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Abstract
Realistic assessment and prediction of groundwater resources, at appropriate scales, are crucial for proper management and
systematic development of groundwater in India. An equivalent porous medium (EPM)-based groundwater flow model is
implemented for a typical hard-rock aquifer in central India, to provide quantification, analysis and prediction of groundwater
balance components. This research also provides refined estimates of aquifer parameters, recharge factors and newer insights into
groundwater dynamics. It is observed that evaporative losses and effluent seepage of groundwater to rivers jointly account for
~20% of the annual recharge, which is significantly higher than most prior regional assessments. Evaluation of groundwater
resource use under a business-as-usual scenario shows annual groundwater draft to exceed recharge by 13% in the year 2020–
2021, and under a worst-case scenario (with prevailing drought conditions) this deficit is predicted to increase to 30%. However,
with suitable recharge augmentation and demand control measures, in the best-case scenario, groundwater draft can be contained
to ~90% of annual recharge, thereby ensuring long-term sustainability of groundwater resources. Importantly, this study reveals
that demand control measures can be more effective than recharge augmentation measures.
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Introduction

Groundwater has emerged as an increasingly important
common-pool resource that is under continuous stress in
India (Famiglietti 2014). According to a recent estimate
(CGWB 2019), groundwater extraction in India (~249 ×
109 m3), the majority of which is used for irrigation only,
is more than one third of the total groundwater extraction
of the world (FAO 2016). Further, nearly 17% of the 6,881
groundwater assessment units in the country have been
classified as ‘overexploited’, a majority of which are locat-
ed in the peninsular region of India. Peninsular India, with

an area of ~2 million km2, is mainly comprised of hard-
rock aquifers that have limited groundwater potential and
pose additional challenges in terms of heterogeneity in
hydrogeologic properties (Singhal and Gupta 1999).
Though groundwater management is an immediate require-
ment in the hard-rock areas of peninsular India, it is se-
verely constrained by the lack of proper understanding and
absence of tools for informed decision making.

Groundwater flow modeling has been widely used as an
effective tool for studying groundwater dynamics (Anderson
and Woessner 1992; Zhou and Li 2011); however, hard-rock
aquifers, including carbonate aquifers, impose certain limita-
tions owing to aquifer heterogeneity, dominance of secondary
(fractures) or tertiary (conduits) porosity and existence of a
hierarchical permeability structure or flow paths (Scanlon
et al. 2003). Notwithstanding these limitations, useful numer-
ical flow models can be developed in hard-rock aquifers, as
long as their limitations are acknowledged and duly represent-
ed in the model (Quinlan et al. 1996)—for example, discrete
fracture network or dual porosity modeling approaches can be
used in karst/fracture aquifers (NRC 1996). These approaches,
however, require exhaustive details on aquifer properties,
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including that of fractures, which are extremely difficult to
obtain on appropriate modeling scales. Alternatively, an
equivalent porous medium (EPM) approach has been effi-
ciently implemented for regional aquifer systems with dense,
interconnected fractures and voids (Abbo et al. 2003;
Anderson and Woessner 1992; Huntoon 1994; Romanazzi
et al. 2015; Scanlon et al. 2003; Surinaidu et al. 2013; Yao
et al. 2015). The EPM approach, which is also adopted in this
study, is considered to be most reliable for regional-scale sim-
ulations (Langevin 2003; Schwarz and Smith 1988). This ap-
proach is particularly appropriate for resource management
purposes, in which greater emphasis is given on the overall
assessment of groundwater resources rather than its variation
in space (Panagopoulos 2012; Schwarz and Smith 1988;
Smith and Schwarz 1984). Scanlon et al. (2003) specifically
showed that regional groundwater flow simulated using an
EPM approach can be critical for groundwater resource
management.

In India, groundwater flow modeling studies have been
largely restricted to unconsolidated (alluvium) or
semiconsolidated (Gondwana) sedimentary terrains.
These modeling studies have addressed a variety of issues
including groundwater flow dynamics (e.g. Ahmad and
Umar 2009; Alam and Umar 2013; Kushwaha et al.
2009; Sahoo and Jha 2017), arsenic contamination and
mig ra t ion (Mukher j ee e t a l . 2007 ; S ikda r and
Chakraborty 2017) and groundwater seepage to coal mines
(Surinaidu et al. 2014). Groundwater flow modeling stud-
ies in hard-rock areas of India are limited and those that
exist are from granitic terrains only (e.g. Ahmed et al.
2003; Thangarajan 1999). Also note that, thus far, all the
modeling studies have either been restricted to the alluvial
terrains of northern and eastern parts of India (e.g. Ahmad
and Umar 2009; Alam and Umar 2013; Kushwaha et al.
2009; Mukherjee et al. 2007; Sahoo and Jha 2017; Sikdar
and Chakraborty 2017) or the hard-rock areas of southern
India (Ahmed et al. 2003; Thangarajan 1999). In view of
the information required for planning and management of
groundwater resources and the existing knowledge gaps,
this study develops a groundwater flow model for the
Seonath Kharun Interfluve (SKI) area in central India. In
this region the principal aquifer is comprised of
Precambrian calcareous sediments. To the best of the au-
thors’ knowledge, this is the first groundwater flow model
for any carbonate aquifer in India. With an overall aim to
support decision making for groundwater management, the
specific objectives of this study are: (1) integration of
available information on hydrogeological characteristics
and stresses, (2) development of an operational groundwa-
ter flow model, for refinement of available estimates of
hydrogeological parameters and stresses, and (3) analysis
and prediction of future groundwater scenarios using the
newly developed groundwater flow model.

Study area

The study area (Fig. 1) located in central India, between 81° 13′
and 81° 40′ E longitudes and 20° 40′ and 21° 38′ N latitudes,
covers 2,867 km2 of the undivided district of Durg (now split
into three districts: Balod, Durg and Bemetara) in the state of
Chhattisgarh. Two ephemeral streams, Kharun and Seonath,
which are tributaries to the Mahanadi River, define the eastern
and the western boundaries of the study area respectively.
Elevations in the area vary from 258 to 337 m above mean sea
level (amsl), with a maximum slope of 4%. The total population
is nearly 1.8 million with an overall density of ~630 persons per
km2. The populace in rural areas and in the small towns is almost
entirely dependent on groundwater for domestic purposes,
whereas in the urban areas (Durg Municipal Corporation),
groundwater caters for up to 50% of domestic water supply.

The area experiences a subtropical climate with short winters
(2 months) and prolonged summers (4 months). December and
January are the coldest months in a year and the daily lowest
temperatures during these months remain mostly around 15 °C.
Highest temperatures in the range of 45 °C are recorded in the
month of June, which is the hottest month. Average annual
rainfall (for the period 2000–2014) in the area is 1,050 mm
and is mostly attributed to the SW monsoon. More than 90%
of the annual rainfall is restricted to 4months (June–September)
in a year, which is denoted as the monsoon season.

The entire year can be broadly divided into two cropping
seasons: kharif (mid June to early November) and rabi (end of
November to mid April). During peak summer (Mid April to
mid June) usually no irrigated crops are grown. The principal
crop grown in the kharif period is rice and it is largely rain-fed;
however, canal water and groundwater have to be utilized for
irrigation during intermittent dry spells even in the monsoon
period. Rice, wheat, legumes and oilseeds are grown during
the rabi period, of which legumes and oilseeds do not require
additional irrigation, while rice and wheat are almost entirely
irrigated from groundwater. The sown area during the kharif
period and double cropped area (area sown both in kharif as
well as rabi period) accounts for 57 and 19% of the geograph-
ical area respectively.

Out of the seven groundwater assessment units, parts of
which constitute the study area, one unit had been reported
to be overexploited and four other units were categorized as
semicritical (CGWB 2017a). Periodic assessments of ground-
water resource availability and utilisation, undertaken by
Central Ground Water Board (CGWB 2006b, 2011, 2014,
2017a), have revealed consistent increase in groundwater
withdrawal in the area. Ray et al. (2017a) predicted a 6%
annual increase in groundwater draft for irrigation during the
period 2013–2020. At this rate, major parts of the SKI region
may become water stressed by 2020 and therefore require
immediate management interventions. Some of the prior stud-
ies in the region include district-wise estimation of the water
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sustainability index (WSI; Kansal and Chandniha 2015), de-
lineation of a groundwater potential map (Kumar and Gautam
2014) and estimation of the specific yields of two lithological
units on the basis of dry-season water-balance computation
(Ray et al. 2014). It is only recently that Ray et al. (2017b)
presented a detailed analysis of major ion chemistry and stable
isotope ratios of groundwater in order to establish its
hydrogeochemical characteristics and dominant recharge
mechanisms, and to provide an estimate of rainfall
infiltration on the basis of chloride mass balance. Thereafter,
Ray et al. (2017a) presented a comprehensive assessment and
prediction of fine-scale groundwater draft for irrigation in the
current study area. Still, there are apparent deficiencies in the
estimates of important stresses, like evapotranspiration losses

from groundwater through the plants and effluent seepage to
rivers, at scales most essential for effective planning and man-
agement of groundwater resources. Furthermore, the prior
studies, as summarized in the preceding part of this section,
dealt with specific groundwater issues but none provided a
comprehensive assessment of water resource availability and
utilization, which is critical to determine the limits of sustain-
able use and ensure adequate supply of freshwater in future.

Hydrogeologic framework

The Chhattisgarh basin, a Precambrian sedimentary basin, is
spread over ~33,000 km2 area in the central part of

Fig. 1 a Location, b drainage and
c topography and geology of
Kharun-Seonath interfluve area,
Chhattisgarh State, India.
Geological section along the line
N–S is shown in Fig. 2. Numbers
along the section line indicate the
locations of the boreholes (1
Raka, 2 Gudheli, 3 Kapasada, 4
Purena, 5 Kachandur, 6 Latabod,
7 Padkibhat and 8 Jhalmala)
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Chhattisgarh State (Fig. 1). The unmetamorphosed
Precambrian sediments which fill the Chhattisgarh Basin are
designated as Chhattisgarh Super Group of rocks; Archaean to
Lower Proterozoic granitoids form the basement of the
Chhattisgarh basin. These granitoids are overlain by sedi-
ments that comprise a lower arenitic sequence vertically grad-
ing to an argillite-carbonate suite. The lower arenitic sequence
has been designated as the Chandarpur Group and the upper
cyclic argillite carbonate suite has been named as the Raipur
Group (Das et al. 1992). The Raipur Group has been
subdivided into six formations representing three cycles of
carbonate-argillite sedimentation—i.e. Charmuria and
Gunderdehi, Chandi and Tarenga, and Hirri and Maniari, ar-
ranged in an ascending order of superposition (Das et al. 1992;
Mukherjee et al. 2014). Significant facies variations are ob-
served even within the individual geological formations. On a
basin scale, in terms of hydrogeological properties, the rock
formations in the study area can be grouped into six
hydrostratigraphic units: (1) Chandarpur Sandstone, (2)
Charmuria Limestone, (3) Gunderdehi Shale, (4) Chandi
Limestone, (5) Tarenga Shale, and (6) Hirri Dolomite. The
distribution of hydrostratigraphic units (Mukherjee et al.
2014) is shown in Fig. 1.

The Central Ground Water Board (CGWB) has constructed
more than 350 exploratory boreholes in the Chhattisgarh Basin
(CGWB2006a), of which 43 are located in the study area. These
43 boreholes in the study area have been drilled in 31 different
locations (Fig. 1), including more than one borehole at some
locations. Figure 1 also shows the locations of one borehole each
in Chandarpur Sandstone and Tarenga Shale that are outside the
study area, but have been considered for the construction of a
lithological cross section (Fig. 2). These boreholes vary in depth
from 60 to 300 m. Information regarding the disposition of the
hydrostratigraphic units is derived from the available lithologs.
Though the depths of the units vary up to 670 m (Mukherjee
et al. 2014), potential water bearing zones are restricted to the top
150 m only. In the Gunderdehi (shale) unit, water-bearing zones
are restricted mostly to the upper weathered part. The
Chandarpur Sandstone unit is highly silicified and as such has

very limited porosity. Solution cavities are the predominant con-
trols of groundwater occurrence and movement in Charmuria
Limestone, Chandi Limestone, Hirri Dolomite and Tarenga
Shale units. The well productivities (specific capacity per unit
saturated thickness) in such terrains usually decrease with depth
due to decrease in fracturing and solution activity (Walton 1970).
A similar trend is also observed in the Chhattisgarh basin (Khare
1981; Singhal and Gupta 1999). Available drilling data of
CGWBas summarised in Table 1 shows that yield characteristics
of the hydrostratigraphic units are comparable. ‘Drill-time dis-
charge’ as summarised in the table represents the yield charac-
teristics or relative potential of the aquifers (Kaehler and Hsieh
1994). Except for the wells with very high yields (>10 L/s), well-
defined fracture/cavernous zones are not apparent. The limestone
and calcareous shale formations in the study area represent im-
pure carbonates, which do not develop distinct karst landforms
(Ford and Williams 2007). This is evident from the available
lithologs in which caverns are observed to be usually small
and closely spaced. Also, typical karst features like sinkholes
or springs are practically nonexistent in the area. The predomi-
nant (~60%) soil type in the study area is clay loam, the others
being gravelly clay loam, gravelly sandy clay loam, gravelly
sandy loam and sandy clay loam (Kumar and Gautam 2014).
Chemical and isotopic studies (Ray et al. 2017b) show that mon-
soon rainfall is the primary source of recharge and recharge is
rapid, that is without significant evaporative enrichment. Isotopic
analysis (Ray et al. 2017b) of surface water and groundwater
samples show that active intermixing of surface and groundwater
resources is not a predominant process. Isotopic signatures of
groundwater samples collected from wells of different depth
are comparable to each other indicating that the aquifers are
vertically connected. The hydrostratigraphic framework as
adopted in the numerical model is shown in Fig. 2.

Major sources of data

The hydrogeological framework used in this study is derived
primarily from the lithologs obtained from boreholes drilled
by CGWB. Hydraulic conductivity values were derived from
pumping test data available with CGWB, which are archived
in their local office (North Central Chhattisgarh Region,
Raipur) and summarized in CGWB (2006a, 2012). Initial stor-
age parameters are assigned to different hydrostratigraphic
units based on the available field estimates of specific yield
(Ray et al. 2014). Observations of river stage, river discharge
and water released through the canals used for irrigation are
obtained from the Water Resources Department of the
Government of Chhattisgarh State. Also used in the flowmod-
el are field-based estimates and projections of village-wise
groundwater draft for irrigation in the study area for the period
2013–2014 to 2020–2021 (Ray et al. 2017a). Monthly rainfall
data are obtained from India Meteorological Department

Fig. 2 Hydrogeological cross section and a conceptual model of the study
area. The numbers indicate location of boreholes drilled by Central
Ground Water Board (1 Raka, 2 Gudheli, 3 Kapasada, 4 Purena, 5
Kachandur, 6 Latabod, 7 Padkibhat and 8 Jhalmala). The section line is
shown in Fig. 1. The geological units have a very low dip. The apparent
dip seen in the section is because of high vertical exaggeration (1:60)
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(IMD). Preliminary input into the model also includes water
level data from a network of 79 groundwater monitoring wells
and two river stage monitoring locations (Fig. 3).
Groundwater levels and river stages have been regularly mon-
itored since 2010. Since there are no previous estimates of
evapotranspiration (ET) losses from groundwater available
for the study area, in this study, it is estimated from available
reference ET values (Kumar 2014) by integrating landuse da-
ta, soil characteristics and depth to water table using the meth-
odology suggested by Shah et al. (2007).

Groundwater model setup

Model design, boundary conditions and aquifer
parameters

Groundwater flow modeling requires simplifications due to
the inherent complexity of stratigraphic systems. A simplified
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dependent flow boundary; NFB no-flow boundary
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hydrostratigraphic framework (Fig. 2), as described in the pre-
vious section, forms the fundamental basis for groundwater
flow model development. In this study, groundwater flow is
simulated using a block-centered finite difference grid using
MODFLOW 2000 (Harbaugh et al. 2000). In fractured and
karstic aquifers, the size of grid in the model should be large
enough to grossly approximate equivalent porous media
(Neuman 1987; Pankow et al. 1986). Hence, the model do-
main is discretized into 2,867 square grids of 1-km2 size
(1 km × 1 km), based on the availability of data on essential
hydrogeological parameters, and the flexibility and stability of
selected codes in accordance with the EPM hypothesis.
Maximum length (along N–S) and breadth (along E–W) of
the model domain is 100 and 50 km respectively. Surface
elevations derived from Shuttle Radar Topography Mission
(SRTM) Elevation Dataset (with 90-m resolution) is used to
define the topography. As observed from available borehole
lithologs and as also reported by other authors (Khare 1981;
Singhal and Gupta 1999), density of fractures/solutions cavi-
ties and consequent well productivity goes on decreasing with
depth in the study area. Water bearing zones are practically
absent beyond 150 m below ground level irrespective of the
hydrostratigraphic unit. Accordingly, the thickness of the
model domain has been taken as 150 m. Further, based on
the disposition of the rock types in the available lithologs,
the vertical model domain is discretized into two layers as
shown in the lithological cross-section (Fig. 2). The upper
layer (with a relatively higher conductivity) is considered as
a layer with a constant thickness of 100 m (from ground level)
followed by a deeper layer (with lower conductivity) of 50 m
thickness. Two rivers, Seonath and Kharun act as boundaries
of the study area on the west, east and northern parts. These
rivers are modeled as head dependent flow boundaries. A
representative hydrograph of river discharge for Kharun
River measured at Amdi site for the year 2010 shows that
the river is active only during July to September (Fig. 4).
Monthly observations of river stage, monitored at two
locations (one each on Kharun River and Seonath
River), are assigned as observed heads for the rivers.
The southern boundary of the model domain is a well-
defined water divide. Furthermore, this divide is located

within a highly silicified Precambrian Sandstone
(orthoquartzite), which is a poor aquifer with restricted
groundwater flow. This water divide is adopted as a ‘no-
flow’ boundary (Fig. 3). The model domain is also rotated
by 15° towards the west in order to align the principal
axes of the model domain with the major flow directions.

The Central Ground Water Board (CGWB), as a part of its
exploratory drilling program, has constructed 43 boreholes in
the study area over the last four decades, from which trans-
missivity values are available from 12 constant-discharge
pumping tests carried out by CGWB in boreholes at 12 loca-
tions. Pumping durations varied from 100 to 400 min, and
pumping rates ranged from less than 10 m3/day to more than
600m3/day. Given the large range in transmissivity values, the
available data, which are few and far between, may not repre-
sent the spatial variation of transmissivity (or hydraulic con-
ductivity) values adequately. However, since there is a good
correlation between well yield and hydraulic conductivity,
discharge from wells measured during drilling can be used
as a surrogate of hydraulic conductivity (Chatterjee and Ray
2016; DWAF 2006). Kaehler and Hseih (1994) had used well
discharge as a tool for comparison of yield characteristics of
different hydrostratigraphic units. Hence, in this study, distri-
bution of well discharges is used as an additional control and
the study area is divided into five different zones, each
representing different hydraulic conductivities. In the absence
of specific information, hydraulic conductivity of the second
layer has been considered to be half of that of the correspond-
ing upper layer. The aquifer is assumed to be isotropic in the
horizontal plane (Kx =Ky) and the vertical hydraulic conduc-
tivity is assumed to be 10% of horizontal conductivity. Ray
et al. (2014), based on a dry season water balance approach
applied to a set of watersheds adjacent (along the south-
eastern boundary) to the study area, had estimated the specific
yield (Sy) of Chandarpur Sandstone to be 0.0038 and that of
Charmuria Limestone to be 0.04. No other field estimate of
specific yield is available for the study area. These hydraulic
conductivity and specific yield values are used as initial inputs
and later refined using the PEST module of Visual
MODFLOW. The aquifer properties, boundaries and
recharge-discharge components are manually assigned to in-
dividual grid cells or a group of grid cells (zones) as the case
may be. Surface elevation values, elevations of layer bound-
aries and initial heads are imported from ASCII files and nec-
essary interpolations are done in VisualMODFLOWusing the
natural neighbors interpolator.

Sources and sinks

The primary sources of recharge in the study area are rainfall
(Rrf), return flow from groundwater-based irrigation (Rirr) and
canal water (Rcanal). Ray et al. (2017b), based on chloridemass
balance, estimated the annual recharge rates (Rrf as percentage

Fig. 4 Hydrograph showing daily variations in river discharge recorded
at Amdi gauging site on Kharun River for a representative year (2010).
The data were obtained from StateWater Resources Department, Govt. of
Chhattisgarh
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of annual rainfall) to be 4.5% for Chandi and Charmuria units,
1.8% for Gunderdehi unit and 2.2% for Tarenga and Hirri
units. Since no analytical data are available for Chandarpur
Sandstone, the recharge factor of Chandarpur Sandstone is
assumed to be similar to the Gunderdehi Unit, based on the
similarity of their hydrogeological potential. Monthly rainfall
records for the district are obtained from India Meteorological
Department (IMD). Based on monthly rainfall and recharge
factors, initial recharge rates are applied to the model. Since
there are no specific studies detailing the quantification of
return flow rates from groundwater-based irrigation and re-
charge from canal water discharged to the study area, the
generalized norms were followed for recharge estimation in
India (MoWR 2009). Return flow from groundwater irrigation
is negligible during July and August since the region receives
the highest rainfall during these two months. Scope for addi-
tional recharge (from groundwater irrigation return flow) be-
sides rainfall recharge is negligible during this period. On the
other hand, during the remaining months, return flow from
irrigation is significant. For this period (September to June),
50% of groundwater extraction for irrigation and 30% of canal
water is considered as recharge to groundwater.

Obtaining reliable estimates of groundwater extraction has
been a major limitation for comprehensive groundwater re-
source assessment in India (Chatterjee and Ray 2016). In the
study area, groundwater utilization is mostly for irrigation
purposes followed by domestic use. Groundwater extraction
for industrial use is negligible (Ray et al. 2017a). Earlier, Ray
et al. (2017a) reported village-wise estimates of groundwater
draft for irrigation in the study area and its projection for the
period 2013–2021. These draft estimates were based on the
number of abstraction structures, measurement of instanta-
neous discharge from wells in the field and feedback from
the local farmers. According to these estimates, annual
groundwater extraction for irrigation in the study area during
the water year 2013–2014 was 212 × 106 m3, which was
projected to increase to 307 × 106 m3 in the year 2020–2021,
at an average rate of 6% per year. Groundwater draft for do-
mestic purposes (Ddom) is estimated using the population cen-
sus of the Government of India and per capita per day (liters
per capita per day, lpcd) consumption of water. The per capita
water consumption varies from ~60 lpcd in rural areas to ~120
lpcd in urban areas. Domestic draft is projected to the water
year 2020–2021 based on annual population growth rate.
Subsequently, domestic draft is added to irrigation draft and
the total groundwater draft is incorporated in the model. For
the entire study area, groundwater draft for domestic use is
estimated to be 31 × 106 m3 for the year of study (2013–2014)
and projected to be 34 × 106 m3 for 2020–2021, an increase of
nearly 10% over a period of 8 years. Recharge from the rivers
(Rriv) and effluent seepage to rivers (Driv) are assessed using
the groundwater flow model utilizing limited observations of
river stages and river bed conductance. River bed conductance

(RC) has been approximated from hydraulic conductivity of
the riverbed (K), channel width (W), length of the channel
segment (L) and thickness of the riverbed sediment (T) using
the conductance formula (Eq. 1; SWS 2010)

RC ¼ K �W � L
T

ð1Þ

The values thus estimated range between 2,000 to 3,000
m2/day. Loss of groundwater through evapotranspiration
(ETgw) is one of the important components of water balance
computation (Narasimhan 2008; Shah et al. 2007; White
1932). More particularly, in the context of the study area
where summer temperatures go up to 45 °C, the water table,
in general, remains at a shallow depth. Due to the nonavail-
ability of ETgw estimates for the study area, ETgw is estimated
from available reference evapotranspiration values (Kumar
2014) using the partitioning factors, which in turn are estimat-
ed using the methodology proposed by Shah et al. (2007).
Following this methodology (Shah et al. 2007), spatially dis-
tributed ETgw partitioning factors are approximated using soil
type, vegetation type, groundwater level and landuse pattern.
Estimated annual ETgw varies from being negligible, in areas
with deep water level, to as high as ~1 m/year in agriculture
fields with shallow water table. The ETgw thus estimated is
incorporated as a key hydrologic flux in the groundwater flow
model developed here.

Model execution and calibration

In view of prevailing monsoon conditions, the water year in
India is considered to span from July through June (Rhode
et al. 2015). In the present study, the beginning and end of a
water year is considered to be the 1st of July and the 30th of
June, respectively—for example, the water year 2013–2014
refers to the period from 1 July 2013 to 30 June 2014. The
model is executed for a period of 8 years (2013–2014 to
2020–2021) starting from 1 July 2013. Before implementing
the model in transient mode, it was run with a steady-state
dataset. While it is difficult to assume a true steady-state con-
dition, as suggested by Anderson and Woessner (1992), it
might be more appropriate to assume that water levels mea-
sured during a certain period represent quasi steady-state con-
ditions under stresses that prevail during that period. Analysis
of monthly water levels in the study area shows that changes
in depth to water level during the months of July to August, in
almost all the wells, are negligible. Thus, prevailing condi-
tions during this period (July–August) can be considered to
be ‘steady state’ for the present flow modeling purpose.
Accordingly, the steady-state dataset for this study comprised
of recharge rate, groundwater draft, groundwater levels and
other parameters for the month of July, averaged over the
period 2013–2017. Observed water levels from a network of
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79 wells for the said period are considered as calibration tar-
gets. Since most of the observed data are available on a
monthly basis, stress period during model execution is taken
as 30 days (~1 month). Model calibration is performed in two
stages, manual calibration is followed by automated calibra-
tion. Manual calibration is performed for both steady-state and
transient-state simulations. The model is first calibrated using
the steady-state dataset. During steady-state calibration, only
the hydraulic conductivity values are systematically changed
to improve the match between observed and calculated heads.
Calibration is performed by manually changing the storage
parameters and recharge rates. After the manual calibrations,
automatedmodel calibration is implemented, using the param-
eter optimization module of Visual MODFLOW (WinPEST)
in order to improve the model results. During automated cal-
ibration, all the hydraulic conductivity and storage parameters
are considered together for optimization. All the 79 observa-
tion wells (with weightage of 1) are used for defining the
objective function. The ability of the model to reproduce the
observed groundwater levels is quantified using root mean
squared error (RMSE; Eq. 2).

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n
∑n

i¼1 X calc
i −X obs

i

� �2

r

ð2Þ

where n is the number of observations considered for calibra-

tion. X calc
i , X obs

i are the calculated and observed water-table
elevations in an observation well, respectively.

Calibration during the transient state run is performed
against observed water levels for the period June 2013 to
November 2016. Using the predicted groundwater draft
(Ray et al. 2017b), the model is run for the next 4 years (from
2016–2017 to 2020–2021) for prediction under different sce-
narios. Predicted water levels are further validated based on
water levels collected from five locations for 2 years, 2017
and 2018. Monitoring stations at these five locations (Fig. 1)
are part of the country-wide water level monitoring network
maintained by CGWB from which water levels are collected
four times a year.

Different test scenarios

The groundwater model thus developed is first implemented
assuming normal rainfall conditions. Here, normal rainfall is
defined according to the norms set by India Meteorological
Department (IMD), which is rainfall ranging between ±10%
of the long-term average (IMD 2020). Thereupon, model re-
sponse is simulated by running the model under different
stress conditions described in the following (Table 2):

1. Drought condition. As described in the previous sec-
tion, the model is executed for eight water years with
2020–2021 (July 2020–June 2021) as the final water

year. To test the response of the system to drought
conditions, year 2020–2021 is considered a drought
year. As per the criteria adopted by Indian National
Commission on Agriculture (Gupta et al. 2011), 25%
deficit in rainfall is considered as meteorological
drought. Accordingly, rainfall (and consequent re-
charge) in every month of the year 2020–2021 is taken
as 75% of that in a normal rainfall year. In addition to
the preceding, since the river flows are expected to
decline during a drought year, river stages are assumed
to be 0.5 m less than that during a normal rainfall year.

2. Surplus rainfall. Similarly, the final water year 2020–
2021 (July 2020–June 2021) in the model is assumed
to be a surplus rainfall year with 25% more rainfall
compared to normal rainfall. Accordingly recharge in
every month is considered to be 25% more than that
during years with normal rainfall. Since surface runoff
is also expected to increase during a surplus rainfall
year, river stages are considered to be 0.5 m higher than
that during a normal rainfall year. Analysis of annual
rainfall data from Raipur rain gauge station in Kharun
subbasin, as provided in Chandraprakash (2017), indi-
cates five instances of deficit annual rainfall (annual
rainfall <75% of normal rainfall) and six instances of
surplus annual rainfall (annual rainfall >125% of nor-
mal rainfall) during the period 1975–2015 (41 years).
Hence the probability of the year 2020–2021 being a
surplus or deficit rainfall year is almost equal.

3. Supply-side intervention. While many managed aquifer
recharge (MAR) interventions are possible (CGWB
2013), desilting of the existing waterbodies has been con-
sidered as a feasible and effective mode of increasing
recharge in the area. Hydrochemical and stable isotope
studies (Ray et al. 2017b) have shown that there is no
active intermixing of surface and groundwater even in
the vicinity of the ponds, which is possibly because of
siltation in the ponds and tanks. Therefore, desilting
may enhance the seepage rate from these waterbodies
and subsequently augment the available groundwater re-
sources. Since area-specific field observations are not
available, recharge from desilted ponds is estimated by
the following empirical relation (MoWR 2009).

Rpond ¼ Area� n� RF ð3Þ

where Rpond = recharge from ponds (106 m3); Area = wa-
ter spread area of the pond (km2); n = number of days
water remains in the pond, and RF = recharge factor (ra-
tio). Recharge from desilted ponds is estimated using a
recharge factor of 1.4 mm/day (MoWR 2009). In the
study area there are nearly 270 ponds with a total water
spread area of 33 km2. Assuming water remains in these
ponds for 150 days (August–December) after
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desilting, the total annual recharge is estimated to be
7.1 km3, which in terms of equivalent water depth
(considering the entire model domain) is 0.016 mm/
day. This additional recharge component is subse-
quently used in this study to simulate the effect of
supply-side intervention on groundwater resources.

4. Demand control. Flood irrigation is the dominant prac-
tice in the study area, which involves huge wastage of
water. As per the comprehensive mission document of
National Water Mission of Govt. of India (Anon
2008), use of sprinklers and other pressure irrigation
techniques may render a saving of 25–33% (average
30%) in irrigation water requirement as compared to
flood irrigation. Accordingly, groundwater draft for
irrigation could be reduced from the projected
groundwater draft of 307 × 106 m3 in 2020–2021
(Ray et al. 2017a) to 224 × 106 m3. This reduction in
draft is incorporated in the model, assuming a gradual
increase in area under pressure irrigation (from 30%
in 2018–2019 to 90% in 2020–2021).

While various combinations of the above stress condi-
tions are possible, the model is run for six different
scenarios and the corresponding results are discussed in
the successive section.

In scenario I, groundwater draft increases as per the predic-
tion of Ray et al. (2017a) and the area receives normal rainfall.
In scenario II, groundwater draft increases as per the predic-
tion of Ray et al. (2017a) and the year 2020–2021 is a drought
year with 25% deficit in rainfall, while scenario III is assumed

to be a condition where the year 2020–2021 is a surplus rain-
fall year with 25% more rainfall than normal rain. Other con-
ditions are the same as those in scenarios I and II. As such,
scenarios I–III represent three different rainfall conditions
without any management interventions. Further, this study
assesses the impact of management interventions that include
desilting of ponds, which resulted in enhanced recharge from
tanks and ponds, and 90% of the irrigated area is considered to
have been brought under pressure irrigation. Thus the model
simulates the effect of management interventions under nor-
mal (scenario IV), 25% deficit (scenario V) and 25% surplus
(scenario VI) rainfall conditions. In this set up, scenario I is the
business-as-usual scenario, scenario II represents the worst-
case scenario and scenario VI is the best-case scenario.

Fig. 5 Plot of observed heads vs calculated heads during steady-state run
of the groundwater flow model

Table 2 Major inflow and outflow components during the initial model period (2013–2014) and predicted scenarios for the year 2020–2021

Inflow and outflow components Year 2013–2014 Year 2020–2021

Without management interventions With management interventions

Scenario I
(normal rain)

Scenario II
(deficit rain)

Scenario III
(surplus rain)

Scenario IV
(normal rain)

Scenario V
(deficit rain)

Scenario VI
(surplus rain)

Business-as-usual
scenario

Worst-case
scenario

Best-case
scenario

Inflow components (mm)
Recharge from rainfall (Rrf) 54.1 54.1 40.4 67.3 54.1 40.4 67.3
Seepage from rivers (Rriv) 0.3 6.2 6.2 6.9 3.9 3.8 4.0
Return flow from groundwater

irrigation (Rirr)
34.8 50.6 50.6 50.6 36.9 36.9 36.9

Recharge from different surface
water sources (Rcanal)

8.4 8.4 5.1 8.4 16.3 9.1 16.3

Total inflow 97.6 119.3 102.3 133.2 111.2 90.2 124.5
Outflow components (mm)
Draft for irrigation (Dirr) 73.8 106.9 106.9 106.9 78.1 78.1 78.1
Draft for domestic purposes (Ddom) 10.8 11.9 11.9 11.9 11.9 11.9 11.9
Evapotranspiration losses (ETgw) 11.2 3.5 2.6 4.6 5.7 4.5 7.1
Effluent seepage to rivers (Driv) 12.6 12.2 12.1 12.6 16.5 16.4 16.9
Total outflow 108.3 134.5 133.5 136 112.2 110.9 114
Percentage of total outflow to

total inflow
111% 113% 131% 102% 101% 123% 92%
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Results and discussion

Model performance

In steady-state calibration, observed water levels could be
reproduced with a RMSE of 4.4 m (Fig. 5). In the transient

state model, the RMSE values for different months remain
mostly within 7 m. Barring a few exceptions, the calculated
heads remain within ±4 m of the observed heads (Fig. 5). The
steady-state calibration is found to be highly sensitive to hy-
draulic conductivity values; reduction in hydraulic conductiv-
ities resulted in an increase in calculated heads. Comparison of

Fig. 6 a Calculated and observed
hydrographs of water-table
elevations during the transient
model run. Hydrographs of
Ahiwara and Tarra represent
Chandi Limestone. The
remaining three hydrographs of
Marra, Tilkhairi and Tarkori
represent Gunderdehi Shale,
Charmuria Limestone and
Tarenga Shale respectively. b
Frequency distribution of
residuals obtained for the initial
time period during the transient
model run. The solid line
represents normal distribution.
Locations of these selected
monitoring stations are shown in
Fig. 1

Fig. 7 Calculated and observed
water-table elevations at different
times—a 1 day, b 92 days, c
183 days and d 273 days—during
transient calibration
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mass balance components estimated using Visual
MODFLOW 4.2 shows that discrepancy in the estimates of
input and outputs remained less than 1%. The observed
groundwater flow patterns during all the periods could be
reproduced. Five representative hydrographs of observed
and calculated heads are shown in Fig. 6a. Amongst these,
two monitoring stations represent Chandi Limestone
(Ahiwara and Tarra) and the remaining three represent
Gunderdehi Shale (Marra), Charmuria Limestone (Tilkhairi)
and Tarenga Shale (Tarkori; Fig. 1). Sufficient numbers of
water level measurements are not available for Chandarpur
Sandstone and Hirri Limestone, which are of limited spatial
extent. Visual comparison of observed and calculated
hydrographs (Fig. 6a) shows that they match each other,
reproducing the observed peaks and troughs. The RMSEs
for these hydrographs (Fig. 6a) vary from 1.66 (Marra) to
3.83 (Tarra). The frequency distribution of the residuals
(difference between observed and calculated heads) for

the initial time of the transient run (Fig. 6b) shows that
the residuals are more or less normally distributed and to
a large extent (~60%) the residuals lie within ±4 m.
Comparison of observed and simulated groundwater
levels during the transient run at four different time pe-
riods in 1 year is shown in Fig. 7a–d. The RMSE values
during these time periods vary from 4.4 to 7.5 m with
correlation coefficients ranging from 0.91 to 0.97
(Fig. 7); thus, it is evident that the calibrated model rea-
sonably reproduces groundwater level variations over dif-
ferent time periods.

Analysis of the spatial distribution of residuals (Fig. 8)
shows that the residuals (calculatedminus observed) lie within
±4 m over major portions (~70%) of the study area. The
highest residuals are observed in the southern part of the study
area, which is mostly occupied by Chamuria Limestone. A
landuse map (Fig. 9) of the area (after NRSC 2013) shows
that the majority of this part of the study area is cultivated
twice a year (double cropped). Since irrigation is primarily
based on groundwater sources, this is the area with intensive
groundwater draft (Fig. 9). The errors in reproducing observed
heads in the area (and elsewhere) may be attributed to uncer-
tainties in estimation of groundwater draft for irrigation (Ray
et al. 2017a). The error can also be attributed to uncertainties

Fig. 8 Spatial distribution of residuals in water-table elevations
(simulated minus observed) as obtained during the transient model run.
Water-level measurement points and river-stage observation points are
also shown

Fig. 9 Landuse/landcover map of the study area (after NRSC 2013)
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in estimation of aquifer parameters likeK and Sy. More precise
data on hydraulic properties and stresses could have enabled
prediction of water levels with greater levels of accuracy.
Notwithstanding the limitations, groundwater levels and their
variations in time have been adequately represented for re-
source management purposes.

Aquifer parameters and recharge rates

Initial estimates and calibrated values of aquifer parameters
(hydraulic conductivity and specific yield) are shown in
Tables 3 and 4. Thematic maps of modelled aquifer properties
are shown in Fig. 10. The horizontal hydraulic conductivity
(Kx =Ky) values of layer one (up to 100 m depth) range from
1.2 m/day in Chandarpur sandstone to 8.6 m/day in parts of
Chandi, Hirri and Gunderdehi Formations. Gleeson et al.
(2011) provided a review of permeability (k) values based
on calibrated models where the permeability values of carbon-
ates ranged from 1 × 10−16 to 1 × 10−8 m2. The hydraulic

conductivity (Kx and Ky in m/day) values of Precambrian
carbonates of Chhattisgarh Supergroup reported in this paper
range from 2.3 to 8.6 m/day, which in permeability (k) terms is
equivalent to 2.7 × 10−12 to 10.2 × 10−12 m2 and as such lie
within the typical range of 1 × 10−16 to 1 × 10−8 m2 for car-
bonates (Gleeson et al. 2011). These reported ranges of hori-
zontal hydraulic conductivity values are also comparable to
those adopted for flow modeling in carbonate aquifers of var-
ious ages in many previous studies (Gallegos et al. 2013;
Gonzalez-Herrera et al. 2002; Romanazzi et al. 2015).

However, the range of horizontal hydraulic conductivity
values (3.6 to 8.6 m/day, which is equivalent to 1 × 10−12 to
7 × 10−12 m2) obtained for Gunderdehi Shale and Tarenga
Shale are significantly higher than the typical range of values
(1 × 10−20 to 1 × 10−14 m2) obtained for ‘fine-grained sedi-
mentary’ formations reported by Gleeson et al. (2011). In fact,
hydraulic conductivity values of these shale units are rather
better comparable to those of the limestone units. This is pri-
marily because both Tarenga Shale and Gunderdehi Shale are
calcareous shale units with intercalations of sandstone and
limestone (Das et al. 1992; Mukherjee et al. 2014).
Patranabis-Deb and Chaudhuri (2002) also reported stromat-
olitic limestone within the Gunderdehi Formation from the
Baradwar subbasin. Though the shale units in the study area
have lower groundwater potential than the carbonates
(Chandarpur Limestone, Charmuria Limestone and Hirri
Dolomite), they often form good aquifers. Instances of
high sulphate in groundwater have been reported from
these shale units, which can be attributed to presence of
gypsum veins (Mukherjee et al. 2014). Ray et al. (2017b),
based on a study involving groundwater hydrochemistry,
had shown that dissolution of carbonates and sulphates

Table 3 Initial estimates and calibrated values of hydraulic conductivities of different hydrostratigraphic units (L1 and L2 represent the first and the
second model layers respectively)

Hydrostratigraphic unit Model layer Range of hydraulic conductivity values (m/day)

Kx =Ky Kz

Initial estimatea Calibrated value Initial estimateb Calibrated value

Hirri Dolomite and Tarenga Shale L1 3–6 3.55–8.63 0.3–0.6 0.3–1.98

L2 1.5–3 0.45–1.13 0.15–0.3 0.09–0.47

Chandi Limestone L1 3.5–6 4–8.6 0.35–0.6 0.4–1.98

L2 1.75–3 1.13–2.1 0.18–0.3 0.18–0.47

Gunderdehi Shale L1 3–6 3.55–8.63 0.3–0.6 0.3–1.98

L2 1.5–3 0.45–1.13 0.15–0.3 0.09–0.47

Charmuria Limestone L1 6 4.85–7.25 0.6 0.36–1.28

L2 3 0.91–2.31 0.3 0.11–0.48

Chandarpur Sandstone L1 1 1.2 0.1 0.065

L2 0.5 0.55 0.05 0.042

aGeneralized values based on limited pumping test data as detailed in the text
b Initial values of Kz were taken as 0.1· Kx

Table 4 Initial estimates and calibrated values of specific yield (Sy) of
different hydrostratigraphic units

Hydrostratigraphic unit Range of Sy values (%)

Initial estimatea Calibrated value

Hirri Dolomite and Tarenga Shale 0.04 0.0033–0.0305

Chandi Limestone 0.04 0.0042–0.0305

Gunderdehi Shale 0.0038 0.0033–0.0305

Charmuria Limestone 0.04 0.019

Chandarpur Sandstone 0.0038 0.0021

a Based on dry season water balance study as reported byRay et al. (2014)
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are predominant processes even in the shale units.
Consequently, these processes resulted in the formation
of solution cavities that contribute significantly towards
increase in the values of hydraulic conductivity. Vertical
hydraulic conductivity (Kz) values as obtained from the
auto-calibrated model range from 0.042 (m/day) in
Chandarpur Sandstone to 1.98 (m/day) in parts of
Tarenga Shale, Chandi Limestone and Gunderdehi Shale
(Table 3 and Fig. 10). Specific yield (Sy) values obtained
from the calibrated model also vary over a wide range,
starting from 0.002 in Chandarpur Sandstone to 0.03 in
par ts of Tarenga Shale , Chandi Limestone and
Gunderdehi Shale (Table 4). Spatial distribution of Sy is
shown in Fig. 10. Annual rainfall recharge rates are 3–
4.8% of rainfall in areas underlain by Chandarpur
Sandstone and Charmuria Limestone respectively. Even
within the same hydrostratigraphic unit, there is notice-
able variation in recharge rates in different seasons.
During the monsoon period the recharge rates in different
hydrostratigraphic units vary from 3% (Gunderdehi/
Chandi) to 4.8% (Chandi/Charmuria), whereas during

the nonmonsoon period the values vary from 5%
(Gunderdehi/Chandi) to 8% (Chandi/Charmuria).

Regional groundwater balance

Major water balance components considered in the present
model are discussed in section ‘Sources and sinks’.
Comparison of the input and output components under differ-
ent scenarios is given in Table 2. For ease of comparison, the
source and sink terms in the table are expressed in equivalent
water depth (in mm) by dividing the volume by the geograph-
ical area (i.e. 2,867 km2). The sum of all the input components
during 2013–2014 is 97.6 mm (279 × 106 m3/2,867 km2), of
which Rrf, Rcanal and Rirr account for around 55, 9 and 36%,
respectively. Seepage from rivers (Rriv) is estimated to be neg-
ligible (less than 1%). Similarly, out of the gross outflow of
108.3 mm (309 × 106 m3/2,867 km2), Dirr and Ddom account
for 68 and 10% respectively, while ETgw and Driv account for
~10% each. Recharge from rainfall and draft for irrigation are
the predominant inflow and outflow components respectively.
Return flow from irrigation (Rirr) contributes to a significant
portion (~25% in scenario III to ~50% in scenario II) of the
recharge. Rivers in the study area are mostly effluent in nature
(fed by groundwater) and contribute negligibly to groundwa-
ter recharge. More than 20% of the annual recharge is lost to
evapotranspiration (ETgw) and baseflow to the rivers (Driv). In
its entirety, total outflow (Dirr +Ddom + ETgw +Driv) exceeds
total inflow (Rrf + Rcanal + Rirr + Rriv) by ~10% during the ini-
tial year of study (2013–2014), thereby indicating
overexploited conditions.

Comparison of monthly averages of total inflow and out-
flow components for the year 2013–2014 (initial model peri-
od; Fig. 11) reveal that recharge from rainfall is the highest

Fig. 11 Monthly total inflow and outflow components (expressed in mm)
for the initial model year (2013–2014)

Fig. 10 Spatial distribution of hydraulic conductivity (Kx/Ky,Kz) and
specific yield (Sy) values as derived from the calibrated model
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during the monsoon months (July, August and September).
Inflows in the months of December, January, February and
March are attributed dominantly to return flow from ground-
water irrigation. Groundwater draft for irrigation is the highest
during December, January and February, which are the major
cropping months. High outflows during the months of July,
August and September, as shown in Fig. 11, represent effluent
seepage to the rivers.

Response of the aquifer system to projected changes
in stress conditions

As described in the previous sections, model simulations are
performed for six different scenarios that assumed probable
changes in stress (inflow and outflow components) for the year
2020–2021. Inflow and outflow components during the initial
model year (2013–2014) and in different projected scenarios
are compared in Table 2 and Fig. 12. Except for scenario VI,
total annual outflow exceeds total annual inflow in all cases
including the initial model year (Table 2 and Fig. 12). In the
simulations in which groundwater management interventions
have not been implemented, total outflow exceeds total inflow
by around 2% (131%) in the surplus (deficit) rainfall scenario
(Table 2 and Fig. 12). Comparison of water balance compo-
nents in the scenarios (scenarios IV–VI), in which management
interventions are included, reveal that in scenario IV total out-
flow does not exceed total inflow notably. With demand side
interventions, such as pressure irrigation in 90% of the irrigated
area, groundwater extraction in 2020–2021 is estimated to
come down almost to the level of extraction in the initial model
year (2013–2014). The results show that with the suggested
management interventions, even during a normal rainfall year,
groundwater draft is only marginally higher than the annual
recharge (Fig. 12; Table 2); however, under a deficit rainfall
scenario, groundwater draft is found to exceed annual recharge
by about 10% (Fig. 12; Table 2). It is important to note that,
while recharge augmentation measures, as simulated here, con-
tribute to only 10 mm of additional recharge (Table 2), demand
control measures have the potential to reduce groundwater draft
by ~28 mm (106.91–78.13). These estimates indicate that de-
mand control measures are more effective than recharge aug-
mentation measures.

Spatial variations in groundwater level for the year 2020–
2021, in comparison to those in the year 2013–2014, for dif-
ferent scenarios are shown in Fig. 13a–f. While Fig. 13a–c
depicts water-table variations in normal, deficit and surplus
rainfall conditions without management interventions,
Fig. 13d–f depicts those with management interventions. In
general, groundwater levels in the year 2020–2021 show
prominent decline in scenarios I–III when compared to those
in the year 2013–2014 (Fig. 13). In a normal rainfall year
(scenario I), up to 15 m decline in water level is observed
(Fig. 13a). Under a scenario where management interventions
are not implemented, the water table shows prominent decline
even during surplus rainfall year (Fig. 13c). On the other hand,
with proper management interventions, even in a normal rain-
fall year, water level in many parts of the study area show
significant rise in comparison to that in 2013–2014 (Fig. 13d).

In scenario VI (the best-case scenario), water levels in near-
ly one third of the study area show rise from 2013 to 2014
levels (Fig. 13f), although with a low magnitude. Years 2013–
2014 through 2019–2020, irrespective of the scenarios, repre-
sent overexploited conditions where total outflows exceed to-
tal inflows and hence groundwater level continues to decline
over this period. In the year 2020–2021 overexploitation is
predicted to worsen significantly in a business-as-usual sce-
nario, whereas with proper management interventions, it is
shown that overexploitation can be contained. In a surplus
rainfall year (scenario VI) groundwater levels even show rise
in comparison to present day water levels. This indicates that
groundwater levels are expected to completely recover (or
even rise) if such favourable conditions could be maintained
over the years.

Limitations

One of the major limitations for developing a regional ground-
water flow model is the lack of sufficient ground-based data
(Zhou and Li 2011), especially in the context of the Indian
subcontinent. Likewise, crucial aquifer properties like K and
Sy incorporated in the model are generally based on limited
field observations; thus, incorporation of more site-specific
data is bound to improve the model simulations significantly.
Moreover, the rivers and surface water flows are inadequately
represented in the model. An integrated surface-water/

Fig. 12 Comparison of different
annual inflow and outflow
components in the initial model
year (2013–2014) and in the year
2020–2021 under six different
scenarios. Inflow and outflow
components are given in Table 2
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groundwater model may provide better insights into the dy-
namics of groundwater in the area. Also note that, in this
study, model predictions, till the year 2020–2021, are based
on calibrations made only over a limited period of three years
starting from 2013–2014. Even though an extended calibra-
tion period might have improved the quality of simulations,
the comprehensive groundwater draft estimates required to do
so are only available for the years 2014 onwards. Further, an

equivalent porous media approach is implemented to represent
the hydrostratigraphic units in the area. Perhaps a detailed model
incorporating the properties of fractures/caverns, instead of as-
suming equivalent porous media, could have improved the accu-
racy of the model. However, here also, the data required for
incorporating such finer details into the flowmodel are practical-
ly impossible to obtain for the study area. Furthermore, only the
rainfall recharge estimate used in this study is based on area

Fig. 13 Projected decline in water level in June 2021 (year 2020–2021) with
reference to June 2014 (year 2013–2014) under six different scenarios—a
scenario I: normal rainfall without management interventions, b scenario II:
deficit rainfall without management interventions, c scenario III: surplus

rainfall without management interventions, d scenario IV: normal rainfall
along with management interventions, e scenario V: deficit rainfall along
with management interventions, f scenario VI: surplus rainfall along with
management interventions
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specific observations (chloride mass balance), whereas other re-
charge components such as seepage from canal water, return
flow from irrigation, and seepage from ponds and standing water
bodies, are based on predefined norms (MoWR 2009) only.
However, it is important to note that despite its limitations, the
model developed here has demonstrated its capability to aid in
the pursuit of actionable information on the dynamics and sus-
tainability of groundwater resources and to quantify different
water budget components at relevant spatial scales.

Conclusions

The Seonath-Kharun interfluve area is one of the most water-
stressed regions in the Chhattisgarh State of India. Nearly 1.8
million people living in the area are almost entirely dependent
on groundwater for drinking as well as irrigation purposes.
Moreover, the study area represents the complexities of
Precambrian sedimentary terrains and other hard-rock areas
in India, which cover nearly 70% of the country’s geograph-
ical area. Over a period of eight water years (2013–2014 to
2020–2021), irrigation and domestic drafts of groundwater are
predicted to increase by 44 and 10% respectively.
Groundwater development at this rate may be unsustainable
and is therefore likely to threaten the livelihood of the popu-
lace. Although groundwater management is an immediate re-
quirement, sufficient data, in appropriate scale, are not avail-
able to make informed management decisions. Further, the
study area, which is comprised of Precambrian sedimentary
rocks with the predominance of fractures, pose additional
challenges to understand groundwater flow dynamics and
quantify the different components of hydrologic balance.
This study provides an assessment of groundwater input and
output components, suggests feasible management interven-
tions and predicts the response of the groundwater system to
these interventions, using an equivalent porous medium
(EPM)-based groundwater flow model.

This study also demonstrates that the groundwater flow
model based on the EPM approach can be effectively used
in data-scarce areas for assessing and predicting groundwater
dynamics. In an earlier assessment of groundwater resources
in India (MoWR 2009), only 5–10% of annual recharge was
considered to account for natural losses like baseflow, while
no separate assessment of evapotranspiration losses from
groundwater was reported. Instead, the present study shows
that evapotranspiration and effluent seepage to rivers can be as
high as 20% of the total annual recharge. This study is also
consistent with the recently revised methodology for ground-
water resource assessment of India (CGWB 2017b), which
recommends separate assessments of all water balance com-
ponents including evapotranspiration and baseflow; hence,

the methodology adopted in the present study can be applied
for such assessments. Similarly, aquifer parameters (K and Sy)
and rainfall recharge rates as derived from the calibrated mod-
el are significantly different from the recommended norms for
estimation of groundwater resources in India (MoWR 2009)
and can therefore be used for refining the existing norms and
reported estimates.

In this study the groundwater flowmodel is run for a period
of 8 years starting from the water year 2013–2014 (July 2013
to June 2014). The model simulations represent response of
the local groundwater system to changing stress conditions, as
assessed under six different scenarios. Results from this anal-
ysis show that during the initial water year (2013–2014) the
total annual outflow exceeds annual input by 11%, and this
deficit increases to 13 and 31% for the 2020–2021 period
under business-as-usual and worst-case scenarios (drought
condition) respectively (Table 2). This underscores the neces-
sity of suitable management strategies to augment the re-
sources and/or restrict rampant groundwater extraction in or-
der to ensure better sustainability. There are approximately
270 waterbodies in the study area, which when desilted can
act as effective recharge structures and can contribute
~10 mm/year of additional recharge. Flood irrigation is the
predominant practice in the area, and it is observed that by
adopting pressure irrigation techniques (sprinklers and drip),
annual draft for irrigation in the year 2020–2021 can be
brought down from 106.91 to 78.13 mm. Model simulations
also reveal that demand control measures like reduction of
groundwater draft through adoption of efficient irrigation
practices can be more effective than supply side interventions
(augmenting groundwater recharge), while adopting both can
even help contain serious over-exploitation issues. In the best-
case scenario, with additional recharge from waterbodies, re-
duced draft (because of the adoption of pressure irrigation
techniques), and surplus rainfall (25% more rainfall than the
normal year), the total outflow for the year 2020–2021 could
be restricted to ~90% of the annual inflow. Further, compari-
son of groundwater level variations under different rainfall
scenarios along with and without management interventions,
reveal that management interventions have more pronounced
impact than the rainfall variations.

Availability of more input data based on site-specific tests,
and consideration of longer periods of observed data for cal-
ibration would certainly provide better insights into the re-
gional groundwater dynamics and improve the model’s pre-
dictive capabilities. However, in spite of the known limita-
tions, the current study provides the best available assessment
of existing and future groundwater scenarios in the study area,
which can be key to providing actionable recommendations at
local scale. This study also provides newer insights and re-
fined assessment of aquifer parameters and recharge rates,
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which can be used for groundwater assessment and manage-
ment in similar terrains.
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