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Abstract: Over-exploitation of groundwater in India’s fastest-growing metropolis, Bengaluru, has
resulted in wells being bored to unprecedented depths in a crystalline-rock aquifer. However, key
questions about sustainability of this extraction process remain unaddressed due to the complexity
of monitoring. Using primary surveys, this study looks at the spatio-temporal evolution of the wells
on a city scale, finding that catchments with deficient water infrastructure have deeper wells. To
maintain yields, well with depths >400 m are drilled, especially since 2000, leading to unsustainable
groundwater extraction. Camera inspections in 54 wells at Electronic City in 2016 and 2017 revealed
that water levels in the majority of the wells remained lower at depths <100 m, although some wells
had deeper water levels at depths >250 m. Analysis of §'80 and §?H signatures of groundwater
samples at all depths followed the local meteoric water line indicating recent recharge, implying that
drilling deeper only increases the borehole volume and does not tap into newer water sources. Water
levels in deeper wells may stabilize at lower depths, are subject to high spatial variability, density
of drilling, and high connectivity in upper zones. Given the interconnectedness between shallow
and deeper aquifers, our research shows that increasing borewell depths could be a good indicator
for falling aquifer water levels. This study fills an important gap in peri-urban, intermediate-scale
aquifer conceptualizations across different land uses and provides further evidence for the difficulties
of reliable groundwater monitoring in the over-exploited hard-rock aquifers of Bengaluru city.
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1. Introduction

Across Asia, growing urbanization puts pressure on groundwater resources, partic-
ularly in the cities of Delhi, Shanghai, Karachi, and Jakarta [1]. In developing countries,
urbanization is often accompanied by a lack of urban water infrastructure and increasing
water needs by peri-urban agriculture, resulting in an unsustainable use of groundwa-
ter [2]. Schwartz et al. [3] deplored the myths of groundwater sustainability in Asia that
erroneously claim its use without depletion of aquifers. Gleeson et al. [4] suggested that,
under such conditions, the governance of groundwater is more important for its sustainable
extraction than resource depletion. Moreover, the debate on estimating the availability of
groundwater resources based on recharge and management strategies can be traced back
to Bredehoeft [5]. He argued that there is a great need to better understand groundwater
capture based on an analysis of preferred flow paths to assess well recharge and productiv-
ity. In a recent review, Ferguson et al. [6] argued that investigations into the resource age
(fossil/paleo-groundwater or modern/recent-groundwater) through environmental tracers
may contribute to our understanding of how to bring groundwater resources back into
balance while maintaining flows. In any case, groundwater management in the rural-urban
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transition zone of Asian megacities needs to be studied in a broader social-ecological con-
text to effectively address challenges for a city’s food, water, livelihood, and environmental
security [7,8].

With an estimated 250 km?/year, India is the world’s largest groundwater user [9].
The lack of conjunctive management and infrastructure, but also insufficient wastewater
treatment, is blamed for the country’s growing urban groundwater problem [10,11]. More-
over, in many cases, little is known about characteristics of the aquifers [12]. In particular,
the hard-rock aquifers, which cover two-thirds of the country, are characterized by local
heterogeneity whereby the role of preferential flow paths (due to fractures) for the capture
and use patterns remain poorly understood [12,13]. In the peri-urban areas of the Deccan
Plateau, over-exploitation of groundwater has led to the drying up of natural streams
such as the Arkavathy River, adjacent to Bengaluru city [14-16]. Farmers in peri-urban
areas were noted to dig deeper wells than in rural areas, with the backup plan of selling
their lands if they run out of water [17,18]. However, hard data on the development of
the groundwater table in the thousands of deep wells drilled over the last two decades
are missing, and monitoring is limited to a few shallow wells, which are often discon-
nected from the real groundwater table [19,20]. Despite the government’s campaign to ban
new borewell drillings and a mandate to register existing borewells, the city continues to
rely on its growing number of ~500,000 illegal wells, of which an unknown number are
abandoned [21].

While it is well known that aerial electromagnetic surveys are useful to determine
hydrological lineaments or characteristics of the aquifer in a region or catchment, they
are often too expensive to be conducted. Similarly, individual well-logging is not feasible,
unless it is community-driven [22-24]. Although community participation in groundwa-
ter governance and management is widely acknowledged to be beneficial, participatory
groundwater programs typically cover only small areas and are limited to the small scale
recovery of water tables with minimal leakage [25,26]. Hence, the effectiveness of such
interventions depends on their ability to improve the performance of closed-loop systems.
However, major fluctuations in water levels in wells within small areas are noticed in peri-
urban Bengaluru, prompting the recommendation of periodic camera inspections in wells
rather than standard electrode readings to better understand flow paths [20,27]. Essentially,
decision support systems for groundwater governance on intermediate scales, such as the
peri-urban areas, would require local and intermediate-scale aquifer characterizations [28].

In view of the above, the goal of this study was to use borewell drilling data collected
from several sources to analyze the water table development of Bengaluru city across
several decades. We evaluated the aquifer characteristics on an intermediate scale in an
industrial peri-urban land-use cluster in the city using borehole cameras. Thereafter, stable
water isotope analysis was utilized to understand the flow of the groundwater in these
wells. We review prior hydrogeological conceptual models to identify and report on critical
processes in two peri-urban regions that have a significant impact on monitoring issues,
and the results are presented in light of long-term sustainability of groundwater extraction.

2. Materials and Methods

Bengaluru is situated at an altitude of 960 m on the South Indian Deccan Plateau
(Figure 1a) and receives an average annual rainfall of 860 mm [15]. The metropolitan
can be divided into six sub-catchments: the Upper Arkavathy Catchment (UAC) and the
Vrisbhavathy Catchment (VVC), which are tributaries to the Arkavathy river on the western
side of the city; and the Yellamallappa Chetty (YMC) Valley, Western Hoskote Catchment
(WHC), the Kormangala-Challaghatta Catchment (KCC), and the Bommansandara-Attibele
Catchment (BAC), all of which flow into the South Pinnakini river on the eastern side of
the city (Figure 1b). The underlying geology consists of fractured granites, into which
boreholes down to 400 m have been drilled.
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Figure 1. Location of Bengaluru, India (a); hydrological catchments and boundaries of Bengaluru city region (India) and

data used in the study (b).
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2.1. Reproducing Historical Groundwater Table Development of Bengaluru City

Primary data from well logs collected by local hydrogeological consultants, farmers
and borewell drillers were used to determine well depths and water levels on the city scale
over time [29-31]. Data comprised drilling depth, position (GPS/addresses), date, recorded
static water level, and pumping yield. While the collected data may be subject to some
uncertainty, its comprehensive nature allows for solid conclusions. Altogether, the dataset
comprised 1303 well depths, 640 water levels and 630 borewell yields (Supplementary
Materials—Primary Survey Well Depths).

We overlaid the well location data and the Cartosat digital elevation model (DEM),
available in the ‘Bhuvan’ portal of the National Remote Sensing Centre (NRSC), to obtain
the surface elevation of the borewells in a GIS environment. We thereby spatially divided
the dataset according to the six major surface water catchments delineated from the DEM
and overlaid Bengaluru’s administrative boundaries, such as the municipal, metropolitan
(urban district) and rural boundaries. We further intersected the households” groundwater
usage (shown ward-wise) and water supplied by piped water from Sekhar et al. [32].
From this, we chose areas (wards) in which more than 20% of the households depend on
groundwater, as a part of the peri-urban divide for further analysis (Figure 1b). Trend
analysis for the medians of yearly data at 10-year periods was performed as defined by
Hirsch and Slack [33] using the Mann—Kendall trend test (MK) included in the Regional
Kendall test (RK) package in R. Therefore, the Kendall’s tau value of the MK trend test
shows the increasing (t > 0) or decreasing trend (T < 0) at a 95% confidence level, and the
magnitude of trend is given by the Sen’s slope. A p-value of <0.05 shows the existence
of a monotonic trend. Further, we interpolated the most densely populated areas for the
urban and peri-urban transects using the inverse-distance weighting nearest neighborhood
method (IDW-NN) in QGIS [34].

2.2. Aquifer Characterization through Hydrogeological Investigations by Camera Inspection

For comparative assessment, we considered Ballukraya and Srinivasan’s [20] theories
of identifying wells suitable for long-term monitoring, namely, those with yielding fractures
below static water levels. We inspected 54 wells with a camera in the Electronic City (EC)
township (Figure 2) [15,35]. Electronic City covers an area of 3.3 km? and forms an integral
part of the rural-urban interface between the municipal and urban district boundary in
ridges of the BAC valley. It receives water from a piped supply since 2008, but the borewells
which are operational are still being pumped to meet local demands. EC has its own
municipality, which is bolstered by bottom-up approaches to long-term water management
and strictly enforces the ban on drilling further wells [36,37]. We took note of the well
drilling depths, static water levels measured, depth of casing pipes, submersible pumps,
yielding and dry fracture depths, and other well obstructions and plotted visualizations
of the aquifer structure (Figure A1l in Appendix A; Supplementary Materials S2—Camera
Well Logs, Sheet 2). There are four lakes within the sub-catchment, which undergo bed-silt
removal, likely leading to increased recharge. The 54 investigated wells are located in a
2.1 km? sub-catchment of the Hebbagodi Lake, which has an industrial land use in the
South of Bengaluru, as compared to the northern agricultural sub-catchment of Ballukraya
and Srinivasan [20].

Camera data were collected during a monitoring campaign in January 2016 and
February 2017. In order to cluster the wells based on depths, we used the cluster package
in R to do k-means clustering (k = 3) and create a hierarchical cluster dendrogram based on
the ward method [38].
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2.3. Hydro-Geochemical Investigations Using Stable Isotopes

Phase transitions cause changing signals in water isotopes, which help interpret runoff
generation processes and seepage dynamics [39,40]. We collected water samples in 41 of
the camera-inspected wells and the four lakes within a sub-catchment adjoining the ridge
of the BAC valley in Electronic City during April 2021. In the UAC, the sampling strategy
accounted for the camera-inspected wells from previous studies [20,41]. In February 2020,
five samples of surface water (tanks), and 16 wells were collected in the Hadonahalli
sub-catchment of UAC. Rainfall isotope data (79 samples) collected between 2017 and
2018 were taken from secondary sources [27,41] (Supplementary Materials S3). During the
pumping and sampling collection, it was noted that in many cases the borewell ‘sucks air’
or ‘lags’, before beginning to yield water again. Hence, we collected the recharged pumped
water to assess the isotope signatures. All water samples were analyzed for the stable
isotopes 180 and ?H using cavity ring-down spectroscopy (PICARRO L2130-I, USA at the
University of Kassel). Stable isotopes are reported as §'80 and §>H—that is, as deviation
from Vienna Standard Mean Ocean Water (VSMOW). For comparative reasons, the Global
Meteoric Water Line (GMWL) derived by Dansgaard [42] and the Regional Meteoric Water
Line (RMWL) for South India reported by Kumar et al. [43] were used.

3. Results and Discussions
3.1. Spatio-Temporal Trends in Borewell and Groundwater Table Depths in Bengaluru City

Bengaluru’s borewells are currently drilled to a maximum depth of 430 m (Figure 3a).
Taken together, the collected data show that borewell drilling depths have steadily increased
for the past 20 years. The majority of the recorded static water levels, on the other hand,
remain at lower depths ranging from 10 m to 60 m. This could be due to the accumulation of
water in the shaft during the drilling process. More significantly, recorded borewell yields
have not increased, while borewell depth has (Figure 3b). This means that drilling deeper
wells did not boost well functionality or tap into newer fracture zones, but rather aims at
sustaining water yields. The reason could be that the well’s storage ability for percolating
water is improved in deeper wells. This confirms that drilling deeper is not a sustainable
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Figure 3. Temporal evolution of drilling depths (m) and reported Static Water Levels (SWL) (m) in the Bengaluru region,
India (a). Temporal evolution of reported borewell water yields in m?/h (b).

In the two decades following the year 2000, median drilling depths increased, whereby
this pattern was more pronounced in the peri-urban and rural transects (Table 1). This
matches well with the more poorly developed pipeline infrastructure for water supply
and the higher dependency on groundwater in these areas as shown by Goldman and
Narayan [44]. The lower median depths and groundwater levels in the urban and southern
catchments (KCC and VVC) may be partly explained by anthropogenic recharge due to
wastewater discharge and supply pipeline leakage [45]. On the other hand, because the
southern catchment of BAC lacks water supply infrastructure, the associated drilling depths
were larger. The catchments of UAC and WHC in the northern part of Bengaluru have
relatively deeper drilling depths than the YMC, which has better infrastructure [46,47].

Table 1. Spatio-temporal distribution of median drilling depth, static water levels and reported yield in Bengaluru, India.
(UAC—Upper Arkavathy Catchment; YMC—Yellamallappa-Chetty Catchment; WHC—Westerm Hoskote Catchment;

KCC—Kormangala-Challaghatta Catchment; VVC—Vrishbhavathy Catchment; BAC—Bommasandara-Attibele Catchment;
NA—no data available).

Location Category
Parameter Time Period Spatial Valleys
Urban Peri-Urban Rural UAC YMC WHC KCC vvC BAC

Drilling depth Pre-2000 NA 120.1 105.1 120.1 63.1 105.0 NA NA 115
of borewells 2000-2010 125 152.2 180.2 180.2 141 195 140 83 152
(m) 2011-2020 211 264.6 301.8 300 261.3 300 198 188 331
Static water 2000-2010 12 15.0 23.8 15 433 50 15 18 13
levels (m) 2011-2020 18 29.0 46.4 36 35 38 15 16 76
Reported 2000-2010 2.45 2.0 4.0 2.0 2 2.0 2 2 3.2
yieldm®/h 50112020 3.5 4 39 2 275 NA 34 35 3.5
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The drilling slopes, i.e., the rise in drilling depth over time, in the rural and peri-urban
areas were 16.9 and 15.4 m/year, respectively, from 2000 to 2010 (Table 2). The slope of
12.3 m/year (2010-2020) in the drilling depths of the peri-urban areas agrees well with
Sekhar et al. [32], who estimated a 10-12 m decline in groundwater levels between 2016 and
2017 in 154 wells, even though the authors explained this drop by lower rainfall amounts
in 2017. Between 2000 and 2010, the slope of drilling depths was steepest, ranging from
4.8 m/year to 17.1 m/year. In the next decade, slopes in drilling depths decreased in the
northern catchments, the rural areas, and the peri-urban zone. There was no significant
trend detected in the southern catchments of VVC and BAC. This may be explained by
unequal distribution in the water supply pipeline in Bengaluru after 2010 and the increased
return-flow recharge in the southern catchments [16,32,47,48].

Table 2. Results of the Mann-Kendall trend test (Sen’s slope) for rise in borewell depths in Bengaluru, India. n.s.—not
significant (p > 0.05); NA—no data available.

Mann-Kendall Trend Analysis—Sen’s Slope

Parameter Time Period Spatial Valleys
Urban Peri-Urban Rural UAC YMC WHC KCC VVC BAC
L Pre-2000 NA 3 6 7 NA 3.30 NA NA NA

Rise in
drilling depth ~ 2000-2010 13.0 154 16.9 17.1 49 135 154 12 11.25
of borewells 50112020 5.6 123 75 6.1 8.5 2.6 42 ns. ns.
(m/year)

1960-2020 10.7 7.4 9.0 9.3 8.0 7.1 8.3 8.5 9.70

The spatial interpolation revealed an overall increase in well depth, even in urban
areas, from 2000 to 2010 (Figure 4a,b). Deeper wells in metropolitan areas were found in the
wards with the largest household water usage, as illustrated by Mehta et al. [48]. However,
it must be noted that there is substantial spatial heterogeneity within the borewell depth
dataset of one decade. Thus, the interpolated values do not represent the real groundwater
surface of the corresponding decade.
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Figure 4. Spatial interpolation through IDW-NN of well depths in meters below ground level (m.bgl) for urban and
peri-urban transects of Bengaluru, India, (a) 2000-2010 and (b) 2011-2020.

3.2. Aquifer Conceptualization at Electronic City, Bengaluru

Electronic City lies in the BAC catchment, which experienced an average rise in
drilling depths of 9.7 m/year between 2000 and 2020 (Table 2), representing the highest
increase in drilling depth of all catchments. The results of the clustering based on drilling
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depths yielded three clusters: type-A wells with depths of 56 m-112 m (19 wells), type-B
wells with depths of 120 m-246 m (25 wells), and type-C wells with depths of 300 m—-435 m
(10 wells; Figure 5). The results of the camera inspection in the wells revealed that 20% of all
the fractures occurred at 15 m-30 m and 94% of the fractures lie at 0 m-240 m (Figure A2).
The clustering adequately reflected the observed fracture zones across depths in the wells.
In order to understand the vertical flow in the aquifer rather than the lateral flow in the
systems, the camera inspections of 54 wells in EC were plotted along with the fractures
and static water levels (Figure Al).
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Cluster analysis of wells based on depths in Electronic City, Bengaluru (India) using the ward method.

The water levels in the wells are also influenced by the fractures, which differed spa-
tially and across depth. The static water levels in the type-A wells remained at 10 m—30 m.
To facilitate well recharge, typically, borewells are lined with a casing of mild-steel, galva-
nized iron, or perforated plastic pipes up to a depth of 30 m and have a diameter of 11 to 16
cm. Similarly, 22 of the 25 type-B wells showed static water levels at depths of 10 m—90 m.
The camera visuals revealed the cascading flow of water from the upper yielding fractures
into the borewells, indicating recent recharge of water. The water levels in these wells
stabilized at lower depths (70 m—-110 m), owing to the collected stocking up of water
from the upper yielding aquifers. In type-C wells, we also noted that groundwater levels
decreased with increasing depths of wells in EC but were mostly dependent on the yielding
fractures (Figure A3). For example, well 4, which is 390 m deep and has only one fracture
at a depth of 42 m, had a lower static water level at 284 m than well 26, which was also
390 m deep but had multiple fractures at various depths and a static water level of 70 m.
Similarly, well 5 (437 m deep), which is 30 m apart from well 4, had lower static water levels
in 2016, with 327 m. Wells 25 and 26, which are 25 m apart, had identical fracture zones
at different depths, showing spatial homogeneity. While the water levels in both wells
were similar in 2016, we noticed that, when well 26 started pumping in 2017, the water
levels in well 25 dropped by a hundred meters. Well 26 and 3 had six and three yielding
fractures in both years, while the stagnant water level measurements in well 5 and 17 rose
by 100 m in 2017, with two yielding fractures at depths > 90 m. Collins et al. [27] pointed
out that groundwater levels in the fractured crystalline aquifer can fluctuate dramatically
depending on rainfall. It is also important to note that recharge not only occurs through
rainfall, but also through the gardening and recharge-wells in many campuses and broken
water infrastructure. The camera inspections in combination with the clustering confirmed
the existence of three types of wells for an urban part of Bengaluru, first proposed by
Ballukraya and Srinivasan [20] for rural Bengaluru (Figure 6). We observed that six out
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of the 10 type-C wells had yielding fractures below water levels for both years and could
therefore be selected for further groundwater monitoring (Table Al).

Well type
A C B

Well numbers % Fractures

1 2 15 17 12 19 41 42 5 B 5 BB
9260~ T =TT
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Figure 6. Conceptual aquifer of Electronic City, Bengaluru, India, based on camera inspections shown
as elevation in meters above mean sea level (msl).

Although the deeper zones of the aquifer have fewer fractures and higher connec-
tivity is found only in the upper zones, extensive groundwater extraction has resulted
in increased vertical connectivity through cascading flows. Thus, stabilized water levels
in the wells do not represent traditional water tables or saturation levels, as found in
porous aquifers [20,27]. Over-extraction of groundwater, on the other hand, has caused a
long-term annual decline in water tables in certain peri-urban regions. For example, in
the BAC, Yadav et al. [49] reported a 5 m~7 m/year drop in the water table. Similarly, the
water table in the peri-urban regions of the nearby Kormangala-Challaghatta (KCC) valley
declines at a rate of 10 m per year [32,45]. While these estimates differ, it appears that an
average 9.7 m/year increase in borewell depth may be a valid predictor of the decrease
in groundwater table, despite the fact that this will strongly vary, reflecting significant
heterogeneity and preferred flow pathways. Moreover, Chandrakanth [50] observed that
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local hydrogeologists, also known as water-diviners and well-drillers, have the tendency
to drill deeper than necessary to improve groundwater access to users.

On the brighter side, the high connectivity across depth suggests that groundwater
conservation and managed aquifer recharge may help restore and maintain groundwater
tables. Even though 2016 was a drought year with only 810 mm of rainfall compared to
1621 mm in 2017, water levels in the EC wells did not change significantly. This is consistent
with the findings of Sekhar et al. [32], who argued that in both built-up and agricultural
land, larger floods and insufficient storm water management result in enhanced recharge
during monsoons via indirect pathways such as lakes, recharge pits, and abandoned
borewells, resulting in higher water tables. Several studies have demonstrated the benefits
of rainwater harvesting projects such as the “one million recharge wells”, which, however,
has its own debate on the direct or indirect effects of aquifer recharge [37,51,52]. In any case,
in the long-term water level monitoring, water stockpiling must be taken into account.

3.3. Hydro-Geochemical Analysis of Stable Isotopes in Water

Given that most of the type-C wells receive water from yielding fractures below the
SWL at a depth > 245 m, the question of whether this water is recently recharged water or
consists of paleowater remains important. The 5'80 isotopic concentration of groundwater
samples ranged from —4.38%. to —2.01%0, and the §*H concentrations from —27.3%o
to —15.4%., whereby variation in isotope signatures varied little with bore well depth
(Figure 7a,b). Previous studies mention high temporal consistency in isotopic signatures
due to the fractured aquifers” high connectivity and mixture [39,40]. This might explain
the small variation in isotope signals in the type-B wells of our groundwater samples
and the general similarity across depths. Seasonal variations of 5°H and §'80 values in
rainfall are high in Bengaluru (Figure 8), as they depend on event-specific rainfall amounts,
which are even projected to become more erratic in the future [53]. All isotopic signals
of groundwater samples collected in this study fall within the range of rainfall samples
and are located at or below the Regional Meteoric Water Line [42] in the dual isotope plot,
which indicates recent recharge with little evaporation. Moreover, this is also supported
by the fact that groundwater signatures of both the UAC and the BAC catchment fall well
within the range of rainfall signatures (Figure A4).

If the groundwater pumped from the aquifer was fossil, stable water isotope signatures
above the meteoric water line could be expected, as shown by Kumar et al. [54] for Tamil
Nadu, India, or as generalized by Wenninger [55] for the whole of India. This is supported
by Singh et al. [56], who used a systematic approach to select and filter well samples using
environmental isotopes such as 20 and radiogenic isotopes such as H and '#C to estimate
groundwater age and characterized modern age water in most of the wells in the adjoining
KC valley. To obtain further information about the ‘real” groundwater, we recommend
sampling from the type-C wells in EC (Table A1), which have yielding fractures below the
SWL, and thus might be representative for deep groundwater. While our stable isotope
studies indicate that current rainwater plays a dominant role in groundwater recharge in
Bengaluru’s wells across depths, it cannot be excluded that paleo groundwater played a
role in the past. It may be well possible that all paleo-groundwater has been extracted in
previous decades, resulting in, as Ramesh [57] describes, “cities that are already living in
permanent day zero conditions”. On the other hand, the recent recharge would allow for a
sustainable management of the groundwater resources, which was not the case in the last
decades. Long-term groundwater management should therefore aim to decrease the rise in
drilling depths, which leads to increased well abandonment, while also maintaining the
quality and quantity of groundwater [6].



Sustainability 2021, 13, 12149 11 0f 20

100 -
(a)
&
5 200-
$
&
A
300 -
Well Type
BE A
B s
100- Bc
g 200-
=
g
A
300 -

24 20 16
02H%o0

Figure 7. (a) Stable isotope concentration of §'80%. samples from borewells in Bengaluru, India,
in different depths. Groundwater values do not seem to have a variation across depth. (b) Stable
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Figure 8. Dual isotope plot of rainfall (R), surface waters (SW) and groundwater (GW) samples
against the regional meteoric water line by Kumar et al. (2010) and the global meteoric water line

given by Dansgaard (1964).

3.4. Strengths and Limitations of the Study

The dataset used in this study consists of the largest number of bore well data used
for groundwater table analysis in this region. However, even the more than 1300 borewells
included here only represent a very small amount (<1%) of the existing borewells in and
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around Bangalore. Still, we argue that the main characteristics of the borewell evolution
of the region are captured in our dataset, since the dataset covers a large area, significant
trends could be detected and the heterogeneity typical for hard-rock aquifers is included in
the camera inspections. However, given the aquifer’s high connectivity and the complex
indirect recharge process, we must keep in mind that the findings cannot be generalized
into land-use-based lateral boundaries in such dynamic peri-urban transitions. While the
study offered solid information on well selection for future monitoring, it did not allow
to collect data on seasonal variations in water levels in the wells. Although the isotopic
samples in our analysis indicate modern water and thus recent recharge at all depths, other
radioactive tracers such as tritium or *C are needed to determine the age of water, which
was not done in our work. In addition, to test the conceptual aquifer model at EC and to
better comprehend flow routes and interconnectedness in the wells, long-term time and
depth discrete monitoring of isotopic samples would be required.

4. Conclusions

This research examined the development of Bengaluru’s groundwater table during
the last few decades. The trends in borewell drilling depth can be divided into three
phases: pre-2000, when deeper drilling began, 2000-2010, when massive deeper drilling
occurred, and 2010-2020, when a slow fading out of deeper drilling was observed, with
no discernible trend in the southern and municipal areas due to improved infrastruc-
ture. Our findings show that borewell depth has strongly increased, while water yields
remain similar, indicating the unsustainability of drilling deeper wells. Camera inspections
confirmed that water levels in the wells are solely determined by rock fractures, not by
well depth. The results of the waters’ isotope signatures support this conceptual model
and suggest that all groundwater pumped in the Bengaluru region is recently recharged.
However, considering the increase in drilling depths, current recharge may not provide
for the long-term groundwater sustainability of this aquifer. Recursive and continuous
monitoring of groundwater levels and sampling for isotopes, as well as the monitoring of
all factors related to anthropogenic groundwater usage, would be necessary to identify
local groundwater recharge processes as a base for sustainable groundwater management.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Figure A1. Logs of camera-inspected wells in EC.
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Figure A2. Percentage fractures v/s depth in wells of EC noted through camera inspection. Note that fracture density is
highest between 30 and 120 m and drastically reduces at deeper depths.

@) (b)

Figure A3. Pictures of dry fractures (a) and yielding fractures (b) in the camera-inspected wells in EC.
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Figure A4. Dual isotope plot of samples from UAC (agricultural LU) and EC (industrial LU). Note there is no significant
difference in isotopic concentration indicating recent recharge in wells at all depths in both catchments.
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Table Al. Details of inspected wells and selections for further monitoring.

Selection for

Well No. LAT LON Elevation Catchment  Depth (m) Well Type Yiell;:iz;gvl;jxsc tll:lres S\/IVanngOlm SVIVanbi(;ﬂ d_180 d_2H Fufthe.r
Monitoring
1 12.84056  77.66333 918.02 EC 90.09 A - 9.9 234 -3.61 —20.94 No
2 12.84667  77.65944 914.11 EC 75.08 A - - 42.0 —3.79 —21.54 No
3 12.85028 77.65778 915.92 EC 132.13 B - 39.0 0.0 - - No
4 12.85222  77.65861 915.62 EC 390.39 C - - 287.1 —3.83 —21.43 No
5 12.85250  77.65889 915.62 EC 437.84 C 290 m 227.0 326.0 —3.80 —21.21 Yes
6 12.85278  77.65972 915.62 EC 300.30 C 256 m 212.0 95.1 —3.84 —21.58 Yes
7 12.84361  77.66222 919.22 EC 75.08 A - 45 101.8 -3.71 —20.81 No
8 12.84722  77.65972 924.62 EC 135.14 B - 88.6 111.1 —3.82 —22.05 No
9 12.84306  77.66278 918.62 EC 159.16 B - 84.1 22.6 —3.66 —19.69 No
10 12.84306 77.66444 913.81 EC 104.20 A - 13.5 28.8 —3.81 —21.39 No
11 12.84389  77.66333 915.92 EC 150.15 B - 118.6 142.3 —3.29 —17.31 No
12 12.84361  77.66361 915.92 EC 300.30 C 246 m 5.7 9.1 —3.04 —15.53 Yes
13 12.84444  77.66611 914.41 EC NA - - 25.5 52.3 —3.88 —21.20 No
14 12.84444  77.66611 914.71 EC 210.21 B - 49.5 46.8 —3.47 —17.94 No
15 12.84583  77.66778 918.02 EC 45.05 A - 11.4 5.0 —3.54 —19.04 No
16 12.84667  77.66639 918.02 EC 63.06 A - 9.6 3.0 —3.35 —17.24 No
17 12.84694  77.66972 917.12 EC 390.39 C - 235.7 36.0 —3.41 —17.77 No
18 12.84667  77.66917 918.02 EC 90.09 B - 15.0 9.0 —-3.25 —17.08 No
19 12.84722  77.66889 918.62 EC 330.33 C - 249.8 55.0 —3.54 —18.76 No
20 12.84639  77.67028 915.32 EC 87.69 A - 60.1 19.8 -3.39 —17.78 No
21 12.84639  77.67056 914.11 EC 317.42 C - 101.5 0.0 - - No
22 12.84583  77.67056 913.21 EC 84.08 A - 51 —2.01 —8.47 No
23 12.83639  77.65778 924.02 EC NA - - 7.5 2.3 —3.30 —17.77 No
24 12.83694  77.66028 924.62 EC 84.08 A - 36.0 14.4 —3.44 —19.49 No
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Table A1. Cont.

Yielding Fractures

SWL 2016

SWL 2017

Selection for

Well No. LAT LON Elevation Catchment Depth (m) Well Type below 245 m m.bel m.bel d_180 d_2H Further
8 08 Monitoring
25 12.83861 77.66250 927.63 EC 300.30 C 246 m 189.2 3.6 —3.10 —16.14 Yes
26 12.83861 77.65361 921.02 EC 390.39 C 324 m 70.6 25.3 —3.40 —18.68 Yes
27 12.83528 77.66167 919.52 EC 165.17 B - 22.5 7.8 -3.29 -17.87 No
28 12.83583  77.66250 921.02 EC 180.18 B - 18.0 6.0 —3.26 —17.74 No
29 12.83667  77.66222 922.22 EC 246.25 C - 16.5 6.9 —3.56 —19.33 No
30 12.83611 77.66306 921.32 EC 90.09 A - 18.6 6.6 -3.61 —-19.51 No
31 12.83722  77.66500 920.12 EC 120.12 B - 19.5 38.4 —3.77 —21.43 No
32 12.83639  77.66417 922.52 EC 120.12 B - 22.5 0.0 - - No
33 12.84167 77.66722 907.81 EC 300.30 C 268 m 180.8 16.5 -3.75 —21.58 Yes
34 12.84167 77.66694 908.41 EC 195.20 B - 24.6 —3.65 —20.54 No
35 12.84139  77.66806 907.21 EC 180.18 B - 16.5 —3.84 —22.39 No
36 12.83972  77.66361 923.42 EC 75.08 A - 16.5 15.6 -3.85 —20.79 No
37 12.83806 77.66222 927.63 EC 105.11 A - 12.0 21.0 —-3.16 —17.55 No
38 12.83778  77.66194 925.83 EC 54.05 A - 16.5 27.3 —3.34 —18.84 No
39 12.84194 77.66361 919.52 EC 111.11 A - 33.3 24.0 -3.52 —18.78 No
40 12.84250 77.66444 915.32 EC 162.16 B - 24.0 27.6 —3.52 —19.51 No
41 12.84139  77.66250 926.73 EC 210.21 B - 54.1 22.8 - - No
42 12.84056  77.66056 932.43 EC 174.17 B - - 43.8 - - No
43 12.84056 77.66028 932.73 EC 100.60 A - 20.7 0.0 - - No
44 12.84417  77.66472 914.41 EC 300.30 C - - 21.3 —3.37 —21.16 No
45 12.83972  77.65944 932.13 EC 180.18 B - 117.1 16.8 -3.37 —18.08 No
46 12.83972  77.66000 932.73 EC 90.09 A - 15.0 15.0 —-3.77 —18.15 No
47 12.83944  77.65889 930.63 EC 75.08 A - 27.6 21.0 - - No
48 12.83917 77.65917 930.33 EC 195.20 B - 106.6 118.0 - - No
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Table A1. Cont.

Yielding Fractures

SWL 2016

SWL 2017

Selection for

Well No. LAT LON Elevation Catchment  Depth (m) Well Type below 245 m m.bel m.bel d_180 d_2H Further
8 08 Monitoring
49 12.84000 77.65972 932.43 EC 195.20 B - 127.6 84.4 - - No
50 12.84167  77.65972 929.73 EC 120.12 B - 345 10.5 - - No
51 12.84194  77.67361 899.10 EC 150.15 B - 131.5 0.0 - - No
52 12.84361  77.67250 901.50 EC NA - - 0.0 - - No
53 12.84361  77.66583 910.81 EC 120.12 B - 12.0 36.0 - - No
54 12.84389  77.66583 912.01 EC 0.00 - - 12.0 - - - No
55 13.37326  77.54279 921.45 UAC 300.30 C - - - —4.18 —26.77 Yes
56 13.37467  77.54362 921.51 UAC 330.33 C - - - —4.14 —25.72 -
57 13.37457  77.54628 921.57 UAC 291.29 C - - - —4.17 —25.61 -
58 13.37685  77.54425 921.63 UAC 300.30 C - - - —3.95 —24.73 -
59 13.37647  77.54704 921.69 UAC 300.30 C - - - —3.99 —24.72 -
60 13.37504  77.54667 921.75 UAC 285.29 C - - - -3.59 —23.47 -
61 13.37619  77.54893 921.81 UAC 204.20 C - - - —4.08 —25.73 -
62 13.37495  77.55093 921.87 UAC 258.26 C - - - —3.33 -19.71 -
63 13.37559  77.54523 921.93 UAC 288.29 C - - - —3.43 —21.40 -
64 13.37176 ~ 77.54237 921.99 UAC 273.27 C - - - —2.95 —20.55 -
65 13.37908  77.54788 922.05 UAC 258.26 C - - - —3.03 —20.95 -
66 13.37936  77.54912 922.11 UAC 282.28 C - - - —4.38 —27.29 -
67 13.37880  77.54986 922.17 UAC 264.26 C - - - —3.60 —21.93 -
68 13.37808  77.55135 922.23 UAC 270.27 C - - - —4.22 —26.28 -
69 13.37815  77.55211 922.29 UAC 324.32 C - - - —4.22 —25.49 -
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