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Introduction

Abstract: This study investigates groundwater flow and nitrate transport in
the Kasin Sub-watershed, Malang City, using Visual MODFLOW integrated
with the MT3DMS module. Hydrogeological and geoelectrical data,
groundwater levels, and nitrate concentration measurements (110 ppm)
were used as model inputs. A transient simulation over 3,600 days (10
years) was conducted to analyze plume migration. The results show that
groundwater flow follows topographic gradients, moving from upland
recharge zones to lowland discharge zones, with an average velocity of 0.25-
0.40 m/day. The nitrate plume migrated southward, extending +600-700 m
horizontally and reaching 25 m in depth. High concentrations (>100 ppm)
remained near the source, while concentrations decreased to 20-40 ppm at
greater distances due to advection and dispersion. Vertical sections
indicated plume penetration into deeper aquifers, influenced by hydraulic
pressure differences between strata, while permeable sandy and pumice tuff
layers facilitated migration and clay acted as aquitards. These findings
highlight the persistent nature of nitrate contamination, the role of aquifer
heterogeneity, and the vulnerability of groundwater in urban catchments. In
conclusion, nitrate pollution poses long-term risks to groundwater quality,
emphasizing the importance of monitoring networks, aquifer protection
policies, and improved land-use management to mitigate further
contamination.

Keywords: Aquifer vulnerability; Groundwater modeling; Kasin Sub-
watershed; MT3DMS; Nitrate contamination; Visual MODFLOW

but is increasingly under pressure from overexploitation
and contamination, especially from domestic and

Groundwater is a vital resource for urban,
agricultural, and industrial water supply, especially in
areas where surface water is scarce or unreliable (Foster,
2022; Mulyadi et al., 2022; Priyan, 2021). In Malang City,
the Kasin Sub-Watershed (Sub-DAS Kasin), which is
part of the Brantas Groundwater Basin (CAT Brantas),
plays a crucial role in providing clean water. The Brantas
Basin has been designated a national groundwater
priority due to its large potential for raw water supply
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industrial waste (Ministry of Energy and Mineral
Resources Regulation No. 2/2017; Bappenas, 2020).

The hydrogeological setting of the Kasin Sub-
Watershed facilitates the infiltration of rainfall into both
shallow and deep aquifers. However, this condition also
increases the vulnerability of groundwater to
contamination. Foster et al. (2022) highlighted that
permeable soil layers allow surface contaminants to
percolate rapidly into aquifers without sufficient natural
filtration. In densely populated areas like Malang City,
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the lack of proper domestic wastewater treatment
systems —such as leaking or poorly constructed septic
tanks —further increases the risk of aquifer
contamination by nitrates, phosphates, and organic
pollutants (Alam et al., 2024; Bijay-Singh et al., 2021;
Kuroda et al., 2009; Rashmi et al., 2020).

This environmental degradation poses significant
public health risks and economic consequences,
particularly for low-income populations reliant on
shallow groundwater. As part of CAT Brantas, the Kasin
Sub-Watershed has been categorized as a vulnerable
zone, requiring integrated and science-based
groundwater management strategies (Geological
Agency, 2019). One such approach is subsurface
modeling to understand the dynamics of groundwater
flow and contaminant migration.

Visual MODFLOW is a widely used groundwater
modeling software that simulates flow and contaminant
transport across time and space. When integrated with
the MT3DMS module, it can simulate advection,
dispersion, and chemical reactions of contaminants
within aquifer systems (Jabeen et al., 2019; Samborska-
Goik et al., 2024; Shakeri et al., 2023). By incorporating
key hydrogeological parameters such as hydraulic
conductivity, effective porosity, recharge rates, and
contaminant properties, this study aims to model the
contaminant transport in the Kasin Sub-Watershed. The
goal is to provide scientific support for mitigation
strategies and sustainable groundwater management in
the region.

Method

This research was conducted in the Kasin Sub-
Watershed area of Malang City, covering approximately
7.673 km?, including parts of Klojen and Sukun Districts.
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Figure 1. Study location map Kasin Sub-Watershed

MODFLOW solves the three-dimensional equation
of groundwater flow, using a block-centered finite-
difference approach (Laoufi et al., 2024).
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where Kxx, Kyy, and Kzz represent the values of
hydraulic conductivity along the three orthogonal axes
coordinates (x, y and z), h is the hydraulic head, Wis the
volumetric flow of sources/sinks, Ss is the specific
storage, and f is time (Laoufi et al., 2024).

MT3DMS (Modular Three-Dimensional Multi-
Species Transport Model) is a transport simulation
module coupled with MODFLOW to model
contaminant migration in groundwater systems (Zheng
et al,, 1999). It solves the advection-dispersion-reaction
equation for solute transport in saturated porous media.
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Where, Ck is Concentration of dissolved species k, ML™3;
0 is Porosity of the subsurface medium, dimensionless

t is Time, T; xi is Distance along each Cartesian
coordinate axis, L; Dij is Tensor of hydrodynamic
dispersion coefficients, L?T™; vi is Seepage or pore-water
linear velocity, LT, related to specific discharge or
Darcy flux through the relationship vi = gi/Bv; gs is
Volumetric flow rate per unit volume of aquifer
representing source fluid (positive) and sink (negative),
T, Csk is Concentration of source or sink flux for species
k, ML™3; XRn is Chemical reaction term, ML 3T!

The geoelectrical method in this study employed
the Vertical Electrical Sounding (VES) technique with a
Schlumberger configuration to obtain subsurface
resistivity profiles. An electric current (I) was introduced
through the current electrodes, while the potential
difference (AV) was measured at the potential
electrodes. The apparent resistivity was calculated using

the equation p, = K ATV where K is the geometric factor

determined by the electrode configuration. The apparent
resistivity data were then processed through inversion
using IPI2ZWIN software to derive the true resistivity,
thickness, and depth of each subsurface layer (Eluwole
et al., 2020; Eze et al., 2022; Ibrahim et al., 2025; Prayogo
et al., 2024).

The geoelectrical method using the Schlumberger
configuration is applied not only to determine
subsurface resistivity and layer thickness but also to
estimate hydrogeological parameters such as hydraulic
conductivity, transmissivity, and porosity. Recent
studies have demonstrated that subsurface resistivity,
when integrated with layer thickness, can be used to
map aquifer potential and estimate geo-hydraulic
parameters. For example, Rasool et al. (2020) combined
geoelectrical resistivity surveys with inversion modeling
(IX1D) in Faisalabad, Pakistan, to derive layer resistivity
and thickness, which were then used to calculate
transmissivity and hydraulic conductivity as essential
inputs for aquifer mapping and groundwater quality

assessment. Similarly, Akiang et al. (2023) showed that
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Schlumberger VES data could be correlated with aquifer
parameters, allowing the estimation of transmissivity
and hydraulic conductivity from geoelectrical sounding.

The procedure for applying to a groundwater flow
model includes the following steps: Step 1, Sub-
watershed delineation of Kasin Sub-DAS was performed
using ArcGIS with a 30 m resolution DEM to define the
spatial boundary of the model. Step 2, Aquifer
characterization was derived from the interpretation of
Vertical Electrical Sounding (VES) data at 8
measurement points, providing hydraulic conductivity
(K) parameters as model input. Step 3, Groundwater
level measurements from dug wells were used for model
calibration, while rainfall data determined the recharge
rate. Step 3, Grid construction with 250 m x 250 m cells
and multiple vertical layers represented the aquifer
stratigraphy. Step 4, Steady-state simulation was
conducted for initial head distribution calibration,
followed by a transient simulation over 3600 days (10
stress periods) to model groundwater flow dynamics.
Step 5, Simulation of nitrate contaminant dispersion
patterns with an initial concentration of 110ppm
measured in the field.

Hydrogeological Characteristics

According to the legend of the Hydrogeological
Map at a scale of 1:250,000, the Kasin Sub-watershed is
composed of Quaternary volcanic deposits consisting of
tuffaceous sandstone, volcanic breccia, and altered lava
in the upland areas, while the middle to downstream
zones are dominated by alluvial deposits of sand, gravel,
and clay. The volcanic deposits are characterized by
moderate to high permeability and are represented on
the map by patterned blue or green areas, whereas the
alluvial deposits with moderate permeability are shown
as light green plain colors. This lithological variation
governs the hydrogeological setting, where the volcanic
uplands function as the main recharge zone and the
alluvial plains act as discharge zones.

L __/' CAN ¢ AN W
Figure 2 . Matching sub-watershed Kasin and
hydrogeological maps
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Groundwater systems in the Kasin Sub-watershed
consist of both unconfined and confined aquifers. The
unconfined aquifers are widely developed in the alluvial
plains with relatively shallow water table depths
(approximately 3-10 m), making them highly vulnerable
to surface-derived contamination. Confined aquifers are
found beneath intercalated clay layers, which act as
aquitards limiting vertical flow and providing partial
protection against contamination. Aquifer productivity
ranges from moderate to high, with moderate
productivity represented in green and high productivity
in blue on the hydrogeological map. Groundwater flow
direction, indicated by blue arrows, is oriented from the
volcanic uplands towards the lower alluvial plains,
consistent with the hydraulic gradient shown by water
table contour lines. These findings highlight that the
interplay between lithology, permeability, and aquifer
productivity controls both the groundwater flow regime
and the potential vulnerability of groundwater
resources in the Kasin Sub-watershed.

Result and Discussion

Geophysical Measurement Results

The geoelectrical survey using the Vertical
Electrical Sounding (VES) method at eight measurement
points in the Kasin Sub-watershed revealed a sequence
of five to six subsurface layers with varying thicknesses
depending on the local morphology. The resistivity
inversion identified the subsurface lithology as part of
the Malang Tuff Formation, primarily composed of
weathered volcanic material with fractures. The
lithological units consist of top soil, clay, tuff, sandy tuff,
pumice tuff, and breccia tuff.

Table 1. Geoelectrical Survey

Resistivity

Site Depth (m) (Qm) Lithology
TGL 1 (Bareng, Klojen) 0-1.25 6.78 Top Soil
1.25-2.14 4.6 Clay

2.14-4.68 119 Pumice Tuff

4.68-11.8 14.5 Clay

11.8-50 285 Breccia Tuff

;?kLu i )(Ta“’“ngre]"’ 0-2.51 799  Top Soil
2.51-3.87 79.3 Tuff

3.87-5.25 3.4 Clay

5.25-19.5 35.8 Tuff

19.5-50 90.4 Pumice Tuff

TGL 3 (Kasin, Sukun) 0-1.50 115 Top Soil
1.50-3.64 67.2  Sandy Tuff

3.64-8.85 389 Breccia Tuff

8.85-21.5 180 Pumice Tuff

21.5-50 95.2 Pumice Tuff

TGL 4 (Sukun, Sukun) 0-1.25 712 Top Soil
1.25-1.75 109 Pumice Tuff

1.75-6.04 13.1 Clay
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Resistivity
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Hydraulic Conductivity

Sit Depth Lithol
e epth (m) (Qm) Thoosy The hydraulic conductivity test in the Kasin Sub-
6.04-14.2 513 SanFlY Tuff  watershed revealed values ranging from 0.28 to 1.42
14.2-50 130 Pumice Tuff 1y /qay. The highest values were observed in Bareng
TGL 5 (Bandungrejosari, . ;
Suk 0-1.25 11.5 TopSoil  (1.42 m/day) and Gadang (1.21 m/day), dominated by
ukun) sandy tuff and pumice tuff, which act as productive
1.25-2.18 3.73 Clay . . . s
218538 434 Tuff aquifers with high permeability. Moderate values were
5.38-13.6 8.08 Clay recorded in Tanjungrejo, Kasin, and Sukun (0.87-1.08
13.6-50 89.7 Pumice Tuff m/day), while the lowest values were found in
K i (0.28-0. , wh he lithol
TGL 6 (Gadang, 0-2.28 6.94 Top Soil ebqnsan (@ 8 0.63 m/ day). where t.e 1t. ology
Sukun) consists of tuff interbedded with clay. This variability
2.28-4.31 95.5 Pumice Tuff  indicates the heterogeneity of the aquifer system in the
4.31-847 3.59 ~ Clay  Kasin Sub-watershed, where high-conductivity zones
8.47-25 196 Pumice Tuff  ¢,ntjon as preferential flow pathways, while low-
25-50 79.3  Sandy Tuff .. .
; conductivity zones serve more as storage units and
TGL 7 (Kebonsari, . .
0-1.50 12.5 Top Soil  barriers to lateral groundwater movement.
Sukun)
1.50-4.51 9.27 Clay . o
451-12.2 21.8 Tuff Table 2. Hydraulic Conductivity Value
12.2-24.1 9.24 Clay  Location Hydraulic Conductivity (m/day)
24.1-50 195 Pumice Tuff Bareng (TGL 1) 1.42
TGL 8 (Kebonsari, . Tanjungrejo (TGL 2) 1.08
1.50-3.83 403 Tuff ~ Sukun(TGL4) 0.87
3.83-103 18.9 Clay Bandungrejosari (TGL 5) 0.74
10.3-28.4 227 Tuff ~Gadang (TGL6) 1.21
28.4-50 190 Pumice Tuff ~ Kebonsari (TGL 7) 0.63
Kebonsari (TGL 8) 0.28
The sandy tuff and pumice tuff layers exhibited
relatively high resistivity values and were interpreted as ~ VVell Data
productive aquifers, while clay layers showed low The variability in groundwater levels also

resistivity values and act as aquitards, restricting vertical
groundwater flow. This configuration indicates that the
groundwater system in the Kasin Sub-watershed is
mainly controlled by lateral flow through permeable
layers, whereas aquitard layers maintain groundwater
table stability. The spatial variability in resistivity also
highlights the heterogeneity of the subsurface, which
influences  groundwater  distribution and its
vulnerability to contamination.

highlights differences in aquifer characteristics. Shallow
wells tend to be more vulnerable to contamination due
to their direct connectivity with the surface, while
deeper wells are relatively protected by the presence of
intercalated clay layers functioning as aquitards.
Hydrogeologically, these findings emphasize the
interplay between topography, lithology, and aquifer
productivity in controlling groundwater conditions in
the Kasin Sub-watershed.

Table 3. Groundwater Level Data in Kasin Sub-Watershed

Well Code Location Ground Surface Elevation (m a.s.l.) Groundwater Level (m a.s.].) Depth to Water Table (m bgl)
SM1 Gading Kasri 440 436.1 3.9
SM2 Tanjungrejo 478 4719 6.1
SM 3 Sukun 456 445.6 10.4
SM 4 Bareng 449 434 15
SM 5 Sukun 453 4446 8.4
SM 6 Kasin 478 4751 29
SM7 Ciptomulyo 465 462 3
SM 8 Gadang 436 428.2 7.8
SM 9 Bandungrejosari 430 4185 11.5
SM 10 Kebonsari 429 4275 1.5
Modeling Results conditions for a simulation period of 3,600 days

The groundwater flow and nitrate transport
modeling at location was conducted under transient

(approximately 10 years). The initial nitrate
concentration was set at 110 ppm in the disposal zone,
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representing the point-source contamination input. The
flow field showed a dominant groundwater movement
from the north toward the south, in line with the local
hydraulic gradient. The average groundwater velocity
within the aquifer system ranged between 0.25-0.40
m/day, consistent with moderately permeable sandy
aquifers. This velocity controlled the advective
movement of the contaminant plume over the
simulation period.
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Figure 3. Results of groundwater flow modeling simulation

After 10 years of simulation, the nitrate plume
extended horizontally for about 600-700 m from the
source zone, while vertically it penetrated to a depth of
approximately 25 m. High concentrations exceeding 100
ppm were retained in close proximity to the disposal
zone, indicating persistent contamination near the
source. At distances of 200-400 m from the source, the
nitrate concentration decreased to the range of 40-60
ppm, while at 500-700 m it dropped further to 20-40
ppm due to advection, dispersion, and dilution
processes within the aquifer. The elongated plume
geometry indicates that horizontal transport was the
dominant mechanism, while vertical migration was
limited but still significant enough to potentially affect
deeper groundwater layers.

These findings are consistent with those reported
by Rajaeian et al. (2023), who observed that nitrate
plumes in heterogeneous aquifers predominantly
spread in the direction of groundwater flow, forming
elongated horizontal plumes controlled by advective

November 2025, Volume 11, Issue 11, 122-128

transport. Similarly, the “Simulation of Groundwater
Contaminant Transport at a Decommissioned Landfill Site —
Tainan City, Taiwan” by Chen et al. (2016) revealed that
contaminants from point-source inputs (landfills)
remained concentrated near the source for long periods
but gradually migrated up to several hundred meters
along preferential flow paths. The comparison confirms
that in urbanized catchments with high nitrate inputs,
plume migration over decadal timescales can
substantially degrade groundwater quality in
downstream zones, particularly where community wells
intersect the preferential flow paths.

000 700 TN €900 W0 oo o0

Figure 4. Contaminant Dispersion Patterns

Thus, the modeling at location highlights the long-
term persistence and spatial expansion of nitrate
contamination under continuous input scenarios,
emphasizing the need for integrated groundwater
protection measures, such as monitoring networks along
predicted plume migration paths and land-use controls
in recharge areas.

Conclusion

The transient groundwater flow and nitrate
transport simulation using MODFLOW-MT3DMS
provided a comprehensive understanding of subsurface
dynamics and long-term contaminant migration. With
an initial nitrate concentration of 110 ppm, the
contaminant plume spread up to +600-700 m
horizontally and reached a depth of +25 m over 3,600
days (£10 years). The average groundwater velocity of
0.25-040 m/day controlled plume migration
southward, with high concentrations (>100 ppm)
persisting near the source, while concentrations at
greater distances decreased to 20-40 ppm due to
advection and dispersion. Vertical cross-sections
indicated that the contaminant not only spread laterally
but also migrated into deeper aquifer layers, influenced
by hydraulic pressure differences between strata. In
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addition, topographic gradients accelerated migration
from higher to lower elevations. Recommended
mitigation measures include establishing aquifer
protection zones, conducting regular groundwater
quality monitoring through observation wells,
improving domestic sanitation systems, and applying
local control technologies such as reactive barriers. This
study highlights the application of numerical modeling
to project nitrate movement in a densely populated
urban area, thus providing a realistic assessment of risks
to community water resources. The main limitations lie
in the simplification of aquifer conditions and limited
input data, suggesting that future research should
incorporate more detailed hydrogeological data, real-
time monitoring systems, and multi-contaminant

simulations to generate more comprehensive
projections.
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