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A report on how infection of an RBC by the malarial
parasite, Plasmodium falciparum affects the optical trap-
ping characteristics and induces extraordinarily large
torques that result in rotational motion of the trapped, in-
fected cell has been published recently®.
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In hard rocks, groundwater accumulation occurs only
because of secondary porosity developed due to wea-
thering, fracturing, faulting, etc., which is highly vari-
able and varies sharply within very short distances,
contributing to near-surface inhomogeneity. This can
affect the current-flow pattern in their surroundings
and consequently distort the resistivity curve, and
hence falsify the interpretation in terms of layer resis-
tivity and its thickness. Thus it becomes a difficult
task for locating a good well site in hard rocks. A
combined approach of Schlumberger and axial pole—
dipole configurations has been initiated, which will be
helpful in locating the successful sites for drilling of
wells in hard-rock areas. It is also suggested that the
axial poledipole array can be applied for ground-
water exploration even at places where Schlumberger
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configuration could not be laid due to non-availability
of space on any one side of the sounding location.

The aim of this communication is to demonstrate
the detectibility of near-surface inhomogeneity effect
in the sounding curve by combined use of Schlumber-
ger and axial pole-dipole configurations, with field
examples carried out over the two different kinds of
rock terrains, viz. Dharwar (Archean granitic) and
Vindhyan (Precambrian sedimentary).

IN groundwater studies, the resistivity method can furnish
information on subsurface geology, which might be un-
attainable by other geophysical methods. For example,
electrical methods are unique in furnishing information
concerning the depth of the freshwater—saltwater interface,
whereas neither gravity, magnetic nor seismic methods
can supply such information. The apparent resistivity is
generally measured using Wenner, Schlumberger, dipole—
dipole electrode configurations, etc. Groundwater explo-
ration in hard rocks is fraught with several difficulties on
account of wide and erratic variation of vital parameters,
which characterize the groundwater regime. Spatial varia-
tion of these characteristic parameters is attributed, among
other causes, to tectonic activities and degree of weathering
of near-surface rocks'. These processes induce, directly
or indirectly, secondary porosity in the rocks to a variable
extent. As a result, the groundwater potential also varies
significantly from place to place even in the same geo-
logical formation.

In hard rock areas, at many places the lateral inhomo-
geneity, viz. sheet rocks, dykes, buried boulders, buried
channel, etc. occurs close to the surface, which distorts
the current flow pattern in their surroundings and conse-
quently there is distortion in the resistivity curve. It has
been observed in the field and also mentioned in the
literature that when the current electrode (Schlumberger
array) is in the vicinity of the lateral inhomogeneity, the
slope of the resistivity curve changes abruptly compared
to the trend obtained for earlier electrode spacing”™. The
effect of these lateral inhomogeneities on the resistivity
curves depends on size and geometry of the inhomogeneity,
resistivity contrast between inhomogeneity and surround-
ing media, type of electrode configuration used and angle
of electrode spread with respect to the inhomogeneity®.
The distortion in the VES curve results as false interpre-
tation in terms of layer resistivity and its thickness/depth.
Thus it became essential to identify and remove the effect
of lateral inhomogeneity from VES curves before arriving
at unambiguous interpretation and giving any recommen-
dation for drilling the wells.

The Lee-partitioning electrode configuration, which is
the modified configuration of Wenner array using one
extra potential electrode at the centre of the configura-
tion, has an advantage of measuring lateral changesin re-
sistivity of the subsurface. The apparent resistivities were
calculated for each half of the array®. Frohlich’ has stud-
ied the influence of lateral inhomogeneities on the dipole
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methods and compared it with the Schlumberger methods.
It was found that the dipole method is more influenced by
lateral inhomogeneities than the Schlumberger method.
Ballukaraya et al.” have studied the identification of lat-
eral inhomogeneities from VES curves in the laboratory
with the help of atank model as well as in the field. The
tank was filled with uniformly graded soil having a resis-
tivity of approximately 160 ohmm, with a verticaly
placed resistive body (glass plate, 0.75° 0.50 m* size)
across the electrode-spread direction slightly below the
surface. They discussed three methodologies for identifi-
cation of lateral inhomogeneities, i.e. offset sounding, ra-
dial sounding and magnitude of current.

The offset sounding method deals with ways to study a
VES response for differentiating between horizontal and
lateral inhomogeneities by carrying out two or more ver-
tical electrical soundings close to each other (about 10 m)
along a common azimuth. A sharp resistivity contrast due
to lateral inhomogeneities on VES curves can be seen by
an abrupt change in the curve slope. The half current ele-
ctrode separation (a/2) at which the change in the slope
occurs in the various VES curves, is offset by the distance
between the sounding stations. In the case of vertical dis-
continuity (sub-surface), the change in the slope occurs
approximately at same point for all the VES curves provi-
ded the VES locations are not far-off from each other.
While in the presence of lateral inhomogeneity, the slope
in the VES curvesis not at same point.

The radial sounding method deals with radial sounding
carried out over the layered earth comprised of horizontal
layers, which are isotropic and homogeneous and have
identical curves (no change in the measured apparent
resistivity values) obtained at a given station in different
azimuths. But in the presence of latera inhomogeneity,
the curves obtained at a given station will be different for
different azimuths because the distance from the sounding
station to the lateral inhomogeneity will vary along with
the change in the spread directions. Thus the lateral inho-
mogeneity can be located by carrying out radial sounding
with different azimuths at a particular station.

The magnitude of current is another method used by
Ballukaraiya et al.® for identification of lateral inhomo-
geneities, where a controlled current source is used for
carrying out VES measurements. In the presence of lateral
inhomogeneity, when a current electrode approaches to-
wards it or is placed over it, the adjusted current magni-
tude drops down. Thus any sharp change in the slope of
the VES curve at such electrode separation can be attrib-
uted to the presence of alateral inhomogeneity.

Ermokhin et al.® have worked on the calculation of the
azimuthal inhomogeneity ratio response of 3D structures
using an analytical forward modelling scheme. The azi-
muthal inhomogeneity ratio can be obtained by measur-
ing the three possible modes of connection for resistance
measurements with the square array and it reflects the
presence of subterranean lateral inhomogeneities.
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The above-discussed methods of identification of lateral
inhomogeneity are either more time-consuming, as they
need two or more than two soundings, or are not conve-
nient. Here it is demonstrated that the near-surface inho-
mogeneity effect can be clearly identified using
combined electrode configuration, i.e. Schlumberger and
axial pole—dipole. This combination requires less time as
it is carried out on the same traverse simultaneously
keeping one extra current electrode at infinity.

In order to identify the lateral inhomogeneities, a com-
bined set-up of Schlumberger and axial pole-dipole arrays
has been experimented. This combined set-up (Figure 1)
reguires three current and two potential electrodes, which
are similar to the Schlumberger set-up with one additional
current electrode at infinity. The electric current-flow
pattern and equipotential lines over isotropic and homo-
geneous ground for Schlumberger and axial pole—dipole
(AMN) configuration have been shown in Figure 2. The
axial pole—dipole (BMN) array is the mirror image of the
AMN array. The current-flow pattern and equipotential
lines will be disturbed over the surface having lateral
inhomogeneities. The apparent resistivity (r ;) can be cal-
culated for Schlumberger and axial pole—dipole configu-
rations as

al2)?- (b/2)? DV
L=pl/2 - (/A" BV )
b E
2 (a/2)*- (b/2)* DV @
2 b =
where a/2 is the distance between the centre of the con-
figuration and the outermost active current electrode, b/2
is half of the potential electrode separation, | indicates in-
jected current (in mA) into the ground and V denotes
voltage difference between potential electrodes.
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Figure 1. Combined set-up of Schlumberger and axial pole—dipole
configurations.

CURRENT SCIENCE, VOL. 86, NO. 10, 25 MAY 2004

The first reading is taken for Schlumberger array as
usua by keeping the infinity current electrode disconnec-
ted. Next, one side of the current electrode (i.e. current
electrode-B, Figure 1) of the Schlumberger array is re-
placed by the infinity current electrode to make it an axial
pole—dipole set-up. This makes the reading for axial
pole—dipole (AMN) array. Similarly, if current electrode-
A of the Schlumberger array (refer to Figure 1) is replaced
with the infinity current electrode, then the reading is for
axial pole—dipole (MNB) array. The apparent resistivity
values obtained form Schlumberger, i.e. AMNB and axial
pole—dipole, i.e. AMN and MNB are plotted on log-log
sheet and then compared with each other. If al curves are
similar, the anomaly refers to the effect of sub-surface
strata. In case these are dissimilar or showing anomaly at
different a/2, the curve indicates the effect of near-surface
inhomogeneity.

Geoelectrical soundings have been carried out in the
hard-rock granitic terrain of Bairasagara watershed, Kolar
district, Karnataka and in the Vindhyan (sedimentary)
terrain at Mirzapur district, Uttar Pradesh (UP) using
Schlumberger and axial pole-dipole configurations at

Infinity current electrode o

Axial pole—dipole (AMN) array

‘\k\fexy\\/\
- \\\ [
-

R |

Current lines

Figure 2. Schematic representation and current-flow pattern over
homogeneous ground for (a) Schlumberger and (b) axial pole-dipole
(AMN) configurations.
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each location to detect the anomaly by comparing the in-
terpreted results of both configurations. The granitic ter-
rain at Bairasagara watershed belongs to the Dharwar
super group of Archean age. The area has been traversed
by a number of dolerite dykes trending in E-W direction.
The rock formations have been weathered/fractured up to
a depth of 46 m. The sedimentary terrain at Mirzapur
belongs to the Kaimur Formation of the Vindhyan super
group. The primary porosity in the rock is almost negligi-
ble and groundwater occurs in weathered/fractured zone
of basement rocks in water table and semi-confined con-
ditions™™°.

All the sounding data have been interpreted by conven-
tional curve-matching technique™ and using ‘GENRES
software. The typical field examples of resistivity curves
obtained by Schlumberger and axial pole—dipole configu-
rations are shown in Figures 3-5. The sounding curves
shown in Figure 3a and b have been carried out over
granitic terrain of Bairasagara watershed and those shown
in Figure 4a and b over the Vindhyan terrain. The sites
were chosen so that the subsurface should not suffer any
lateral inhomogeneity. Both the curves for Schlumberger
as well as axial pole—dipole (MNB) arrays show good
match with each other. The interpreted results obtained
for these combined arrangements are shown in Table 1.
Depth of basement obtained from Schlumberger and axial
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Figure3aand b. Resistivity curves by Schlumberger and axial pole—
dipole configurations in granitic terrain, Kolar district, Karnataka.
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pole—dipole arrays in sounding no. KB-37 is 3.43 and
3.4 m; in KB-38, 10.65 and 10.6; in GS-2, 23.5 and
23.9m, and in GS-3, 68.4 and 67.7 m respectively. Hence
the above exercise confirms that results obtained from
Schlumberger and axial pole-dipole configurations over
the same ground are the same.

However, in the presence of near-surface inhomogenei-
ties, the Schlumberger and pole—dipole curves show little
difference in their nature. In the case of the Schilumberger
array, the effect of lateral inhomogeneity below the entire
spread is averaged out, whereas in the case of axial pole-
dipole array the actual inhomogeneity present below the
moving current electrode path is reflected well*?. Thus
the axial pole—dipole curve is more sensitive to the near-
surface inhomogeneity in case the anomalous body is
present at the side of the moving current electrode. This
effect can be clearly seen in the Figure 5a and b. These
soundings (SPD-1 and SPD-2) have been done over gran-
itic terrain, which has been traversed by dolerite dykes
trending in E-W direction. In sounding no. SPD-2, a
dyke is towards the active electrode-A (Figure 5a). The
apparent resistivity curves of Schlumberger and axial
pole—dipole (AMN) begin rising from the starting point
(i.e. half current electrode separation a/2=1.5m) up to
a/2=4m and then start lowering (AMN curve up to
a/2 = 12 m and Schlumberger curve up to a/2 = 8 m); fur-
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Figured4aand b. Resistivity curves by Schlumberger and axial pole—
dipole configurations in sedimentary terrain, Mirzapur, UP.
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Table 1.

Interpreted layer parameters from Schlumberger and axial pole-dipole arrays

Schlumberger configuration

Axial pole—dipole configuration

Sounding Layer Resistivity Thickness  Total thickness Resistivity Thickness Total thickness
no. no. (ohm m) (m) (ohm m) (m) (m)
KB-37 1 30.24 1.86 313 1.9 34
2 7.46 1.57 343 8.0 15
3 7602.23 - 8876.3 -
KB-38 1 14.16 20 13.9 1.9 10.6
2 37.24 8.65 10.65 48.9 8.7
3 10066.22 - 11494.2 -
GS-2 1 7.0 35 7.8 33 23.9
2 35 8.0 23.50 3.9 6.6
3 252 12 28.2 14.0
4 9999 - 9999 -
GS3 1 14.1 25 145 2.6 67.7
2 6.5 31.2 68.40 6.4 30.3
3 20.7 34.7 20.8 34.8
4 10012.4 - 110001.5 -

ther a/2 these values keep on increasing, whereas the ap-
parent resistivity values for axial pole-dipole (MNB) is
continuously increasing from 51.7 to 1519.8 ohm m.

In sounding no. SPD-1, a dyke striking across the lay-
out direction, lies approximately 20 m away from the
centre of the configuration towards the active electrode-A
and a paddy field approximately 25 m from the centre of
the configuration towards the active current electrode-B.
The AMN is the axial pole—dipole array, where the active
electrode is moving towards the dyke and MNB towards
the paddy field. The lows in Schlumberger, AMN and
MNB curves are not similar (Figure 5b). A possible cause
for this dissimilar low in AMN is due to the dyke, while
the low in MNB curve may be due to the paddy field,
where relatively thick weathering is expected. The Schlu-
mberger curve, which is affected due to both the dyke as
well as the paddy field, is little different from both the
curves, viz. AMN and MNB.

Thus the resistivity low obtained by Schlumberger and
axial pole—dipole (AMN) curves but no deviation in axial
pole—dipole (MNB) curve can be attributed to lateral in-
homogeneity (i.e. the dyke). This resistivity low depends
upon the position and size of the anomalous body with
respect to the moving current electrode. These types of
curves could mislead in recommendation of a site for
drilling. In case al three curves exhibit low resistivity at
the same a/2, then anomaly may be attributed to sub-sur-
face strata. If the aguifer resistivity and its thickness are
suitable for that particular environment, the location can
be recommended for drilling.

Thus it can be understood that the combined approach
of Schlumberger and axial pole-dipole configurations
will help in locating successful sites for drilling in hard-
rock areas. The axial pole—dipole array can be used as a
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substitute for the Schlumberger configuration, which
yields the same result. The vertical electrical sounding by
axial pole—dipole array can be carried out even at places
where the Schlumberger spread could not be laid due to
lack of space on any one side of the sounding point.

The combined set-up of axial pole—dipole and Schlum-
berger arrays is an appropriate tool in hard-rock areas in-
fested with near-surface inhomogeneities. These arrays
can be carried out on the same traverse simultaneously.
The comparative study of these curves is helpful in iden-
tifying the effect of lateral inhomogeneities in the VES
curves. Thus the combination of these arrays can be help-
ful in locating successful sites for drilling of borewellsin
laterally inhomogeneous areas.

The axial pole—dipole array can be used as the substi-
tute for the Schlumberger array for groundwater explora-
tion, which yields the same result.
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Estimates of plate velocity and crustal
deformation in the Indian subcontinent
using GPS geodesy
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GPS studies have been carried out by CSIR Centre for
Mathematical Modelling and Computer Simulation
(C-MMACS), Bangalore in the Indian subcontinent
since 1994 to determine displacement and strain accu-
mulation in the region over the past few years. This
communication integrates the results obtained over
the years in different regions of the Indian subconti-
nent using GPS geodesy to get an overall picture of
deformation and related interpretations and discus-
sions. The regions broadly covered by C-MMACS are
the southern Indian peninsula, Ladakh, Garhwal,
Kumaun, Darjeeling, Sikkim, Gujarat, Andamans and
Shillong. GPS-derived velocity vectors of about 50
sites are given in the ITRF 97 (International Terres
trial Reference Frame), Indian reference frame and
relative to 11Sc | GS station. Notable conclusions from
the above study are as follows: Southern peninsular
India moves as arigid plate with the velocity of Indian
plate. Convergence of 10-20 mm/yr occurs in the
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2500 km stretch of the Himalayan arc from Kashmir
to Arunachal and the convergence rates vary from
west to east. Extension between the Himalayan GPS
sites and Lhasa (southern Tibet) site is consistent with
the east-west extension of the Tibetan Plateau.

THE Indian subcontinent is one of the most earthquake-
prone areas of the world. Several major earthquakes'
have occurred at the plate interiors and boundaries in this
subcontinent during the last three decades, causing mas-
sive losses (Koyna, 1967; Badhrachalam, 1969; Broach,
1970; Udaypur, 1988; Uttarkashi, 1991; Latur, 1993;
Jabalpur, 1997; Chamoli, 1999; Bhuj, 2001). Earthquakes
in India are mainly caused due to release of elastic strain
energy created and replenished by persistent collision of the
Indian plate with the Eurasian plate. Though the tectonics
of the Indian subcontinent is dynamic and complex, evo-
lution of precise GPS geodesy since 1990 makes it possi-
ble to understand the dynamics involved and also the
measurement of strain accumulation in the Indian plate.
One of the primary objectives of the CSIR Centre for
Mathematical Modelling and Computer Simulation (C-
MMACS), Bangalore is to generate an insightful under-
standing of the deformation mechanism in the Indian
subcontinent, which is the major cause of earthquakes.
This can be achieved using GPS to measure and under-
stand deformation mechanism related to stresses at all
scales. This would result in better understanding of physi-
cal processes of earthquake phenomena. The geo-tecto-
nics of the Himalayas, Kachchh and south Indian shield,
which were covered by a dense network of GPS stations,
is discussed briefly.

The Himalayas, Karakoram and Tibetan plateau, which
together span a wide deformation zone of 2500 km, are a
result of Indo-Eurasian collision. The southern limit of
this zone® of compressive intercontinental deformation is
marked by a smooth circular arc of the Himalayan fold
and thrust belt that rises abruptly over the under thrust-
ing. Both the geological structure and active tectonics®
along the 2500 km stretch of the Himalayan arc from
Kashmir to Arunachal, are of significant importance due
to continuous seismic activities in this region. The Kachchh
region of western India’ is an excellent example of a tec-
tonically controlled landscape comprising an assemblage
of various geomorphic features. This region has a unique
history of continued tectonism (Kachchh, 1819; Anjar,
1956; Bhuj, 2001), which is a reflection of movements
along major faults, Kathiawar fault, Nagar Parkar fault,
Allah Bund fault and Kachchh mainland fault. Earth-
quakes in the Indian peninsular shield fall in the category
of Stable Continental Region Events. Monitoring of these
events is of paramount importance, as many siesmogenic
faults may be responding to the present crustal deforma-
tion process. Continental crust of southern India® exhibits
unique characteristics whose geophysical signatures dif-
fer markedly from those of its counterparts in other parts
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