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SEG GEOSCIENTISTS WITHOUT BORDERS: 
ADDRESSING THE WATER CRISIS IN RURAL INDIA USING EMI 

FINAL PROJECT REPORT 
 

Project PI: Stephen Moysey, Clemson University 
 
Report Summary 
 This final report provides a brief discussion of major accomplishments and challenges 
faced during Clemson’s Geoscientists Without Borders project.  Overall, we have had a highly 
successful project and met most project goals.  Our project focused on using electromagnetic 
induction (EMI) to address water scarcity issues in the Salri watershed of Madhya Pradesh, 
India.  Major objectives included assessment of villager impacts in the watershed and capacity 
building within our in-country NGO partner, i.e., Foundation for Ecological Security (FES), to 
support future work on water sustainability.  The project undertook extensive field work in the 
Salri watershed in Madhya Pradesh, India, which included an extended field visit by graduate 
student Dan Matz between May-Oct., 2009, and two subsequent shorter-term field visits by the 
PI and graduate student Sudershan Gangrade in 2010 and 2011.  Major project findings are 
summarized below and a checklist showing the completion of tasks from our proposed statement 
of work is given in Appendix A.  Having met the overall project objectives we are pleased to 
bring this project to a successful close and are privileged to have had this opportunity to 
contribute to the mission of the GWB program.    
 
Brief Summary of Project Findings and Outcomes:    

 
 EMI was critical for aiding the delineation of aquifer boundaries needed to complete the 

water balance in the Salri watershed. 

 Using water balances based on project monitoring data, villagers were found to have made a 
significant impact on the watershed by water harvesting. Their dam captures 7% of annual 
rainfall in the watershed, which likely reduces annual monsoonal runoff losses by about 32%. 

 A strong correlation was observed between reservoir seepage rates and GEM2 response at 
eight different reservoirs, suggesting that EMI is a viable initial screening tool for siting 
water harvesting projects.   

 Differential EM38 surveying under wet and dry conditions was found to be a practical tool 
for mapping soil zones with distinct hydrologic properties to guide irrigation management by 
farmers.   

 EM38 can closely track changes in water content in fields over multiple time scales (i.e., 
infiltration during irrigation events vs. seasonal changes over monsoon). 

 GEM2 surveys performed across the Salri watershed supported the development of our 
hydrogeologic conceptual model and identified an area likely to have a shallow perched 
aquifer that could be used for future supply or storage purposes.  

 Seven wells were drilled in the watershed to support ongoing groundwater monitoring 
studies.  Two of the wells could contribute to future reliability of water supplies as they 
penetrate deeper aquifer systems that are less sensitive to monsoonal variations.   
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 Rehabilitation of a road in the watershed to provide drilling rig access was identified as a 
major project benefit by the villagers. 

 The project was highly effective in reaching a large and diverse audience locally and around 
the world through methods ranging from village meetings and media interviews to an online 
blog.  In addition to these efforts to engage the public, a total of 13 conference presentations 
were made to share the project with the industrial and academic communities.  

 Transfer of knowledge to our NGO partner (FES) was accomplished by a variety of means 
including informal training of field-staff, FES staff participation in our hydrogeology field 
camp at Clemson, and a formal 3-day short-course delivered by the PI in India.  

 Direct student engagement in the project includes 2 graduate students and 6 undergraduates 
at Clemson, about 20 students at IIT-B who obtained one day of hands-on experience with 
geophysical equipment, and two Indian student participants in the 3-day short-course. 
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SUMMARY OF PROJECT RESULTS 
 The project results are presented below for each of the main themes in the project.   
 

Theme 1: Watershed Restoration I – Evaluation of Groundwater Storage Capacity 
 
Objective:  
Evaluate the storage capacity of the aquifer downstream of the water harvesting structure in the 
Salri watershed.  Two key elements were identified to accomplish this task: (i) determine the 
structure of the aquifer using electromagnetic induction (EMI) measurements made with the 
Geophex GEM2, and (ii) evaluate changes in storage using a watershed hydrologic balance and 
monitoring changes in water level.   
 

Results:  
EMI Surveys - The structure and heterogeneity of the aquifer can significantly influence the 
transport and storage of water downstream of the dam.  To address this issue we have mapped 
this region using a dense network of EMI measurements collected with the GEM2 instrument.  
Three major surveys were performed to cover distinct periods of time: before monsoon (May 19-
25), during monsoon (July 8-25), and late monsoon (Sept.2-3).  The data have qualitatively 
shown a strong electrical conductivity contrast between low conductivity fractured basalts and 
high conductivity weathered basalts and alluvial sediments (Figure 1).  This result is consistent 
with our conceptual model of the regional geology (Figure 1b) and suggests that the boundary of 
the near surface aquifer downstream of the water harvesting structure dam can be identified 
using the EMI data.  

(A)  

Figure 1: Example of qualitative results obtained using 
the GEM2 instrument based on all surveys (A).  A 
comparison of the GEM2 results from the July survey to 
the geologic model derived from mapping and resistivity 
surveys (B).  Interpretation of watershed into basalt 
uplands versus lowland regions dominated by higher 
conductivity weathered basalts and alluvial deposits.         

(B)  (C)  
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One of our objectives in the project was to invert the GEM2 data to estimate the thickness 
of the near surface aquifer (i.e., vertical boundary between weathered and competent basalt).  We 
attempted this inversion using the EM1DFM code made available to us by the Geophysical 
Inversion Facility at the University of British Columbia.  We found, however, that we had 
convergence problems and were unable to obtain a reasonable conductivity model in our initial 
efforts, despite the fact that the data provided good qualitative results, that we had evaluated drift 
in the data, and had attempted to correct our data using a free-air calibration (Figure 2).  We 
believe that the problems with our inversions could be related to data inconsistencies between 
frequencies produced, in part, by the instrument itself.  We have been in consultation with Burke 
Minsley of the USGS who has been investigating problems with correcting errors in data 
collected using the GEM2 instrument and are evaluating novel approaches to error correction 
that he has developed1.  We are hopeful that we will be able to correct the data and continue to 
pursue the inversions in future.  Because of these problems with the inversions of the 1D EM 
data, we were not able to complete the project task that would integrate these measurements with 
geostatistical estimation to improve lateral estimates of heterogeneity.  To compensate for these 
problems we used resistivity soundings to assist in evaluating the depth to geologic boundaries, 
particularly the weathered and alluvial zone in the lower watershed (Oblinger, 2008; Matz, 
2010).  We found good agreement between the resistivity interpretations and observations made 
during drilling of three nested wells to different depths (Figure 3).   

 
Figure 2: Data obtained for free-air calibration of the GEM2 illustrate the qualitative consistency of the data, but 
also demonstrate issues with data errors, such as negative and inconsistent quadrature responses in the study area. 
 

 

Figure 3: Data and interpretations for a resistivity survey 
performed in the lower watershed compared to observations 
made during drilling of three nested wells in the same area.  
The termination of the upper well indicates the thickness of 
the surficial aquifer consisting of weathered basalt and 
alluvial sediments, which is in excellent agreement with the 
sharp increase in resistivity observed at this depth.  The 
screened intervals of the deeper wells indicate weak zones 
bearing water with regions between observed to be competent 
rock with comparatively low water content.  The middle well 
shows good agreement between these water bearing zones and 
a decrease in the observed resistivity.  The resistivity data did 
not penetrate sufficiently to reach the deepest water bearing 
zone.  

                                                 
1 Minsley, B.J., B.D. Smith, R. Hammack, J.I. Sams, G. Veloski, 2010, Calibration and filtering strategies for 
frequency domain electromagnetic data, 23

rd
 Proceedings SAGEEP.   
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Hydrologic Monitoring - An extensive program of hydrologic monitoring was undertaken in the 
watershed to collect data for the volumetric water balance.  Sensors installed include a weather 
station with automated rain gauge, 3 stream gauges to measure surface water flows within and 
leaving the watershed (Figure 4), and a station with soil moisture probes located at three depths.  
In addition, a permanent staff gauge was installed in the water harvesting structure reservoir to 
allow for monitoring of storage behind the dam.  Monitoring of 29 open wells in the watershed 
was conducted throughout the 2009 monsoon period and the following winter.  We encountered 
some minor problems with data (e.g., a faulty soil moisture probe and errors in redeployment of 
pressure transducers after offloading data), but were able to correct most issues so there was a 
minor influence on the project outcomes.  Failure of the soil moisture probes and lysimeter did, 
however, prevent us from directly estimating evapotranspiration losses for the watershed.  We 
compensated for this problem by using standard approaches to estimating these values from data 
collected from the weather station in the watershed (see Matz (2010) for details).  These types of 
problems provided a good opportunity to discuss with the NGO issues of over reliance on 
technology (e.g., data loggers) and the need for constant assessment of data quality and 
measurement infrastructure; this is in line with our overall goal of building capacity within the 
NGO to continue and expand watershed studies beyond the project end date.  
 

  

Figure 4: (left) View of the v-
notch weir installed downstream of 
the dam to monitor stream flows.  
(right) Flow through the weir is 
continuously monitored using a 
pressure transducer located in the 
stilling well visible in the photo. 
 

 
 

 

Figure 5: (upper left) Construction 
of the WHS reservoir staff gauge.  
(bottom left) Surveying to calibrate 
the staff gauge.  (bottom right) The 
calibrated gauge was installed on the 
side of the dam so that the reservoir 
level can be easily monitored by the 
project team and villagers to 10cm 
increments. 
 

 
 Analysis of the hydrologic data has shown a good degree of consistency between the 
measurements (Figures 6-9).  For example, rainfall events occurring early in the monsoon 
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generated little runoff, but led to substantial changes in soil moisture storage.  After the 
watershed was “wet”, additional rainfall led to fast changes in the watershed including an 
increase in the water table of 2-5 meters in under 10 days (Figures 7 and 10), the generation of 
persistent stream flows (Figure 8), and the filling of the WHS reservoir (Figure 9).  Matz (2010) 
used the results of the monitoring to validate the WHS reservoir seepage model of Oblinger et al. 
(2009), which is a practical model that can be used by the villagers and NGO for managing the 
reservoir.   
 

  
Figure 6: Monthly rainfall totals for the study watershed. 

 

   
Figure 7: (left) Average depth to the water table in the watershed.  Error bars indicate one standard deviation in the 
well observations. (right) Changes in the total volume of groundwater stored in the watershed. 
  

 
 
 
 
 
 

                                   

          
                        

 
  
  
  
  
  
 

 
  
  

Initial monsoonal storm flow response 

Storm flow response after watershed 
storage is filled and groundwater 
contributions begin 

 

Figure 8: Stream discharge at the 
watershed outlet shows the effect of 
groundwater level changes on storage in 
the watershed; larger and longer-lasting 
storm flow responses are observed after 
watershed storage is filled.  It is also 
notable that surface water flows from the 
watershed do not occur past December, 
despite the fact that the reservoir continue 
to release water into April. 
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Figure 9: The reservoir stage shows a fast fill response when watershed storage is filled followed 
by slow drainage after monsoon ends. 

 
The well monitoring data were used to estimate changes in groundwater storage in the 

watershed (Figure 7).  The storage estimates were determined by considering storage in the 
upland and lowland regions of the watershed delineated from the EMI surveys as shown in 
Figure 1c given the significantly different material characteristics of these areas.  The porosity of 
the weathered and alluvial material in the lowland region was estimated from core samples to be 
43%, whereas the upland region was assumed to have a porosity of 2%, which is typical of 
fractured basalts in the region (Matz, 2010). 

Given the fast changes in storage observed in the watershed, we also used the well data to 
estimate groundwater discharge from the lower aquifer by assuming that flows at any particular 
time are approximately at steady state.  In this case, Darcy’s law could be used to estimate the 
discharge rate based on the hydraulic gradient calculated from wells located in the upstream and 
downstream portions of the aquifer (Figure 10).  Pumping tests were conducted to estimate the 
hydraulic conductivity and storativity of the lower aquifer using the large diameter open wells 
present in the spring of 2009, but the large internal storage of these wells made analysis of small 
changes in the water table in response to pumping difficult to interpret.  Pumping tests were 
repeated during the short course held in January of 2011 using the project wells drilled earlier in 
the year.  In this case, however, technical problems with the pump occurred and it was not 
possible to maintain a consistent rate of discharge from the pumping well.  It was agreed that 
repeat pumping tests would be performed by FES (our NGO partner) when they were able to 
arrange for an improved pump and schedule personnel with adequate technical expertise to 
conduct the tests.  To overcome this problem in the project, we have based our estimates of 
hydraulic conductivity on measurements made on core samples collected from the aquifer during 
our field effort.  We did not complete a detailed numerical model of groundwater flow as we 
believe that our current estimates of discharge are adequate for completing the overall hydrologic 
balance for the watershed and would not be significantly improved by this effort.  The simpler 
modeling approach used is also better suited to the goals of our project as it could be more easily 
explained to and implemented by our NGO partner.    
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Figure 10: (below) Map view of wells used for 
estimating the groundwater gradient in the surficial 
aquifer.  (right) Comparison of water table elevation 
changes for wells located upstream (blue) and 
downstream (red) in the surficial aquifer.  (lower 
right)  Groundwater gradient in the surficial aquifer 
estimated from the well data.  Note that the gradient 
decreases as the watershed fills during monsoon and 
gradually increases through the year, likely in 
response to withdrawals of irrigation water in the 
lower portion of the watershed.    

  
 
 

Using the available surface and groundwater data, we completed a water balance for the 
watershed.  Table 1 provides the monthly flows and storage changes observed in the watershed, 
excluding values for evapotranspiration which were not directly measured.  These observations 
are summarized for the annual water balance in Figure 11.  It is clear that observed losses of 
water from the watershed are primarily due to stream flow and groundwater discharge, with 
minor contributions from groundwater storage changes and evaporation losses directly from the 
reservoir.  All together, however, these losses account for only about 41% of the annual 
precipitation falling in the watershed.  We suggest that evapotranspiration (ET) is responsible for 
the remaining 59% of unaccounted for precipitation, which is equivalent to a 422mm depth of 
water distributed across the watershed. Estimates of ET obtained using the Thornthwaite-Mather 
method based on our weather station data were signficantly larger at 681mm (see Matz, 2010 for 
details), which implies that ET is a realistic mechanism for accounting for the residual in our 
water balance. 

It is necessary to compare the fluxes in the watershed to the volume of water captured by 
the WHS reservoir in order to assess the overall impact of the villagers’ water harvesting 
activities.  Applying the reservoir seepage model developed by Oblinger (2010) to the reservoir 
monitoring data shown in Figure 9 indicates that the villagers captured and infiltrated 1.3x105m3 
of water over the period of this study or, normalizing by watershed area, an equivalent depth of 
51mm.  This volume of water is equivalent to 7% of the total annual precipitation in the 
watreshed, or about 30% of the rainfall occuring in the portion of the watershed upstream of the 
dam.  Figure 12 provides a comparison of the volume of water captured by the reservoir relative 
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to the water lost by the other major fluxes in the watershed.  Most signficantly, the volume of 
water harvested by the villagers is equivalent to about 50% of the total water lost annually as 
surface water discharge.  Given that most stream flow losses from the watershed occur as a direct 
result of monsoon rainfall when watershed storage capacity is low (Figure 8) it is likely that the 
water captured by the dam would have been lost as direct runoff if the villagers had not begun 
water harvesting activities. The villagers have therefore reduced the volume of  water lost as 
direct downstream runoff by about 32%.  The captured water has either increased the availability 
of water for agricultural crops, thereby enhancing ET and reducing local water scarcity, or 
enhanced the discharge of groundwater to downstream watersheds, thereby reducing scarcity to 
downstream water users in the dry season.   
 
Table 1: Monthly discharges* observed from the Salri watershed based on hydrologic monitoring. 

Month 
Rainfall 

 
(mm) 

Reservoir 
Evap. 
(mm) 

SW 
Storage 
(mm) 

GW 
Storage 
(mm) 

Stream 
Flow 
(mm) 

Groundwater 
Flow 
(mm) 

May, 2009 26.92 - 0.18 (37.33) - 16.17 
June 39.08 - 0.04 (66.84) - 16.82 
July 309.33 1.09 10.08 100.36 39.45 17.03 

August 182.49 1.47 10.78 97.24 43.36 12.11 
Sept 38.83 1.68 (0.01) 23.48 23.67 12.14 
Oct 70.91 1.71 (1.30) 2.40 0.20 12.33 
Nov  36.47 0.97 (5.55) (27.25) - 11.44 
Dec  2.78 0.51 (7.35) (23.02) - 11.77 

Jan, 2010 5.50 0.24 (5.03) (101.31) - 13.19 
Feb 2.22 0.09 (1.60) 30.14 - 12.77 
Mar 1.78 0.05 (0.18) 18.08 - 14.70 
April - 0.02 (0.02) - - 13.38 

Annual Total 716.31 7.85 0.03 15.96 106.68 163.86 
Fraction of Annual 

Rainfall 100% 1% 0% 2% 15% 23% 

 
Sum of Annual Outflows + Storage Changes: 41% 

*Note: Values have been normalized by the area of the watershed (i.e., 2.56km
2
). 

 
 

 

 
 
 
 
 
Figure 11: Stream flow and groundwater discharge are 
the major components contributing to water losses from 
the watershed, but all losses together account for only 
41% of annual precipitation.  The water balance 
residual is attributed to losses of water by 
evapotranspiration.  
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Observed losses 
from the 

watershed 

Probable losses 
captured by 

water harvesting 

 

Figure 12: Comparison of 
the volume of water captured 
by seepage from the WHS 
reservoir relative to other 
major water losses from the 
watershed.  Water that 
villagers have captured by 
water harvesting would have 
likely been lost as runoff 
during monsoon if the dam 
had not been built.    

 
 
Summary of Major Conclusions for Theme 1:  
 
 EMI was critical for delineating aquifer boundaries needed to complete the water balance. 

 Villagers have made a significant impact on the watershed by water harvesting. The dam 
captures 7% of annual rainfall in the watershed, which reduces annual monsoonal runoff 
losses by about 32%. 
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Theme 2: Watershed Restoration II – WHS Site Screening 
 

Objective:  
Determine whether multi-frequency EM data could be used as a screening tool for locating WHS 
dams in areas of high recharge potential. 
 

Results:  
GEM2 surveys were collected at 30 WHS dams in the region near the study watershed (Figure 
13).  During the surveys, data on the local geology and geometry of the watershed was collected.  
At each location GPS data was also collected to assist in approximating the area and volume of 
the reservoir behind the dam.  Whenever possible, villagers were interviewed to obtain 
information on the dam performance, specifically the length of time that the reservoir retains 
water after monsoon.  Out of the thirty reservoirs investigated, we were only able to obtain both 
GEM2 and villager survey data at eight of the sites.  
 

An estimate of reservoir seepage potential was made by dividing the volume of the 
reservoir by the retention time of the reservoir.  Figure 14 shows a high degree of correlation 
between the GEM2 signal and seepage potential that is statistically significant at frequencies 

greater than 7kHz (correlation coefficient 
>0.8, level of significance: =0.01), but a 
poor correlation at lower frequencies 
(correlation coefficient <0.33).  This result 
suggests that the near surface environment 
is the most important factor influencing the 
ability of a reservoir to enhance recharge to 
groundwater.  One interpretation of the data 
is that when the electrical conductivity is 
high, near surface weathered basalts and 
highly fractured (columnar) basalts allow a 
high discharge rate from the reservoir.  In 
contrast, when the conductivity is low 
competent (massive) basalts play a larger 
role in the near-surface geology and inhibit 
subsurface discharge from the reservoir.  
Note that though the deposition of clays in 
the bed of a reservoir (“silting up”) often 
contributes to lower seepage rates, the 
presence of clays would also increase 
electrical conductivity.  This trend of 
decreased seepage with increased electrical 
conductivity is the opposite of that actually 
observed in the data and we therefore do not 
think that clays are a likely mechanism for 
controlling seepage losses in this region. 
 

 
 

 
Figure 13: Dam locations where GEM2 surveys were 
performed over dry reservoirs to test the hypothesis that 
EMI data can be used as a screening tool for locating water 
harvesting reservoirs. 
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Figure 14:  A strong linear correlation is observed between the estimated average infiltration rate from reservoirs 
and the GEM2 quadrature response at frequencies of 7.1kHz or higher for the 8 sites surveyed in the study.  The 
correlations given in each figure are statistically significant (=0.01) for the higher frequencies.  Error bars represent 
the standard error in the mean quadrature response at each reservoir site.   
 

 

Summary of Major Conclusion for Theme 2:  
 
 A strong correlation was observed between infiltration rate and GEM2 response at eight 

different reservoirs, suggesting that EMI is a viable initial screening tool for siting water 
harvesting projects.   
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Theme 3: Water Use Management 
 

Objective:  
Evaluate EMI for identifying hydrologic soil variability. 
 

Results:  
We collected EM38 data from various fields representative of different soil conditions in the 
watershed (lowland valley, upland ridge, and intermediate) throughout the 2009 monsoon 
(surveys conducted: May 16, May 31-June 1, June 30-July 4, July 28, Aug.13-14, Aug. 18, 
Aug.29, Sept.12).  The data for each survey was collected with a sample spacing of about 0.5m 
along transects and 2m between transects, thereby providing an excellent view of soil 
heterogeneity.  Comparing pre- and post- monsoon EM38 surveys (Figure 15), there is a clear 
change in the magnitude and pattern of electrical conductivity.  Within each field we have 
observed strong variations in the EM38 response both spatially and temporally.  Patterns in the 
fields are closely associated with changes in water content, with higher degrees of spatial 
organization and continuity associated with wetter periods.  Therefore, we suggest that zones that 
show little change in conductivity drain quickly to return to field capacity and require more 
attention for irrigation.  Zones that show significant changes between surveys respond more 
slowly to drainage and retain water longer.  These areas therefore require less frequent irrigation.    
 

 
 

Figure 15: Comparison of pre- and post-monsoon electrical conductivity in a field located in the 
downstream portion of the watershed.  The high-conductivity zone apparent in the pre-monsoon 
data indicates a region where fine-grained materials either retain higher water content or clays 
contribute to surface conductivity.  In the post-monsoon data, the conductivity of the south-eastern 
part of the field has not changed significantly, indicating the area quickly drains to return to field 
capacity.  In contrast, the northern part of the field has experienced significant increases in 
conductivity, suggesting that these regions retain water and drain more slowly.  This information 
can be used to help farmers optimize irrigation practices to target zones of high drainage.   
 
The EM38 surveys conducted in 2009 provide insight into changes in moisture in the 

fields that can be used by farmers to qualitatively guide irrigation practices.  One of our project 
goals, however, was to evaluate whether these changes could be used to quantitatively define 
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irrigation management zones with distinct hydrologic properties.  We felt that short-term EM38 
monitoring data, i.e., changes in response to individual irrigation or rainfall events, would be 
most appropriate for this purpose, given that additional variables beyond water content could 
potentially affect the patterns observed with EM38 over the entire period of the monsoon.  
During the initial 5 month phase of field work in 2009, however, it was difficult for the graduate 
student working in the field (Dan Matz) to obtain EM38 monitoring data over the time scale of 
days due to logistical problems such as irregular rainfall, lack of irrigation, scheduling issues, 
equipment security and illness.  As a result, graduate student Sudershan Gangrade conducted an 
additional 2 weeks of field work in the late fall of 2010.  We chose this time to target a typically 
dry period of the year when irrigation activities are common.  These surveys were conducted in 
different fields from the 2009 surveys as we attempted to identify areas with strong apparent soil 
textural contrasts that were managed by farmers that were willing to collaborate on the project, 
e.g., by scheduling the timing of their irrigation.  Unfortunately, the period of the 2010 field 
work ended up being unusually wet with significant amounts of rainfall.  As a result, we were 
not able to monitor electrical conductivity changes resulting from irrigation, though we did 
monitor changes associated with natural rainfall events. 

Variations in soil conductivity affected by a heavy rainfall event on Nov.27 and light 
rainfall on Dec.1 are illustrated in Figure 16 for Field #1, one of the fields from the middle of the 
watershed.  Background “dry” conditions were surveyed on Nov.26 and show a region of high 
conductivity, which we refer to as a “wet” zone, and a region of low conductivity, which we 
refer to as a “dry” zone.  The bimodal electrical conductivity distribution is also apparent in the 
histograms given in Figure 17 for EM38 data collected with both 0.5m and 1m coil spacings.  
Based on the differences in conductivity response across the field, we found that we could 
optimally segment the field into two zones based on cluster analysis using Gaussian mixture 
models (Figure 18).       

 
 

infiltrometer 
tests 

 

Figure 16: Apparent electrical 
conductivity (mS/m) mapped 
using EM38 (1m coil spacing).  
Heavy rainfall occurred on 
Nov.27 and light rain occurred 
on Dec.1.  Two different zones 
of high and low conductivity, 
i.e., “wet” and “dry” zones, are 
apparent.    
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Figure 17: Histograms of 
electrical conductivity measured 
with the EM38 0.5 and 1m coil 
spacings.  A biomodal 
distribution of conductivity is 
apparent for each coil spacing, 
which shifts to higher or lower 
values in response to soil wetting 
and drying.  The color scale for 
the scatter plot in the center of 
each figure indicates the 
probability of belonging to 
cluster 2 (i.e., the “dry” zone) 
assigned to each data point.  

 

Figure 18: Map of Field #1 
showing probability of 
belonging to zone #1 (i.e., 
“wet” zone) evaluated using a 
Gaussian mixture model.   
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While significant changes in the magnitude of the electrical conductivity are produced by 

the rainfall events, the overall spatial pattern of these zones remains approximately constant.  
The conductivity patterns may therefore be the result of textural or mineral conductivity effects, 
rather than a true contrast in water content across the field.  While non-hydrologic factors may 
explain patterns in the absolute conductivity, Figure 19 shows that the changes in conductivity 
between days are also not uniformly distributed across the field.  Significantly larger changes in 
conductivity occur in the “wet” zone than the “dry” zone.  Given that the conductivity 
differences remove static effects, like contributions from the surface conductivity of clays and 
other conductive minerals, Figure 19 is directly indicative of changes in water content.  Similar 
to the results from the 2009 surveys in different fields, these observations again support the idea 
that the dry zone represents a soil which drains quickly to field capacity.  In contrast, long 
retention times and slow redistribution of water causes a significant conductivity difference in 
the wet zone.  In other words, the maps showing changes in conductivity should be linked 
directly to the hydrologic properties of the soil.   

To test this idea we performed mini-disc infiltrometer tests at locations in both the wet 
and dry zones shown indicated in Figure 16.  At both sites the results were performed under 
suction (pressure head (ho) = -2cm) such that the infiltration test reflects the behavior of the soil 
matrix, which is what is sensed by the EM38, rather than macropores.  The results of the tests in 
Figure 20 show that the soil in the dry zone does indeed transmit water significantly faster than 

Figure 19: Differences in electrical conductivity 
observed between survey days.  Conductivity 
increases occur as a result of rainfall and decreases 
occur during periods of drying, but the changes are 
not uniform.  Larger changes occur in the “wet” zone 
compared to the “dry” zone, suggesting that changes 
in conductivity in response to wetting and drying are 
a sensitive indicator of soil type.   
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the soil in the wet zone.  The unsaturated hydraulic conductivity of the soils is an important 
parameter in determining irrigation scheduling and can be estimated from this data using a 
standard analysis (i.e., hydraulic conductivity = C1/A, where C1 is the first coefficient of the 
regression in Figure 20, A=2.43 for a loamy sand, and ho=-2cm).  We found that the wet zone 
had a hydraulic conductivity of 6cm/min, which is substantially lower than the value of 
20cm/min found for the soils in the dry zone.  This is consistent with our interpretation of the dry 
zone as a fast draining region relative to the wet zone of the field.  The EM38 was therefore 
successful in delineating soil zones that are closely linked to soil hydraulic parameters that play a 
major role in determining water availability in soils.    

 
 Figure 20: Results of the mini-
disc infiltrometer tests.  The soil in 
the “dry” zone was able to transmit 
substantially more water than the 
soil in the “wet” zone, indicating 
that it also has a significantly 
higher hydraulic conductivity. 

 
 
 The mapping results given above illustrate that EM38 surveys provide a practical tool for 
delineating soil management zones in the Salri watershed.  We have presented the results and 
provided those farmers participating in the study maps of their fields, explaining the relevance of 
the findings during a final field visit in January of 2011.  Though we did perform initial 
background surveys to assess domestic and agricultural water uses in the village in 2009, we 
were not able to perform follow up surveys to assess direct impacts of the EM38 results on water 
use since the EM38 data were not available for farmers until the end of the project.  We are 
therefore not able to provide a quantitative assessment of how this information has impacted 
farmer behavior as a part of this project.  Regardless, we are optimistic that farmers will adapt 
their practices as a result of the study and that the NGO will continue to promote such activities 
in the future.   

Sudershan Gangrade is also continuing to follow up on improving and validating the 
techniques developed in this project in a MS thesis being conducted at Clemson University.  By 
performing follow up studies at Clemson, Sudershan has been able to perform a large number of 
EM38 surveys under a wide variety of conditions.  He is also able to collect many soil samples 
for hydrologic analysis and evaluation of petrophysical relationships from each zone identified 
with the EM38, thus allowing him to evaluate how robust EM38 is for identifying soil zones 
specifically for irrigation management.  As a part of his thesis, Sudershan will quantitatively 
evaluate the potential impact of adapting water use practices to account for irrigation 
management zones identified using EM38.  He is expected to complete this work in the spring of 
2012.  He is currently planning on returning to India to work on water sustainability issues after 
completing his thesis, so is expected to continue to propagate the results of this study through 
those future efforts. 



 18 

The final task we had proposed under this theme was to use transient monitoring data 
obtained during infiltration events to calibrate a hydrologic infiltration model.  Monitoring of a 
flood irrigation event was conducted with the EM38 on May 18, 2009 over a period of 
approximately 2.5hrs.  An excellent response to the infiltration event was observed with soil 
electrical conductivity increasing by approximately 25% within the first 45 minutes of the test 
and showing a consistent response to moisture probes (Figure 21).  A gradual decrease in 
apparent conductivity was observed in the data as water infiltrated into the soil and by 24 hours 
after the test the soil had returned to the original conductivity value.  This test illustrated the 
potential for using EM38 to monitor soil moisture changes resulting from irrigation in the area.  
Further replicate experiments were not possible during the main period of field work in 2009, so 
were planned for the additional field work completed in November of 2010.  The rainy weather 
conditions during this time, however, prevented us from performing additional tests in the Salri 
watershed.  We have attempted additional calibration experiments at Clemson using a large-
diameter (~1m) ring infiltrometer to allow for better control over soil boundary conditions during 
the tests, but have encountered some unexpected results with the data, e.g., decreases in apparent 
conductivity during wetting.  We are continuing to evaluate these problems, but currently believe 
that they are associated with the spatial sensitivity pattern for the EM38 and the geometry of the 
experiment.  We intend to continue this line of research using a large (4m x 4m x 2m) sand tank 
being constructed in the PIs lab for a separate project.  The highly controlled conditions of this 
environment will allow us to fully evaluate whether or not EM38 is able to produce data that can 
be used to directly calibrate a soil hydrologic model.  We note, however, that after having 
worked in the village and realized the practical problems associated with short-term monitoring 
with the EM38, we feel that this approach to soil characterization is likely to have less overall 
impact at the village level than the other mapping methods we have developed in the project for 
characterizing soil management zones.  
 
 
Figure 21: Comparison of the EM38 response (1m 
coil separation) during an irrigation event versus 
changes in water content observed with soil moisture 
probes installed at depths of 15 and 30 cm.  
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Summary of Major Conclusion for Theme 3:  
 
 Differential EM38 surveying under wet and dry conditions is a practical tool for mapping soil 

zones with distinct hydrologic properties to guide irrigation management by farmers.   

 EM38 can closely track changes in water content in fields over multiple time scales (i.e., 
infiltration during irrigation events vs. seasonal changes over monsoon). 
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Theme 4: Groundwater Assessment 
 

Objective:  
Evaluate the regional hydrogeology of the watershed and assess potential zones for groundwater 
development using the GEM2 EMI sensor. 
 

Results:  
GEM2 data was collected throughout the watershed using a line spacing of approximately 100-
200m as proposed, though not all areas of the watershed could be covered due to physical 
obstacles and water bodies during the monsoon season.  Surveys were performed pre-monsoon 
(May 3, May 19-25), mid-monsoon (June 9, July 8-25), and late monsoon (Sept.2-3) to capture 
differential changes in conductivity related to changes in water storage.  Our current 
hydrogeologic conceptual model (Figure 22) is consistent with the data, which showed larger 
EM responses along stream channels compared to upland areas where bedrock is exposed (both 
for individual surveys and the difference between surveys collected at different times).  This 
suggests that alluvial materials and fractures in the valleys are the predominant storage area for 
water in the watershed.  One region of the watershed, however, has shown an unexpected 
increase in conductivity as monsoon progressed and requires more investigation.  Our 
interpretation is that in this area a seasonal, locally perched aquifer may be present (e.g., due to 
columnar basalts overlying impermeable massive basalt).  This interpretation is supported by the 
presence of nearby springs in the valley walls and the unusual presence of natural vegetation in 
the area of the anomaly which suggests the availability of water at relatively shallow depths.  
This area may prove to be a potential future source of water or – due to its transient nature 
suggesting relatively high transmission characteristics – may also be a place for the villagers to 
consider future aquifer recharge projects.  The trends observed with the GEM2 were also 
consistent the results of electrical resistivity soundings performed in collaboration with faculty 
from the Indian Institute of Technology – Bombay (IIT-B) and in previous work in the 
watershed.   

Despite a regional ban on well drilling, we were able to obtain permission from the 
district administrator to drill a set of wells for scientific purposes.  Based on the geophysical 
results, we drilled a total of seven wells in December of 2010 in the lower watershed, which also 
provided confirmatory evidence for our hydrogeologic interpretations (Figure 3).  Five of the 
wells were sited to form a small well-field in the central portion of the lower watershed.  Three 
of these wells at this location were drilled to a depth of 9m to fully penetrate the shallow aquifer 
present in the alluvial and weathered materials.  The remaining two wells at this location were 
drilled to depths of 37m and 51m so that vertical hydraulic gradients could be evaluated.  These 
wells were both completed in zones of a few meters thickness representing weathered basalt 
and/or columnar basalts which indicate transitions between basalt flows.  Both zones were found 
to be capable of producing substantial amounts of water during subsequent pumping tests.  These 
wells will continue to be monitored by our partner NGO and villagers and are expected to be 
used for training purposes by the NGO.  Pending future permission from the district government 
to install pumps in the wells, the deeper wells will also act as a new, more reliable water source 
for the villagers.  We also note that an unanticipated outcome of this project was the 
rehabilitation of a road into the watershed completed to allow the drilling rig access to the site – 
the villagers saw this as an important impact of the project with immediate benefits for them.  
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Figure 21: Conceptual hydrogeologic model of the Salri watershed showing a system 
where multiple basalt flow channel groundwater discharge toward spring and seeps at the 
valley walls in the upper parts of the watershed and feed a shallow alluvial aquifer used for 
irrigation in the lower part of the watershed. 

 
 
Summary of Major Conclusion for Theme 4:  
 
 GEM2 surveys across the watershed supported the development of our hydrogeologic 

conceptual model and identified an area likely to have a shallow perched aquifer that could 
be used for future supply or storage purposes.  

 Seven wells were drilled in the watershed to support ongoing groundwater monitoring 
studies, two of which penetrate deeper aquifer systems less sensitive to monsoonal cycles.   

 Rehabilitation of a road in the watershed to provide drilling rig access was identified as a 
major project benefit by the villagers. 
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Theme 5: Outreach, Participation and Technology Transfer 
 

Objectives:  
(i) Development and transfer of protocols for performing hydrogeophysical studies to the 

partner NGO (Foundation for Ecological Security).   
(ii) Exposure of students and the public to the use of geophysical methods in hydrology. 

 

Results:  
Supplementing our efforts and successes in the technical portions of the project, we see our goal 
to engage villagers, governments, the NGO, students, and the public as the overwhelmingly 
successful aspect of this project.   We have undergone substantial efforts to engage different 
groups and transfer knowledge and outcomes to them. 

Our outreach activities have targeted a variety of audiences. At the village level we 
undertook a variety of educational activities, including 5 months of in-the-field interactions, 
village meetings, and a formal workshop that was held in the village at the end of the 2009 field 
season to discuss project outcomes (Figure 22).  A graphic poster was also prepared to explain 
the project to villagers and has been displayed at a number of venues.  Beyond the village, we 
have engaged farmers by presenting the project at a regional fair and have discussed the project 
with various levels of government, including the federation of villages to which Salri belongs, 
the district government in Agar, and the regional government in Shajapur (Figure 23).  Broader 
outreach efforts included interviews with various media outlets, including the Indian national 
news channel NDTV (Figure 24).  We reached out to the general public through a project blog 
maintained by Dan Matz (dansindiablog2009.blogspot.com), which has been accessed over 
14,000 times from across the world.  Over the course of the project we also gave 13 conference 
presentations disseminating the objectives and outcomes of the project to industrial and academic 
audiences.     
 

      
Figure 22: Examples of project outreach to villagers.  (left) Meenakshi Choudhary (FES) provides villagers 
informal field training on measuring stream flow.  (right) Meenakshi and Dan Matz (Clemson) hosted a formal 
workshop in the village to discuss the project objectives and results at the end of the 2009 field season.   
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Figure 23: Examples of project outreach beyond the village.  (left) Sudershan Gangrade (Clemson) presents a poster 
at a regional farmer’s fair in the city of Agar (local administrative center for Salri).  (right) Stephen Moysey 
(Clemson) presents the project to development officers in the regional government offices located in Shajapur.   
 

     
Figure 24: Examples of project outreach efforts to the public.  (left) A reporter from NDTV collects footage for a 
national news story on the project.  (right) A snapshot of the project blog used to reach out and inform the public 
about the project. 
 

Informal training of FES staff has occurred throughout the project period on an ongoing 
basis – particularly as a result of direct interactions between the PI and Dan Matz with FES staff 
during the field effort between April-October, 2009.  Dan completed training manuals for the 
project equipment and these are now being used by FES field staff.  We sponsored Chiranjit 
Guha, the head geologist for FES, to come to Clemson during the summer of 2010 to be trained 
in the analysis methods used during the project and to participate in our hydrogeology field camp 
at Clemson.   In addition to learning new techniques from our course, he also contributed by 
teaching a class to our students on groundwater issues in India and approaches that FES takes to 
address them (including geophysics); informal feedback obtained from students indicated that 
they greatly appreciated these practical insights and it added significantly to the field camp.  The 
project ended with a formal three-day short-course titled “Practical Monitoring Strategies for 
Scientifically-based Watershed Management” held in Ujjain, Madhya Pradesh, Jan.17-19, 2011.  
The workshop was attended by approximately 20 attendees, which included FES field staff from 
across the country, two students and a faculty member from a local university in Ujjain, and local 
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NGO participants.  Additional student participation was limited by the timing of the course 
which unfortunately conflicted with student schedules.  The course materials were given to FES 
staff to support future training activities within the organization.  
 
Figure 25: Examples of NGO training.  (below) PI Moysey taught a three-day 
formal short-course to transfer basic concepts, methods, and outcomes to FES.  
(right) One day of the course was held in the Salri watershed to give 
participants first-hand experience in hydrogeophysical methods, including the 
resistivity surveying shown in the image.    

  
Student engagement was a priority throughout the project.  Two Clemson students 

obtained first-hand geophysical experience working on the project.  Dan Matz spent 
approximately five months in the field (May-Oct., 2009) collecting data for this project and 
working closely with FES field staff and villagers.  He successfully completed his MS thesis on 
integrating EMI surveying with hydrologic monitoring for evaluating impacts of water 
harvesting in August of 2010 and is continuing to work on preparing papers for publication.  The 
second Clemson student is Sudershan Gangrade who began as an intern on the project while he 
was an undergraduate student at the Indian School of Mines (Dhanbad).  He is currently in 
residence at Clemson completing his MS thesis on using EM38 for defining soil zones for 
improved agricultural water management and is expected to graduate in May, 2012.  Notably, 
both Dan and Sudershan obtained degrees in Environmental Engineering and Science, which is 
an area within which geophysicists are highly underrepresented.  These two students and their 
experiences are therefore expected to help strengthen the role of geophysics within 
environmental engineering, particularly at Clemson.  A group of six undergraduate students at 
Clemson actively participated in the project over the 2008-2009 year by performing parallel 
monitoring studies in the Clemson Experimental Forest to assist in equipment preparation and 
testing prior to field deployment in India.  We engaged geophysics students at IIT-Bombay by 
leading a hands-on demonstration allowing them to learn about and use the GEM2 and EM38 
tools during our field visit in the spring of 2009.   
 
Summary of Major Conclusions for Theme 5:  
 The project was highly effective in reaching a large and diverse audience locally and around 

the world through methods ranging from village meetings to an online blog.   

 Transfer of knowledge to our NGO partner (FES) was accomplished by a variety of means 
including informal training of field-staff, FES participation in our hydrogeology field camp 
at Clemson, and a formal 3-day short-course delivered by the PI in India.  

 Direct student engagement in the project includes 2 graduate students and 6 undergraduates 
at Clemson, students at IIT-B who obtained hands-on experience with the equipment, and 
two Indian student participants in the 3-day short-course. 
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Project Conclusions 
This has been a highly successful project.  We have been able to complete most project 

goals.  Despite some of the technical challenges described in this report, we have met all of our 
goals focused on the assessment of villager impacts on the watershed and transferred this 
information to them to support informed decision making about water management.  The areas 
where we have not been as successful in meeting our goals are more research oriented aspects of 
the project, which did not significantly impede our ability to make practical conclusions about 
local hydrogeology or villager activities.  We continue to work on overcoming these research 
issues beyond the formal project end date.  In addition to these planned outcomes, perhaps the 
biggest and most immediate local impacts for the villagers has been the improvement of a road in 
their watershed and installation of seven new wells, particularly two deep wells, that are likely to 
enhance the reliability water supplies in future.   

Through this project we have helped to build the institutional capacity and confidence of 
our NGO partner to use scientific approaches when working with villagers on water development 
projects.  We have been informed that the NGO is continuing to take on additional projects 
related to the work at Salri, including a baseline monitoring study of hydrologic conditions in 
approximately 400 watersheds in southern India.  We are confident that our project has 
significantly influenced the NGO’s ability to conduct these types of studies and expect that 
materials produced during the project, e.g., training manuals and short-course notes, will 
continue to be used by the NGO to prepare their field staff. 

This project has been highly successful in engaging a broad and diverse audience from 
around the world.  We have included students in the project at home and abroad; in particular the 
project has led two outstanding students (Matz and Gangrade) to pursue graduate studies in 
geophysics.  We have made a significant effort to keep the project open and accessible 
throughout to allow people ranging from villages to the general public to learn about water issues 
in India and the role of geophysics in solving these problems.  Our project blog, media 
cooperation, and extensive number of conference talks about the project all demonstrate our 
strong commitment to ongoing outreach.  As one of the first GWB projects, we believe that we 
have been highly successful in representing the values and objectives of the GWB program and 
are grateful for the opportunity to have been a part of GWB through this project. 
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Hydrology, 385:230-237, 2010.  
 

(*Note: A significant portion of the work for this paper was completed prior to the start of the GWB project, 

however, the final paper was significantly influenced by contributions from the continuing work in the GWB project 

so it has been listed here.)  
 
Project Publications (in prep): 
Matz, D., S. Moysey, R. Ravindrinath, Hydrologic impacts of water harvesting in a rural Indian 

watershed (expected submission in Jan., 2012).  
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submission in spring, 2012). 

Gangrade, S., S. Moysey, Defining hydrologically relevant soil management units using the 
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Environmental Engineering and Science, Clemson University, 2010. 
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Environmental Engineering and Science, Clemson University, 2012 (in progress). 
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Moysey, S.M., 2011, Defining the impacts of a GWB project in rural India, Geological Society 

of America Abstracts with Programs, 43(5):521, Minneapolis, MN, Oct. INVITED 

Moysey, S.M., D. Matz, C. Guha, R. Ravindranath, and M. Choudhary, 2011, Integrating 
hydrology and geophysics to evaluate the impact of artificial recharge on groundwater in 
rural India, EAGE, Leicester, UK, Sept. (Best of SAGEEP Encore Presentation) 
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Gangrade, S., and S.M.J. Moysey, 2011, Evaluation of EM38 as a tool for improving irrigation 
practices in rural India, SAGEEP, Charleston, SC, April. (Poster) 
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Moysey, S.M., 2010, The importance of stakeholders in community-based geophysics programs, 
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Moysey, S.M., J.A. Oblinger, R. Ravindrinath, C. Guha, 2008, Improving groundwater 
management in rural India using simple modeling tools with minimal data requirements, 
Eos Trans. AGU, 89(53), Fall Meet. Suppl., Abstract PA11A-07. 

Matz, D., and S.M.J. Moysey, 2011, The impact of water harvesting in rural India on 
groundwater elevations and local streamflow, Snipes Hydrogeology Symposium, 
Clemson, SC (April). 

Moysey, S.M., and R. Ravindranath, 2010, Addressing the rural water crisis in India using 
electromagnetic induction, Geoscientists without Borders Showcase at the 2010 Annual 
Meeting SEG, Denver, CO, Oct.  (Poster) 

Matz, D., S. Moysey, M.Chaudry, R.Ravindranath, C. Guha, 2010, Evaluating a water balance 
model for small dams using field data collected in rural India, Snipes Hydrogeology 
Symposium, Clemson University. 

Moysey, S., 2009, Addressing the Indian rural water crisis with geophysics: What does it mean 
to make a difference?, presentation made at SEG Foundation Donor Lunch, SEG Annual 
Meeting, Houston, Oct., 2009. INVITED TALK 

Moysey, S.M., 2009, Addressing the water crisis in rural India using EM induction to map soil 
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Appendix A: Project Statement of Work Checklist 
Project Task Completed? Comments

1. Evaluation of Groundwater Storage Capacity
1.1 Field Tasks

a. collection of GEM2 data Yes

b. correction of GEM2 data for drift Yes

c. interpretation of GEM2 data Yes

d. well pumping tests Yes

e. hydrologic monitoring Yes

f. development of stream rating curves Yes

g. monitoring of groundwater levels Yes

h. measurement of vertical head gradient Yes

i. survey of farmer practices Yes

1.2 Modeling & Analysis Tasks
a. integration of inversion and geostatistics No - not possible due to problems with GEM2 inversions

b. estimation of groundwater storage changes Yes

c. water mass balance Yes

d. groundwater modeling Partial - modeling effort was simplified to better meet project objectives

2. WHS Site Screening
2.1 Field Tasks

a. collection of EM GEM2 data Yes

b. survey of locals Yes

2.2 Modeling & Analysis Tasks
a. estimation of reservoir volumes Yes

b. comparison of EM and seepage rates Yes

3. Water Use Management
3.1 Field Tasks

a. baseline EM38 data over agricultural fields Yes

b. mapping of fields using EM38 Yes - results from India affected by weather conditions, ongoing at Clemson

c. transient EM38 data during irrigation events Partial - results obtained for only one test due to complications, ongoing at Clemson

d. correction of EM data for drift Yes

e. installation of moisture probes Yes

f. farmer surveys Yes

3.2 Modeling & Analysis Tasks
a. cluster analysis of EM38 data Yes

b. thematic maps from transient EM38 data Yes

c. calibration of petrophysical relationships Yes - ongoing for field Clemson soils

d. soil response times from EM data No - not possible from available data (see discussion of task 3.1c)

e. calibration of drainage model using EM38 data No - not possible from available data (see discussion of task 3.1c)

f. collaborate with farmers Yes

g. eval. of farmer water use before\after EM38 No - follow up surveys of farmer impacts not possible due to end of project

4. Groundwater Assessment
4.1 Field Tasks

a. collection of baseline GEM2 transects Yes

b. repeat GEM2 measurements through monsoon Yes

c. correction of GEM2 data for drift Yes

4.2 Modeling & Analysis Tasks
a. 1D inversion of GEM2 transects No - not possible due to problems with GEM2 inversions

b. hydrogeologic interpretation of GEM2 resistivity Partial - qualitative interpretations of GEM2 data, supplimented with resistivity data

c. re-evaluation of hydrogeologic conceptual model Yes

5. Participation & Technology Transfer Tasks
a. transition of tools for NGO deployment Yes

b. on-site training of FES field staff Yes

c. protocols for similar studies Yes

d. recruitment of Indian students in the project Yes - field experience for IIT-B students; Gangrade internship and MS thesis

e. development of communication tools for villagers Yes

f. participatory data collection by villagers Yes - see text and Moysey (2011) for details regarding practical implementation issues

6. Project Deliverables
SEG Year 1 Progress Report Yes

SEG Final Report Yes

Website Yes

Student Blog Yes

Protocol Tutorials Yes

Illustrated Tutorials Yes - produced as bilingual poster to communicate project to villagers and others

Project Presentations Yes - 8 at major conferences, 13 total, 6 invited, 1 award winning

MS Thesis Yes - Matz, EES, Aug. 2010; Gangrade, EES, expected May 2012

Journal Publications Yes - 2 journal pubs, 2 peer-reviewed conf. proceedings, 3 papers in prep  


