Journal of Water Resource and Protection, 2011, 3, 768-780
doi:10.4236/jwarp.2011.310087 Published Online October 2011 (http://www.SciRP.org/journal/jwarp)

o5 Scientific
(> )
+* Research

Inexpensive Geophysical Instruments Supporting
Groundwater Exploration in Developing Nations

James A. Clark®, Richard Page?
'Department of Geology and Environmental Science, Wheaton College, Wheaton, Illinois, USA
2Design Engineer, Wheaton, Illinois, USA
E-mail: james.clark@wheaton.edu
Received June 16, 2011; revised August 7, 2011; accepted September 12,2011

Abstract

Geophysical methods are often used to aid in exploration for safe and abundant groundwater. In particular
resistivity and seismic refraction methods are helpful in determining depth to bedrock and zones of saturation
in the subsurface. However the expense of these instruments ($5000 to $20,000) has resulted in their limited
use in developing countries. This paper describes how to construct these devices for less than $250 each. The
instruments are small, light and robust and are as useful for groundwater exploration as the commercial
models for shallow aquifers (less than 35 m deep) where wells can be hand dug, augured or drilled with
small portable drill rigs. Data interpretation can be accomplished quickly in the field with free software im-
plemented on a laptop computer. A suite of geophysical instruments and software can therefore be assembled
for less than $850. This paper gives the design for these instruments and essential information needed to use
them. It is hoped that these inexpensive geophysical instruments can be widely distributed among drillers

and aid workers in developing countries, improving the success rate of water wells.
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1. Introduction

Because the need for safe water in much of Africa and
many developing nations is so great and sustainable wa-
ter production is desired, training of a host of indigenous
workers with skills to drill, develop, complete and main-
tain good wells is essential. To this end a team from
LifeWater International trained an effective team of
Tanzanians to drill and complete shallow wells (<35 m
deep) with a small portable drill rig (LS-100). This mud
rotary rig can drill quickly through soft and unconsoli-
dated sediments, but cannot penetrate the hard crystalline
bedrock common in East Africa. During the following
year the highly productive indigenous team drilled 50
boreholes but, because there was little geological ration-
ale for siting each well other than avoiding proximity to
sources of contamination, 15 of those wells were dry.
The aquifer in the southern highlands of Tanzania is
slightly weathered granite or gneiss found immediately
above unweathered bedrock, but below 5 to 40 m of clay.
Dry boreholes typically occurred where bedrock was
close to the surface (<10 m) so that the water table was
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below the permeable weathered zone, or where bedrock
was so deep (>35 m) that the aquifer was beyond the
depth limit of the small drill rig. Similar depth limits
constrain hand auger drilling methods and hand-dug
wells. Prior knowledge of the approximate depth to bed-
rock would be extremely valuable information aiding the
selection of drilling sites in this region.

In a different geological regime villagers in eastern
Chad hand-dig shallow wells, 1.5 to 3 meters deep, in the
sands of wadis to provide their families with water for 6
months of the year. During the dry season the water table
drops below the bottom of the wells and the women must
travel several kilometers to obtain water from large dry
sandy river beds. Hard crystalline bedrock limits the
depth of the wells, but its surface is highly irregular so
that overlying sand thicknesses differ dramatically over
short distances. Knowledge of the approximate depth to
bedrock would enable wells to be dug in thick sand se-
quences which remain saturated throughout much of the
year.

In each of these cases the striking contrast in physical
properties between the overlying unconsolidated material,
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clay or sand, and the hard bedrock makes geophysical
methods particularly attractive as a means of detecting
depth to bedrock. In particular, the well known electrical
resistivity and seismic refraction techniques are very well
suited to determination of depth to bedrock under these
geological situations [1]. In the resistivity method a
slowly alternating electrical current flows through the
ground, such that, through analogy to Ohm’s law (resis-
tance = voltage/current), measurement of voltage and
current at the ground surface gives an estimate of the
electrical resistance in the subsurface. Because the elec-
trical resistance is related to lithology and saturation, the
subsurface geological conditions can be estimated. In the
seismic refraction method sound waves produced by an
explosion or sudden shock at the surface travel through
the subsurface. Shock waves travel much faster in bed-
rock than in unconsolidated material and, in analogy to
Snell’s law of optics, eventually refract back towards the
surface. Accurate measurement of initial arrival times of
these refracted waves allow inference of depth to bed-
rock layers.

These techniques using commercially available in-
struments have been shown to be very helpful in finding
water in Africa. In one study of 370 wells drilled in
Zimbabwe the use of resistivity surveys improved the
success rate for wells from 50% to 85 % [2]. Kirsch [3]
provides an overview of geophysical methods in support
of groundwater exploration, and in that volume Rabbel
[4] considers seismic and resistivity methods as second
only to drilling for usefulness in determining the subsur-
face structure. His paper also explains that both methods
should be used for maximum information because they
complement each other.

This paper will add little to the immense literature
about the theory, use, and interpretation of resistivity and
seismic refraction methods developed over the past 70
years in support of oil exploration and, more recently,
groundwater exploration [3,5]. The objective is to dem-
onstrate that instruments costing tens of thousands of
dollars if purchased commercially can be constructed for
less than $250. Such inexpensive tools could be dis-
seminated widely among drillers who could use them to
determine depth to bedrock, and therefore increase the
chance of completing successful water wells. Thus the
instruments would be operated not by highly-paid con-
sultants or a few geologists employed by governments
but by those who are actually drilling wells. Although
these instruments are much less elaborate than the com-
mercial models, they are capable of similar accuracies
where prospecting targets are shallow. They are much
less cumbersome to transport and easier to repair under
field conditions than commercial units. Furthermore, if
an inexpensive laptop computer is available, free soft-
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ware can be used to interpret the geophysical data while
in the field. However, commercial models typically al-
low more efficient data collection and commercial soft-
ware provides more refined data interpretation.

Others have reported developing inexpensive resistiv-
ity [6] and seismic instruments [7] for educational pur-
poses, but the use of similar instruments for water pros-
pecting in developing countries has not been addressed.
Olowofela et al. [8] working in Nigeria have recently
outlined the plans for a resistivity meter in the context of
physics research, but their plans are more elaborate than
those proposed by us and have not been applied specifi-
cally to water prospecting.

The following sections briefly describe the theory of
each technique in turn and then outline construction and
interpretation procedures. Each section concludes with
an application of the technique to the geological situa-
tions outlined above for Tanzania and Chad.

2. Resistivity Method

It is not necessary to review in detail the theoretical basis
for “vertical electrical sounding (VES)” because, for all
but the simplest homogeneous earth model, the theory is
difficult and adds little to meeting the objectives of this
paper. A brief discussion of the theory and field methods,
however, is important to understand the rationale for
features included in the instrument and data interpreta-
tion method.

2.1. Theory

A DC voltage across two current electrodes (A, B) in-
serted into soil causes an electrical current to flow
through the ground (Figure 1). Potential electrodes (M,
N) are inserted between and in line with the current elec-
trodes. Measurements of the electrode spacing, the cur-
rent (/) and the voltage drop between the potential elec-
trodes (V,,) are made and then the electrode spacing is
increased and the measurement repeated. As the elec-
trode spread increases, the depth of penetration of the
current increases so the surface readings become more
affected by electrical properties at depth. The electrical
property of interest is ground resistivity with units given
in ohm-meters.

Two electrode configurations are common (Figure 2).
In the Wenner arrangement the spacing between each
electrode, “a”, is constant. When the current electrodes
are moved farther apart to induce a deeper current, the
inner potential electrodes must also be moved. With the
Schlumberger method the potential electrodes remain
fixed and only the outer current electrode spread in-
creases.
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Figure 1. Schematic illustration of the resistivity method.
Solid red lines represent current flow. Dashed black lines
contour electrical potential (voltage).
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Figure 2. The two most common electrode configurations.

The measurements of / and V,, are used to calculate
the “apparent resistivity,” which is the resistivity for the
equivalent homogeneous earth that produces the same /
and V,,. For the Wenner electrode configuration the ap-
parent resistivity is

V
P, = ZnaT’" . (1
For the Schlumberger arrangement the relationship is
- v, (L2 —sz) )
¢ 2sl

with the L and s distances defined in Figure 2. For a
homogeneous earth structure, as the current electrodes
are spread farther apart the apparent resistivity will not
change. If the actual earth resistivity decreases with
depth, as often occurs in Tanzania, the calculated appar-
ent resistivity will decrease as the electrode spread in-
creases. This occurs because at large spread a greater
proportion of current is flowing in the lower resistivity
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region at depth, and that is reflected in the measured
current and voltage at the surface. It is this relationship,
coupled with theory of current flow in layered materials,
that allows inference of resistivity properties at depth.

Two problems can arise in that 1) the earth may have a
natural voltage or “self potential” that is unrelated to
earth resistivity at depth, and 2) the DC current source
itself can gradually induce an electrical potential around
the electrodes from polarization. Both the self potential
and the induced polarization effects can be minimized by
periodically reversing the current at a rate of about 1
Hertz. A slowly alternating current reduces polarization
because a charge concentration cannot accumulate. If Vsp
is the natural ambient earth self-potential, assumed to be
constant, and V), is the voltage induced by the current
electrodes, then the measured voltage, V,,, across the
potential electrodes is

Vi=Vg+V,. 3)

If the current is reversed only the V, voltage is af-
fected by the sign change so that the reading is then

Ve =Ve— Vp . 4)

The difference in the pair of readings gives 2V, and
half this difference is then the desired V), In the field it is
convenient to use reversing switches for both the current
and the potential reading. If both are switched simulta-
neously, the measured voltage values only need to be
added rather than subtracted, and the average of the
measurements is then V). At the African sites described
above the average of four values of voltage and current is
adequate and reproducible. More readings can be aver-
aged, but there must be an even number of measurements
to ensure that the Vgp term is eliminated.

2.2. Construction

Commercial resistivity devices are excellent, and they
now contain microprocessors that control current rever-
sal and averaging procedures and even calculate apparent
resistivity for each standard electrode configuration.
They are also expensive ($5000 to $10,000) and repair is
costly and time-consuming. The design goal was to build
a resistivity device for less than $250 because then it
could remain with the LS-100 drill rig for national drill
team use. Further requirements were simplicity, so that
repair in the field is possible, and robustness so that re-
pair would not be needed even under harsh African con-
ditions. Furthermore, because of airline transport issues,
it had to be light, compact, and with no large batteries,
which are now prohibited on many flights. Because of
ready availability in almost any country, a 12-volt car
battery was used as the power source. A small commer-
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cially available 400 watt inverter that produces an AC
“modified” sine wave from a 12 volt DC source was
used to increase the voltage to the required value of sev-
eral hundred volts. A full-wave bridge rectifier in parallel
with a 1 puF capacitor converts the AC voltage to a high
steady DC voltage. The inverter used in Tanzania had a
120 volt AC output producing a DC voltage output from
the resistivity device under no load of 170 volts. A high
voltage across the current electrodes is desired because
the maximum spread, and hence the depth of current
penetration in the ground, is limited by the voltage mag-
nitude across the current electrodes. In Tanzania resistiv-
ities at depths exceeding 35 m were barely detected. An
even higher DC voltage is needed for the Schlumberger
electrode array because the potential electrodes are not
widely spaced and so have a lower voltage drop across
them than the equivalent Wenner array. An identical de-
vice built upon return from Tanzania uses a commercial
inverter that produces 240 volts AC, resulting in a DC
no-load voltage of 330 volts. An added benefit of the
inverter is that it can provide power in the field for a
laptop computer, useful in data interpretation.

The electrical schematic (Figure 3) includes two re-
versing switches (DPDT)—one for the ammeter and one
for the voltmeter. To measure the current and voltage
two small inexpensive digital multimeters worked well.
For U.S. applications filtering AC noise is important, but
in Tanzania that problem did not exist as no electricity
was close to the drill sites. The isolation from electrical
noise in developing countries is a great advantage. The
four electrodes were 10-inch lag screws, and were at-
tached with large alligator clips to stranded single con-
ductor 14-gauge house wire which was cheaper than the
lighter 18 gauge wire used in commercial devices. Two
152 m (500-foot) spools of house wire will allow a maxi-
mum current electrode spread with the Wenner array of
228 m (750 feet), and would be adequate for almost any
survey. From each spool cut off 38 m (125 feet) for the

DPDT
Reversing Switch To Current
«— (53— Electrode (B)
[ e
To Current Bridge | 220 Volt AC| L_
Electrode (A) ) = —
Rectifier | Inverter | T
—~ T (400 watts) 12 VDC
) Car Battery
Ammeter
Voltmeter
To Potential
Electrode (M) To Potential
—O G— o Potentia
Electrode (N)
DPDT

Reversing Switch

Figure 3. Electrical circuit used in the inexpensive resistiv-
ity device.
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potential electrodes. Two tape measures, preferably more
than 60 m long, to extend in both directions from the
array center are the only additional equipment needed for
a survey.

The total cost (Table 1) of $206 is well within the de-
sign budget. Most of the materials can be obtained from
electronic supply and hardware stores. The 220 VAC
inverter and the inexpensive multimeters were purchased
from internet sources. Pictures of the unit and the field
arrangement (Figures 4 (a), (b)) illustrate how small and
simple it is. Tests of the device at Northern Illinois Uni-
versity confirmed that results were virtually identical to

(b)

Figure 4. (a) Resistivity instrument exterior and (b) field
setup at Mgongo, Tanzania.

Table 1. Itemized list of resistivity device materials and cost.

Quantit Cost/Item Ttem Cost
Y US Dollars US Dollars

2 22 500 ft roll 14 gauge stranded wire 44

1 2 1 microFd capacitor 2

1 1 Bridge Rectifier 1

2 2 DPDT Switch 4

2 15 Digital Multimeter 30

2 13 200-ft Tape Measures 26

4 1 Alligator clips 4

1 60 12 VDC to 220 VAC 400 Watt 60
Inverter
Miscellaneous electronic supply

1 35 store parts (box, banana plugs, 35
extension wire etc)
TOTAL COST 206
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those from a commercial $10,000 resistivity instrument
(Sting R1), though the commercial instrument provided
apparent resistivity values instantaneously whereas the
values for p, for our instrument had to be calculated from
the current and voltage readings using Equation (1). A
test in Nigeria with another Sting R1 resistivity instru-
ment validated the accuracy of the inexpensive instru-
ment (Figure 5).

2.3. Field Method

For efficient surveying at least 3 people are needed to
operate the instrument and insert the electrodes, but con-
ceivably only one operator is necessary. Once a site is
selected the two tape measures are extended outward and
the electrodes inserted symmetrically about the center.
When the battery, inverter, and multimeters are con-
nected to the resistivity device and the wires are attached
to the electrodes, readings can commence. In the Tanza-
nian field area annual rainfall is 91 cm, but during 6
months of the year only 6 cm is typical and the soil is
very dry. A serious error can occur if any electrode does
not have a good electrical contact with the soil and so
water was poured into a small shallow hole, made with a
hammer, to saturate the ground near each electrode. The
electrode was then pounded into the saturated ground.
The reversing switches are thrown manually, and the
ammeter and voltmeter readings taken after a brief delay
to allow values to stabilize. The switches were thrown
four times and an average calculated for voltage and
current.

The Schlumberger configuration is much faster and
easier to implement in the field, but when the current
electrodes are very far apart (e.g. 100 m) the voltage V,
may be too small to detect reliably. In that case the po-
tential electrodes must be spread farther apart without
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Figure 5. Apparent resistivity comparison between the
commercial resistivity meter Sting R1 and the inexpensive
resistivity instrument. Results are very similar.
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moving the current electrodes and another reading taken.
Normally some slight offset in p, values occurs, and this
requires adjustment during interpretation. It is best to
keep the spacing of the current electrodes more than 5
times the potential electrode spacing. The Wenner array
always has maximum potential electrode spacing, and
therefore would be more appropriate where the depths
investigated are near the limit of the instrument. It is
helpful to have a tabulated chart of the location of the
electrodes for different Wenner “a” spacing. This is not
necessary for the Schlumberger spread. After each read-
ing the spread is increased until the instrument readings
exceed the accuracy of the multimeters. This typically
occurred at a 90 m spread with the 120 volt AC inverter.

2.4. Data and Results

Using the inexpensive resistivity instrument and a Wen-
ner electrode spacing geometry, the Tanzanian drill team
collected data at three sites (Figure 6). Wells already
existed at two of the sites and they planned to drill a
borehole at the third (Mafinga). Data from all VES indi-
cate that apparent resistivity decreases as the current
penetrates deeper into the ground with increasing Wen-
ner “a-spacing.” At an a-spacing that differs among all
surveys, apparent resistivity starts to increase, suggesting
that at depth there is a resistivity increase. It is clear that
the a-spacing at the minimum apparent resistivity value
is related to bedrock depth.

Computer software for resistivity interpretation is
readily available commercially. These codes can be very
elaborate and often include the possibility of predictions
of both vertical and horizontal changes in resistivity.
This software is expensive. If the goal is to find only
vertical variation in resistivity and one is content to as-
sume that the layer interface is horizontal (or at least
dipping less than 15 degrees) then free software can be
used. In Tanzania freeware provided by Dr. Philip Car-
penter of Northern Illinois University was used. It fol-
lowed the theory of Ghosh [9,10] and required the DOS
operating system. The simplest resistivity model that fits
the Tanzanian data has three layers and gives an accept-
able estimate of the depth to bedrock. It is possible to
estimate geological materials from resistivity values
(Table 2), but the large range in the values makes such
estimates approximate. In this region surface clay is dry
to a depth of a few meters. Below that the clay is satu-
rated and of very low resistivity, but its extremely low
permeability precludes it as an aquifer. Below the clay is
bedrock that is essentially an electrical insulator half-
space of several thousand ohm-m. The fit to the data at
the Mafinga site (Figure 6) resulted in the interpretation
that depth to bedrock is approximately 30
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Table 2. Typical Geophysical Properties (from [7,13-15]
and [1] pp. 452-456).

Geological Material Resistivity (ohm-m) (n:::(ti(r)sc/isth)
Soil 20-300 100 - 600
Clay (wet) 1-50 1500 - 2500
Clay (dry) 10 - 100 500 - 900
Sand (dry) 1000 - 10,000 200 - 1000
Sand (wet) 50-500 600 - 2200
Sandstone 50 - 1000 3000 - 5000
Shale/Siltstone 10 - 400 4000 - 5300
Limestone/Dolomite 1000 — 10,000 4800 - 6200
Granite 1000 — 10,000 5000 - 6000
Metamorphic rocks 300 - 3000 3500 - 5600
Air very large 331.5
Water (fresh) 50 - 100 1400 - 1600
Water (salty) 0.2

meters. The upper layer is 1.5 m thick with resistivity of
110 ohm-m, and overlies a 29 m layer with 6.5 ohm-m
resistivity. The substrate halfspace is at least 2000
ohm-m, which is essentially a perfect insulator. The
curves in Figure 7 represent models with these resistivi-
ties where only the thickness of the middle layer is
changed. Where the geological materials are similar, the
depth can be estimated by the a-spacing value at the
minimum point of the curve. Comparison of predictions
to the data clearly rules out depths to bedrock, and the
overlying aquifer, less than 15 m, which would be too
shallow and wells would likely dry up during part of the
year. So the well was drilled and reached bedrock at 28
meters. Water from the aquifer of slightly weathered
bedrock underlying the clay rose in the well to within 5
m of the surface, and a high yield well was completed.

2.5. Discussion

The Tanzanian drill team quickly learned how to perform
the field operations, but navigating the DOS operating
system was daunting. We subsequently developed user
friendly software for the Windows operating system to
calculate apparent resistivities. It also provides a Monte
Carlo method to invert the observed apparent resistivities
for the likely lithologic thicknesses. The Schlumberger
geometry is more efficient in the field than the Wenner
configuration, but a greater input voltage is needed to
penetrate to the same depth because the potential elec-
trodes are closer together, and so are sampling a smaller

Copyright © 2011 SciRes.

—~ 1000
@
L
g Haruma
& 13.7m
;5/ 100 - Kilimia
> 6.1m
=
k7]
5 Mafinga
T 10 T 4280m
-
[
Q.
Q.
<

1 T T

0.1 1 10 100

a-Spacing (meters)
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Figure 7. Mafinga resistivity data compared to predictions
at differing predicted depths to bedrock. Depths of 20 to 30
m fit best. Actual bedrock was at 28 m depth.

range of voltage. Both a Schlumberger and a Wenner
array were used at one locality (Mgongo), and the final
interpretation from the two methods was similar.

Data collection typically took about two hours, but
learning and training was occurring simultaneously. It is
estimated that three trained workers can do a survey in
about one hour, including the interpretation, if a laptop
computer is available. This provides quick and useful
screening to detect if basement rock is too close to the
surface. Most of the field time was spent in measuring
and moving the electrodes, so, relative to the Wenner
approach used in the Tanzanian study, the Schlumberger
method would halve the field time as only the two cur-
rent electrodes are moved for each reading. For bedrock
depths approaching 30 m the voltage source (120 VAC
or 170 VDC) was near its limit. Use of the 220 VAC
(400 watt) inverter would double the DC voltage output
and make interpretations down to 35 m depth more reli-
able. A higher voltage is necessary for the Schlumberger
approach because the closer spacing of the potential
electrodes results in a smaller voltage drop. It would be
easy and cheap (<$10) to add a small instrument ampli-
fier chip (up to 50x voltage amplification) to allow more

JWARP



774 J.A.CLARK ET AL.

precise readings when the voltages are in the 5 to 10 mil-
livolt range. It is not clear, however, whether noise in the
environment and from the inverter would mask the sig-
nal.

The software allows rapid fitting of the resistivity
model to the data, but, as with most geophysical tech-
niques, the resulting resistivity model is not unique. Be-
cause of errors in the data and physical trade-offs (e.g.
thicker layer but lower resistivity vs thinner layer but
higher resistivity), it is possible to fit the data within its
errors with different geologic models. With experience in
a given geological regime an operator will likely be able
to recognize and eliminate unlikely models.

If no computer is available it is still possible to inter-
pret the data using the “Master Curve” method. This
method was used in the 1960’s to interpret resistivity
data, and is still used by government hydrogeologists in
Tanzania. It is described in most textbooks, but sets of
Master Curves are needed [11].

3. Seismic Refraction Method

Whereas resistivity methods give a general estimate of
depth, seismic refraction is capable of revealing a seis-
mic section showing undulations of the subsurface con-
tacts. It can be used where dry coarse sediment at the
surface limits electrical penetration into the subsurface.
Again numerous papers and texts describe the theory of
seismic refraction, so the method is only briefly de-
scribed below.

3.1. Theory

When a sudden disturbance, such as a dynamite explo-
sion or a blow from a sledgehammer, occurs on the
earth’s surface a shock wave propagates outward in
wavefronts and travels through rocks and sediments at
different wave velocities (Table 2). In general saturated
sediments have higher velocities than unsaturated sedi-
ments and weathered rocks have lower velocities than
unweathered rocks of the same lithology. Where there is
a velocity contrast across a contact the shock waves re-
fract with critically refracted waves eventually propagat-
ing back to the surface where they are detected by a
geophone (Figure 8). The elapsed time of travel for the
shock wave between the source and the geophone re-
ceiver is a function of the velocity of the surface and
subsurface materials and the depth of the layers. Al-
though commercial refraction seismographs utilize many
geophones (12 to 24) and few “shot points,” the instru-
ment proposed here has one fixed geophone and multiple
shot locations. Using one geophone reduces the number
of costly geophones and simplifies the instrument. From
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Snell’s law and geometrical considerations for a hori-
zontal contact, it can be shown that if the arrival time of
the shock wave is plotted against the horizontal distance
(Figure 9) the depth, A, to a horizontal contact is:

h — ti VZVI

< (5)
A

with V; and V), the seismic wave velocity of each layer
determined from the reciprocal of the slope of the linear
segments of the curve (Figure 9) and #; the intercept time.
A similar equation applies to a three-layer case where
three linear segments are observed in the travel-time
curve.

Because the subsurface geology is rarely horizontal, a
completely different approach, the delay-time method,
can be used to determine variable relief on the contact of
the refracting layer. This method requires data from both
forward and reverse seismic lines by placing the geo-
phone at each end of the line, and collecting data from
identical shot points for each geophone location. Figure
10 gives the geometrical arrangement showing the for-
ward and reverse paths for a given source location. It can
be shown [5] that the delay-time at point C, T, is related
to the depth to the refracting surface directly below C by
the expression
44

z(C) =T, ——=—
() Csz_Vlz

(6)

The subsurface profile is determined through calcula-
tion of z at successive locations. The value of T can be
determined by the simple expression

Lic tlpc — Ly
rec ’7
T (7

where t4c and tpc are the times required for the seismic
wave to travel from the source at C to the geophones at
A and B respectively ([S] p. 123). Only waves that travel

T, =

Source
Geophone
]
h Vi
v PR
Vo
V>Vq

Figure 8. lllustration of the propagation of shock waves at
the ground surface (black line) and subsurface (blue line)
for a layered case with velocity in the upper layer V; less
than V, the velocity of the shock wave in the lower layer.
The wave that refracts at the critical angle will eventually
propagate back to the surface and be detected by the geo-
phone. For the inexpensive instrument the geophone is fixed
and the source moves repeatedly.

JWARP



J.A.CLARK ET AL. 775

w
o

N
(¢}
T

1V,

Time (milliseconds)
- - N
o (6] o
TA\NT T
£
=
B

[}
T

|
0 20 40 60 80 100

Distance (m)

(=}

Figure 9. Typical Travel-Time curve from a seismic refrac-
tion survey. Velocities of the surface (black line) and sub-
surface (red line) layers (V; and V,) can be determined
from the inverse of the slopes. The intercept time, t;, to-
gether with the velocities can be used to determine the
depth to the subsurface layer if the layer is horizontal.

Vz

Figure 10. lllustration of the shock wave propagation for
the Delay-Time method. The path for the reciprocal time is
indicated in red. The depth z can be determined below each
sledge hammer location to give the subsurface relief.

along the lower layer for part of their path can be used in
Equation (7). The reciprocal time, ¢, is the travel time
from A to B. From geometrical considerations ¢, for a
wave going from A to B must equal the time for the
wave to go from B to A. It is therefore possible to deter-

mine T¢ at each intermediate shot point between A and B.

All that is needed to determine the actual depth, z, are V;
and ¥,. V; is found immediately from the travel-time
curve. Burger ef al. ([5] p. 124) show that V, can be de-
termined from the slope of the line defined by

(tAC—tBC)=k+(£]x )
£
where x is the distance from A to C and £ is a constant.

Although the delay-time method offers a simple means
of determining subsurface relief, a much more accurate
but complex procedure uses the delay time profile ini-
tially but modifies it through ray tracing until the obser-
vations are fit [12]. This procedure is coded in FOR-
TRAN as public domain software SIPT developed by the
United States Geological Survey. We developed free
Windows software to make execution of SIPT more user
friendly.

3.2. Construction

The design goal is to construct a reliable, easily trans-
ported seismic device for less than $250. A seismic re-

Copyright © 2011 SciRes.

fraction survey requires three important items: seismic
source, geophone, and a seismograph. For shallow sur-
veys a sledgehammer striking a 1-inch thick aluminum
plate is usually an adequate source. A geophone is a
transducer that converts slight vertical ground motion
into a voltage signal. Usually this is accomplished
through suspending a magnet from a spring within a coil
of wire. Another approach is to use a MEMS acceler-
ometer integrated circuit chip, which is much cheaper
and smaller than a mechanical geophone and can be im-
plemented in the same manner. Initial experiments sug-
gest these chips have adequate sensitivity, but for the
seismic survey in Chad a used geophone was purchased
for $40. The seismograph records the voltage change
through time, and must be able to record this signal with
millisecond accuracy so that the time of first arrival of
the seismic wave at the geophone can be determined. If a
laptop computer is available an analog to digital con-
verter manufactured by Measurement Computing (Per-
sonal Measurement Device “PMD”) can be used to
transfer the signal to the computer through its USB port.
The PMD-1208LS model can convert analog voltages
into a 12-bit digital signal at a rate of 8000 samples/sec.
A computer code, written in Visual Basic Net using
Measurement Computing subroutines, displays the
waveform on a laptop computer and permits the operator
to determine elapsed time between impact of the seismic
source and arrival of the first seismic wave at the geo-
phone (Figure 11). Timing of the record must begin
when the sledgehammer first strikes the plate. Upon
contact, wires attached to both the plate and the sledge-
hammer complete an electric circuit, triggering the A/D
converter. The voltage signal generated by the geophone
is very small so it must be amplified before input into the
PMD. A simple op-amp differential amplifier circuit
which provides variable gain up to 200x (Figure 12) is
adequate. The PMD must be configured properly to per-
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Figure 11. Laptop screen capture of a seismic wave from
the PMD1208-LS Visual Basic program. The time of arrival
of the first wave for known distance between the sledge and
the geophone is the data required for the analysis.
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Figure 12. Electronic schematic for amplification of the seismic signal.

mit triggering, which requires a few jumper wires and a
1000 ohm resistor (Figure 13). To power or recharge a
laptop a small inverter, such as the one used for a resis-
tivity survey, should be included in the equipment list. A
60 m tape measure is also required. The instrument and
geophone are shown in Figure 14. The approximate cost
of each item is in Table 3 and the $245 total cost is
within the design budget.

3.3. Field Method

Two workers are required to conduct a seismic survey.
Once a possible well site is selected, insert the geophone
into the ground. If there is wind, burying the geophone a
few inches greatly decreases noise and enhances the sig-
nal. Plug the geophone wires into the amplifier circuit,
the trigger wires from the sledgehammer into the PMD,
and then plug the PMD into the USB port of the laptop
(Figure 15). Extend a tape measure about 40 m from the
geophone with the tape origin at the geophone. If for-
ward and reverse surveys are desired it is most conven-
ient to have a constant interval for the source locations or
to insert small surveying flags at each location. Launch
the free seismic data collection program on the laptop
and strike the plate with a mighty sledgehammer blow. It
is good to involve the local people as seismic “sources”
(Figure 16) because there is often healthy competition to
see who can create the largest shock wave. Upon com-
pletion of the forward seismic line repeat the method for
the reverse seismic line. Move the geophone to the other
end of the line and bury it at the exact location of the last

Copyright © 2011 SciRes.

Trigger wire
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Signal output

Compute(r USB port from amplifier

Figure 13. Electrical hookup of the Measurement Comput-
ing “Personal Measurement Device” (PMD) 1208LS.

Figure 14. Instrument and geophone.

shot. As a simple check, the arrival time for the most
distant point for the forward seismic line should equal
the arrival time for the distant point in the reverse direc-
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Table 3. Itemized list of seismograph materials and cost.

Item Cost in US Dollars
PMD-1208LS 110
Electronics Parts 10
Case (Pelican) 20
Strike Plate 15
Geophone (used) 40
Sledge Hammer 15
Speaker Wire 10
8 Rechargeable AA Batteries 25
TOTAL 245

Seismic Source
(Sledge hammer)

<
Laptop
Tape Measure Geophone Computer

Amplifier

Trigger Wires

Figure 15. Schematic of field setup.

(©)

Figure 16. Use of the instrument in Chad. Local residents
provided the seismic source power at Faguire (a) and Ber-
koman (b).

tion. This is the reciprocal time, ¢, used in Equation (7).

The calculations for depth and velocity can be done on a
laptop in the field using our free version of the SIPT

Copyright © 2011 SciRes.

software. Output is a seismic section showing a profile of
the subsurface lithologies.

3.4. Data and Results

To check the accuracy of the inexpensive seismograph,
data collected with the inexpensive instrument were
compared to data from an EG&G SmartSeis 12 Channel
seismograph. The data from the inexpensive instrument
compares favorably with the data from the $15,000
SmartSeis seismograph. The differences of only 0.4 m in
depth determination (Figure 17) can easily be due to
errors in assigning the time of the first arrival of the
seismic wave.

The equipment was first used in Chad at the Faguire
site, where the three segments in the travel-time curve
(Figure 18) indicated three subsurface layers with ve-
locities of 373, 1202 and 5356 m/sec. It was known that
dry sand is the surface material and, from nearby out-
crops, it was evident that granite is the bedrock at depth.
Referring to Table 2 the surface velocity of 373 m/s is
exactly what would be expected for dry sand and 5356
m/s is appropriate for solid granite. The intermediate
layer, with a velocity of 1202 m/s could be saturated
sand, but it is more likely that this is a weathered granite
layer, because the existing well reached rock close to the
surface. The thickness of the upper layer (Equation (5))
is then 3.4 m and the thickness of the intermediate layer
is 6.4 m, so the total depth to solid granite is expected to
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o
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Figure 17. Comparison of the subsurface profile for the
inexpensive device (solid red line) to the EG&G SmartSeis
12-channel seismograph (dashed black line). The Win-
dowsSIPTwater program was used to calculate each profile.
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Figure 18. Indication of three layers at Faguire in a travel-
time plot. Each successive change in slope represents an-
other layer.
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be 9.8 m.

At Berkoman in southwestern Chad both forward and
reverse seismic lines were completed. The data shown in
the travel-time plot (Figure 19) indicate a 2-layer earth.
Some scatter about the lines suggests that the dipping
contact has some subtle relief. These data were used in
our modified SIPT program to produce a seismic section
(Figure 20). Where the time-delay method is used, the
predicted curve shows depth to the contact between the
upper sediment (374 m/s velocity) and the underlying
substrate (1796 m/s). When the ray tracing algorithm is
included using SIPT the contact depth is only slightly
changed and smoothed.

3.5. Discussion

The inexpensive seismograph is accurate and capable of
detecting shallow strata under developing world condi-
tions. In addition to the huge cost savings, this instru-
ment is very small, light, and portable. The sledge ham-
mer has the greatest bulk and mass. All but the sledge
can be packed into a small suitcase. The modified SIPT
software (called WindowsSIPTwater.exe) provides ex-
cellent interpretations of subsurface relief and is readily
used while in the field. Although the instrument was
tested where layers are shallow, it would be ideal to
penetrate at least 20 m, which would typically require a
spread about 80 m long. A stronger seismic source such
as an explosive or a “Betsy gun” shotgun source would
be required, but would certainly be out of the question in
the developing world. Transporting explosives on aircraft
would also be problematic. A solution is to stack sledge
hammer blows so that a weak signal is added to previous
signals, enhancing the signal while simultaneously can-
celing any random noise. This stacking ability is now
included in our seismic recording software. Another fea-
ture common on commercial units is the ability to filter
certain frequencies. The physical properties of the geo-
phone do this to some extent, and this feature is needed

less for refraction surveying than for reflection surveying.

An improvement to the device would be a simple active
low cut or high cut filter.

Two workers can measure and record each seismic
signal in 3 to 4 minutes. A seismic survey with 12 shot
locations would take about 1.5 hours to complete, since
both forward and reverse lines are needed. Importing the
data and running WindowsSIPTwater takes about 30
minutes.

The problems that can arise with seismic refraction are
clearly described in most texts. The most important as-
sumption is that deeper strata must have progressively
higher velocities. For example where low velocity sedi-
ment (e.g. sand) underlies a higher velocity layer (e.g.

Copyright © 2011 SciRes.
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Figure 19. Travel-Time data at Berkoman, Chad. The for-
ward (red data points) and reverse (blue data points) sur-
veys are not symmetrical indicating the subsurface layer is
tilted.
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Figure 20. Comparison of the Time-Delay method to the
ray tracing method of WindowsSIPTwater at Berkomann,
Chad.

well-packed clay) the seismic wave refracts downward,
not upward, and the sand will be invisible in the inter-
pretation. Very thin layers may not be observed.

4. Final Discussion

The indigenous men and women who we trained were
eager to learn the methods and quick to apply them.
Some may argue that extensive training is necessary to
insure interpretation errors are avoided, which would be
true if elaborate instruments are used or highly varied
geology is encountered. More likely these inexpensive
instruments will be used in localized regions by drillers
and aid workers who will not travel great distances. In
Tanzania the geologic stratigraphy consists of clay over-
lying bedrock and in Chad sand or silt overlies bedrock
with depth the only unknown. Once a geophysical survey
is finished the well that is subsequently drilled will pro-
vide excellent ground truth to compare to predictions.
Such comparisons will undoubtedly lead to revisions and
improvement of future geophysical interpretations in the
region.

The seismic refraction method requires a laptop com-
puter, and interpretation of earth resistivity is greatly
aided with one. It is the laptop that is most likely to fail
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under field conditions. Fortunately even the cheapest of
modern laptops has ample CPU and storage capacity to
execute the software needed for the surveys. Acceptable
laptop computers are now available for less than $400.
Furthermore the computer can perform other useful tasks
in support of drilling. For example, the free OpenOffice
suite provides spreadsheet, word processing and presen-
tation capability useful in report preparation. Quantum-
GIS is a public domain Geographic Information System
(GIS) with good remote sensing capability in its GRASS
module. Satellite images are often free and can be used
with GIS to search for natural fracture trends, lineaments
or moist regions [16]. An inexpensive GPS (i.e. less than
$120) can be used to record well locations for input into
the GIS as well as for navigation. If a geophysical team
travels first and records the locations of good well sites,
then a GPS will allow accurate re-establishment of the
sites for subsequent drilling. In Tanzania original survey
locations recorded with GPS by government geologists
were successfully re-established by us within 2 meters.

Finally, free groundwater models, such as PMWIN,
can give insight into groundwater flow in a region and
the effects of well pumping in low yield areas. A laptop
computer may serve many useful purposes in support of
groundwater exploration, so its expense is readily justi-
fied.

The suite of geophysical resistivity and seismic refrac-
tion instruments including a laptop computer can be as-
sembled for less than $850, the cost of a hand auger.
More than half of that cost is the laptop, which can be
used for much more than just geophysical surveys.

5. Conclusions
With the cost so reasonable (less than $850) this equip-

ment should become common among those desiring to
provide water in developing countries. The instruments

are small, light, robust, inexpensive and easy to construct.

With the free software available the interpretation of data
is not difficult, although care still is needed. The free
software described in this paper can be downloaded from
http://cs.wheaton.edu/~jclark.
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