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INTRODUCTION

There is signifi cant impact on the hydrological system 
at a basin due to intensive water resources development. The 
resulting impacts are aquifer depletion, cease of base fl ow, 
drying of wetlands, degradation of riparian ecosystem and 
water quality, induced land subsidence and ground cracks. In 
order to minimize the negative impact on the water resources, 
it is necessary to consider a river basin as an integrated system 
where interactions among surface water and groundwater 
changes during the exploitation of the water resources (Zhou and 
Li 2011). A groundwater model represents an approximation of 
a fi eld situation. It is used as a tool to investigate groundwater 
system dynamics and understanding the fl ow patterns. It will 
be helpful to analyse responses of the groundwater system to 
stresses and also support in assessment for evaluating recharge, 
discharge and aquifer storage processes, and for quantifi cation. 
A mathematical model simulates groundwater fl ow indirectly 
by means of a governing equation thought to represent the 
physical processes that occur in the system, together with 
equations that describe heads or fl ows along the boundaries 
of the model. Groundwater model is the best tool to predict 
the behaviour of groundwater system, such as expected change 
in groundwater level in an aquifer in future, the capture area 
for a well fi eld, and the most likely pathway of contaminants. 
Groundwater models allow more effective use of the available 
data, more complexities can be accounted for, and the 

implications of the assumptions used in the analysis and of 
management decisions can be evaluated (Hamilton 1982).

The present work leading to groundwater fl ow modeling 
has been carried out in Nara Basin that is located on west 
Japan. The basin is surrounded by mountainous terrain and 
occupies an area of about 770 km2. There are many streams 
reaching the basin from the surrounding mountains to form 
Yamato River. Yamato River fl ows almost through the central 
part of the Nara Basin towards west. The average elevation of 
the basin is around 60 m asl (above sea level), while the height 
of the surrounding mountain ranges from 470 to 900 m asl, the 
highest peak lies in southern part of the study area. The mean 
annual precipitation in the area is around 1325 mm. There are 
many wells drilled in the unconsolidated sediments to meet 
the drinking water demand in the area. Likewise, many deep 
wells are drilled to exploit the thermal water from the fractured 
granites for commercial purpose. The detailed hydrogeological 
studies of the basin was carried out using the information from 
available water wells (Pathak 2011). The basement structure of 
the basin was delineated by means of geophysical data (gravity 
data) aided with the borehole data (Pathak 2006). Likewise, the 
interaction between the overlying unconsolidated sediments 
and underlying rocks was thoroughly investigated (Pathak 
2003). The objective of the present study is to delineate various 
aquifer horizons and carry out groundwater fl ow modelling in 
the basin.

Journal of Nepal Geological Society, 2015, Vol. 49, pp. 7-15

Groundwater fl ow modeling in an intermontane basin

Dinesh Pathak
Department of Geology, Tri-Chandra Campus

Tribhuvan University, Ghantaghar, Kathmandu, Nepal
Email: dpathaktu@gmail.com

ABSTRACT

Groundwater model has become a commonly used tool to perform various tasks. Geological, hydrogeological and 
geophysical data is required for constructing 3D hydrogeological framework models. Most of the time, it is realised that 
there is lack of suffi cient data to build a groundwater model. The present work has been achieved after systematic data 
collection and hydrogeological study of Nara Basin, west Japan. Groundwater has been widely exploited for drinking 
water supply as well as for recreation purpose as Thermal Springs in the Nara Basin. There are hundreds of wells drilled 
in unconsolidated sediments and some tens of deep wells encountering the fractured basement. When water is exploited 
from a groundwater basin, it is necessary to understand properly the groundwater fl ow in different aquifer zones in the 
basin. Hydrostratigraphic units in the unconsolidated sediments overlying the basement rocks were established by using the 
borehole log data. In order to have understanding of the three dimensional confi guration of these units, fence diagram was 
constructed. The geological and hydrogeological information were used to develop a conceptual model which was further 
calibrated and an acceptable model was obtained. The model was validated by comparing the observed and simulated heads 
and discharge.

Keywords: Hydrostratigraphic units, MODFLOW, groundwater fl ow model, Nara Basin

Received:  January 15, 2015 Revision accepted:  June 15, 2015



Dinesh Pathak

8

Geological setting of the area

The geology of Nara Basin can be broadly subdivided 
from top to bottom into the Alluvium (Holocene), Terrace 
deposits (Upper Pleistocene), Osaka Group (Late Pliocene-
Upper Pleistocene) and the Cretaceous granitic basement of 
Ryoke complex (Ikebe and Takenaka 1969). Alluvial deposits 
consist chiefl y of unconsolidated clay, sand and sandy gravels 
attaining the maximum thickness of 5 m. Whereas the terraces 
(maximum thickness 20 m) are consisting of alternating beds 
of marine clay with sand and non-marine sandy gravel, sand, 
and clay (Fig. 1). 

Osaka Group sediments can be observed along the foothill, 
and the Miocene beds (volcanic and sedimentary rocks) are 
sporadically exposed in some localities. The upper part of 
Osaka Group is not exposed in the study area (Itihara et al. 
1991). In the higher elevation areas, the granitic basement is 
well exposed, mostly forming higher hills surrounding the 
basin. 

The basement structure in the basin as estimated from 
the analysis of gravity data shows that the altitude of basement 
topography is the lowest in the north-eastern part of the basin 
and the rocks form a NE–SW trending subsurface ridge south 
of the Yamato River (Pathak 2006). The study reveals that 
thick alluvial deposits are overlying the basement rocks in the 
north-eastern part of the basin. Most of the faults in the basin 
and surrounding mountainous part have approximate north-
south trend, whereas some faults trending in NE-SW direction 
also exist. The major faults in the area are north-south running 
Nara-Toen fault system in the north east of the basin and 
Kongo fault system in the south west of the basin.

MATERIALS AND METHODS

In order to carry out groundwater fl ow modelling, it is 
desirable to have the knowledge of the types of aquifers existing 
in an area. A 3D digital hydrogeological framework model was 
developed which defi nes the physical geometry and materials 
of hydrogeological units and the hydrogeological structures 
(Faunt et al. 2004). The top elevation and material distribution 
of every model layer were specifi ed. The recharge was 
simulated with the Recharge package of MODFLOW-2000.

Groundwater Modeling System (GMS), a comprehensive 
graphical user environment that consists of different packages 
necessary for groundwater modeling has been used at present 
study. GMS is developed by Brigham Young University (1994) 
and it incorporates the MODFLOW package (McDonald and 
Harbaugh 1988, Harbaugh et al. 2000, Harbaugh 2005), a 
widely used block-centered fi nite difference groundwater 
modeling code. A general form of the governing equation 
used in MODFLOW for modeling the three dimensional 
groundwater fl ow is:

Fig. 1: Geological map of Nara basin (modifi ed after Ikebe 
and Takenaka 1969). Location of basin in Japan is shown in 
the inset.

The Osaka Group is further subdivided into the Upper-, 
Lower- and Lowermost parts (Huzita and Kasama 1983). The 
Upper and Lower parts consist of alternating beds of marine 
clay with sand and gravel and non-marine sandy gravel, sand, 
and clay. The Lowermost part is consisting of non-marine 
clay, sand, and gravel. The different marine beds occurring at 
different depths are considered to be the marker beds and are 
considered to demarcate the geological boundaries of above 
mentioned units (Itihara 1961, Yoshikawa et al. 1987). The 
maximum thickness of the Osaka Group is around 600 m. 
The deep drillings in the northern part of the basin evidences 
that the maximum thickness of the whole sequence above the 
Ryoke complex is around 646 m. 

The surface of Nara Basin is mostly covered by alluvial 
deposits. The terrace deposits are exposed along the terraces 
lying between the hills and the plain area. Likewise, the 
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Where,
Kxx, Kyy, Kzz = values of hydraulic conductivity along x, 
y, and z axes, (m/day)
h = total head, (m)
W = sources and sinks (volume of outfl ow from the 

system per unit volume of aquifer per unit time. In 
case of infl ow, W = - R, (m3/m3t)

Ss = specifi c storage, (/m)
t = time, (t)

The right hand side of the equation will be reduced to 
zero while we consider steady state condition, as in present 
study. 
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The modeling process consisted of developing a 
conceptual model, selecting numerical model, and calibrating 
the model to observed values, verifying calibrated model and 
modifying model. The information necessary for the fl ow 
modeling are hydrostratigraphic units, hydraulic heads, fl uxes 
in streams, boundary conditions, hydraulic conductivity, and 
recharge. Development of a conceptual model of the system is 
the fi rst step in the modeling. The conceptual model simplify 
the fi eld problem and organize the associated fi eld data so 
that the system can be analysed more readily. The nature of 
the conceptual model will determine the dimensions of the 
numerical model and the design of the grid. The model also 
requires boundary conditions so that the head or fl ux would 
be specifi ed along the boundaries of the system. The natural 
hydrogeologic boundaries were used in the present analysis 
as far as possible. The source of surface water to the system 
as well as the expected fl ow directions and exit points were 
part of the conceptual model. The fi nal calibrated model was 
evaluated by comparing measured and computed groundwater 
heads and discharges. Good fi t to observed groundwater heads 
occurred and the model was accepted. 

RESULTS AND DISCUSSION

Hydrostratigraphic units

In modeling regional fl ow systems, aquifers and confi ning 
beds are defi ned using the concept of the hydrostratigraphic 
units (Maxey 1964, Seaber 1988). Hydrostratigraphic units 
comprise geologic units of similar hydrogeologic properties. 
Based on the lithologic descriptions contained in the water 
well records, a hydrostratigraphic model of the aquifer system 
was developed (Pathak 2002). Around 260 borehole logs were 
available in the basin. The representative boreholes were 
selected carefully based on the depth of well, information 
available on the screened zones, and comparing the lithologs 
of other wells in the vicinity. Finally, 115 of the wells were 
selected that cover the model area within the basin (Fig. 2). 
The hydrostratigraphic layers were demarcated with the 
careful observation of lithologic plots across several sections, 
both in NS and EW directions. Further, the screened zones 
in each well site and the hydraulic conductivity values for 
respective aquifer zones were also taken into account in order 
to interpolate the aquifer horizons between the wells. 

The selected wells were linked into cross-sections and 
continuous stratigraphic interpolation was carried out. Five 
aquifer zones were identifi ed which was discretized into 
numerical fl ow model input arrays using Hydrogeological 
Unit Flow package of MODFLOW-2000 (Harbaugh et al. 
2000). These aquifers are named as unconfi ned aquifer (UCA), 
shallow confi ned aquifer (SCA), deep confi ned aquifer 1 
(DCA1), deep confi ned aquifer 2 (DCA2), and deep confi ned 

aquifer 3 (DCA3). The bottom elevation contour of each 
aquifers were drawn. The altitude of UCA is highest in the 
northernmost and southernmost part of the study area, reaching 
up to 120 m and 150, respectively and reaches to around 30 m 
in the central part. The elevation of the bottom of SCA ranges 
from around -10 m to 110 m. Likewise, the bottom elevations 
of DCA1, DCA2 and DCA3 ranges from around -60 m to 70 
m, -100 m to 10 m, and -140 m to -20 m, respectively. The 
gradients of contours are high in northern and south-western 
parts of the study area. Further, the central part of the basin 
has lower elevations for all aquifers, the northern and south-
western parts having higher elevations. 

The aquifers are thicker in the central and northern 
part of the basin than in southern part. However, most of the 
aquifers are thicker in the eastern part than in the western part. 
A 3D model of the aquifer geometry is shown in fence diagram 
(Fig. 3). 

Fig. 2: Lithologs of boreholes that were used to prepare the 
hydrostratigraphic units.
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assigned along the foothill of mountains. These parts are 
either interface of basin and mountain as in the case of eastern, 
southern and western part of the study area.

Fig. 3: Fence diagram showing various hydrostratigraphic 
units in the basin.

The UCA at the topmost part is thick and consists of 
coarser materials in the north-eastern and mid western part of 
the study area. In other parts, the unconfi ned aquifer becomes 
thinner and the grain size becomes fi ner. An aquitard separates 
the unconfi ned aquifer and shallow confi ned aquifer. The 
shallow wells in the basin are exploiting this aquifer horizon, 
which occurs at the depth of about 30 m from ground surface. 
The thickness of this aquifer layer ranges from around 10 m 
in the south to 35 m in central and northern part of the basin, 
the average thickness is 20 m. South eastern part of the basin 
is having comparatively fi ner sized aquifer materials. Other 
confi ned aquifer zones lying below the depth of about 50 m 
are categorized as deep confi ned aquifer (DCA). Three deep 
confi ned zones are identifi ed within the depth of around 200 
m. The average depth of occurrences of these deep confi ned 
aquifers are 70 m (DCA1), 115 m (DCA2), and 170 m (DCA3), 
below the ground surface. Each unit of deep confi ned aquifers 
is 25 m in thickness and separated from each other by confi ning 
layers. The lateral variation in thickness of DCA’s is rather low 
in comparison to the UCA and SCA. The aquifer layers are 
comparatively thicker in the northern, central and around the 
periphery of basin. The lowermost aquifer (DCA3) is residing 
above comparatively thicker layer of clay. 

Conceptual model

A conceptual model was developed considering 
the hydrostratigraphic units, system boundaries, aquifer 
parameters and hydrologic stresses. The information from 
the geologic map and the hydrostratigraphic units as well as 
surface drainage were used to develop a conceptual model.

The boundary of the model area was demarcated based 
on the geological and topographical map. Model grids were 
created at an interval (550 m  650 m) that was decided to 
be adequate to carry out fl ow modeling in the basin (Fig. 4).  
This grid size was decided by trying different grid sizes and 
observing the results. Impermeable (No fl ux) boundary was 

Fig. 4: Model grid and boundary condition.

The Nara Toen fault that is running along the eastern 
margin of the basin also formed natural no fl ux boundary. The 
northern part of the basin was assigned as no fl ux boundary 
because it represents the groundwater divide between Yamato 
River basin in south and the Kizu River basin in the north. The 
regional groundwater table map also supported for groundwater 
divide between the two basins. At the exit of Yamato River 
(mid western part), specifi ed head boundary was assigned. 

All the rivers fl owing through the basin were used 
to simulate the exchange of water between the aquifer and 
the rivers. The water level in each river (River Stage) at the 
upstream and downstream part and stream bed conductance 
per unit cross sectional area had been assigned for each river. 
The conductance is given by the following relationship:

Where,  
C   = conductance of river bed, (m/day)
kv  = vertical hydraulic conductivity of river bed, (m/day)
L   = length of river, (m)
W  = width of river bed, (m)
T  = thickness of river bed sediments, (m)

t
LW

kC v=
LW
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In order to assign the recharge rates, the basin was 
divided into two major parts, the high recharge zone and low 
recharge zone (Fig. 5). 

This subdivision was made based on the hydraulic 
conductivity values, shallow sediment types, drainage and 
altitude. The initial recharge rate was assigned as 2.1010-3 
m/day and 0.7610-3 m/day for high recharge zone and low 
recharge zone, respectively. This approximate value was 
obtained from the mass balance analysis (Oki et al. 1994). In 
similar way, in and around the Yamato River and northern part 
of the basin was considered as high hydraulic conductivity 
zone and that in the southern part as low hydraulic conductivity 
zone (Fig. 6). 

This subdivision was made based on the hydraulic 
conductivity parameter obtained from pumping test and 
estimated from Logan (1964) method using the specifi c capacity 
data. The use of Logan method for estimating parameters 
from specifi c capacity data is widely used to describe the 
transmissivity and hydraulic conductivity distribution in the 
groundwater basin (e.g. Konrad 2006, Pathak 2011, Shibasaki 
1999). The conceptual model developed using all the available 
information on hydrostratigraphy, geology, hydrology and 
hydrogeology was used to generate fl ow model of the basin, 
using the MODFLOW (McDonald and Harbaugh 1988) in 
Groundwater Modeling System (GMS 1994).

Model calibration 

Model calibration is viewed as a process to develop a 
useful groundwater model. The purpose of calibration is to 
establish that the model can reproduce fi eld-measured heads 
and fl ows. Effective model calibration includes the entire 
modeling process. Guidelines for effective model calibration 
using automatic parameter identifi cation (nonlinear regression) 
have been proposed by Hill and Tiedeman (2007). Calibration 
is the process of modifying the input parameters to a 
groundwater model until the output from the model matches an 
observed set of data like heads and recharge. Input parameters 
such as hydraulic conductivity and recharge are very diffi cult 
to estimate. Calibration is achieved when computed results are 
within a "window" of the observed value.

The water level data used for the model calibration were 
from the wells (shallow and deep), which represented the long 
term water level measurement data (Fig. 7). 

Fig. 6: Demarcation of different hydraulic conductivity zones 
in the basin.

Fig. 7: Location of observation wells in the basin used for 
model calibration.

Fig. 5: Demarcation of different recharge zones in the basin.
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An inverse parameter estimation application, named 
UCODE (Poeter and Hill 1998) was used to estimate the 
model parameters. During each stages of adjustment of 
some parameter values, the computed and observed heads 
were compared. A fi nal model was developed that has the 
observed and computed heads very close, with mean error: 
8.12 m, mean absolute error: 10 m, and RMS error: 9.7 m. 
This can be considered as a reasonable match between the 
computed and simulated heads (Yao et al. 2015, Konrad 2006). 
The comparison between observed and simulated heads is 
shown in Fig. 8. The parameters fi nally used in the model are 
summarized in Table 1.

Simulation results

The result of simulation can be presented either in the 
form of head contour or fl ux contour. The cell by cell fl ux data 
sets can be used to plot fl uxes. The fl ux vector is useful for 
illustrating fl ow directions. Besides, fl ow budget for each layer 
can be read from the output fi le. 

Table 1: Recharge and horizontal hydraulic conductivity values used in fi nal model.

Parameters
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Recharge (m/day)

Zone A 6.57310-3 - - - - -
Zone B 0.17510-3 - - - - -

Horizontal hydraulic 
conductivity (m/day)

Zone 1 289.0 37.0 16.0 16.0 16.0 110-3

Zone 2 104.0 23.0 4.0 4.0 4.0 110-3

Note: Zone A and Zone B are high and low recharge zones, respectively (Fig. 5). Zone 1 and Zone 2 are high and low hydraulic 
conductivity zones, respectively (Fig. 6). Vertical hydraulic conductivity is assumed to 10% of horizontal hydraulic conductivity.

The computed water level in all aquifers is having same 
trend as that of the regional water table contour. Similar 
trend of water level was also observed in the historical heads 
distribution in the basin (Oki et al. 1994).  The computed heads 
for all the layers are somewhat following the basin shape and 
orientation (Fig. 9 to Fig. 13), the minimum being in the mid-
western part, around the exit of Yamato River. The head value 
normally ranges from about 30 m to 110 m above sea level. 
The highest value lying in the northernmost and southernmost 
part of the model area. The heads in UCA is also controlled by 
the river system in the basin as the contour is almost following 
the rivers in the central and northern part (Fig. 9). 

The fl ux is of higher magnitude in the northern part than 
in the south. However, in the south-western part of the model 
area, comparatively higher fl ux can be observed. The fl ux 
vectors shows groundwater is fl owing towards the center of 
the basin. 

Fig. 9: Computed heads and fl ux vectors in the unconfi ned 
aquifer (UCA).

Fig. 8: Comparison between observed and computed heads.
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The computed heads for SCA show similar trend that of UCA 
showing that there is a considerable exchange of mass between 
the surface water system and the SCA (Fig. 10).
The heads for DCA units show relatively smooth contour 
because of uniform distribution of pressure at the deeper 
aquifers. However, the contour values are decreasing towards 
the center of the basin, the minimum being at the exit point of 
the Yamato River. The fl ux vectors is higher for all DCA units 
in northern part of the basin (Figs. 11, 12 and 13).  

Fig. 10: Computed heads and fl ux vectors in the shallow 
confi ned aquifer (SCA).

The relative magnitude of fl ux vector in the aquifers is 
more in the northern part. This is in good agreement to the 
result obtained from analysing hydrogeological and structural 
data of the basin. The northern part being a potential area for 
groundwater exploitation. Further, in all the confi ned aquifer, 
the fl ux vector shows upward direction because of confi ning 
pressure. However, in unconfi ned aquifer, UCA, the fl ux vector 
indicates that groundwater is moving downward in the mid-
eastern part of the study area. 

Fig. 11: Computed heads and fl ux vectors in the deep confi ned 
aquifer 1 (DCA1).

Fig. 12: Computed heads and fl ux vectors in the deep confi ned 
aquifer 2 (DCA2).

Fig. 13: Computed heads and fl ux vectors in the deep confi ned 
aquifer 3 (DCA3).
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The total amount of fl ux from rivers in the basin is 
computed to be 2.23 million cubic meter per day (MCM/day). 
This value is very close to the observed value 1.92 MCM/day 
during the period of 1980 to 1988 (Oki and Ono 1994). The 
good agreement in computed heads to the historical head and 
computed fl ux and measured fl ux shows that the present model 
well represents the natural condition of aquifers. Likewise, total 
amount of computed recharge in the basin is 1.30 MCM/day. 
Total amount of water fl owing through the unconfi ned aquifer 
is 1.22 MCM/day. This value for SCA, DCA1, DCA2, and 
DCA3 are 1.15, 0.95, 0.72 and 0.56 MCM/day, respectively.

CONCLUSIONS

The groundwater fl ow modeling has been carried out in 
Nara Basin through preparing a hydrostratigraphic model using 
about 250 water well logs. This model represents for the depth 
of around 200 m and fi ve units are identifi ed in the model, 
which are unconfi ned aquifer at the top, shallow confi ned 
aquifer and other three units of deep confi ned aquifers. The 
unconfi ned aquifer unit is thin, around 3-5 m, while each of 
the other four confi ned units is about 25 m thick. Using these 
hydrostratigraphic units, and other parameters, a groundwater 
fl ow model of the basin is generated. The calibrated fl ow 
model reasonably represents the real fi eld condition. The 
computed water level in the unconfi ned aquifer is affected by 
the surface drainage. However, for the other confi ned aquifer 
units, the effect of river is less. The relative magnitude of 
fl ux vector in the aquifers is more in the northern part. This 
is in good agreement to the result obtained from analysing 
hydrogeological and structural data of the basin. 

The model shows that groundwater fl ux rate is high in the 
northern part of the basin for all aquifer units. The computed 
groundwater head contours indicate that groundwater is fl owing 
towards the center of the basin (towards Yamato River). The 
good agreement between the computed heads to the historical 
head and computed fl ux and measured fl ux shows supports 
that the present model well represents the natural condition of 
aquifers. 
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