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1. INTRODUCTION

The great significance of the Ganga River basin (Fig. 1) can be appreciated by the fact
that it sustains about 40% of the population of India. The densely populated Ganga-
Yamuna Doab (GYD) area of about 1,00,000 sqg. km in Uttar Pradesh holds complex
hydrological system and faces a variety of surface and groundwater related problems.
The Ganga Plain is well known for multi-layered aquifer system and blessed with
Himalayan rivers with glacial source. It currently faces dwindling of ground water level
due to inadequate recharge and over exploitation. People are forced to deepen the
depth of hand pumps and pumping wells to extract groundwater for their domestic,
industrial and agricultural needs. Lowering of the groundwater level is resulting into
drying (especially during summers) of many branches of rivers that are not directly fed
by glaciers.

Ganga and Yamuna rivers that act as life line to the region, are most severely affected
by the anthropogenic pollution caused by municipal untreated sewerage disposal,
urban solid waste, biomedical hazardous waste, etc. Paleo channel study at Ganga-
Yamuna Doab near Prayagraj has established that river Ganga has got connectivity
with the adjoining and underlying principal aquifer at places (Chandra et al., 2021).
The river Yamuna, which is highly polluted and connected to the underlying aquifer
near Prayagraj (UP), can potentially induce contaminant migration into the surrounding

aquifer system.

The Ganga Basin is one of the most active regions tectonically and has suffered
various episodes in the past. Major tectonic trends from Peninsular shield into Ganga
plain led to classify it into seven tectonic zones viz., Monghyr-Saharsa ridge, East Uttar
Pradesh shelf, Gandak depression, Faizabad ridge, West Uttar Pradesh shelf, Sarda
depression, and Delhi-Haridwar ridge. The Ganga and Yamuna rivers, though running
parallel with an intermediate distance of about 50 km or more in upper Ganga plain,
most likely have subsurface connectivity at places all along its path, especially at
places of disturbances leading to the possiblity of exchange of contaminations through

underlying aquifer.

Lowering of water table not only reduces the quantum of groundwater resources

availability, but also forces the utilization of the old water that might be enriched with

;;:6} CSIRNGRI Page8| 77
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more dissolved solids. Besides this, lowering of the water table may also induce

activation of arsenic release into the groundwater due to change in hadrochemical
environment. For example, even though arsenic rich mineral is present in the
subsurface, it may not release arsenic into the groundwater unless and until there is a
reducing environment. The researchers have established that the excessive
groundwater extraction, may be the vital reason for creating a zone of aeration in
subsurface containing arseno-pyrite. Under aerobic condition, arseno-pyrite
decomposes and releases arsenic that mobilizes to the subsurface water. This
mobilization is further enhanced by the compaction of aquifers caused by groundwater
withdrawal (Safuddin and Karim, 2001). Therefore, there is a strong need of increasing
the groundwater recharge to arrest the groundwater depletion and also to rejuvenate

the river system for safe and secured water availability.

The government of I ndia has embarked u
GANGEO t op andl ejavanatalthe Ganga River. To have a comprehensive
knowledge, perspective planning and management for an integrated land and water
management in this area, it is essential to have precise understanding of aquifer
geometry and the dynamics of multi-layered aquifer system of Ganga Plain with
network of rivers, its tributaries and river-aquifer linkages on a regional basis. The
CGWB, Ministry of Jal Shakti, Govt., of India has started a flagship program on Aquifer
Mapping and Management in the year 2012. Under this program, CSIR-NGRI carried
out pilot heliborne geophysical mapping (AQUIM) in six major hydrogeological settings
and very encouraging and promising results were obtained. The project has also set

guidelines for terrain wise optimal data density for aquifer mapping.

A'"
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Figure 1: Elevation map of Ganga River Basin. The Block-A represent the current pilot area, where
Heliborne Geophysical mapping has revealed 45 km long Paleo channel. Block-B is the proposed area

as extension of Block-A to be surveyed to track encountered paleo channel west ward. (Locations of
Prayagraj, Kaushambi and Kanpur may be shown.)

Based on above experience, another pilot program of paleo channel mapping and
establishing its linkages with principal aquifers was conceptualized. Central Ground
Water Board, MoJS, Govt. of India accepted the proposal and it was decided to initiate
with a small pilot area around the Prayagraj close to the confluence of rivers Ganga
and Yamuna between Prayagraj and Kaushambi districts. It was also expected that
the investigation will be extended towards upstream site on the success of this project.
The CSIR-NGRI has carried out Heliborne geophysical survey employing multi-
moment transient electromagnetic and magnetic surveys. Heliborne geophysical
survey was initially carried out within the CGWB approved block-A with 1200 sg.km
area (Fig. 2). Besides high-resolution 3D aquifer maps down to 500 m depth, it has
revealed 4 km wide and 14 km long resistive linear channel and was inferred as buried
paleo channel. To confirm the finding at larger scale, heliborne survey was extended
towards Kaushambi city in the west (see A* area in Fig 2). The extended survey

' CSIRNGRI Pagell| 77
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confirmed that it is not coincidental and localized feature but a large-scale feature

T

continuing up to 45 km till western limit of the survey area (Fig. 2).

Northing (utm 44N)

520000 530000 540000 550000 560000 570000 580000 590000 600000
Easting (utm 44N)

57.3 100 200 3236
Elevation [m]

Figure 2. AEM resistivity map on horizontal plain showing river Ganga, Yamuna, and newly discovered
paleo channel.

Consequent upon the new discovery of paleo channel and ability of AEM survey to
identify the subsurface connectivity including 3D aquifer settings, the study area was
extended further westward to trace the extension of the paleo channel including the
hydrogeological linkages of river and aquifers settings. Knowledge on the subsurface
connectivity between Ganga and Yamuna rivers is very crucial in planning of Ganga
cleaning as well as in protecting the safe groundwater resources. Therefore, the study
area was extended up to Kanpur in continuity from Kaushambi as shown in Block-B in
Figure 3. It covers around 50 km wide zone over Ganga and Yamuna rivers totaling to

8500 sq. km area between Kaushambi and Kanpur districts.
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Figure 3. Block A and A+ are surveyed area that has revealed buried paleo channel. Block B is
extended survey area to trace the newly discovered paleo channel at Prayagra,j.

1.1 ABOUT STUDY AREA

Most of the region is covered with thick sediments, in the south with Kaimur, Semri
and Rewa group formations. Vindhyan formation and Bundelkhand craton are
exposed south of the study area and go under the cover of alluvia that increase in
thickness towards north. These alluvia are eroded and transported from Himalaya in
the north and north-west as well as Vindhyan formation from south. The study area is
located in the Ganga river basin, which is an active foreland basin and is the largest
established alluvial tract in the world formed by the Indus, the Ganga and the
Brahmaputra rivers (Sinha et al., 2005; Tandon et al., 2008). The evolution of Ganga
foreland basin was initiated by the collision of Indian plate with the Eurasian plate in
Early Eocene (50 Ma ago) (Garzanti et al., 1987; Singh, 1996; Singh, 2003; Ding et
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S
al., 2005; Green et al., 2008; Najman et al., 2010; Clift et al., 2012; DeCelles et al.,
2014)

Topographic elevation is relatively flat (~ 100 m) for most of the study area, and
reaches up to a maximum of ~ 250 m in south of Yamuna river. The Ganga shows a
broad channel course with short wavelength of meandering, whereas, Yamuna shows
a sharp channel with long meandering wavelength (Fig. 4). It is associated with the
morph-fluvial characteristics and underlying formation beneath these rivers. Figure 4
also shows recently discovered paleochannel by AEM surveys near Prayagraj passing

through Sarai Akil and Manjhanpur.

Easting

80°0'0"E 81°0'0"E 82°0'0"E

26°30'0"N [ 26°30'0"N
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Figure 4. Elevation map of the Ganga-Yamuna doab between Prayagraj and Kanpur, Uttar
Pradesh .

Water level map is prepared for the year 2008 and 2017 showing depth below the ground
surface and elevation (Fig. 5). Unfortunately, number of observation points for year 2008 and
2017 are not the same and hence difference in spatial pattern of water level is quite obvious.
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In general, water level is found varying from around 3 to 30 m below the ground surface and
around 75 to 130 m elevation above mean sea level. With the above distribution pattern, major

direction of groundwater flow appears to be from north-west to south east.
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Figure 5. Water level map for the year 2008 and 2017 shown as depth below ground level (left)
and elevation (m, amsl).
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e

2. OBJECTIVES

Major objectives of the project are:

~

A Tracking the inferred paleochannel further northwestward in the inter-fluve

region

p2)

3D Mapping of Principal Aquifers system

p2)

Establishing linkages between aquifer system including paleochannel with river

system

po]

Locating sites suitable for development of a plan for Managed Aquifer Recharge

YOG
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3. MATERIAL AND METHOD

Study starts with compilation of the existing data base in the area followed by
Heliborne geophysical (Magnetic and multi moment TEM) surveys over the Ganga 1
Yamuna Doab region, starting from Kaushambi to Kanpur districts. The heliborne
geophysical data was planned to be acquired along 5000-line km flight lines with
varying spacing starting initially with coarse grid and followed by finer grid in interesting
anomalous zones. After analysing the AEM data QC result, infill flight lines were
added in zone of interest as well as hydrogeologically complex zones to increase the
resolution. AEM data was also acquired all along the Ganga and Yamuna rivers for
the purpose of high resolution river-bed characterization with special reference to see
the hydrogeological linkage of river with underlying aquifer system. Tie lines cutting
across various flight lines profiles in orthogonal direction runs either side of the ganga

and Yamuna rivers. Major steps are as follows:

A Compilation of existing data on geophysical, hydrogeological and
geomorphological studies in the region
A Reconnaissance study to visualize the ground conditions, HT power line

network, cultural noise and prepare the survey plan.

p>]

Heliborne Geophysical surveys over coarse grid flight line and followed by
infill flight lines over interesting areas

p>]

Concurrent ground geophysical, geological and hydrological investigations

>

Selection of drill sites, verification through ground based studies and drilling

borehole and logging.

p>]

Building conceptual hydrogeological models from geophysical and borehole
data.

>

Translating AEM data into lithological model and extracting aquifer maps.
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3.1 Helicopter based airborne electromagnetic and magnetic

surveys

The most advanced SKkyTEM312 system is employed for TEM data acquisition. The
system is configured in a standard two-moment setup ( low moment ¢ Mdand high
moment &M@ to obtain a full dB/dt decay curve (sounding curve). The system
instrument setup with the positioning of the various components placed over octagon
frame with transmitter and receiver coils are shown in figure 6. The origin is defined at
the center of the transmitter coil. The receiver coil and the receiver instrument are

modelled using first order low-pass filters.

GPS1
GPS2
TL1
TL2
i HE2
AN X
RX coil u‘/'|'|_ 1 A
Ny LA g,
- ] direction
N2
HE1
TX coil
Y

Figure 6. Instrument setup for the SKyTEM system used. HE 1 and 2 are laser altimeters, TL 1
and 2 are Inclinometers, GPS 1 and 2 are GPS sensors, Tx is the transmitter.
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Total weight 630 kg

Length carrier frame 28 m

Width carrier frame 16.5m

Length tow cable 35m

Carrier frame Rigid aerodynamic composite

Nominal terrain clearance 3571 60 m above any obstacles or
hazards *)

Capability of production speed on survey | 60-150 kph

lines

Max airspeed ferry 10 m/s i if gusty wind or demanding
terrain conditions the max wind will be
reduced

Operational temperature -30°C to +45°C

Transmitter

Moments Dual (low and high)

Transmitter area 341 m?

Transmitter current ~5 Amp (LM) and ~120 Amp (HM)

Peak moment ~3,000 NIA (LM) & ~500,000 NIA (HM)

Rep. frequency 275 (LM) & 25 Hz (HM)

To ensure no changes to the system during the mapping, repeated measurements
were performed by hovering on a specific spot in the vicinity of the landing ground.
This is done every time the helicopter takes off or returns from a flight. A high altitude
test conducted near the test area to identify the system response. The test was
performed by measuring at an altitude where the ground response is negligible. Each
production flight includes bias tests performed on the way to and from the production
lines. Where cloudiness permitted, they were performed at altitudes of 300 m or more.
The bias tests are similar to the high-altitude test and serve to identify changes in the
system response between flights. These data have been further used to model very

early time records that enables to get information within top 2 m depth level.
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The position of the frame is measured with two independent GPS receivers, which
record data continuously with an uncertainty of ~3 m. The roll and the pitch of the
frame are measured and used to correct the altitude and voltage data. It is presumed
that the frame is rigid so that the tilts of the transmitter and receiver are identical.
During the processing, a running mean is calculated for the roll and the pitch. The
distance between the transmitter coil and the ground is measured with two
independent lasers. Figure 7 shows an altitude data example over open country and

a minor forest area.

. Retlections from tree iops
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Figure 7. Green and red dots are raw data from the two laser altimeters. Brown dots are the resulting altitude
after filtering the data. The time window holds approximate 2km of data.

The aim of the altitude data processing is to remove reflections that do not come from
the ground - typically reflections from tree tops. The processing is based on the fact
that reflections from tree tops etc. result in apparently lower altitude. Altitude
processing is done using an algorithm that filters out data by repeatedly making a
polynomial fit to the data while removing data that are some meters below this
polynomial. The reflections from treetops are removed. The automatic filtering is
followed by a manual inspection and correction. In the end the individual soundings

are assigned the correct elevation by using a DEM taken from SRTM data.
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3.2 Processing of the SKyTEM data

3.2.1 Airborne magnetic data

Processing of the magnetic data involves the application of traditional corrections
to compensate for diurnal variation effects prior to gridding. Levelling was performed
on each block separately. Geosoft magnetic data processing tools are applied as
follows:

1 Processing of static magnetic data acquired on magnetic base

1 Pre-processing of airborne magnetic data

o Stacking of data to 10 Hz.

0 Moving positions to the center of the system.

Processing and filtering of airborne magnetic data
Standard corrections to compensate the diurnal variation
IGRF correction

Gridding

= =/ 4 =

3.2.2 Airborne electromagnetic data

The software package Aarhus Workbench was used for the processing of the
SkyTEM data. The aim of processing was to prepare data for the geophysical
interpretation. The processing primarily includes filtering and averaging of data as
well as culling and discarding of distorted or noisy data. The data is stored in a
database. The settings for the different processing steps are also stored.

Processing can be divided into four steps:

1. Import of raw data into a fixed database structure. The raw data appear in the
form of .dat-, .sps- and .geo-files. Dat-files contain the actual transient data from
the receiver. Sps-files contain GPS positions, tilts, altitudes, transmitter
currents etc. and the geo-file contains system geometry, low-pass filters,

calibration parameters, turn-on and turn-off ramps, calibration parameters, etc.
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2. Automatic processing: First, an automatic processing of the four data types is
used. These are GPS-, altitude-, tilt- and TEM data. This automatic processing
is based on a number of criteria adjusted to the survey concerned.

3. Manual processing: Inspection and correction of the results of the automatic
processing for the data types in question.

4. Adjustment of the data processing based on preliminary inversion results.

All data is recorded with a common time stamp. This time stamp is used as key
when linking data from different data types. The time stamp is given as the GMT
time. In the following a short description of the processing of the different data types

is shown.

3.3 Inversion

Inversion and evaluation of the inversion result are done using the Aarhus Workbench
software package. The underlying inversion code is developed by the Hydro
Geophysics Group, Aarhus University, Denmark (Christensen et al., 2011). The
information about the near-surface geology is contained in the early part of the
sounding curve (figure 8). In order to improve the resolution of the near-surface
geology, it is important to be able to obtain useful data as early as possible on the
sounding curve. The signal from the very early times also contains a signal from the
instrument itself. This interfering signal is called the coil response as it is caused by
the coupling of the primary field to the receiver coil. Normally, gates are discarded
where the coil response is more than about 5% of the measured signal. Usually, this
means that only gates from approximately 11-12 us after turn-off can be used. With
the colil response inversion concept, the signal is adaptively compensated for the coil
response signal so that the coil response affected gates in the interval 2-11 yus may

also be included in the interpretation.

The size of the coil response signal is determined by making measurements at very
high altitude (> 600 m) and high altitude (> 300 m) tests before and after every flight.
Here the signal from the ground makes out just a tiny proportion of the measured
signal, which instead is dominated by random background noise and coil response. If

data are averaged, the random background noise will be stacked out, and the coill

A'"
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response signal can be quantified. With system response, very early time data has

been model that starts from 2 - 4 pys. At 300 m altitude, the primary field response is

measured which is used for modelling of the very early response.

le-06

el Mery early time
1e-08 ‘\/ .
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Figure 8. AEM measured response for very early time, low and high moments

The coil response signal is not constant for a full survey. There may be slight variations
in the level during each flight, and the level can also be displaced if the receiver coil is
repositioned a few millimetres due to a hard landing. The shape of the coil response
signal, however, is assumed to be constant. With this in mind, the coil response signal
simply cannot be subtracted from the measured signal and applied to the early time
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gates. Instead, a coil response function is introduced with the coil response inversion
concept which, during the inversion, adaptively compensates for the coil response.
Inversion with coil response correction is progressing similar to the normal inversion.
The total forward response, consisting of the normal forward responses plus a
contribution from the coil response function, is compared with the measured signal
shown in figure 9. Small adjustments of the inversion parameters and the level of coil
response function are performed before the next comparison. This continues until the
total forward response is sufficiently close to the measured signal to consider the

inversion completed.

l} A
3 Forward modelling 3 Data
o o
o Response + b
- coil response -
Inversion
Resistivity
Thickness
Altitude
Coil response
Log time Log time

Figure9. Inversion with coil responsmrrection. The total forward response (blue curve) consisting of the
normal forward response (green curve) plus a contribution from the coil response function (red curve), is
compared to the measured signal (black curve). Small adjustments of the ingaraimeters (that

determine the normal forward response) and the level of the coil response function are performed before
each comparison until the total forward response is sufficiently close to the measured signal.

The colil response function is introduced based on the following assumptions:

1 The shape of the coil response function is fixed and identical to the coil

response signal at high altitude. The level of coil response function is variable.
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1 Major variations in the level of coil response function from flight line to flight
line can occur.
1 Only minor variations in the level of coil response function from sounding to

sounding is present.

Within the Aarhus Workbench those assumptions can be applied by using coil
response settings that a) sets the level of the coil response with a loose prior constraint
to the level of the high altitude test. b) Sets a tight lateral constraint to the level of the
coil response along the flight line. If the inversion needs to shift the level of the coill
response function along an entire flight line, it can do so as long as the level from

sounding to sounding does not change too much.

The spatially constrained inversion (SCI) uses constraints between the 1D-models,
both along and across the flight lines, as shown in Figure 10. The inversion is a 1D full
non-linear damped least-squares solution in which the transfer function of the
instrumentation is modelled. The transfer function includes turn-on and turn-off ramps,
front gate, low-pass filters, and transmitter and receiver positions. The flight altitude
contributes to the inversion scheme as a model parameter with the laser altimeter

readings as a constrained prior value.
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4. SURVEY PLANNING & DATA ACQUISITION

Heliborne Geophysical (magnetic and dual moment transient electromagnetic) data
has been acquired along the flight and tie lines shown in Fig. 11. We collected data at
varying flight line distance totaling to ~5000 LKM. Initially acquired along the coarse
grid flight lines i.e. at every 3 km distance running across the Ganga-Yamuna river in
NE-SW directions. Some orthogonal tie lines are also planned with a spacing of ~15
km (almost five times the flight line spacing). The acquired heliborne geophysical data
of each flight was analyzed on daily basis, where after initial correction for altitude,
noise removal, etc. laterally constrained inversion was performed. Based on the data
QC result of the AEM data along the coarse grid flight and tie lines, additional infill
lines were added in the zone of interest for high-resolution information. AEM data also
acquired all along the Ganga and Yamuna rivers to characterize its river bed with
special reference to hydrogeological linkages or connectivity with underlying and or

surrounding aquifer system.

The study area has been challenging from the point of low altitude flying and data
acquisition due to several high-tension power lines network, sometimes located quite
close to each other. In addition to the HT power lines, there are dense network of low
tension, domestic and industrial power lines, metalled roads, and railway tracks,
number of villages, towns / cities, etc. These set up not only create challenge of low

altitude flying but also data quality.
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Figure 11. Survey flight and tie line distribution and infill lines at varying spacings. Flight lines are
also added over river Ganga and Yamuna for their river bed characterization. Restricted zone

marked due to defense installation and urbanization
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5. RESULTS AND DISCUSSION

5.1 Airborne Magnetic results

Total magnetic field intensity (TMI) map was prepared after all the corrections and
shown in figure 12. TMI has shown around 700 nT variation that starts from 46998 to
47704 nT. The Vindhyan formation and Bundelkhand craton exposed in south of the
study area, under thin cover of alluvium in the study area, have observed relatively
low TMI.

80° 0,' 0"E ' 1 1 82° 01 0"E
26°30'0"N [ N 26°30'0"N
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5
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- .~"Inferred 3 =
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| I I |
80°0'0"E . 82°0'0"E
. Easting
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47407
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47011

Figure 12. Total magnetic intensity (TMI) map after IGRF correction, inferred magnetic lineament
marked with dash-dotted line and impact of Bundelkhand craton.

The TMI is found in increasing order of magnitude towards north west, where depth of
Vindhyan formation increases. Granite or granitoids that form the Bundelkhand craton,
is usually observed with low TMI values. The TMI distribution pattern showed strong
directionality striking ENE-WSW revealing impact of the Upper Vindhyan and
Bundelkhand Craton. Based on the special distribution pattern of magnetic values, a
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lineaments are inferred and termed as magnetic lineament. It would be interesting to

see its characteristics with special reference to hydrogeological significance at shallow
level. The AEM resistivity will be used to characterize these lineaments, if visible

impact is at shallow level.

5.2 Airborne TEM Results

The overall survey results were found very satisfying in a challenging area specially
due to dense network of power lines including number of HT power lines (Fig. 11). The
acquired geophysical data, after pre-processing and filtering the noisy data, is found
of very good quality. The data level is found decreasing with increase in the flying
heights. The noisy data has been culled over to remove the coupling effects. The AEM-
low moment data has been subjected to filtering of the primary field response from
helicopter. It resulted into utilization of low moment data from 4 us (termed as super
Il ow mo me n that fir&iddd mfprmation from the top soil. The high moment EM
data with late gates provide deeper information roughly from ~20 m to 500 m depth in
favourable conditions. Combining LM (including SLM) and HM data provides seamless

information from soil to 500 m depth.

5.2.1 Depth of Investigation

Depth of investigation (DOI) is defined as the depth at which about 90% of the
sensitivity to the subsurface layers occurs. The DOI is quantified based on a
recalculated sensitivity (Jacobian) matrix of the final model [Christiansen and Auken,
2012]. The DOI is found varying from ~300 m depth to ~550 m depth below ground
surface except a few small patches of low DOI in north and north west part of the area
(Fig. 13). Low DOl is also found along a few narrow linearly elongated zone, which
appears to be more influenced by power lines. Due to high level of cultural noise, late
gate signals are, probably more influenced noise being closure the HT power lines,

resulting into low DOI.

The depth of investigation is restricted at places of thick conductive zones caused

either by thick piles of clays and/or salinity. In such conditions, depth of investigation

A'"
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is restricted at lesser depth as the strong induction from the shallow layer acts as
shielding layer.
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Figure 13. Depth of investigation (DOI) map of AEM survey result

5.2.2 Mean Resistivity Map

Mean resistivity map (MRM) has been prepared at 10 m depth intervals to visualize
spatial distribution pattern resistivity with depth. The model falling below DOI has not
been considered while creating MRM maps. MRM of 10 m thickness are presented
at every 50 m interval for visualization of resistivity distributions. The measured
resistivity is cumulative effect of physics and chemistry of the formation. Resistivity
range and its distribution pattern with prior knowledge of geological settings helps in
mapping precisely the geological and hydrogeological settings. For example resistivity
of alluvium varies from around 5 to 500 Wm or more, which can be further sub
classified as clay or silt dominance (5-20 Wm) or sand dominance including pebble
and boulders (15-500 Wm or more). Drier the sediment, higher the resistivity.

However, in presence of water (resistivity of water: ~15-20 Wm), measured effective
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resistivity decreases to the lower value. In case of deteriorated groundwater quality
(increase in salinity), effective resistivity may further decrease to lower value falling
below 1 Wim. The Vidhyan formation and Bundelkhand craton is expected to pose
contrastingly higher resistivity than the alluvial sediments. The above-mentioned

criterion will be used to analyze the resistivity distribution pattern.
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Figure 14. Mean resistivity map (MRM) at 0-10 m depth between Kaushabi and Kanpur districts

Figure 14 shows mean resistivity map of 0-10 m depth. High resistivity (40-100 Wm)
patches all along the Ganga and Yamuna rivers exhibit sand deposits or in other words
river channel deposits. The northern half of the area associated with ganga river is
dominated by sand deposits, whereas adjoining southern area associated with
Yamuna River is dominated by clay/silt sediments. Ganga River holds greater channel
deposits than the Yamuna River. Tributaries of Yamuna i.e. Sengar and Rind,

seasonal rivers, do not show noticeable channel deposit.

The mean resistivity map of 40-50 m depth reveals clay deposits all along the Ganga
river except a few places (Fig. 15) . This indicates that the bottom of present day
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Ganga River is within 40 m depth. Similar observation is also found associated with
Yamuna River. In the central portion, resistive zone between ganga and Yamuna
rivers qualify as potential aquifer. Besides this, its meandering pattern and connection
with ganga and Yamuna rivers indicate that they might be most probably
paleochannel. A small patch of relatively high resistivity is observed in south east

corner that show presence of Vindhyan.

80°0'0"E ‘ 82° 0" 0"E

= Depth: 4650 m

26°30'0" N \ "‘~.\1

.......

Clay sediments

..........

N 26°30'0" N
I\

Northing

25°30'0"N 25°30'0" N
{4 Sy
/ P n :
80°0'0" E ) 82°0'0"E
. Easting o
Distance (m) Resstmtiw;
I 40
0 50000 100000 3 &0 500

Figure 15. Mean resistivity map at 40-50 m depth between Kaushambi and Kanpur districts

Magnetic lineaments inferred from magnetic map are also plotted to study if its impact
can be seen at shallow level. We observe noticeable shift/difference in resistivity
pattern as well as river positions associated with most of the magnetic lineaments.
Yamuna and Ganga both the rivers are observed around 15 km shift towards north-
east, which is found associated with L4 magnetic lineament. Such parallel shift are also
observed with L3 and Lz also. Such parallel shift with almost similar magnitude in both
the rivers on either end of lineaments indicate that they are most probably fault,
displacing the associated blocks laterally on either side of the lineament and hence

shift in the river course.
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Figure 16. Mean resistivity map at 90-100 m depth between Kaushabi and Kanpur districts

Moving further down to 90-100 m depth, mean resistivity map shows dominant
occurrences of sandy sediments in south western part associated with Yamuna River
(Fig. 16). In contrast, zone associated with Ganga River in northern half is more
occupied by clay/silt rich sediments. Significant displacement of rivers as well as in
sediments are also seen continuing in similar pattern as at 40-50 m depth. Vindhyan

formation is found progressing towards north with depth.

Mean resistivity map at 140-150m depth revealed Vindhyan formation extending up to
30 km towards north (Fig 17). Whereas in the western side, it is observed in close
vicinity of the Yamuna River. Tectonic shift in sediments is found almost in similar
pattern as upper level. The magnetic lineament L3 appears to be induced by or
influencing boundary of the Vindhyan formation. The lineament L4 divides resistivity
and conductive zone on either its side. The zone close to Kanpur appears to be more
dominated by clay rich deposits as well as salinity revealed by dominant conductive

patches.
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Zone associated with Ganga River is dominantly occupied by conductive from 50 m

downward. The same time resistive dominance is seen with in the zone associated
with Yamuna river with progressing extension of Vindhyan formation towards north
from 50 m depth to downward. Such occurrences indicate that the sediment deposit
in zone associated with Ganga River is of Himalayan origin. Sediments far from the
source have smaller size and are observed with relatively low resistivity. Whereas
zone associated with Yamuna River have sediment deposits from Vidhyan formation
in south. Source formation being closure, large size grains are deposited that exhibit
high resistivity.
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Figure 17. Mean resistivity map at 140-150 m depth between Kaushambi and Kanpur districts

Similar pattern is continued at deeper level at 200 m depth revealed by mean resistivity
of 190-200 m depth (Fig 18). Vindhyan formation further move north ward close to the

present day Ganga River in the north-east of the area.
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Figure 18. Mean resistivity map at 190-200 m depth between Kaushabi and Kanpur districts

Further moving to 240-250 m depth, mean resistivity map reveals that almost half of
the study area from south are occupied by Vindhyan formation (Fig. 19). The magnetic

lineaments not only show resistivity contrast within alluvial sediments but also in

Vidhyan formations (Fig. 19 & 20).
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Figure 19. Mean resistivity map at 240-250 m depth between Kaushambi and Kanpur districts
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Figure 20. Mean resistivity map at 290-300 m depth between Kaushambi and Kanpur districts
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6. Tracking the inferred paleochannel further north
westward in inter-fluve region

I
=

Dimension of inferred paleochannel (PiaPig) in Ganga-Yamuna doab between
Prayagraj and Kaushambi districts is around 4-6 km wide and 15 m thick buried under
10-15 m thick soil cover. To track its extension further westward, mean resistivity map

(MRM) between kaushambi and Kanpur is prepared at 5 m interval within top 50 m

depth.
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Figure 21. Mean resistivity map and inferred paleochannel at 10-15 m depth between Kaushambi
and Kanpur districts

MRM at 10-15m depth shows a signature of paleochannel (P1aPisor P1ag) extension
westward in terms of relatively resistive zone from its surroundings (Fig. 21). The
resistivity, though thin and patchy especially in central and western part, continued in

meandering pattern till western and northern margin of the study area and in branches.

Page37| 77



REPORT ON AQUIRERPPING WITH FOCUSONERAL ! bb 9 [ {

Besides the west ward extension of the inferred P1as paleochannel between Prayagraj
and Kaushambi, an additional resistive (sandy) sediment deposits in linear pattern
emerges that joins directly to Yamuna river at P2a near Parvejpur. Patchy occurrences
of inferred paleochannel extension improved significantly at 15-20 m depth showing
strong connectivity (Fig.22). Extension of paleochannels Pias and newly emerged
paleochannel are PisPicPip, P18P1cP1ie and P2aP2sP2c (Fig. 22). Full length of these
inferred paleochannel can be mentioned in short hereafter as Pisp located between
Shamshabad (Kaushambi) and Binaur (Karnataka), Pige between Shamshabad and
Satan villages, P2ac between Parvejpur and Gajner villages. The branch of
paleochannel Pice observed to be crossing the present Ganga River needs to be cross

verified.
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Figure 22. Mean resistivity map and inferred paleochannel at 15-20 m depth between Kaushambi
and Kanpur districts
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These paleochannels further improved in terms of their channel deposits moving further down
to 25 m depth and reflected as increased resistivity (Fig. 23). Resistivity signature of
paleochannel starts fading downward at 25-30 m (Fig. 24), most of the branches change their
course or disappear. For example, i) Pice shift as Pice and ii) branch of paleochannel flowing
from Laghura towards Shashabad disappears (Fig. 25).
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Figure 23. Mean resistivity map and inferred paleochannel at 20-25 m depth between Kaushambi
and Kanpur districts
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Figure 24. Mean resistivity map and inferred paleochannel at 25-30 m depth between Kaushambi

and Kanpur districts
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Figure 25. Mean resistivity map and inferred paleochannel at 30-35 m depth between Kaushambi
and Kanpur districts

The paleochannel Pigc starts fading between between 25-35 m depth, almost at the same

time period as its another branch (P1 s 9 start appearing towards north that joins Ganga River
near Kunda village. The Branch P1B6C appears ver

almost all the branches, starts slowly fading at deeper level (Fi. 26-28).
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Figure 26. Mean resistivity map and inferred paleochannel at 35-40 m depth between Kaushambi

and Kanpur districts
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Figure 27. Mean resistivity map and inferred paleochannel at 40-45 m depth between Kaushambi

and Kanpur districts
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Figure 28. Mean resistivity map and inferred paleochannel at 45-50 m depth between Kaushambi

and Kanpur districts
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Figure 29. Mean resistivity map and inferred paleochannel at 15-25 m depth between Kaushambi
and Kanpur districts with inferred paleochannel
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Figure 30. Mean resistivity map and inferred paleochannel at 25-50 m depth between Kaushambi

and Kanpur districts

The inferred paleochannels can be divided broadly into two depth zones: 1) 15-25 m, 2) 25-
50m. The depth zone-1 reveals extension of paleochannels that was discovered near Sarai

Akil
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7. 3D Mapping of Principal Aquifers system

AEM resistivity has been utilized to identify different litho units such as sand, silt, clay,
Vindhyan formations, etc. depending on their range of resistivity. For example sandy
layers, in general, pose resistivity in range of 25-100 Wim. These van be further sub-
categorized into fine to coarse grained sand. Larger the size of grains higher is the
measured resistivity. However, quantum and quality of water further modify the
resistivity. Silt and clay with finer particle size found with low resistivity (5-30 Wim). Its
not only the grain size, but clay and sand due to low permeability, its composition of
organic and inorganic components also changes that significantly affects the
resistivity. Groundwater salinity further lowers down the resistivity. Granular sediments
i.e. gravel and sand (often mixed with kankar at least at shallow level) form aquifer in

Ganga alluvium plain.
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Figure 31. Grid map of profile lines along which top and bottom of aquifer surfaces are extracted.

In general, multiple layers of porous and permeable sandy layers are found separated

by low or impermeable silty/clayey layers. Dominance of such multi layers reflected,
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T
often, as single layer at depth depending on resolution of methodology. Such sandy
dominant layer is termed as principal aquifer. Alluvium resting over Vidhyan
formations, consists of sandstone, limestone, and shale. The weathered fractures part

of Vindhyan formation forms aquifer below the alluvial aquifer.

To extract top and bottom surfaces principal aquifer, AEM profiles are generated in
grid pattern at least all along the major flight lines as well as lines passing through
Ganga and Yamuna rivers including inferred paleochannels (Fig. 31). Top and bottom
of aquifer surfaces are digitized along the all grid sections as demonstrated in section
GS16 and Gs40 in figure 32.
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Figure 32. Demonstrative grid sections GS16 (upper) and GS40 with digitized top and bottom of
aquifer surfaces.
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Figure 33. Surface elevation map (a-top, & b-bottom) of Principal Alluvium aquifer-1.

There are two principal aquifers in alluvium i.e. i) principal aquifer-1 at 40-100 m, & ii)
120-250 m depth below ground. Principal aquifer-1 is found more or less in unconfined
conditions. Whereas, underlying alluvial principal aquifer-2 is connected with aquifer-
1 at places, but broadly found in confined conditions. Principal aquifers in alluvium, in
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general, have smooth surfaces. In contrast, there is a relatively undulating surface in

‘

underlying Vindhyan formation. Aquifer in Vindhyan formation are formed dominantly
by secondary porosity due to weathering and fracturing, which often varies spatially

due to various factors such as tectonic disturbances, susceptibility, etc.

After digitization of top and bottom level of principal aquifer, surfaces elevation map
has been prepared using kriging interpolation with 3 km search radius. Surface
elevation (m, above mean sea level) map of top and bottom of principal aquifer 1 & 2
are in Alluvial and underlying Vindhyan formation (Fig. 33-35)
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Figure 34. Surface elevation map (a-top, & b-bottom) of Principal Alluvium aquifer-2.
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Figure 35. Surface elevation map (a-top, & b-bottom) of Vindhyan aquifer.

Vindhyan formation which is exposed to the surface in south of the study area, is found
under alluvial cover in the study area. Vindhyan formation has contrastingly high
resistivity than the overlying alluvium and hence become easy to identify based on
resistivity depth distribution. Inferred Vindhyan formation is found dipping towards
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north. The top surface elevation is contact of Vindhyan formation with overlying
alluvium. Whereas the bottom of Vindhyan aquifer indicates interface between

weathered-fractured and compact Vindhyan formation.
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8. Establishing linkages between aquifer system including
paleochannel with river system

Linkage here means hydrogeological connectivity that facilitate movement or
exchange of water from one to other and vice versa. Previous study on paleochannel
in Ganga-Yamuna doab between Kaushambi and Kanpur districts revealed
hydrogeological linkages of Ganga and Yamuna rivers with underlying aquifer system
at places. To further examine such linkages, resistivity cross sections have been
created all along the Ganga and Yamuna rivers as well as few cross sections running
across Ganga and Yamuna rivers that obviously pass through paleochannel inferred
between these two rivers. The profile Ga aand Ya a @re respectively along Ganga and
Yamuna rivers. The profile CP1, CP2 and CP3 run across the rivers (Fig. 36).
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Figure 36. Profiles layout along (Ga a ¥ a a)sand across (CP1, CP2 & CP3) the Ganga and
Yamuna rivers.

Figure 37 presents resistivity section along Ganga river, where high resistivity (30-100

W) associated with upper surface provide Ganga River channel deposits. Under the
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water flowing conditions, only large size and heavy sediments get settled down along
the river. Depending on rate of sediment deposition, thickness of sediment pile
increases with time, which is called as channel deposits. Such channel deposits
display relatively high resistivity. Surface elevation of river ranges between 95-100 m
amsl. There is significant elevation gap between river level and underlying principal
aquifer, which is at around -20 to -140 m elevation above mean sea level. The river
from 0 to 30 km from NW do not have any hydrogeological linkage with underlying
principal aquifer. However, there is strong connection between 30-60 km profile
distance through inferred paleochannel. The inferred hydrogeological linkages
laterally and vertically are shown with dark blue coloured continuous line. Structural
disturbances, inferred from aeromagnetic data that was discussed as magnetic
lineament in previous chapter, are marked with dashed line. Dislocation of strata
across such line characterizes them as probable fault lines. Hydrogeological linkages

can be also observed to be guided by such structural disturbances.
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Figure 37. Resistivity section (Gaag along the Ganga River revealing hydrogeological linkages of
river with underlying paleochannel and aquifer.

Similar exercise has also been carried out along roughly 210 km meandering course
of Yamuna River, which has revealed greater degree of hydrogeological connectivity
with underlying aquifer (Fig. 38). Clear signature of structural disturbances in Vindhyan
formation in terms of resistivity variation can be seen. Structural disturbances are not

only limited to the buried Vindhyan hard rock, but also in overlying alluvial litho units.
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Figure 38. Resistivity section (Ga a)salong the Yamuna River revealing hydrogeological linkages
of river with underlying aquifer.

The profile running across the Ganga and Yamuna rivers i.e. CP1, CP2 and CP3 have
also revealed similar structural features and induced hydrogeological linkages of
Ganga and Yamuna rivers and paleochannels with underlying aquifer (Fig. 39-41).
Magnetic map with AEM resistivity has brought clear signature of structural

discontinuity. The study also suggest that present rivers Ganga and Yamuna are

controlled by fault (Fig 39-41).
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Figure 39. Resistivity section (CP1) running across the Yamuna and Ganga rivers, revealing
hydrogeological linkages of rivers with buried paleochannel and underlying aquifer system..

Profile CP2 run passes through Fatehpur and crosses Ganga and Yamuna rivers,
where they have suffered around 12 km shift towards north east. The commonality in

direction and order of shifts indicates both the rivers have been affected by the
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common factor, which again indicates towards tectonic disturbances. That means

I
=

tectonic disturbances are not only causing vertical shift but also lateral. The inferred
fault also explains sudden discontinuity within principal aquifer in alluvium as well as
in Vindhyan formations. For example, dysconnectivity of principal aquifer at either

side of the inferred fault located between 40 km and 45 km profile distance (Fig. 40).
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Figure 40. Resistivity section (CP2) running across the Yamuna and Ganga rivers, revealing
hydrogeological linkages of rivers with buried paleochannel and underlying aquifer system.

The result also indicates that inferred buried paleochannel is also guided by the fault.
Similar fault guided inferred buried paleochannel can be seen in profile CP3 also (Fig.
41). The commonality of buried fault below buried paleochannel reflected in all the
three profiles indicates that inferred buried paleochannels were also controlled by fault.
The faults that show their signature up to top surface in terms of elevation difference
are probably younger. Thus, tectonic forces at different time interval are most probably
responsible for changing river course and as a result abandoning few river course,

now paleochannel.
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Figure 41. Resistivity section (CP3) running across the Yamuna and Ganga rivers, revealing
hydrogeological linkages of rivers with buried paleochannel and underlying aquifer system.
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9. Validation by Ground and Borehole geophysics

To validate the AEM results, ground geophysical surveys comprising electrical
resistivity tomography (ERT) and transient electromagnetic methods have been
carried out targeting the inferred paleochannels. These surveys were carried out after
the heliborne geophysical surveys. These observations are taken in such a way that
the measurements were made over and either sides of paleochannels. This was
followed by shallow drilling by CSIR-NGRI at 10 sites down to 50 m depth to confirm
the AEM inferred paleochannels. As originally conceptualized, few deep boreholes are
also recommended for deep drilling by CGWB to confirm major litholological settings
including paleochannel and aquifer systems. The drillings are still awaited. CGWB has
shared few borehole results down to 200-300 m deep with borehole geophysical logs.
Observation locations are shown in figure 42. The results of ERT, GTEM and
geophysical logs of shallow and deep wells are utilized to compare with AEM resistivity

for validations.

Figure42.Prof il e |l ayout (VP1,é, VP17) for wvalidation o
borehole geophysical (N16, N64 & gamma) logs.
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