cobbles,
pebbles, sand, clay, and peat. The Tanjunggenting Formation
is a Triassic sedimentary rock, consisting of an alternation of
metasandstone, sandstone, clayey sandstone, and claystone
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FIGURE 2: Geological map of the study area (from Mangga and Djamal, 1994).

with lenses of limestone. The formation is well-bedded,
strongly folded, jointed, and faulted. The Pemali Complex
is an upper Paleocene to lower Permian formation consisting
of metamorphic rocks. It consists of phyllite and schist with
intercalation of quartzite and limestone lenses; the formation
is jointed, folded, and faulted.

2.2. Hydrogeology. According to Sukrisna and Sudadi (2002),
the occurrence of groundwater and productivity of aquifers
in the study area consist of aquifers in which flow is intergran-
ular and aquifers (fissured or porous) of poor productivity and
regions without exploitable groundwater (Figure 3). For an
aquifer in which flow is intergranular, it is a locally moderately
productive aquifer. It is mostly an incoherent aquifer of low
thickness and transmissivity. The groundwater table is gener-
ally less than 3 m below the ground surface; the well field is less
than five I/sec—alluvium and swamp deposits are composed
of pebble, sand, clay, and peat with generally moderate to high
permeability. For aquifers (fissured or porous) of poor pro-
ductivity and regions without exploitable groundwater, those

are almost poorly productive aquifers of local importance.
With generally low transmissivity, locally in favorable sites, a
small discharge of springs can be expected. Limited shallow
groundwater can be obtained in the valleys and weathered or
fractured zone of solid rocks. There are alternations of meta-
sandstone, sandstone, clayey sandstone, claystone, slate, mud-
stone, shale, and cherts with lenses of limestone, with low
permeability and locally moderate permeability in the weath-
ered zone. There are regions without exploitable groundwater
in the study area. It mostly consists of phyllite and schist with
intercalation of quartzite and limestone lenses and is generally
low permeabile to impermeable.

According to Sukrisna and Sudadi (2002), there are no
seawater intrusion phenomena in the study area. Groundwa-
ter flow is towards the eastern and northeastern parts of the
study area (Sukrisna and Sudadi, 2002).

The annual precipitation in the study area was
2099.6mm (Pangkalpinang Central Bureau of Statistics,
2020). Figure 4 shows the daily rainfall in Pangkalpinang
City. The average air temperature of Pangkalpinang in 2019
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FIGURE 3: Hydrogeology map of study area (Sukrisna and Sudadi, 2002).

was 27°C with the highest one at 32.40°C and the lowest at
23.50°C (Pangkalpinang Central Bureau of Statistics, 2020).
Figure 5 shows the daily temperature in the study area.

Table 1 shows groundwater quality data in the study area
in 2018.

3. Methods

3.1. Vertical Electrical Sounding. Electrical Resistivity
Tomography (ERT) and vertical electrical sounding (VES)

are measurement techniques widely used in groundwater
exploration [23]. Vertical electrical sounding (VES) is effec-
tive in characterizing aquifer conditions [25]. The Schlum-
berger array electrode is an effective configuration in
mapping subsurface conditions because it has an excellent
vertical resolution [23]. The output value of the field mea-
surement is apparent resistivity calculated by the equation

AV

pazKT’ (1)
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FIGURE 5: Daily average temperature in the study area.
where K: to get the value of true resistivity through the inversion process.

[(AB/2)* - (MN/2)?]
MN '

7T

(2)

AB and MN are current electrodes, and potential electrode
(meter) V and I are voltage and current at a particular mea-
surement, respectively. The field data calculations resulted in
apparent resistivity values, meaning the values are still affected
by the resistivity values above the layer. Materials used for the
VES survey included a set of GL-4200 geoelectric devices, Gar-
min 64 GPS, laptops, and IPI2Win software. IPI2Win software
was developed by Moscow University. This software was used

The output of the IPI2Win software is the value of the resistiv-
ity, thickness, and depth of a layer. Apart from that, the output
from IPI2Win can also be in the form of inversion curves.

In this study, eight measurement points of vertical elec-
trical sounding were scattered around the city of Pangkalpi-
nang (Figure 2). This study used the Schlumberger array
electrode for electrode configurations. The maximum stretch
of AB/2 =250 meters.

Qualitative interpretation was made to get subsurface
lithology (drawn from the research of Mangga and Djamal
(1994)). Resistivity layer values were also interpreted
according to the geological information provided in Mangga
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TaBLE 1: Groundwater quality data in the study area [24].

TDS (mg/L) pH Temp (°C) Nitrate (mg/L) Sulfide (mg/L) Cyanide (mg/L) Nitrite (mg/L) Hardness (mg/L) Turbidity (NTU)

14.1 7.4 25 0.49 0.029 0.002 0.0239 14.1 1.06
Fe (mg/L) Mn (mg/L) Cu (mg/L) Zn (mg/L) Pb (mg/L) Cd (mg/L) Cl (mg/L) Sulfate (mg/L)
0.509 (mg/L) <0.0289 <0.0153 <0.0263 <0.0268 <0.00307 8.01 10.3

and Djamal (1994). The results of this interpretation were
subsequently used in the calculation of the aquifer vulnera-
bility index.

3.2. Aquifer Vulnerability Index. The aquifer vulnerability
index method is introduced by Van Stempvoort et al. [11]
based on the thickness and hydraulic conductivity values of
an aquifer protective layer. Lithology layer thickness values
were obtained based on the interpretation of the results of
vertical electrical sounding inversion, while hydraulic con-
ductivity values were 2.10 x 10~ m/day [26], 8.90 x 107
m/day [27], and 1 m/day [28] for schist, sandstone, and silty
sand, respectively [2, 9]. Once these two values are deter-
mined, the value of hydraulic resistance can be obtained
using the following equation [2, 11]:

h;
K’ 3)

M=

C:

1

I
—_

where /; is the thickness of the protective aquifer layer and K;
is the hydraulic conductivity of the protective layer.

Table 2 shows the relationship of the aquifer vulnerability
index to hydraulic resistance. A contingency was used to
visualize the aquifer vulnerability index in Pangkalpinang
City, with data gridding using inverse distance weighted
[29-31]. Contingency uses ArcGIS Pro 2.6 software to pro-
cess and visualize the data (ESRI 2016).

3.3. GOD Method. According to [8], the DRASTIC and GOD
models were chosen as the most appropriate for groundwater
vulnerability study because

(1) they are simple and take into account several param-
eters of the natural environment which control the
contamination process of the aquifers

(2) they include a high number of layers of input data
that limit the impacts of errors of the individual
parameters on the final result

(3) these parameters are in general available for their
evaluation

Many authors have evaluated the vulnerability rate of
aquifers using these two methods and established good
correlations. According to Polemio et al. [32], the GOD
method is useful for mapping large areas with high vulner-

TaBLE 2: Relationship of aquifer vulnerability index to hydraulic
resistance (from [11]).

Hydraulic resistance Aquifer vulnerability index

(© Log © (AVD)
0-10 <1 Extremely high
10-100 1-2 High
100-1000 2-3 Moderate
1000-10,000 3-4 Low
>10,000 >4 Extremely low

TaBLE 3: GOD vulnerability index.

Index values

Level of vulnerability

GODVI=0
0<GODVI<0.1
0.1<GODVI<0.3

Null
Inconsiderable vulnerability

Low vulnerability

0.3<GODVI<0.5 Moderate vulnerability
0.5<GODVI<0.7 High vulnerability
0.7<GODVI< 1 Extreme vulnerability

ability contrasts, whereas DRASTIC is useful for any aqui-
fer [33].

The GOD method is a vulnerability assessment method
developed in the United Kingdom by Foster [13]. The GOD
index can be divided into six categories (Table 3), from 0 to
1 [13]. The GOD parameter indexes (groundwater confine-
ment, overlying strata, and depth to groundwater) were
created as described for the DRASTIC model. The index of
vulnerability is given according to the following formula [13]:

GOD Vulnerability Index = Cg x Co x Cd. (4)

3.3.1. Groundwater Confinement. Groundwater confinement
is one of the parameters used in the analysis of groundwater
vulnerability [34]. Groundwater confinement can be inter-
preted based on subsurface conditions using vertical electri-
cal sounding (VES). The groundwater confinement type in
the study area consists of unconfined and confined aquifers.
Estimating the groundwater confinement value can be
obtained from GOD classification, as seen in Methods. The
unconfined aquifer in the GOD method category has a value
of 1, while the confined aquifer has a value of 0.2 (Table 4).
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TaBLE 4: Groundwater confinement value/rating in the study area. TaBLE 5: Overlying strata value/rating in the study area.
No. Groundwater confinement Value No. Overlying strata Value
Confined aquifer 0.2 Igneous/metamorphic 0.6
2 Unconfined aquifer 1 Sandstone 0.7
Alluvial 0.7
Estimating values for unconfined aquifers based on the - Denth of q | )
characteristics of unconfined aquifers tends very close to ALE 6: Depth of groundwater value/rating.
the ground 'level and has no aquitard. The confined aqgifer No. Depth of groundwater Value
assessment is based on the features of the confined aquifer, . = m 09
where the aquifer lies between the confined layer of the :
2 5-20m 0.8

aquifer.

3.3.2. Overlying Strata. It is a lithological character and degree
of consolidation of the vadose zone or confining beds—estima-
tion of vadose zones and confining beds based on vertical elec-
trical sounding (VES). There are three types of vadose zone and
confining bed in the study area. The three types of overlying
strata are igneous/metamorphic, sandstone, and alluvial.
Igneous/metamorphic and alluvial have a value of 0.6, while
alluvial and sandstone have a value of 0.7 (Table 5).

3.3.3. Depth of Groundwater. Groundwater level depth is
another important parameter in determining groundwater vul-
nerability [34]. Table 6 shows the depth of groundwater value/r-
ating in the study area. The groundwater level condition is
known through the results of monitoring wells of 10 wells scat-
tered around Pangkalpinang. Groundwater depth data is also
used in the analysis of groundwater vulnerability using DRAS-
TIC and SINTACS methods. Groundwater level depth data in
10 monitoring wells were then interpolated using the IDW
interpolation technique in ArcGIS Pro 2.6 software. The IDW
interpolated gridding results were then extracted to 10 VES
points in the study area to obtain the groundwater level depth
at each VES point. The shallower the groundwater level, the
higher the groundwater vulnerability, while the deeper the
groundwater level in a place, the less vulnerability to contamina-
tion of groundwater. The determination of the depth of ground-
water value refers to the GOD classification. Figure 6(c) shows
the spread of depth of groundwater in the study area.

3.4. SINTACS Method. The SINTACS method is a PCMS
developed by Civita and De Maio [14] to assess groundwa-
ter’s intrinsic vulnerability, and it is partially derived from
the worldwide used DRASTIC [15]. The acronym SINTACS
originates from the Italian words of the seven parameters
employed in the method:

(i) Soggiacenza (depth of water)
(ii) Infiltrazione efficace (effective infiltration)
(iii) Non-saturo (vadose zone)
(iv) Tipologia della copertura (soil cover)
(v) Acquifero (aquifer)
(vi) Conducibilita idraulica (hydraulic conductivity)

(vil) Superficie topografica (slope of a topographic surface)

The parameters are multiplied by a weight related to a
given hydrogeological setting. The form of the equation is
the following [35, 36]:

7
Igntacs = ZPjo) (5)
i

where P; is the rating of each parameter and W/ is the corre-
sponding weight suggested from [14].

3.5. DRASTIC Method. US EPA developed the DRASTIC
model and extensively used it to assess pollution potentials
in the United States and other countries around the world
[15]. This model uses seven physical and hydrodynamic
parameters of the natural environment to assess the aquifer’s
vulnerability, such as depth to the water table, recharge,
aquifer media, soil media, topography, vadose zone, and
hydraulic conductivity. This method’s index is often used to
standardize the evaluation of groundwater pollution poten-
tial within various hydrogeological settings. Its calculation
assumes that (1) the contaminant is introduced at the ground
surface, (2) the contaminant is flushed into the groundwater
by precipitation, (3) the contaminant has the mobility of
water, and (4) the area evaluated is 0.4km? or larger [15].
Each of the seven parameters is classified in a range of values
or according to the dominating medium. It reflects its impact
on aquifer vulnerability. Each parameter has been assigned a
rating between 1 and 10, corresponding to the low and high
potential of contamination. Each parameter’s rating is com-
bined with its weight for all the study area sectors. The
DRASTIC index is finally computed by implying linear com-
binations of the products of rating and weights:

DRASTICIndex (DI) = DrDw + RrRw + ArAw + SrSw
+ TrTw + Irlw + CrCw.

(6)

The index r corresponds to the rating and the index w to
the weight. The higher DRASTIC index corresponds to the
high potential contamination and vice versa. This index is a
relative value without dimension, allowing a comparison
between the sites. The result can vary between 23 and 230.
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These extreme values are rarely reached. The computed
values generally vary between 50 and 200 [8].

4. Result

4.1. Aquifer Vulnerability Index. In general, the resistivity
values in the study area were in the range of 96-1988 Om
(Table 7). The silty sand layer, which is part of the alluvium
formation, was in the range 213-1043 Om with an average
value of 628 m. The sandstone layer, which is part of the Tan-
junggenting Formation, was in the range of 96-1254 Om with
an average value of 675 Om. The schist layer, which is part of
the Pemali Complex formation, was in the range of 682-
1988 Om with an average value of 1335 Qm. Schists had the
highest resistivity value of all the other rock layers (sandstone
and silty sand). According to Telford et al. [37] and Reynolds
[23], metamorphic rocks have relatively higher resistivity
values compared to sedimentary rock and loose sediment.
The high resistivity value of schist rocks is influenced by
age and degree of compaction and lithification of these rocks
[38]. The depth and thickness of each rock layer vary greatly
(Figure 7).

The aquifer layer had a range of resistivity values that vary
from 682 to 1347 Qm, where the aquifer was found in the fis-
sure and fracture of schist and sandstone rocks as revealed by

Sukrisna (2004). High aquifer values are common in aged
rocks such as schist and sandstone [21, 39]. Apart from being
a limited aquifer, schist can also act as an aquifuge layer, that
is, a layer that cannot hold or drain water [28, 40].

The values of resistivity, depth, and thickness of the pro-
tective aquifer layer at the study area were varied (Figure 8).
This layer is located above the aquifer layer. This layer is also
known as the vadose zone [2, 41]. Generally, in the study
area, this layer was lithologically filled with silty sand and
upper sandstone layers, except in VESO1 where the protective
layer consisted of a schist layer. The inversion results show
that the resistivity of this layer tended to be smaller than
the layer below it based on the interpretation of each geoelec-
tric measurement point (Table 7).

The value of aquifer resistivity tended to be lower in the
southeast part of the study area. This is likely due to intensive
secondary porosity in the form of rock fractures resulting
from tectonic activity on the island of Bangka (Mangga and
Djamal, 1994). Secondary porosity in fractures can reduce
rock resistivity [37].

The values of the sum of the hydraulic conductivity pro-
tective layer varied in the study area, ranging from 0.00021 to
1.00911 m/day. Hydraulic conductivity values tended to be
low in the southeastern part of the study area, but high in
the southern part of the study area. Different lithologies cause



International Journal of Geophysics 9

TaBLE 7: Summary of vertical electrical sounding inversion result.

(a)
Layer resistivity
VES no. Longitude Latitude Elevation Layer resistivity ((m)

P1 P P3 Py Ps Ps P7 Ps

VES01 106.14838 -2.15645 27 100.7 571.4 102.8 485.5 640.0 843.7 1021.0 —
VES02 106.1504 -2.15022 19 95.8 381.5 119.4 287.4 506.6 682.1 924.4 —
VES03 106.1516 -2.09369 5 161.9 555.4 218.0 575.5 938.2 1120.0 1272.0 —
VES04 106.15449 -2.08859 5 208.9 510.2 373.5 791.5 1152.0 1435.0 — —
VES05 106.1099 -2.08594 10 458.7 1043.0 348.0 808.5 1128.0 1211.0 1318.0 1405.0
VES06 106.09727 -2.09166 14 506.6 993.0 475.3 1073.0 1254.0 1347.0 1254.0 1477.0
VES07 106.10197 -2.1519 18 244.9 623.0 189.2 504.0 415.4 1219.0 1654.0 1909.0
VES08 106.09798  -2.14466 19 2134 716.8 234.0 506.6 468.6 1185.0 1574.0 1988.0

(b)
Layer thickness
VES no. Longitude Latitude Elevation h, h, h, LZZer tthkI;:SS (m) h I hy
VESO1 106.14838 -2.15645 27 4.0 6.1 14.9 25.0 23.2 56.8 120.0 —
VES02 106.1504 -2.15022 19 4.2 7.8 14.0 19.0 30.0 50.0 125.0 —
VESO03 106.1516 -2.09369 5 4.0 5.0 13.0 28.0 45.0 55.0 100.0 —
VES04 106.15449 -2.08859 5 3.0 7.0 15.5 38.2 16.3 40.0 — —
VES05 106.1099 -2.08594 10 4.5 6.5 15.5 38.5 25.0 45.0 135.0 70.0
VES06 106.09727 -2.09166 14 5.0 55 14.5 30.0 30.0 40.0 25.0 100.0
VES07 106.10197 -2.1519 18 2.0 3.0 6.0 15.0 54.0 45.0 50.0 75.0
VES08 106.09798 -2.14466 19 4.0 5.0 16.0 20.0 25.0 45.0 50.0 85.0

(©)
Interpreted lithology
VESno.  Longitude  Latitude  Elevation Layer 1  Layer2  Layer 3 Ii;‘;’grited llljly(;lf ? Layer 6  Layer 7  Layer 8
VES01 106.14838  -2.15645 27 Trt CPp —
VES02 106.1504 -2.15022 19 Trt CPp —
VES03 106.1516 -2.09369 5 Trt CPp —
VES04 106.15449  -2.08859 5 Trt CPp — —
VES05 106.1099 -2.08594 10 Qa Trt CPp
VES06 106.09727  -2.09166 14 Trt CPp
VES07 106.10197  -2.1519 18 Qa Trt CPp
VES08 106.09798  -2.14466 19 Qa Trt CPp

Legend: Qa: Silty sand (alluvium Fm); Trt: sandstone (Tanjunggenting Fm.); CPp: schist (Pemali Complex Fm.).

this discrepancy of conductivity values at each VES measure-  the protective layer can be attributed to the loose sediment
ment point. High hydraulic conductivity is closely related to  in the form of silty sand. The silty sand layer is relatively
rock properties that tend to be more permeable. The south- easier to store and loose water compared to schist and
eastern part, especially the measurement point of VES01,  sandstone [42].

was composed of schist. Schist has a smaller hydraulic con- The sum of the thickness layer values ranges from 63.695

ductivity index due to this rock’s ability to store and transmit  to 95m. The southern part of the study area tended to have a
groundwater than sedimentary rock (sandstone) and loose  thick protective layer, while the northern part tended to have
sediment (silty sand) [28]. In the southwestern and northern a thinner protective aquifer. This difference might be caused
parts of the study area, high hydraulic conductivity values in by the pattern of depositional facies existing in the study area
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(Mangga and Djamal, 1994). VES03 had the thickest protec-
tive layer (95m), while VES04 had the thinnest protective
layer (63.695-95m).

There are four regional categories based on the aquifer
vulnerability index in Pangkalpinang City (Figure 9). The
regions are divided into areas with high, moderate, low,
and extremely low levels of aquifer vulnerability (Table 8).
The categorization was based on the aquifer vulnerability
index proposed by Stemvoort et al. [11]. There were no areas
with very high levels of aquifer vulnerability in the study
area. Very low aquifer vulnerability levels were generally
found in the southeastern and northwestern parts of the
study area.

In contrast, high aquifer vulnerability levels were found
in the northern and southern parts of the study area. Areas
with very low aquifer vulnerability levels generally have low
hydraulic conductivity values on the protective layer. These
areas are protected from vertical pollutant percolation [2].

VESO01 had a small vulnerability index caused by the low
hydraulic conductivity of the protective layer. The protective
layer on VESO1 was in the form of schists with the smallest
hydraulic conductivity value among the rocks at the research
location, namely, sandstone and silty sand. Even though the
thickness of the protective layer in VESO1 was only around
73 meters, the small hydraulic conductivity value has impeded
the vertical water movement from entering the aquifer [43].

VES04, VES07, and VES08 had high vulnerability
because the protective layers tended to have a high hydraulic
conductivity value. These three points consisted of three
types of rock lithology, namely, silty sand, sandstone, and
schist. The silty sand and the sandstone layers act as the pro-
tective layers. These two layers are relatively more permeable
than schists, thus allowing water to move vertically towards
the aquifer layer [28].

VES02, VES03, and VES06 had a low vulnerability index
because the protective layers at this point consisted of sand-
stone lithology. Although sandstone can hold and drain
water, this layer tends to have a low hydraulic conductivity

compared to the silty sand layer. The sandstone layer tends
to be more massive and solid (compacted and verified) [40,
44]. VES05 had a moderate vulnerability index due to the
thickness of the protective layer, although it had the same
sum of hydraulic conductivity as VES04.

4.2. GOD Method. VES01, VES04, VES05, VES07, and
VES08 are unconfined aquifers (Table 9). VES04, VESO05,
and VESO08 are alluvial-type aquifers (Table 9) with ground-
water flowing through pore media. VESO1 and VES07 are
metamorphic aquifers with groundwater flowing through
fracture and fissure. Figure 6(a) shows groundwater confine-
ment in the study area.

There are two-three types of overlying strata in the study
area, i.e., weathered metamorphic, weathered sandstone, and
alluvial. VESO1 and VES07 were types of weathered meta-
morphic overlying strata (Table 9). VES02, VES03, and
VES06 were weathered sandstone overlying strata (Table 9).
VES04, VES05, and VES08 were overlying alluvial strata
(Table 9). Weathered metamorphic has a value of 0.6; alluvial
and sandstone have a value/rating of 0.7. Figure 6(b) shows
the overlying strata in the study area.

VES07 and VES08 have groundwater levels of <5 meters,
while the other six VES points have groundwater depths
between 5 and 20 meters (Table 9). Rating/value for ground-
water level depth < 5 meters is 0.9 (Table 6), while rating/va-
lue for groundwater level depth 5-20 meters is 0.8 (Table 6).

The groundwater vulnerability index in the study area
has a GOD index range of 0.1-0.6 (Table 9). The groundwa-
ter vulnerability level at the study area can be divided into
three categories: low vulnerability level, moderate vulnerabil-
ity level, and high vulnerability level. The low vulnerability
level has index values of 0.1-0.3, visualized with the green
area in Figure 6. Low vulnerability values are in the south-
eastern and northwestern study areas. Moderate vulnerability
values are located almost throughout the study area, gener-
ally in the middle and west of the study area. The moderate
vulnerability area has a vulnerability index value of 0.3-0.5.
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TasLE 8: Estimated geohydraulic parameters.

VESno. Longitude Latitude Elevation /()i‘(_‘;“ife’ i h, i K, C= % LogC  Aquifer vulnerability index (AVT)
| =

m) i=11%

VES01 106.14838  -2.15645 27 843.65 73.2199 0.00021 348666.1905 5.5 Extremely low
VES02 106.1504  -2.15022 19 682.11 75 0.00911  8232.711306 39 Low
VES03 106.1516  -2.09369 5 1120 95 0.00911  10428.10099 4.0 Low
VES04 106.15449  -2.08859 5 1152 63.695 1.00911 63.11997701 1.8 High
VES05 106.1099  -2.08594 10 1211 90 1.00911  89.18750186 2.0 Moderate
VES06 106.09727  -2.09166 14 1347 85 0.00911 9330.406147 4.0 Low
VES07 106.10197  -2.1519 18 1219 80 1.00911  79.27777943 1.9 High
VES08 106.09798  -2.14466 19 1185 70 1.00911 69.368057 1.8 High

TaBLE 9: Resume GOD method processing.

VES no. Longitude Latitude Elevation G The D Gvalue Ovalue Dvalue GOD index
VESO1  106.14838 -2.15645 27 Unconfined Igneous/metamorphic  5-20 m 1 0.6 0.8 0.48
VES02 106.1504  -2.15022 19 Confined Sandstone 5-20m 0.2 0.7 0.8 0.112
VES03 106.1516  -2.09369 5 Confined Sandstone 5-20m 0.2 0.7 0.8 0.112
VES04 106.15449 -2.08859 5 Unconfined Alluvial 5-20m 1 0.7 0.8 0.56
VESO05 106.1099  -2.08594 10 Unconfined Alluvial 5-20m 1 0.7 0.8 0.56
VES06  106.09727 -2.09166 14 Confined Sandstone 5-20m 0.2 0.7 0.8 0.112
VES07  106.10197  -2.1519 18 Unconfined Metamorphic <5m 1 0.6 0.9 0.54

VES08 106.09798  -2.14466 19 Unconfined Alluvial <5m 1 0.7 0.9 0.63
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The moderate vulnerability area is visualized in yellow on the
image. Areas with high vulnerability indexes are in the south-
western, northern, and northeastern parts of the study area.
Areas with high vulnerability indexes have vulnerability
value indexes of 0.5-0.7. Areas with a low vulnerability index
have characteristic types of confined aquifers, vadose zones
consisting of weathered rock, and groundwater level depths
of 5-20 meters. Areas with a high vulnerability index have
characteristics of an unconfined aquifer type, vadose/overly-
ing strata consisting of loose sediment, and shallow ground-
water level depth.

4.3. SINTACS Method

4.3.1. Soggiacenza (Depth of Water). Groundwater level data
were obtained from extrapolation of groundwater level mon-
itoring wells from gridding results. Depth of water is defined
as the piezometric level’s depth (both for confined or uncon-
fined aquifers) regarding the ground surface. It was a great
impact on the vulnerability because its absolute value,
together with the unsaturated zone characteristics, deter-
mines the time of travel (TOT) of a hydrovectored or fluid
contaminant and the duration of the attenuation process of
the unsaturated thickness, in particular, the oxidation pro-
cess due to atmospheric O,. Therefore, the SINTACS method
rating of depth-to-groundwater decreases with an increase of
the depth, i.e., an increase in the unsaturated zone’s thickness
within the range 10-1.

The groundwater level value is in the range of 4.3-7.7 m.
The rating value for groundwater level depth is 6.2-7.2
(Table 10). The weighting value for this parameter is 5. The
total weighting value and rating in the study area are in the
range of 30-36. VESO7 and VES08 have the shallowest
depths. In contrast, VESO1 and VES02 have the deepest
depth of the groundwater level.

4.3.2. Infiltrazione Efficace (Effective Infiltration). The second
SINTACS parameter is effective infiltration/groundwater
recharge. The role that the effective infiltration plays in aqui-
fer vulnerability assessment is very significant because of the
dragging down of the pollutant’s surface and their dilution,
first during the travel through the unsaturated zone and then
within the saturated zone. Direct infiltration is the only or
widely prevalent component of the net recharge in all the
areas where there is no interflow linking aquifers or surficial
water bodies or no irrigation practices using large water vol-
umes. The groundwater recharge value for each VES mea-
surement point is obtained from the gridding recharge
value’s extrapolation based on calculations using ESPERE
v2 software.

Recharge groundwater at the study area is in the range of
215-334.9 mm/year. To get the rating value, the recharge
value that has been obtained is matched to the curve. The rat-
ing value for the effective infiltration/recharge parameter
ranges from 8.4 to 9.2 (Table 10). The effective infiltration/-
recharge parameter has a weighting value of 5.

4.3.3. Non Saturo (Vadose Zones). The third parameter in the
SINTACS is non saturo (vadose zone). The unsaturated zone
is the “second defense line” of the hydrogeologic system
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against fluids or hydrovectored contaminants. A four-
dimensional process takes place inside the unsaturated thick-
ness in which physical and chemical factors synergically
work to promote the contaminant attenuation. The unsatu-
rated zone attenuation capacity is assessed starting from the
hydrolithologic features (texture, mineral composition, grain
size, fracturing, karst development, etc.).

The study area’s vadose zone consists of weathered
igneous/metamorphic, weathered sandstone, and alluvial
(Table 10). The vadose zone with weathered metamorphic
type is generally located in the southeastern part of the study
area where in this area, there are complex Pemali formations.
Vadose zones with weathered sandstones are typically scat-
tered in parts of the study area where the parent rock is the
sandstone of the Tanjunggenting Formation. Vadose zones
with alluvial types typically fill coastal regions and near rivers.

The results of matching values with curves indicate that
in the study area, the rating value is in the range of 4-7.5.
This parameter has a weighting value of 5. The total result
between the rating value and the weighting value indicates
that the vadose zone has a range of 20-37.5.

4.3.4. Type of Coverage (Soil Cover). The fourth parameter in
SINTACS is soil cover. This is the “first defense line” of the
hydrogeologic system: several important processes take place
inside the soil that built up the attenuation capacity of a con-
taminant traveling inside a hydrogeologic system and, there-
fore, in aquifer vulnerability assessment and mapping. Soil is
identified as an open, three-phase accumulator and trans-
former of matter and an energy subsystem which develops
through the physical, chemical, and biological alterations of
the bottom lithotypes and of the organic matter that it is
made up of. Soil types in the study area based on FAO
DSMW consist of Dystic Histosols (Od) and Orthic Podzols
(Po). More specifically, there are two types of soil according
to the criteria of Civita and De Maio [14], namely, silty clay
loam and sandy loam. The soil types’ ratings are obtained
by matching the soil type to the curves in the figure.

The study area’s soil type rating is in the range of 3.5-6.5
(Table 10). The weighting value for this parameter is 3. The
total weighting value multiplied by the rating is in the range
of 10.5-19.5.

4.3.5. Acquifero (Aquifer). The aquifers in the study area are
fracture, fissure, and porous aquifer. Based on the category
of aquifers based on Civita and De Maio [14], aquifers in
the study area consist of metamorphic fissure, sandstone,
and coarse alluvial deposits. The rating value is obtained by
using a curve match [14].

The rating is in the range of 3.5-8.5 (Table 10). The
weighting value for this parameter is 3. The total result times
between weighting values and ratings are in the range of
10.5-25.5.

4.3.6. Hydraulic Conductivity. >Hydraulic conductivity repre-
sents the groundwater’s capacity to move inside the saturated
media, thus the mobility potential of a hydrovectored contam-
inant, which in density and viscosity is almost the same as the
groundwater. In the SINTACS assessment context, the
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TaBLE 10: Resume SINTACS processing.
Weight Classes Rating VES point no.
5 7.7 6 01 & 02
7.6 6.2 03 & 05
S Soggiacenza (depth of water) 7.5 6.4 04
6.8 6.6 06
4.3 7.2 07 & 08
4 215 8.4 05
232 8.6 06
271 04
I Infiltrazione efficace (effective infiltration
f # ( ) 272 03
296 9.2 07 & 08
3349 8.8 01 & 02
5 Igneous/metamorphic 4 01 & 07
N Unsaturated (vadose zones) Sandstone 6.5 02, 03, & 06
Alluvial 7.5 04, 05, & 08
3 Silty clay loam 3.5 01, 02, & 03
T Type of coverage (soil cover) v cay
Sandy loam 6.5 04, 05, 06, 07, & 08
3 Fissure metamorphic 35 01 & 07
A Acquifero (aquifer) Sandstone 6.5 02, 03, 06
Coarse alluvial deposits 8.5 04, 05, 08
3 2.4E-09m/s 0.2 01 & 07
C Hydraulic conductivity 1.2E-07 m/s 1 02 & 03
1.1E-05m/s 35 04, 05, 06, & 08
3 2 10 01 & 02
S Superficie topografica (slope of topographic surface) 6 8 03, 04, 07, & 08
12 05 & 06

hydraulic gradient and the flux cross-section are equal. This
parameter determines the aquifer unit yield and flow velocity
towards the tapping work eftluences indicating the risk targets.

The value of hydraulic conductivity in the study area var-
ies greatly. The range of hydraulic conductivity values in the
study area ranges from 2.4E-09m/s to 1.1E-05 (Table 10).
The rating for each hydraulic conductivity is obtained by
matching the curves [14]. The rating is in the range of 0.2-
3.5. The weighting size for this parameter is 3. The total yield
times between rating and weighting are in the range of 0.6-10.

4.3.7. Superficie Topografica (Slope of Topographic Surface).
The last parameter in SINTACS is topography. The slope
for each VES point is in the range of 2-12%. The rating is
in the range of 6-8 (Table 10). The weighting value for this
parameter is 3. The total result of times between rating and
dissing is in the range of 18-30.

4.3.8. SINTACS Vulnerability Index. Vulnerability index
values are in the range of 90-189.8. Regions with a low vulner-
ability index is in the southeastern section (Figure 10(g)). The
area is visualized in green. Regions with intermediate vulnera-
bility indexes are located in almost all parts of the research
area. This area is visualized in yellow. Areas with high vulner-

ability indexes are in the southwestern, north/northwestern,
and northeastern parts of the study area. The area is visualized
in red. Regions with high vulnerability indexes are associated
with shallow mat depth, high groundwater recharge, water-
flowing zone type, water-relative soil type, high permeability
aquifer type, high hydraulic conductivity value, and ramped
topographic index. A low vulnerability index is associated with
deep mat depth, low groundwater recharge, water-flowing
vadose zone, soil type that does not pass water, aquifer type
with low permeability, low hydraulic conductivity value, and
steep topographic index.

4.12. DRASTIC Method. *

4.12.1. Depth of Groundwater. The groundwater surface
depth condition is known through the extrapolation of 10
wells from monitoring well measurement data to 8 VES
points scattered around the city of Pangkalpinang. The
groundwater level’s depth is in the range of 4.3-7.7 m below
the local ground level. The measurement results are used to
determine the parameter class, and each is multiplied by
the weight. Based on the depth of the groundwater surface,
this area is a confined aquifer and fractured aquifer type.
The groundwater surface depth in the study area is the
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FiGure 10: SINTACS method: (a) soggiacenza (depth of water); (b) infiltrazione efficace (effective infiltration); (c) non saturo (vadose zone);
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TaBLE 11: Resume of DRASTIC processing.
Weight Classes Rating VES point no.
5 1.5-4.5 9 07 & 08
D Depth of groundwater
4.5-9.0 7 01, 02, 03, 04, 05, & 06
4 175-225 8 05
R Net recharge 225-254 9 06
>254 10 01, 02, 03, 04, 07, & 08
3 Weathered metamorphic 4 01 & 07
A Aquifer media Bedded sandstone 6 02, 03, & 06
Sand and gravel 8 04, 05, & 08
2 Silty clay loam 4 01, 02, & 03
S Soil media y e
Sandy loam 6 04, 05, 06, 07, & 08
1 0-2 10 01 & 02
T Topography 2-6 9 03, 04, 07, & 08
6-12 5 05 & 06
5 Igneous/metamorphic 4 01 & 07
I Impact of vadose zone Bedded sandstone 6 02, 03, & 06
Sand and gravel 8 04, 05, & 08
3 2.4E-09m/s 1 01 & 07
C Hydraulic conductivity 1.2E-07 m/s 2 02, 03, & 06
1.1E-05m/s 3 04, 05, & 08

groundwater surface in groundwater dominance, where deep
groundwater will be difficult to pass by contaminants.

4.12.2. Net Recharge. The data used to obtain groundwater
recharge values is rainfall data derived from the Tropical
Rainfall Measuring Mission (TRMM) data which can be
obtained through the website https://giovanni.gsfc.nasa.gov/
giovanni/, and potential evaporation data from Climate Fore-
cast System Reanalysis (CFSR) can be obtained free of charge
via the https://clim-engine-development.appspot.com/fewsNet;
this data is then processed using the ESPERE v.2 software which
can be obtained via https://www.brgm.eu/scientific-output/
scientific-software/espere-estimating-effective-rainfall-aquifer-
recharge.

Based on the distribution map analysis results and the
value of the net recharge parameter, the net recharge at the
study area is in the range 215-334.9 mm/year, including in
the high net recharge category (Table 11). A high net
recharge level affects groundwater pollution because incom-
ing rainwater dilution causes the contaminants to dissolve
easily and move towards groundwater.

4.12.3. Aquifer Media. Based on the aquifer lithology,
groundwater availability at the study area can be grouped
into three aquifer systems with different rock passage rates,
namely, the aquifer system with flow through the space
between grains, fractures and spaces between grains, and
fractures or fissures (Sukrisna and Sudadi, 2002).

An aquifer system with flow through the space between
grains is found in loose sediments, namely, alluvium and
coastal deposits, composed of loose material from clay to

gravel size with varying degrees of passing. This aquifer dis-
tribution occupies the coastal plain area, and there are local-
ities in river valleys in hilly areas. This aquifer system is
classified as locally productive and moderately productive.

An aquifer system with flow through the space between
grains and fractures is composed of solid to less cohesive
rocks. Rocks included in this aquifer system are a group of
rock formations of the Tanjunggenting Formation consisting
of malih sandstones, sandstones, clay sandstones, claystone,
shale mudstone, shale, and chert with limestone lenses
(Table 11). The distribution is quite evenly distributed in
the study area. This formation is generally low graduated,
locally graded moderately in the rock weathering zone.

Aquifer systems with flow through fractures/fissures are
found in igneous and metamorphic rocks. The digger is com-
plex, consisting of metamorphic rocks such as filites and
schists with quartzite inserts and marble lenses. Transmisivty
is generally low; local transmissivity is moderate in the
weathering and fracture zones.

4.12.4. Soil Media. Soil texture parameters are related to the soil
type. The basis for determining the soil type is obtained from
the standards set by the FAO Digital Soil Map of the World
(DSMW). The results of weighting the soil texture parameters
are shown in the table. Soil types in the study area based on
FAO DSMW consist of Dystic Histosols (Od) and Orthic Pod-
zols (Po). Histosol is a soil composed mainly of organic mate-
rials. They are defined as having 40 centimeters (16in) or
more of organic soil material in the upper 80 centimeters
(311in). Mystic histosols were other histosols with a pH H,O
(1:5) of less than 5.5, at least in some soil between 20 and
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F1Gure 11: DRASTIC method: (a) depth of groundwater; (b) net recharge; (c) aquifer media; (d) soil media; (e) topography; (f) impact of
vadose zone; (g) hydraulic conductivity; (h) DRASTIC index.
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TaBLE 12: Values of the respective classes for each method.

Classes Index

AVI GOD SINTACS DRASTIC
High 1-2 0.5-0.7 140-210 160-199
Moderate 2-3 0.3-0.5 105-140 120-159
Low 3-4 0.1-0.3 80-105 80-119
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F1GURE 12: Groundwater vulnerability maps with DRASTIC, AVI, and GOD methods.

50 cm from the surface. Podzols are the typical soils of conifer-
ous or boreal forests. Podzols can occur on almost any parent
material but generally derive from either quartz-rich sands
and sandstone or sedimentary debris from magmatic rocks,
provided there is high precipitation. Most podzols are poor soils
for agriculture due to the sandy portion, resulting in a low level
of moisture and nutrients. There are two types of soil in the
study area, namely, silty clay loam and sandy loam (Table 11).

4.12.5. Topography. Slope parameters were obtained from the
SRTM Digital Elevation Model (DEM) and weighting results.
The study area, which is dominated by a flat slope (Table 11),
tends to collect water and increase infiltration, thereby accel-
erating the movement of contaminants. Meanwhile, the slope
is steep-very steep because it increases the run-off so that
groundwater is not easily contaminated. Thus, the principle
of gravity will accelerate the movement of contaminants.

4.12.6. Impact of Vadose Zone. The unsaturated zone param-
eter is obtained from the soil texture map based on the soil’s
grain size, assumed to be the surface layer, and the weighting
result (Table 8). This parameter is very influential on pollu-
tion: a larger soil grain size and porous soil conditions will
help move contaminants to the aquifer.

4.12.7. Hydraulic Conductivity. Soil hydraulic conductivity
(K) is closely related to soil grain size distribution and poros-
ity. This aquifer parameter greatly determines the sustain-
ability of groundwater in an area (Hutasoit, 2009), while
hydraulic conductivity values were 2.10 x 10~ m/day [26],
8.90 x 10~ m/day [27], and 1m/day [28] for schist, sand-
stone, and silty sand, respectively [2, 9]. High K values will
accelerate contaminants, moving towards aquifers.

4.12.8. DRASTIC Vulnerability Index. Low vulnerability
index areas can be found in the southeastern and
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TaBLE 13: Comparison between the areas representing the vulnerability classes.
km? % area
Low Moderate High Low Moderate High
AVI 17.00142 63.52827 21.99165 16.66666 62.28235 21.56044
GOD 38.55474 58.75309 8.367135 36.48427 55.59793 7.917803
SINTACS 23.80769 68.21479 13.64942 22.52982 64.55339 12.91679
DRASTIC 25.77293 69.82185 10.09089 24.3864 66.06558 9.548021
TaBLE 14: Correlation matrix between the maps computed using AVI, GOD, SINTACS, and DRASTIC.

AVI GOD SINTACS DRASTIC
AVI 1 0.741562 0.962758 0.938056
GOD 0.741562 0.895328 0.928078
SINTACS 0.962758 0.895328 1 0.996798
DRASTIC 0.938056 0.928078 0.996798 1

TABLE 15: A t-test (two-tailed) matrix between the maps computed using AVI, GOD, SINTACS, and DRASTIC.

AVI GOD SINTACS DRASTIC
AVI — 0.285392 0.825851 0.809685
GOD 0.285392 0.175847 0.401648
SINTACS 0.825851 0.175847 — 0.770048
DRASTIC 0.809685 0.401648 0.770048 —

northwestern parts of the study area (Figure 11(h)). The
moderate vulnerability index area can be found in almost
all parts of the study area. Moderate vulnerability index areas
dominate the study area. High vulnerability index areas can
be found in southwestern, northern, and northeastern parts
of the study area.

5. Discussion

The classification of the vulnerability index is based on the
GOD method [13], DRASTIC (Civita and De regibus, 1995,
Corniello drr., 1997), SINTACS (Civita and De Maio, 1997;
Al Kuisi et al., 2006), and AVI [11] presented in Table 12.
There are three classifications for each method, namely, high,
moderate, and low.

Figure 12 visualizes the vulnerability index at the study
area based on the AVI, GOD, SINTACS, and DRASTIC
methods, where each method requires specific parameters
from one method to another.

5.1. Comparison Test. Based on Table 13, the study area is
dominated by regions with a moderate vulnerability index.
Areas with a high vulnerability index have a smaller area
than those with a low vulnerability index, except for the
AVI method. The area of the high vulnerability index
has a larger area than areas with low vulnerability. The
DRASTIC method has a total area of the highest moderate
vulnerability (66.06558%). The AVI method has a high
vulnerability index area, which is the highest among other
methods (21.56044). The difference in input parameters is

one of the main factors for the difference in the vulnera-
bility index’s value.

To test how significant the difference is, a statistical test in
the form of a t-test is carried out. To test the correlation
between methods, a correlation test was carried out. The cor-
relation test results are presented in Table 14, while the
results for the t-test are shown in Table 15.

5.1.1. Correlation Test. The strongest correlation method was
SINTACS and DRASTIC (0.997), while the method with the
weakest correlation was AVI-GOD (0.742). The AVI method
strongly correlates with the SINTACS method, while the AVI
method has the lowest correlation with the GOD method. In
general, the correlation index value between methods ranges
from 0.742 to 0.997. This correlation value can be categorized
as moderate-strong correlation.

5.1.2. t-Test (Two-Tailed). If the p value is less than the signif-
icance level, the difference between means is statistically sig-
nificant. Otherwise, the p value is greater than the
significance level; the difference between means is not statis-
tically significant. In this case, we will use p two-tailed, which
is the p value for the two-tailed form of the -test. Because all
p value is greater than the standard significance level of 0.05,
we can conclude that the vulnerability index area is not
different.

The t-test result shows that the difference in the four
methods’ vulnerability area’s value is not significant. The cor-
relation results show that the area of the four methods has a
moderate-strong correlation. This shows the similarity in
results between the four methods. Figure 13 shows the
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FIGURE 14: Map of common areas between the four methods.

comparison of the area of vulnerability based on the four
methods. The histogram shows that only AVT has a different
value for the three other methods for the low vulnerability
area. The four methods confirm the area value for the mod-
erate vulnerability area, which has similarities between the
four methods. For the high vulnerability area, only AVI
shows a higher area than the other three methods.

To obtain a reliable vulnerability area and because the four
methods have similarities in area to one another, a vulnerabil-
ity index map is created by combining the four methods
overlay (Figure 14).

Areas with a moderate vulnerability index still dominate
the research area, where this area is generally located in the
middle and spreads to the northwestern part. Most of the areas
with a low vulnerability index are located in the study loca-
tion’s southeastern part. Low vulnerability areas are found in
the northwestern and northeastern parts of the study area.
Areas with a high vulnerability index are located in the south-
ern and northern parts of the study area. The study area’s
hydrological and hydrogeological conditions greatly influence
groundwater vulnerability, where the hydrogeological param-
eters in the form of hydraulic conductivity, aquifer type, and
groundwater level depth have a significant effect on the vul-

TABLE 16: Index vulnerability area in km? and % area.

Low Moderate High Low (%) Moderate  High
(km?) (km?) (km?) ’ (%) (%)
28.0415 61.48172 16.17013 26.70619 58.55402 15.40013

nerability value index. Areas dominate Pangkalpinang City
with a medium vulnerability index (Table 16).

5.2. Groundwater Management and Protection. The northern
and southern parts of the study area had a high index of aqui-
fer vulnerability. The protective layer of the aquifer in these
regions generally consisted of silty sand and sandstones. This
situation has caused the hydraulic conductivity in this region
to be high and resulted in high aquifer vulnerability index
values. These regions need serious attention. The lithological
conditions in these regions allow water to percolate through
the aquifer layer more easily and quickly [43, 45]. Proper
groundwater management is needed for these conditions
[7]. Industrial activities in these two regions must be limited,
and the areas should be used as green zones or urban forests
[46]. In such regions, excessive groundwater extraction must
be prohibited to maintain groundwater sustainability.
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Regulations are also needed [47]. In areas with a low aquifer
vulnerability index (based on AVI, GOD, SINTACS, and
DRASTIC methods), groundwater extraction can be permit-
ted, and industrial activities can be carried out while still
observing the industrial area’s environmental conditions.
However, every single method above incorporates a
limitation. For the aquifer vulnerability index (AVI) method,
certain parameters are ignored, including climate, hydraulic
gradient, porosity and water content of the porous media,
and sorptive or reactive properties of the layers, which can be
contaminant-specific [11]. For the DRASTIC method, the
main disadvantage of DRASTIC is the difficulty related to iden-
tifying appropriate rating and weight assignments for every
parameter [48]. SINTACS methods are “any-aquifer” methods
that consider the best number of parameters. For this reason,
they produce results that may be used at very high resolution
or at large scales (if the dataset is strong enough, as during this
case) [32]. The GOD method does not give enough importance
to recharge parameters and aquifer permeability. Putting these
methods together can improve the vulnerability map.

6. Conclusions

The data analysis results show three categories of regions
based on the vulnerability index in Pangkalpinang City
(Figure 14). The regions were divided into those with high,
medium, and low levels of aquifer vulnerability. Each area
requires a different aquifer management and protection sys-
tem. This differentiation is very important because ground-
water resources in the research location are very limited.
Areas with high levels of aquifer vulnerability are associated
with a high hydraulic protective layer, allowing for vertical
fluid percolation to very easily penetrate the aquifer layer.
In areas like this, factors that can cause groundwater
pollution must be considered. These areas should not be des-
ignated for industrial areas and excess groundwater extrac-
tion. The upper protective layers in areas with high levels of
aquifer vulnerability generally have silty sand lithology. This
lithology has a higher hydraulic conductivity value compared
to sandstone and schist lithology. Fluid will flow very quickly
through this layer to further contaminate aquifers composed
of sandstone lithology. Areas with low and very low aquifer
vulnerability levels generally have a small hydraulic conduc-
tivity protective layer. In these areas, the protective layer is
usually composed of sandstone and schist. Groundwater
extraction is thus possible with a reasonable extraction pat-
tern. Industrial areas can be built by still paying attention to
environmental factors. Areas with medium level aquifer vul-
nerability generally have a hydraulic conductivity protective
layer similar to areas with low and very low aquifer vulnera-
bility levels but with thinner protective layers. In these areas,
groundwater extraction can be done with a reasonable
extraction pattern. The areas can be used for residential or
office purposes with due regard to environmental aspects.
This management is important so that anthropogenic waste
does not pollute the aquifers in the areas. Management and
protection of groundwater will not run properly without
proper regulations. Special regulations on proper urban plan-
ning to support the sustainability of groundwater are needed.
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