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Abstract The number of unregistered artesian wells increases every year in the northern slopes of
Bromo Volcano, Pasuruan. Artesian wells are used for domestic needs and agricultural irrigation
but are not followed by environmentally sound groundwater use. The purpose of this study is to
assess the potential for groundwater, groundwater use, wasted groundwater, and
recommendations for groundwater management. The groundwater potential was obtained by
measuring the depth of the groundwater table, piezometric surface of artesian wells, and
geoelectrical data. Water uses were obtained from calculations based on the Indonesian National
Standard. The amount of wasted groundwater was obtained by comparing the groundwater
potentials, groundwater uses, and groundwater discharges from unregistered artesian wells.
Water transfer was assessed by selecting unregistered artesian wells with discharges able to fulfill
the water demands of each village. Groundwater in the Sub-Districts of Gondang Wetan and
Winongan has high potential consisting of 1 unconfined aquifer group and two confined aquifer
groups. Gondang Wetan and Winongan Sub-Districts are characterized as wasting groundwater
potential through unregistered artesian wells. The discharge flow of unregistered artesian wells
exceeds the water needs (>100%) in Winongan and Gondang Wetan Sub-Districts. Groundwater
can be managed by water transfer, closure of artesian wells, and regulation of artesian wells use.
Water can be transferred to areas not covered by Artesian wells in 20 villages. The number of

artesian wells used for water transfer is 20 with a discharge of 5-20 liters/s.

©2021 by the authors. Licensee Indonesian Journal of Geograp
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1. Introduction

Deep Groundwater has been widely used as a main water
source globally (Hebig et al., 2012; Msassuel et al., 2017;
Habermehl, 2020; Hendrayana et al., 2021). One type of deep
groundwater often used is water flowing from artesian wells.
Artesian wells can be made by deep drilling until they
penetrate confined aquifers. Water from artesian wells has
several good characteristics; it is protected from
contamination, especially that leaks from the ground surface
(Cloutier et al., 2006; Yan et al., 2019). The water also has
natural pressure to flow to the surface without being pumped
(Shrestha et al., 2017; Velasco & Capilla, 2019). However,
currently, the number of artesian wells is increasing; this
lowers the groundwater level and reduces the availability of
groundwater (Medellin-Azuara et al., 2015; Luo & Illman,
2016).

This problem also occurs in the northern slopes of Bromo
Volcano in Pasuruan, especially in Gondang Wetan and
Winongan Sub-Districts. The number of artesian wells in
these Sub-Districts continues to increase every year. Without
any permit and proper well construction, groundwater

continuously goes to the wells to waste groundwater (Toulier
et al., 2019). Many people use artesian wells because the area
has limited surface water sources. Both Sub-Districts are
classified as very dry based on the Standard Precipitation
Index (SPI) (Khairani et al., 2018). Gondang Wetan and
Winongan Sub-Districts are affected by the drought (Nahar,
2016). In addition, the two Sub-Districts do not have access
to the Regional Drinking Water Company (PDAM) network.
(Subekti, 2012). Although many have artesian wells in the
two Sub-Districts, the water is not evenly distributed, so there
are still dry areas.

It is necessary to study groundwater management in
Gondang Wetan and Winongan Sub-Districts to achieve
sustainable use of water resources. This study investigates the
efficiency of groundwater use from artificial wells, so that
groundwater is not wasted and can be distributed evenly in
dry areas. This study was carried out by calculating
community water use, groundwater potential, total artesian
wells discharge, and groundwater use efficiency. The next
target of this research is to recommend water transfer from
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Figure 1. Study Area
(Basemap Source: Geospatial Information Agency(BIG), 2004)

artesian wells to dry areas in Winongan and Gondang Wetan
Sub-Districts. Inefficient transfer of water from artesian wells
is based on consideration of the discharge factor of each
artesian well, the need for water, and the accessibility of the
artesian wells from dry areas. This research is essential to
conserve groundwater in Winongan and Gondang Sub-
Districts and can be used as a pilot project to study water
transfer for arid regions.

Gondang Wetan and Winongan Sub-Districts are located
at the foot of the Bromo-Tengger Volcano with UTM
coordinates 710000-720000  mU and 9140000-9150000
(Figure 1). The study area has an area of 69.87 km2. Rainfall
in the study area ranges from 1,800-2,500 mm/year with an
average temperature of 23-25°C (Husniah et al, 2009).
Gondang Wetan and Winongan Sub-Districts have two
geological units: Rabano Tuft (Qvtr) and Middle Quarter
Ringgit Volcanic Rocks (Qpv (t))(Santosa and Suwarti, 1992).
Gondang Wetan and Winongan Sub-Districts are divided
into three aquifer system units: productive aquifer with flow
through inter-grain spaces, high productive aquifer, and
medium productive aquifer with flow through gaps inter-
grain pores (Puspowardojo, 1984).

2.Methods

This study used primary data (from field measurements)
and secondary data (Table 1). Field measurements resulted in
a water table and piezometric surface. The number of
measured shallow wells was 158. The 353 artesian wells were
measured and observed. Geoelectric surveys were carried out
at 82 points. The secondary data used in this study were the
Geological Map of Malang Sheet (Santosa and Suwarti, 1992),
Hydrogeological Map of Kediri Sheet (Puspowardojo, 1984),
Land Use Map from the Geospatial Information Agency
(BIG), and water use data (BPS, 2021).

Water table and piezometric surface data were processed
using interpolation in ArcGIS 10.8. The selected interpolation
method has the lowest RMSE error value (Ohmer et al.,
2017). Water table and piezometric surface data were
essential to calculate groundwater potential at factor i
(Equation 1) (Todd and Mays, 2005). The analysis of
geoelectrical data was used to interpret the distribution of
rock layers horizontally and vertically, especially relating the
nature of rocks to the water. The results of the stratigraphic
interpretation were significant to calculate K value (Telford et
al., 1990).
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:Kxix A (1)

: groundwater discharge (m?3/day)

: permeability coefficient (m/day)

: hydraulic gradient

: area of aquifer (m?)
To analyze water use, we employed the number of
populations, area of irrigated rice fields, number of livestock,
number of office employees, number of school students,
number of health facilities, number of places of worship,
number of restaurants, and number of industrial employees.
Water use was calculated according to the Indonesian
National Standard (Table 2). The water use results were then
compared with the groundwater potential to determine
whether the groundwater balance of the study area was

> RO

surplus or deficit (Hendrayana & Vicente, 2013; Hendrayana
et al,, 2020). In addition, a percentage of wasted groundwater
was obtained from comparing the amount of water used with
the total discharge of the artesian wells. Another percentage
of wasted groundwater was also obtained by comparing the
total discharge of the artesian wells with the amount of
groundwater flow. The last stage was the buffering process of
artesian wells with 400 m to obtain areas not covered by the
artesian wells network. The unreachable areas need water
transfer, so they are not dry. The water transfer process
considered the location of the closest artesian wells and the
water discharge that exceeded the water use. The analysis unit
of this study is the village administration, both on the
amount of groundwater flow, water use, wasted groundwater,
and water transfer.

Table 1. Study Parameters

Parameters Tools Scales Sources Analysis
Water Table GPS and Measuring Tape 1:100.000 Field Survey Interpolation
Piezometric GPS and Measuring Tape 1:100.000 Field Survey Interpolation
Surface and secondary
data
Artesian Well Pipe and Bucket (Volumetric 1:100.000 Field Survey Table and map
Discharges Method)
Statigraphy Geoelectric 1:100.000 Field Survey 3D statigraphy
VES (1D) and dipole-dipole model
(2D)
Geology Geology Map 1:100.000 Field Survey and Geoelectric
Secondary Data interpretation
validation
Hydrogeology Hydrogeology Map 1:250.000 Secondary Data Geoelectric
with interpretation
Modification validation
Borehole Data Boreholes Report 1:100.000 Secondary Data Geoelectric
interpretation
validation
Topography Shape File 1:100.000 Secondary Data Map
Water use Statistic Data 1:100.000 Secondary Data SNI 2015
Landuse Shape File 1:25.000 Secondary Data Water Transfer
Map
Table 2. Estimated Regression Function Heteroscedasticity Model
Category Standard Category Standard
60 liters/day/person (rural residents) Worship 3.000/ liters/ m?
Domestic 120 liters/day/person (urban resi- Hospital 3000/liters/day/unit
dents)
6 liters/day (sheep and pork) Office 10 liters/day/person
Livestock 40 liters/day (cow/buffalo) Industry 10 liters/day/person
0.6 liters/day (Poultry) Restaurant 10 liters/day/chair
Agriculture 1 liters/second/ha Education 10 liters/day/person

Source : (BSN, 2015 with modification)
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3. Results and Discussion

The geoelectrical interpretation shows that the Gondang
Wetan and Winongan Sub-Districts have four aquifer
groups: aquifer 1, aquifer 2, aquifer 3, and aquifuge (Figure
3). Aquifer 1 is a free aquifer at 0-30 meters from the surface
with alluvial deposits and tuff sandy clay materials. Aquifer 2
is a confined aquifer with tuff sandy clay materials at 50-80
meters. Aquifer 3 is a confined aquifer with gravelly sand
materials at a depth of > 90 meters. Aquifuge is between
aquifers 1, 2, and 3 with the materials of tuff clay. The results
of the geoelectrical interpretation are following drill log data
and geological maps. The top layer is predominantly
pyroclastic deposits, tuff, and the lower layer is mostly
medium or coarse volcanic sand (Santosa and Suwarti, 1992;
Toulier et al., 2019).

Aquifer 1 is shallow groundwater with a water table
ranging from 80 - 10 meters above sea level (masl) (Figure
4). Aquifer 1 has groundwater flowing from south to north.
Aquifer 1 is measured from dug wells with depths of 10-30
meters. The water table mapping shows that the upstream
has tight equipotential lines because they are close to the
groundwater recharge area of the Bromo-Tengger Volcano.
The equipotential lines are increasingly tenuous towards the
north as the elevation declines and are an area for
groundwater use. Aquifer 2 is a confined aquifer with a
piezometric surface ranging from 60 to 22 masl. Aquifer 2
has groundwater flowing from south to north. Aquifer 2 was
measured in dug wells 40-60 meters deep. The piezometric
surface density of aquifer 2 is denser than that of water table
aquifer 1, due to the difference in hydrostatic pressure in the
two different types of aquifers. Aquifer 3 is also a confined
aquifer with a piezometric surface ranging from 56 to 16
masl. Aquifer 3 has the same relative direction of
groundwater flow as aquifers 1 and 2, from south to north.
Aquifer 3 is measured from artesian wells 70-80 meters deep.
The piezometric surface pattern of aquifer 3 is similar to
aquifer 2 because it is a confined aquifer. Groundwater level,
piezometric surface, and groundwater flow patterns are in

“.Aquifer 1
Aquiclude
Aquif‘érg

NORTH

Aquiclude .

Aquifer 3

. WINONGAN _

accordance with groundwater conditions on the existing
hydrogeological map. And the aquifers belong to the aquifers
in medium and high productivity (Puspowardojo, 1984).

Based on the calculation, groundwater potential in
Winongan Sub-District is 32,363,137 m3/year (Figure 5) with
confined aquifers 1 and 2 greater than unconfined aquifer 1.
The highest groundwater potential is in Kedungrejo Village
with 3,487,351 m3/year, and the lowest is in Winongan Kidul
Village with 659,497 m3/year. The discharge distribution for
unconfined, confined 1, 2, and total discharge are
predominantly distributed in the western part of Winongan
Sub-District. The calculation of groundwater potential in
Gondang Wetan Sub-District showed that it has a real
potential of 20,831,097 m3/year groundwater (Figure 6), with
potentials for confined aquifers 1 and 2 greater than
unconfined aquifer 1. The highest groundwater potential is in
Brambang Village with 2,011,673 m3 /year, and the lowest is
in Sekarputih Village with 465,688 m3/year. The discharge
distribution for unconfined, confined 1, 2, and total discharge
is predominantly distributed in the western part of Gondang
Wetan Sub-District.

The calculation of the total groundwater use in Winongan
Sub-District shows that the annual total groundwater use is
2,267,400 m3 (table 3). The highest use is in Gading Village of
228,168 m3/year, and the lowest is in Sidepan Village of
64,934 m3/year. In all villages in Winongan Sub-District, the
percentage of water use is below 30% and is classified as low
and safe (Hendrayana & Vicente, 2013; Hendrayana et al,,
2020). All villages in Winongan Sub-District have a surplus
groundwater balance.

The total use of groundwater in Gondang Wetan Sub-
District is 2,490,353 m3/year (table 4), with the highest in
Karangsentul Village (329,661 m3/year) and the lowest in
Kersikan Village (78,823 m3/year). In all villages in Gondang
Wetan Sub-District, the percentage of water use is below
30%. The rate of water use is classified as low and safe
(Hendrayana & Vicente, 2013; Hendrayana et al., 2020). All
villages in Gondang Wetan Sub-District have a surplus
groundwater balance.
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Figure 3. Hydro-stratigraphy Unit in Study Area (Hendrayana, et al., 2008)
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Figure 6. Calculation of Groundwater Potential in Gondang Wetan Sub-District

Table 3. Groundwater Use Rate in Winongan Sub-District

. Grgundwater Total Groundwater Balance
Village Discharge Use (m3/yr) (m3/yr) %
(m3/yr)
Minggir 1,720,235 124,123 1,596,112 7.22
Karangtengah 2,327,318 106,117 2,221,200 4.56
Kedungrejo 3,487,351 151,682 3,335,669 4.35
Umbulan 3,407,205 115,707 3,291,498 3.40
Sidepan 2,895,499 64,934 2,830,565 2.24
Sruwi 2,278,048 100,354 2,177,694 4.41
Jeladri 2,768,839 108,346 2,660,493 391
Sumberejo 2,995,601 175,858 2,819,742 5.87
Prodo 1,264,142 122,182 1,141,959 9.67
Lebak 1,275,134 104,358 1,170,776 8.18
Menyarik 1,472,277 139,316 1,332,961 9.46
Kandung 1,235,829 71,734 1,164,095 5.80
Mendalan 1,121,028 168,635 952,393 15.04
Penataan 582,231 139,181 443,049 23.90
Winongan Kidul 659,497 101,533 557,964 15.40
Bandaran 1,171,102 127,895 1,043,207 10.92
Winongan Lor 742,163 117,276 624,887 15.80
Gading 959,639 228,168 731,471 23.78
Total 32,363,137 2,267,400 30,095,737 -

Source: processing results (2021)

npy



Indonesian Journal of Geography, Vol. 53, No.3, 2021 : 453-464

Table -

Village Discharge Total Groundwater

(m3/yr)

Total

Comparison of groundwater discharged from Artesian
Wells (QAW) to Total Groundwater Flow (QG) in
Winongan Sub-District shows that 7 villages have a value of
more than 100% (Figure 7). The distribution pattern with
more than 100% is in the north and the middle. The result
indicates that a lot of groundwater in Winongan Sub-District
is wasted. The wasted groundwater reduces the potential for
groundwater in the surrounding villages and lowers
piezometric surfaces. This result is also proportional to the
rate of comparison of artesian wells discharge (QAW) to
water use (QWU) in Winongan Sub-District, where the
entire village is >100%. The distribution pattern with the
percentage of >100% is in the middle and the south. This
means that the water of the artesian well that comes out is
more than the community needs.

Comparison of wasted groundwater from Artesian Wells -
(QAW) to Total Groundwater Flow (QG) in Gondang
Wetan Sub-District shows that 8 villages have a value of
more than 100% (Figure 7). The distribution pattern with
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