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ABSTRACT

Reliable sources of fresh water are a finite resource across the world. Many
countries, including India, face water scarcity due to temporal and spatial variations in
precipitation, surface water pollution, and depletion of groundwater resources. In order
to combat against water scarcity, the government, non-governmental organizations,
researchers, and individuals have attempted to create solutions to the water scarcity
problem. One solution, which has become popular throughout India is the construction
of water harvestings structures (WHS), small earthen dams built to capture monsoonal
runoff on ephemeral streams. Villagers believe these structures have a positive effect on
groundwater levels and water availability throughout the year, although the direct effect
on the local watershed is poorly understood. To better understand the impact of these
structures, this thesis investigates the local geology, the watershed and surface water
balance, and the monsoonal response of a WHS reservoir in a small watershed in Madhya
Pradesh, India.

Field work for this study was completed from May 2009 through April 2010. The
accomplishments from the work are three fold. First an improved understanding of the
local geology was obtained using electromagnetic induction surveys. Second, major
components of the hydrologic cycle were monitored to calculate the flows for the overall
water balance and the surface water balance. Finally, water levels in a WHS reservoir
were monitored to allow for the reevaluation of a volume balance model proposed for

management of these structures for artificially recharging groundwater. The main goal of



the project is to determine the impact of water harvesting for artificial recharge and
increasing water availability within the watershed.

Information gathered during the geological surveys was used to develop the water
balance for the watershed. From the water balance it was determined that streamflow out
of the watershed is approximately 15% of the total yearly rainfall. The net transfer of
surface water to the subsurface is approximately 80% of precipitation or as a flux
normalized to the watershed area is 0.59m/year. The yearly change in groundwater
storage is positive and wells are able to recover after two months of pumping for
irrigation, indicating current groundwater practices are sustainable and not over drawing
the local aquifer.

After consideration of the volume balance for the WHS, it was found that from
two to six times the maximum reservoir volume (6.5x10*m?) is lost as groundwater
recharge from the structure. If the structure is assumed to infiltrate 1.3x10°m°/year,
without the presence of the structure the yearly streamflow would increase by 48% if the
volume of water infiltrated was assumed to be discharged as streamflow. In addition to
decreasing streamflow, the upstream reservoir provides a surface water body which is
present for ten months of the year, helping to decrease water scarcity in the early dry

season.
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CHAPTER ONE

INTRODUCTION

1.1 Water Scarcity

All organisms, great and small, require water for life. Accessibility to this
resource, however, is in increasingly short supply (Oki and Kanea, 2006). Although the
planet has vast water resources and approximately 70% of the earth is covered by water,
only 2.5% is fresh water (Postel, 1996). With such limited supplies of useable fresh
water, regions of the world face water scarcity almost every year, and people living in
these areas struggle to acquire sufficient supplies of water required for daily life,
industry, and agriculture (Oki and Kanea, 2006).

Water scarcity is defined by United Nations Environmental Program Global
Environmental Outlook as the amount of water used for industry, agriculture, and
domestic purposes divided by the total amount of renewable water available in surface
water bodies and shallow aquifers. High water scarcity occurs when 40% of the total
available water supplies are withdrawn (UNEP, 2000). Currently, two billion people face
a high level of water scarcity, and it is predicted that by 2025 two thirds of the world’s
eight billion people will face high water scarcity (Figure 1.1; Vérésmarty et.al, 2000).

One example of a country which is expected to have high water scarcity by 2025 is India.



2025

water withdrawal as percentage of total available
more than 40% 20% 10 10%
40% 10 20% B tess than 10%

Figure 1.1: Water scarcity faced in India for the year 1995 and then projected to 2025
(UNEP, 2000).

Although India has vast water resources, scarcity arises due to spatial and
temporal variations of precipitation as well as poor water management (Bobba et al.,
1997; Chaudary et al., 2002). The majority of rainfall across much of India occurs during
the four month monsoon season, June through September. The quantity of rainfall during
the monsoon is generally sufficient to meet demands (Bobba et al., 1997). Because it
comes in such a short amount of time, however, the majority of rainfall is lost as runoff
(Singh and Sharama, 2002; Bobba et al., 1997). Furthermore, sustainable water
management practices are not set in place, which has lead to degradation of water
quantity and quality (Limaye, 2010)

Attempts at solutions to address the inadequate water supplies and scarcity have
come in the form of aid and assistance from non-governmental organizations, local
governments, researches, and individuals. Aid has been provided by land development
projects, construction of retention ponds, and general education about water resources

(Limaye, 2010). However, the net impact of such help is usually poorly understood

(Bobba et al. 1997). Consequently, more scientific work is required to study the impacts



of water harvesting, watershed restoration, and sustainable water management in order to

lessen the water scarcity faced by so many (Kumar, 2006).

1.2 Water Harvesting Structures

Water harvesting has been used for centuries as a way to move or store water for
domestic use in the future (Lavee et al., 1997). Out of the numerous types of water
harvesting, the construction of small earthen dams built on ephemeral streams to capture
and store monsoonal runoff have become very popular in India (Sukhija et al., 1997;
Srivastava, 2000). Water stored in these structures is then able to infiltrate and
potentially recharge local aquifers instead of discharging through streams (Kumar, 2006).
Although water harvesting structures (WHS) are seen as beneficial to local communities,
the volume of water contributed as recharge as well as the location and accessibility of
recharged water is poorly understood. Currently, there are few scientific studies which

support their effectiveness (Bobba et al., 1997).

1.3 Thesis Objective

In order to better understand the impact of water harvesting in India, the current
study focuses on a small watershed located in rural Madhya Pradesh, India (Figure 1.2).
Previous investigations in the watershed were conducted in 2007 by Oblinger (2008) and
the Foundation for Ecological Security (FES), a local non-governmental organization, to
investigate the local geology, water balance, and model the behavior of a WHS. The goal

of the current study is to further investigate the local geology, better understand the flows



of the water balance, and reevaluate the model for the WHS in order to aid FES and the
local village in determining the impact of water harvesting on groundwater recharge and

water accessibility through surface water and groundwater sources throughout the year.

Study Watershed
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Figure 1.2: Location of the study watershed in Madhya Pradesh, India.

The study watershed is located within the Deccan Basalts of central and western
India. To better understand and improve on the conceptual model developed from
geologic investigations in 2007, the current study uses electrical resistivity and
electromagnetic induction surveys to study the stratigraphy. In addition, soil and rock
samples were collected to investigate the hydrogeology. Electrical resistivity surveys
performed with the Indian Institute of Technology-Bombay were used to confirm the
findings from the 2007 study which characterized the thickness, type, and location of
basalt flows. Electromagnetic induction surveys were used to determine the presence and

extent of an upper weathered zone which may act as a surficial aquifer, and evaluate



changes in the electromagnetic response through time as the monsoon season progresses.
Soil and rock samples were used to determine the hydraulic conductivity and specific
yield in the northeastern area of the watershed. Knowledge of the local geology,
hydrogeology, and extent of the weathered zone is needed for completing the water
balance for the watershed.

Water balances are useful for determining net water availability for a given
system (Burt, 1999). The watershed water balance is used to determine the estimated
range for evapotranspiration for the watershed. Furthermore, the water balance is used to
investigate the residual flow of water out of the watershed; primarily, the volume of
water lost from the surficial aquifer to other reservoirs, such as leakage to a regional
aquifer. A monthly surface water balance is developed to determine the net volumetric
flow to the subsurface across the watershed which will help determine the overall impact
of water harvesting in the watershed. After knowing the flows of the water balance, it
will be possible to investigate water supplies in surface water bodies and the surficial
aquifer for a given year, evaluate if current water practices in the watershed are
sustainable, and determine whether or not water harvesting has a significant impact on
the overall water balance.

Finally, a volume balance to model the WHS as developed by Oblinger et al.
(2010) is reevaluated to determine the volume of water lost from the structure as
infiltration and the residence time of water in the structure. After model recalibration, the
volume of infiltration from the structure is compared to the approximate volume of water

which moves as the net transfer from the surface water to the groundwater system. From



this comparison it is possible to determine if water harvesting is a successful method to
recharge the local aquifer and ease the water scarcity faced each year.

From the study it is hoped the results will continue to aid FES in assessing the
impact of WHS in rural areas; furthermore, in studying the geology, availability of water,
and the impact of water harvesting it is hoped villagers of the area will be able to better

manage and sustain their water supplies.

1.4 Thesis Overview

Chapter 1 provides an overview of the water scarcity faced in India, causes for
scarcity, and a method of water harvesting as one solution to ease scarcity. Chapter 2
describes the regional and local geology to provide insights used in developing the water
balance. Chapter 3 investigates the watershed and surface water balance to determine
volumetric flows of water and water availability in the watershed. Chapter 4 investigates
a volume balance numerical model to quantify the infiltration and residence time of water
in the reservoir to help determine the effect of water harvesting in the watershed. Chapter
5 discusses the findings from the study, the overall impact of water harvesting, and

provides recommendations for future work and management of water resources.



CHAPTER TWO
DETERMINATION OF GEOLOGIC STRUCTURE IN A RURAL INDIAN
WATERSHED WITH THE USE OF ELECTROMAGNETIC INDUCTION
Abstract

The Deccan Basalts of west-central India are a group of flood basalts comprising
an area of roughly 500,000km?. The basalts were produced by fissure eruptions during
the late Cretaceous to early Eocene, with the most activity approximately 65 million
years ago. The stratigraphy of the region is characterized by three major packages of
basalt flows interbedded with sediments deposited between eruptions. In-place
weathered basalts and sediments deposited since the last eruption overlay the bedrock.
The Deccan Basalts and associated surficial materials are also a main source of water for
the inhabitants of the area. Knowing the geology is therefore important as it affects
groundwater availability, the depth to the water table, and the ability of the aquifer to
supply sufficient volumes of water for domestic, agricultural, and industrial use.

This study reports on the local geology of a small watershed located in the Malwa
Plateau region of the Deccan Basalts in the Shajapur District of Madhya Pradesh. The
aim of the study is to determine the local geology, specifically the thickness of different
basalt units in order to better understand the hydrogeology of the watershed. To
accomplish this goal, we used electromagnetic induction (EMI) surveys to non-invasively
map the electromagnetic response of the subsurface. Three multi-frequency EMI surveys
(330-20010 Hz) were conducted during the pre-monsoon, monsoon, and late-monsoon

seasons of 2009. The first survey was conducted on May 3™ May 19", and June 9", the



second survey was conducted on July 8", 16" and 25", and the third survey was
conducted on September 2™ and 3. The electromagnetic response maps obtained from
the surveys were used to interpret changes in the geology from the upper to the lower
region of the watershed and identify changes in groundwater storage as the monsoon
season progressed.

For a frequency of 570 Hz the response was relatively uniform for all three time
periods, suggesting the presence of competent basalts of low porosity at depths
approximately 26m across the watershed. At shallower depths of investigation,
approximately at 7m, however, differences between upland and low-land areas are
apparent. Upland areas are characterized by an electromagnetic response less than zero
relative to the calibration location in the lower watershed, suggesting the presence of
shallow soils overlying competent basalts, whereas lowland areas are characterized by a
higher response relative to the calibration location suggesting the presence of a thick
weathered zone. Furthermore, it was found that as the monsoon season progressed, the
electromagnetic response increased more in the lowlands than uplands, further suggesting

that changes in water storage are greatest in the lowland region.

2.1 Background on the Deccan Basalts

The Deccan Basalts cover an area of approximately 500,000km? in west-central
India (Limaye, 2010). These continental lava deposits were erupted through fissures
during the late Cretaceous to the early Eocene as the western edge of the Indian plate

moved over a hot spot (Nair, 2001). The lava was erupted for approximately four million



years, filling depressions and valleys with massive lava flows (Kulkarni, 1997; Jerram,

2005; Figure 2.1).

Figure 2.1: The location of the Deccan Basalts on the Indian subcontinent (Kulkarni,
2000).

The Deccan Basalts were formed from three major eruptive events, with each
episode having multiple, individual flows. The oldest unit is 150 meters thick and occurs
on the eastern edge of the region. The middle package of flows is approximately 1,200
meters thick and occurs in the central part of the Deccan Basalts. The upper package is
the thickest at approximately 2,000 meters. The upper package occurs primarily in the
western parts of the Deccan Basalt area, near present day Mumbai, India (Singhal, 1997).

The basalts are heterogeneous due to the jointing and fracturing patterns as well
as the degree of weathering of the upper surface. Generally, each basalt flow is made of
three individual layers (Figure 2.2). The upper layer is the weathered Red Bole. Beneath
Red Bole, still towards the top of an individual flow is highly porous vesicular material,
formed by dissolution of gasses during cooling (Kulkarni et al., 1994). The middle and

lower parts of an individual flow consist of columnar and massive basalts, respectively.



Columnar basalts are cut by vertical to sub-vertical joints spaced approximately 15cm,
whereas massive basalts are generally fractured as large blocks, with an equal number of
vertical and horizontal joints. Within individual flows, the porosity of the basalts

decreases with depth (Kulkarni, 2000).
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Figure 2.2: Internal structure of the Deccan Basalts (Modified from Singhal, 1997).

This study investigates a watershed on the Malwa Plateau, which is a northern
sub-region of the greater Deccan Basalts (Figure 2.3) and is located in the state of
Madhya Pradesh and western Rajasthan (Jay and Widdowson, 2008). The Malwa Plateau
makes up some of the first lava flows of the Deccan Basalts (Jay and Widdowson, 2008).
The stratigraphy present in the Malwa Plateau is different than the rest of the Deccan
Basalts in that the upper vesicular basalts are generally absent as the conditions for their

formation may not have been optimal or the layers were weathered away before the next

10



eruptive event; therefore, alternating layers of columnar and massive basalts are more
common (Kulkarni, 2007). The columnar and massive basalts near the surface have since
weathered and alluvial materials have been deposited in low lying areas and valleys over
time. The primary source of groundwater is the weathered upper layers of the columnar
and massive basalts and alluvial material, since the vesicular basalts are limited and the

Red Bole is either thin or absent.

New.Delhl

Deccan volcanic
Province

Figure 2.3: Location of the Malwa Plateau on the India Subcontinent (modified from Jay
and Widdowson, 2008).
2.2 Geology of the Study Watershed

A small watershed within the Malwa Plateau was selected as a field site to study
the geology and hydrogeology. The site is located in the Shajapur District of Madhya
Pradesh, and is approximately 2.56km? (Figure 2.4). The watershed is characterized by a

lowland area with a weathered basalt zone reaching a maximum thickness of ten meters
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underlain by columnar and massive basalt. The upland region has a thin weathered zone

and outcrops of columnar and massive basalt are common.

Study Watershed
P~ ,../-/ /\\
el
~ N\
Voo
'
/ 2o %
// T ( 4
/ N t A
e P
(.-} ()A 'JA""“\'V;"
g Pels T
,-—J\:““\-: jf
1 s
ﬁJ

Legend
® Instruments
® Wells
v Water Harvesting

\ % Structure
\ ] [Iwatershed Boundary
¢ )
\\"‘-_\, ( —— Streams V
\ 31 ’-4‘ Elevation (m) -~
\\ I " 543 N
) J . i
N/ ] 3 . 377 +o 160 320
e L

Figure 2.4: Location of the study watershed in Madhya Pradesh, India.

In order to better understand the hydrogeology of the watershed, the geology of
the region was intensively studied during field work in 2007 by Oblinger (2008) and in
the summer of 2009 by Daniel Matz from Clemson University. Field work conducted by
Clemson University was done in collaboration with the Foundation for Ecological
Security, an Indian non-governmental organization, and the Indian Institute for
Technology-Bombay.

During field work conducted in 2007, Oblinger studied the watershed geology by
geologic mapping of basalt outcrops and electrical resistivity surveys (Oblinger, 2008).
This study failed to identify significant areas of vesicular basalt but did find extensive

regions of massive, columnar, and weathered basalt. Electrical resistivity surveys were
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conducted at five locations in and outside of the watershed boundaries (Figure 2.5). The
electrical resistivity configuration used was a Schlumberger array (Reynolds, 1997).
Results indicate resistivity generally increases with depth, and the thickness of the
weathered zone increases moving to the northeast from the uplands to the lowlands of the
watershed.

Location of Resistivity Surveys
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Figure 2.5: Locations of the resistivity surveys in and outside of the watershed
boundaries which were conducted in 2007 and 2009.
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Combining the resistivity surveys with visual observations of the basalts in
uncased wells and at outcrops, Oblinger (2008) determined there are three major
packages of flows from three distinct flow events. Each flow consists of columnar basalt
overlying massive basalt. A fourth flow was determined from a report entitled
Geohydrological Report in Part of the Susner Block, Madhya Pradesh (1987), which

indicates a lower massive basalt unit. This massive basalt is shown as another flow
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which comprises the bottom layer in the watershed. To better understand the geology, a
cross section from the uplands to lowlands (Figure 2.6) is shown with the various basalt

layers and the contact between the surficial and regional aquifer systems (Figure 2.7).

Cross Section of the
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Figure 2.6: Location from where the cross section of the watershed was drawn to better
understand the geology.
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Figure 2.7: Cross section of the watershed showing the alternating pattern of the
columnar and massive basalts (Oblinger, 2008). The vertical exaggeration is
approximately 9 times and the y-axis shows the elevation above mean sea level (amsl).
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An additional electrical resistivity survey using a Schlumberger array was also
conducted during field work in 2009 by Matz, Meenakshi Choudhary from the
Foundation for Ecological Security, and Dr. E. Chandrasekhar from the Indian Institute
of Technology-Bombay. The survey was located in the approximate middle of the lower
watershed (Figure 2.5). Results from the resistivity survey were analyzed by Dr.
Chandrasekhar and it was found there were six layers with different resistivity values
(personal communication, Chandrakeshar, 2009, Figure 2.8.). The same relationship
between rock type and resistivity values used by Oblinger (2008) (Figure 2.9) was used
to classify the basalts. Five different basalt flows were found at the location of the
resistivity survey, where as the estimates by Oblinger (2008) focused on determining the
thickness of the weathered zone and the identity of the underlying bedrock material. The
2009 survey shows the upper layer as weathered basalt and then a massive basalt layer.
The next three layers are a columnar basalt unit on the top and bottom, with a massive

basalt unit in the middle.
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Figure 2.8: Resistivity values from the 2009 survey (left), and the depth at which each
resistivity value occurs (right) (personal communication, Chandrakeshar, Indian Institute
of Technology-Bombay, 2009).
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Figure 2.9: Electrical resistivity survey results from 2007 (left) and 2009 (middle),
classified using resistivity values from Oblinger (2008) (right).
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The resistivity surveys conducted in 2007 and 2009 are generally consistent
(Figure 2.9). Both surveys interpret the upper layer as part of the weathered zone, but the
2007 survey has the weathered layer being slightly thicker, reaching a depth of 10m.
Both surveys find that the underlying layer is massive basalt. The total thickness of this
basalt was not estimated for the 2007 data (Oblinger, 2008), but in the 2009 survey it was
interpreted to reach a depth of 16m. Below this depth, the 2009 survey interprets
columnar basalt to 30m depth, followed by another sequence of massive and columnar
basalts to depths of 36m and 44m, respectively. The presence of the upper columnar
basalt between approximately 16 to 30m depth is consistent with a transition between the
bottom two flows found by Oblinger (2008).

The resistivity surveys are valuable for better understanding the stratigraphy of
the watershed. These data helped to determine that the upper layer in the middle of the
watershed, which is a weathered basalt zone, ranges up to ten meters in thickness. This
zone is important as it can act to store water during the monsoon (Bobba et al., 1997);
therefore, knowing the location and thickness is useful in determining water availability.
Because the resistivity surveys are time and labor intensive, however, it is not practical to
obtain this data over the entire extent of the watershed. To address this problem,
electromagnetic induction (EMI) surveys, which are easier than resistivity surveys to

conduct, were used to evaluate spatial heterogeneity throughout the watershed.
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2.3 Electromagnetic Induction

To supplement the resistivity surveys conducted in 2007 and 2009, EMI surveys
were conducted using the Geophex GEM-2. The objective of the surveys was to evaluate
the variability of the weathered zone and underlying bedrock throughout the watershed.
Three surveys were carried out during the summer of 2009 to measure changes in the
electromagnetic response relative to a calibration point for pre-monsoon, peak monsoon,
and post-monsoon conditions. The following describes the theory behind EMI as well as

the results from the survey.

2.3.1 Electromagnetic Induction Background

EMI is a quick, non-contact, and effective method for evaluating the electrical
conductivity (EC) of the subsurface. EMI instruments generate an electric current in a
transmitter coil which generates a magnetic field that propagates into the ground. The
primary magnetic field generates an electric current in electrically conductive materials,
the strength of which depends on the conductivity of the subsurface. The induced current
generates a secondary magnetic field, which is sensed by a receiving coil on the
instrument (Figure 2.10). The secondary field is measured by the receiver coil in parts
per million (ppm) of the primary field and has two components, in-phase and quadrature
(Bongionanni et al., 2007). The EC of the subsurface can then be calculated from these
measurements (McNeill, 1980; Fetter, 2001; Burger et al., 2006). If the instrument
operates under low induction numbers, the in-phase component depends upon the

magnetic susceptibility, i.e. the earth’s ability to be magnetized, and the quadrature
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component, which is used for this study, depends on the electrical conductivity
(Callegary et al., 2007; Bongiovanni et al., 2007). The induction number for a
measurement is defined as the ratio of the instrument coil spacing to the measurement

skin depth, which generally depends on the conductivity of the subsurface.

Primary field —— -

Secondary field

~~

- -

Figure 2.10: Schematic of EMI, with the transmitter coil emitting the primary electric
and magnetic field which passes into the ground and then the secondary electric and
magnetic fields which are received at the receiver coil (Burger et al., 2006).

The EC of the subsurface depends upon soil moisture, salinity, clay content, and
geologic structures (McNeill, 1980; Fetter, 2001). Changes in the EC can be attributed to
changes in soil moisture (Hanson and Kaita, 1997; Khakural et al., 1998; Reedy and
Scanlon, 2003), fracture zones, or preferential flow paths within the subsurface
(Samouélian et al., 2004). EMI surveys have been used to investigate the depth of soil
layers (Kitchen et al. 1996; Anderson-Cook et al., 2002), groundwater recharge (Cook,
1992), and water content (Reedy and Scanlon, 2003). The large variety of uses for EMI

surveys makes it a very useful tool for watershed investigations.
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When the instrument operates at low induction numbers, the apparent EC of the
subsurface (o3) is linearly related to the quadrature component of the secondary magnetic

field (Callegary et al., 2007).

4 (H,
% onfsl | H.
TS Mo \ M g (2.1)

where f is the measurement frequency in Hz, s is the transmitter/receiver coil spacing in
meters, L, is the magnetic susceptibility in Henry’s/meter (47 x 107, and (Hy/ Hp)q is the
ppm quadrature value.

After the calculation of apparent EC, the skin depth can be found by using

o= #
\4 G, 1, (27f) (2.2)

Where 6 is the skin depth. For handheld EMI instruments, the skin depth gives the depth

equation 2.2

of penetration for the EMI signal. The depth at which a target can be detected is known
as the depth of investigation and is approximated as the square root of the skin depth
(Huang, 2005). The GEM-2 is capable of investigating various depths since multiple
frequencies are used, where lower frequencies have a greater depth of investigation and
higher frequencies investigate the near surface (Huang and Won, 2003).

Another method to estimate the skin depth and depth of investigation for EMI
instruments is to use a nomogram developed by Won (1980) (Figure 2.11). The
frequency used for the investigation is shown on the right hand side, and if the

conductivity of the subsurface is known a line is drawn from the frequency to the
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conductivity. The location where the line crosses the middle scale provides an estimate
of the skin depth for a given survey. Then, taking the square root of the skin depth
provides an approximate estimate for the depth of investigation. Since the study does not
have a good estimate of the electrical conductivity of the subsurface, resistivity survey
values as determined by Oblinger (2008) will be used as representative electrical
conductivity values. These representative values will be used to find the skin depth and

subsequently the depth of investigation for the survey frequencies.
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Figure 2.11: Skin depth nomogram showing an example of the range of frequencies
commonly used in EMI surveys for typical conductivities found in igneous rocks with the
range of skin depth expected (Won, 1980).

21



2.3.2 EMI Methods

The study uses the GEM-2 (Geophex Ltd), which is a frequency-domain
electromagnetic instrument. The transmitter and receiver coil are separated by a distance
of 1.66 meters and are mounted inside a shell which is carried at waist height
(approximately 1 meter) above the earth’s surface. Six frequencies ranging from 330 to
20010 Hz are used to generate the transmitted magnetic field. The frequencies collected
by the GEM-2 are 330, 570, 2070, 7050, 15210, and 20010 Hz. Bongiovanni et al (2007)
point out lower frequencies can have large errors as relative to a given survey as the
amplitude of the secondary magnetic field waves decrease with frequency.

Three EMI surveys were conducted at different time periods during 2009 to
monitor spatial and transient changes in the electromagnetic response of the watershed
(Figure 2.12). The first survey was conducted on May 3", May 19", and June 9", the
second survey was conducted on July 8" 16" and 25", and the third survey was
conducted on September 2™ and 3". Mapping events correspond to before the monsoon
season (survey 1), the start of monsoon season (survey 2), and late monsoon (survey 3).

During data collection, the GEM-2 was connected to a handheld computer and
GPS to allow for the collection of ppm data from the instrument as well as real time
latitude, longitude, and elevation data. With GPS data it is possible to import the location
and GEM-2 ppm data into a geographical information system to allow for data processing
and positioning of data on a map of the watershed. It was impossible to cover the exact
same path in each survey due to accessibility limitations in the watershed. Once the

monsoon season started, streams began to flow, the two water harvesting structures in the
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watershed were full, and crops were growing in the agricultural fields. These
obstructions were walked around and then the original survey line was returned to as

soon as possible.

Location of GEM2 Surveys and
Calibration Location
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Figure 2.12: Location of all three GEM-2 surveys conducted in the Salri watershed and
the location of the calibration point outside the watershed boundaries in the northeast

corner.

The GEM-2 was calibrated using the free air calibration method in the lowlands
outside of the watershed boundaries (Geophex, 2004; Figure 2.12). Air has an electrical

conductivity of zero; therefore, if the instrument is lifted high in the air and allowed to
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collect data, if zero is not collected for a given frequency, the average value collected
while in the air can be used to adjust the collected field data. Field calibration occurred
by hanging the GEM-2 from a tree in the watershed six meters off the ground for
approximately 20 minutes. The quadrature ppm data were offloaded from the instrument
and the average ppm value was found for each frequency. These calibration values are
then used to adjust the field collected data for all three surveys, making the response for
each survey frequency relative to the calibration location.

GEM-2 and GPS data were offloaded from the handheld computer for data
analysis. Data was first imported onto a computer, ppm calibration values for each
frequency were used to adjust collected field data, and lastly GPS data was used to import
the calibrated quadrature ppm data into ESRI’s geographical information system,
ArcMap.

In order to determine the depth of investigation, resistivity values for the basalts
as determined by Oblinger (2008) are used to estimate the electrical conductivity. When
sampling with lower frequencies, less than 10kHz, a resistivity value of 750 ohm-m is
used, which represents the boundary between columnar and massive basalt. The
electrical conductivity is therefore 0.001 Siemens per meter (the inverse of the
resistivity). At frequencies greater than 10kHz, a resistivity value of 200 ohm-m is used,
which is the median value for the weathered basalts. The electrical conductivity is
therefore 0.005 Siemens per meter. The depth of investigation is then determined for a

sample frequency given the estimated electrical conductivity and the subsequent skin
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depth is found from the nomogram. For the GEM-2 sampling between 330 to 20010Hz,

the depth of investigation ranges from 7 to 29 meters (Figure 2.13).
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Figure 2.13: Range of skin depth for the sample frequencies collected during the GEM-2
surveys in the watershed.

2.4 Electromagnetic Induction Results
Data collected from the lowest two frequencies, 330Hz and 570 Hz, appear to be

uniformly distributed around zero ppm, as seen by the nearly Gaussian distribution of
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ppm data (Table 2.1; Table 2.2; Figure 2.14). Summary statistics for the two frequencies
shows the mean being close to zero and the standard deviation being approximately two
orders of magnitude, indicating a large spread in ppm values around zero. The uniform
distribution is partially attributed to errors given that lower frequencies tend to have
higher errors (Bongiovanni et al., 2007) as well as homogeneous material at depth

providing a uniform signal across the entire watershed.

Frequency 330Hz Summary Statistics Frequency 570Hz Summary Statistics
Standard Standard
Mean | Deviation | Skewness Mean | Deviation | Skewness
Survey 1| 28 285 -0.09 Survey 1 -2 122 0.75
Survey 2| 33 266 0.29 Survey 2 20 121 1.38
Survey 3| 7 385 -0.43 Survey 3 21 186 2.80
Table 2.1: Summary statistics for the Table 2.2: Summary statistics for the 570Hz
330Hz frequency. frequency.
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Figure 2.14: Histograms for the 330Hz and 570Hz frequency for each survey conducted
in the watershed.
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The first frequency to be investigated is 570Hz, which has a depth of investigation
of approximately 26 meters. Data from the 570Hz frequency show a Gaussian
distribution centered near a quadrature ppm value of zero. The negative values in the
data suggest the ppm values are lower than at the calibration location and also are
partially attributed to measurement noise. The errors and ppm values appear to be
randomly distributed in the watershed, however, making it possible to conclude that there
are not major spatial trends or patterns in the ppm data (Figure 2.15). The lack of trends
is in agreement with the conceptual geologic model of the area. At depth the uplands and
lowlands are underlain by competent basalt bedrock with few clays and low porosity.
The uplands do not have an extensive weathered zone and basalt outcrops are common,
whereas the lower watershed has a weathered zone of overlying the basalts. The lack of
variability in the ppm values suggest that (i) the 570Hz data is sampling below the
maximum depth of the weathered zone, and (ii) the bedrock across the watershed is

relatively uniform with a low electromagnetic response.
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Figure 2.15: GEM-2 data from 570Hz across the watershed during all three surveys. The
upper left shows the first survey, upper right is the second survey, and lower left is the
third survey.

The second frequency under investigation is 7050Hz, which has a much shallower
depth of investigation at approximately 10m. The histogram from the 7050 Hz frequency
shows fewer values below zero ppm and the values are skewed towards the right. The
mean is greater than zero, and is seen to increase over time, suggesting ppm values
increase over time with increased water content in the watershed. Furthermore, the
skewness value shows the data are skewed towards higher ppm values indicating the

electromagnetic response is higher than at the calibration location and more positive

values are returned during the surveys (Table 2.3; Figure 2.16).
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than every week before and during the monsoon and more than once a month after
monsoon, the model would be able to better predict the behavior of the reservoir, as there
would be more data points to help constrain the model. Since we have only a limited
amount of data and there could be errors in the stage measurements, we believe the
simple volume balance is an accurate way to represent the behavior of the reservoir.
Using the one ® model, it is possible to compare between Oblinger et al. (2010)
parameter values, and the current studies optimized values (Table 4.6). The groundwater
inflow parameter ¢y, runoff coefficient @, and the infiltration parameter c, are higher than
the original values. Groundwater inflow parameters o and f which control the rate of
inflow and the decay of groundwater, respectively, are lower as well as the downstream
head level, H,. Infiltration parameter c, is higher than the original model, and
approximately 2x10°m> more water was lost to the subsurface than predicted by Oblinger
et al. (2010). Groundwater and runoff coming into the structure were higher for
Oblinger’s parameter values, and since these parameter values were poorly constrained
during model calibration, the new parameters are thought to be a better fit to the behavior
of the reservoir since the RMSE between the true and predicted stage is lower than the

original model parameters.

1 (M?/hr)| o (m) | B (1/hr) | @ (-) [co (m?/hr)|H; (m)
Optimized value] 24.6 | 3.33 | 0.0004 | 0.34 13.49 0.733

Oblinger et al.
(2010) 18.9 38.6 | 0.027 | 0.189 2.76 2.78
Table 4.6: Model parameters which yield the smallest RMSE value

from the Monte Carlo simulation compared to Oblinger et al., (2010)
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Figure A-2: In-phase component of the GEM-2 response for a frequency of 7050 Hz.

153



