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Abstract Geostatistical variogram and inversion tech-
niques combined with modern visualization tools have
made it possible to re-model one-dimensional electrical
resistivity data into two-dimensional (2D) models of the
near subsurface. The resultant models are capable of ex-
tending the original interpretation of the data to depict
alluvium layers as individual lithological units within the
2D space. By tuning the variogram parameters used in this
approach, it is then possible to visualize individual
lithofacies and geomorphological features for these litho-
logic units. The study re-examines an electrical resistivity
dataset collected as part of a groundwater study in an area
of the Bannu basin in Pakistan. Additional lithological logs

from boreholes throughout the area have been combined
with the existing resistivity data for calibration. Tectonic
activity during the Himalayan orogeny uplifted and gener-
ated significant faulting in the rocks resulting in the for-
mation of a depression which subsequently has been filled
with clay-silt and dirty sand facies typical of lacustrine and
flood plain environments. Streams arising from adjacent
mountains have reworked these facies which have been
eroded and replaced by gravel-sand facies along channels.
It is concluded that the sediments have been deposited as
prograding fan shaped bodies, flood plain, and lacustrine
deposits. Clay-silt facies mark the locations of paleo de-
pressions or lake environments, which have changed po-
sition over time due to local tectonic activity and sedimen-
tation. The Lakki plain alluvial system has thus formed as a
result of local tectonic activity with fluvial erosion and
deposition characterized by coarse sediments with high
electrical resistivities near the mountain ranges and fine
sediments with medium to low electrical resistivities to-
wards the basin center.
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Introduction

Many significant valley systems within the Northwest
Himalayan region are products of regional and local
tectonic activity rather than of fluvial or glacial process-
es. During the various episodes of orogeny since the
Late Cretaceous when the Indian and Eurasian plates
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initially collided, the uplift of mountain masses has
resulted in the formation of a number of intermontane
basins. The sediments created by the erosion of these
mountains are carried into these basins under the action
of sedimentary processes forming talus slopes, alluvial
fans, alluvial deposits, and lacustrine deposits. The grain
size of the sediments may range from very coarse allu-
vial fan gravels and channel deposits, with high hydrau-
lic conductivities to very fine lacustrine clays, with low
hydraulic conductivity. Therefore, the lithologic and
geomorphic nature of the sediments plays an important
role in the development of clastic fluvial aquifers and
their hydraulic characteristics such as transmissivity,
hydraulic conductivity, and specific yield (Bowling
et al. 2005).

Thus, the ability to identify and characterize the
lithologic and geomorphic relationships of the sedimen-
tary deposits is an essential element for efficient ground-
water resource management. However, characterization
of lithology is difficult to achieve in many alluvial
systems when systems have variable lithologic and geo-
morphic composition, especially with irregular grain
sizes and sorting occurrence. The study of such fluvial
systems can prove challenging due to the highly variable
lithologies, which may grade between clay to gravel,
poorly sorted to nearly homogenous facies, and facies
with thicknesses ranging from just a few centimeters to
whole channel fills. Where available, borehole data can
provide useful additional information to resolve such
issues; however, in places where the lithologies become
highly variable then, direct observational methods such
as drilling boreholes become impractical in terms of
time and cost as well as environmental impact. Alterna-
tively, surface geophysical methods can provide a more
efficient approach in surveying over large spatial areas.
Previous studies on the topic have reported a multitude
of geophysical methods being employed to characterize
a wide variety of aquifer types with varying degrees of
success. The primary objective of these studies has been
to quantify the physical properties that are closely relat-
ed to the observed variations in hydraulic conductivity,
such as lithology, fracture distribution, porosity, and
permeability (Bowling et al. 2007). Typical geophysical
methods employed in such surveys have included
geoelect r ic , geomagnet ic , se ismic , gravi ty,
geothermometry, well logging, and natural radiation
detection (Vogelsang 1995).

Electrical resistivity has long been used as a method
to detect the subsurface hydrogeological and

geomorphological features with considerable success
(Stewart et al. 1983; Courteaud et al. 1997; Louis et al.
2002; Zouhri et al. 2004; Schrott and Sass. 2008;
Edmund 2009; Okoro et al. 2010; Riddell et al. 2010;
Akhter et al. 2012). Electrical resistivity in addition to
the lithologic makeup of the aquifer depends upon the
fluid contents of the aquifer. In fresh groundwater con-
ditions, the electrical resistivity method can provide an
effective indicator of the clay content of the aquifer
system. However, as groundwater conditions become
increasingly saline then the resistivity method is less
reliable for the detection of lithologies. Thus, when
deploying geoelectrical methods on groundwater sys-
tems, the salinity of the groundwater will limit the
accuracy in determining the lithology of the aquifer. In
general, clays will appear as good electrical conductors
with coarser sediments tending to be more resistive.

A variogram is an important geostatistical tool for
measuring the variability of spatially sampled data and
is used in the gridding and modeling process. The
derived “variability” value increases as the input sam-
ples become more disparate. The more basic and popu-
lar gridding algorithms such as “least squares” and
“minimum curvature” tend to be insensitive to trends
in the data, and apart from the ability to manually set the
parameters such as the node separation distance and
search radii, they lack the ability to be “tuned” to fit
the dataset. Alternatively, variogram gridding and inter-
polation techniques are capable of far greater compli-
ance with the observed data, but this method requires
that an analytical model be input in order to produce
surfaces capable of reflecting the geometry and conti-
nuity of the studied phenomenon. Thus, the resultant
output incorporates an intuitive level of understanding
of the spatial trends inherent in the data, forming an
important aid during the interpretation process (Journel
and Huijbregts 1978; Armstrong 1984; Cressie 1993;
Olea 1995; Goovaerts 1997; Gringarten and Deutsch
2001). The geostatistical variogram has therefore be-
come an essential technique for correlating and quanti-
fying the spatial relationships found in discretely sam-
pled data and has thus been employed in this study to
improve the quality of the interpretation.

Regional subduction of the Indian continental plate
below the Eurasian plate has caused uplift and signifi-
cant bedrock faulting as the Himalayan orogeny has
progressed. The deformation of rocks in the region has
resulted in the formation of depressions, which have
been filled with sediments derived from the erosion of
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the adjacent mountains (Kazmi and Jan 1997; Shahzad
et al. 2009, 2010). The processes of weathering, erosion,
and deposition have resulted in the deposition of com-
plex alluvial facies in the study area. This study attempts
to delineate and map the alluvial facies sequences by
applying geostatistical techniques to vertical electrical
soundings (VES) data in an intermontane basin
environment.

General geology and geomorphology

Bannu basin is located as a depression behind the
present-day trans-Indus uplift boundary, which results
in the formation of Bhittani, Khisor/Marwat, and
Shinghar ranges. Bannu basin was formed by the south-
ward migration of the uplift boundary from the Kohat
ranges to the Bhittanni andMarwat/Khisor ranges and is
encircled by mountains on all sides as shown in Fig. 1.
To the north, the basin is bounded by the Kohat ranges;
to the northeast, the Shingar range; to the southeast, the
Marwat range; to the southwest, the Bhitanni range; and
to the west, by the Waziristan-Sulaiman range. The
Bannu area was part of the large Indo-Gangetic foreland
basin until its disruption by the uplift of the Bhittani and
Marwat/Khisor ranges, about 500,000 years ago. The
highest peaks of the ranges near to the study area reach
heights of 1,943 m in the Bhitanni range and 1,376 m at
the southwestern tip of the Marwat range (Dalfsen et al
1986). In the study area, the ground surface elevation
decreases from a level of around 600 m in the extreme
western part to about 225 m toward the east with the
Kurram River being the main stream passing through
the basin. The second major stream of the area is
Gambila River, which enters the basin southwest of
Bannu, and then runs southeast for most of its course
and after curving eastward falls into the Kurram east of
Lakki (Dalfsen et al 1986). Apart from the above peren-
nial streams, there are several ephemeral streams which
only after rainstorms carry surface runoff toward the
Gambila and Kurram Rivers.

The study area occupies the southern part of the
Bannu basin. Its northern boundary is defined by the
course of the Gambila River as shown in Fig. 2. Else-
where, it is surrounded by the Marwat, Bhittani, and
Waziristan-Sulaiman ranges. The study area lies be-
tween latitudes 32.35° N to 33° N and longitudes
70.33° E to 71.16° E. Landforms of the area show
erosion by incision of streams, as is evident from their

deeply eroded channels as shown in Fig. 3. The inves-
tigated area is known for its very hot summers and mild
winters, weather being predominantly dry and sunny,
with the occasional gales and dust storms. The sedimen-
tary rocks exposed in the Bhittanni and Marwat ranges
as shown in Fig. 4 underlie a considerable part of the
investigated area.

Subsurface lithologies as shown in Fig. 5 are highly
variable ranging from very coarse-grained sediments
such as gravels and boulders, to very fine sediments
such as silt and clays. There are three broad types of
sediment evident in the study area including alluvial fan,
flood plain, and basin fill sediments. The alluvial fan
sediments constitute the mixtures of boulders, gravels,
sand, silt, and clay in various proportions. The flood
plain deposits are mainly clay and silt with some sand.
The sandy deposits mainly form along theMarwat range
and are predominantly the result of the erosion of these
ranges.

Methods

Electrical resistivity survey

Between April 1983 and April 1984, the Water and
Power Development Authority (WAPDA) under Pak-
Dutch program acquired the VES dataset as part of an
investigation to gather accurate information about the
hydrogeology of the area. To cover the entire area, a
total of 382 VES were performed, adopting the
Schlumberger configuration with half electrode spacing
(AB/2) ranging from 3 to 1,600 m. For convenience, the
VES were generally collected at a distance (sampling
interval) of approximately 1 km, mostly along existing
roads and tracks (Dalfsen et al 1986).

Interpretation of VES curves requires that the mea-
sured curve be matched against several model curves,
each of which represents different subsurface resistivity
distributions. Therefore, the selection of the final inter-
pretive model is constrained by the available
hydrogeological information. The most useful informa-
tion includes subsurface lithology, groundwater levels,
and distribution of electrical conductivities (EC). The
water table elevation map for the area is shown in Fig. 6.
The original VES data has been modeled using the
IPI2WIN software (IPIWIN-1D 2000; Zananiri et al.
2006; Sultan et al. 2009; Farid et al. 2013) utilizing
information derived from lithologic logs, geologic
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Fig. 1 a The regional location of Bannu Basin. b Physiography of the Bannu Basin
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maps, data on subsurface water levels, and EC. The
measured apparent VES curve and interpreted
(modeled) curves are shown in Fig. 7. The small circles
in Fig. 7 represent the sampled resistivity at a particular
depth with the black line representing the line of best fit
for the apparent resistivity and the blue line representing
the modeled true resistivity. The x-axis represents both
the current electrode spacing (AB/2) for the apparent
resistivity and depth (m) for the modeled resistivity
curve, respectively. The resistivity values plotted against
depth are schematized into a resistivity model consisting

of sequences of horizontal layers differentiated accord-
ing to discrete bands resistivity as shown in Fig. 7a–d.
General calibration between lithology and resistivity is
established using the borehole information and resistiv-
ity data and is shown in Table 1, with the information
detailed in Table 1 has been used to interpret all of the
VES curves and developing layer models. Each model’s
response curve represents the simulated VES response
of a horizontally stratified earth using a limited number
of sedimentary layers (three to eight) with the base layer
extending to infinite depth. Each of these layers is

Fig. 2 Location of exploratory boreholes, VES points, study area boundaries, and cross-section profiles (after Dalfsen et al 1986)
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characterized by its electrical resistivity and thick-
ness except for the base layer, which has an in-
definite thickness. The interpreted resistivity layer
models together provide a model of the subsurface
electrical resistivity field to be pictured schemati-
cally in depth.

Resistivity of groundwater varies in the study area as
shown in Fig. 8. The resistivity of groundwater ranges
between less than 5Ωm and greater than 20Ωm. For this
study, groundwater with resistivity of 5 Ωm or less is
considered saline. Saline groundwater is mostly found at
shallow depths mostly in artesian conditions except
between wells W-14 and W-22, where it extends in
greater depths.

Variograms

A variogram is an important geostatistical tool for mea-
suring the variability of spatially sampled data and is
used in the gridding and modeling process. The derived
“variability” value increases as the input samples be-
come more disparate. Most basic and popular gridding
algorithms such as “least squares” and “minimum cur-
vature” are insensitive to trends in the data, and apart
from the node distance and search radii parameters, lack
the ability to be “tuned” to fit the data.

Variogram gridding and interpolation techniques re-
quire an analytical model as input in order to produce
surfaces capable of reflecting the geometry and

Fig. 3 Digital elevation model of the study area (data source: Geosoft 2013)
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continuity of the studied phenomenon. Hence the resul-
tant output incorporates a level of understanding of the
spatial trends inherent in the data, which forms an im-
portant aid during the interpretation process. Thus, the
geostatistical variogram has become an essential tech-
nique for correlating and quantifying the spatial rela-
tionships found in discretely sampled data.

The variogram (or in this simplified case the
“semivariogram”) is calculated using the following
expression,

X hð Þ ¼ 0:5� E Z X þ hð Þ−Z xð Þ½ �2

Where X(h) is the semivariance or variability, E is the
expectation, X is the location, h is the sampling distance,
and Z is the observed data value. The above expression
provides a measure of correlation between the sampled
values and their range of scatter.

As the distance between samples approaches zero
(i.e., h − >0), the value of the variogram should also
approach zero. However, should the variogram be great-
er than zero in this situation then any residual value is
defined as the “nugget effect” (C0) as shown in Fig. 9.
The total sill (S) of the variogram is then calculated as,
C + C0. Often C is also treated equal to the S of the

Fig. 4 Regional geology of study area (Searle et al. 1996). Study area highlighted in red color
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Fig. 5 Lithologs of boreholes W-4, W-3, W-7, W-16, W-12, and W-22. Lithologs describe the variable subsurface lithologies
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variogram model fitted to the experimental variograms
when C0 is zero.

There are many possible variogram model types,
which can be applied in the calculation; these include
linear, gaussian, exponential, and spherical models. For
most datasets, any of these basic models types will
deliver an adequate result, and for this study, the spher-
ical model was selected.

The spherical model is given as:

X hð Þ ¼ C0 þ C−C0ð Þ 1:5hð Þ
.

α−0:5 h
.
α

� �3
� �� �

Where α is the range of the variogram.

Kriging requires the use of a model of the variogram
in order to determine the weighting factors to be used in
the kriging matrix as the statistical accuracy is related to
how closely the model reflects the observed variogram.
Kriging is the gridding technique which takes into con-
sideration the trends in the data, i.e., the spatial varia-
tions in the datasets. It is important to smooth the line of
best fit through X(h) and also to ensure that it is increas-
ing with h until it reaches the S of the variogram.

As this dataset is relatively sparse (approximately
1 km sampling interval), considerable interpolation is
required to build the resistivity field over the entire study
area. In order to intelligently predict values between
sample points, most gridding techniques will take some

Fig. 6 Water table elevations (after Dalfsen et al 1986)
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form of weighted averaging approach to interpolating
values at grid nodes, in this case linear weighted average
is used, i.e.,

T ¼ w1g1 þ w2g2 þ w3g3 þ…þ wmgm

Where g1, g2, g3, … , gm is the sampled resistivity,
w1, w2, w3, …wm are the weighting factors for the
resistivity, and T is the property to be assigned.

Results and discussion

This work interrelate the geophysical and geostatistical
methods of data analysis. The VES was acquired and
processed using industry standard procedures but has
been visualized using modern geostatistical techniques
and software. The visualizations of the geostatistically
enhanced data make it possible to interpret the deposi-
tional setting of the study area.

Variations in resistivity and lithology

The lithology and resistivity calibration has been sche-
matized into two separate zones as shown in Table 1; a
near-surface zone above the water table and a deeper
zone below the water table. The highest resistivity
ranges (Res > 200 Ωm) that occur above water table
are associated with the dry gravel-sand sediments
termed as gravel-sand facies. These are observed along
the mountain ranges, which reflect the sediments eroded
from the mountains having been transported for great

Fig. 7 a–d Apparent resistivity data are marked by small circles.
Solid black curve represents the apparent resistivity curve. Red
curve is the best-fitted curve to the apparent resistivity data. Solid

blue block line is the modeled resistivity (synthetic resistivity).
Horizontal axis is the current electrode spacing (AB/2) in meters,
and vertical axis is the resistivity in ohm meters

Table 1 Calibration between different lithologies and resistivity

Lithology Resistivity (Ωm) Water table

Gravel-sand >200 Above water table

Gravel-sand 25–200 Below water table

Clay-silt <15 Below water table

Clay-silt <15 Above water table

Dirty sand 15–25 Below water table

Saline sediment <5 Below water table
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Fig. 8 Distribution of water resistivity in the study area

Fig. 9 Variogram
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distances and hence have variable grain sizes and poor
sorting. The resistivity range (15 > Res < 25 Ωm) mea-
sured from below water table are associated with mix-
tures of silt, clay, and sand, which are widely distributed
throughout the basin and are termed “dirty sand facies”
in this paper. The lowest resistivity ranges (Res <
15Ωm) above and belowwater table are associated with
interlayered clay and silt sediments termed as “clay-silt
facies.” These facies are more concentrated towards the
centre of the basin. The intermediate resistivity ranges
(25 > Res < 200 Ωm) are assigned to water-saturated
gravel and sand sediments, which constitutes the major
aquifer in the area.

Depositional setting

The variogram parameters as presented in Table 2
assigned for the subsurface resistivities at various
depths. The nugget % (spatial ratio) shows the “spatial
class” factor, which is assigned to distinguish between
classes of spatial dependence in the study area. A ratio
which is <25 %, has variable (resistivity) considered
strongly spatially dependent; if the ratio is between 25
and 75 %, the resistivity is considered to be moderately
spatially dependent and if the ratio is >75 % then the
resistivities are considered weakly spatially dependent
(Cambardella et al. 1994; Iqbal et al. 2005). The resul-
tant variograms shown in the corresponding figures
indicate the existence of a strong spatial dependence
for the resistivity at all the observed depths with the
highest value of 26.72 % being close to 25 % as shown
in Table 2. A general spatial structure is seen in Fig. 10
where the difference between sill and nugget is minimal
almost flattening out around 100 m depth. This is attrib-
uted to a change in depositional event, which resulted in
changing the depositional environment from flood plain
to lacustrine. The structural dependence is stronger with
depth, due to general widening of the dirty sand facies
and their corresponding resistivities. This results in a

lower sill value but higher range values in the corre-
sponding variograms. Krigging was used as the algo-
rithm to generate a grid of the resistivity data at different
depths. The results are presented in Fig. 11a–e. In gen-
eral, these figures show a decrease in resistivity values
with depth. This decrease is attributed to the general
fining of the lithologies with depth. The figures show a
remarkable variation in resistivity at different depths,
probably due to the changes in water content and litho-
logical makeup of the sediments.

The higher resistivity readings with values greater
than 100 Ωm are associated with the gravel-sand facies
of the alluvial fans and sandy plain sediments. Where
these sediments are dry, the resistivity values can exceed
200 Ωm. These sediments are composed of mixed li-
thologies ranging in grain size from boulders to fine
sands and clays. These deposits are more coarsely
grained near the mountains with the grain size gradually
decreasing towards the centre of the basin. The sedi-
ments comprising the alluvial fans are found in front of
the Waziristan-Sulaiman range and the western part of
the Bhitanni range, whereas those of sandy plain are
found in front of Marwat range. The sands of the sandy
plain are medium grained and are the erosional products
of the Marwat range. Porosity of the alluvial fan lithol-
ogies is low, due to the larger sized particles and poor
grading of sediments (Dalfsen et al 1986). With increas-
ing depth the resistivity of these sediments decreases
which suggests that the water content increases also and
that the lithologies are changing from coarse dry sedi-
ments to finer wet sediments.

The sediments from the toes of the alluvial fans
towards the basin boundary near Gambila River are
deposited in the flood plains. These sediments consist
of interbedded fine sand, clay and silt layers. The resis-
tivity of these sediments is found to be in the range of
(15 > Res < 25Ωm) and are hence termed as “dirty sand
facies.” These sediments fill the majority of the space in
the basin and extend to great depths, in general more

Table 2 Variogram parameters

Depth (m) Model Nugget Sill Range (m) Nugget (%) Spatial class

20 Spherical 5,000 26,000 47,532 19.23 Strong

70 Spherical 2,000 8,502 45,551 23.52 Strong

100 Spherical 750 2,800 49,512 26.72 Strong

130 Spherical 500 2,200 71,297 22.72 Strong

150 Spherical 250 1,650 75,258 15.15 Strong
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than 100 m as shown in Fig. 11c–e. These sediments are
deposited in the flood plains of the Gambila River and
its tributaries and are composed of interlayered clay-silt
and fine sand. The coarse sediment content in the facies
increases towards the Gambila River.

The clay-silt facies (Res < 15 Ωm) covers a consid-
erable portion in the subsurface of the study area and
range in variable depth, i.e., 0–150 m as evident from
the borehole information. Sometimes this unit lies di-
rectly above the dirty sand facies, and somewhere in
other locations, it will appear deeper in the basin. It is
acknowledged that the saline water content in the sub-
surface considerably lowers the resistivity of these sed-
iments. Such cases can be observed in Figs. 11 and 12
where the resistivity fall below 5 Ωm. Resistivity data
interpreted statistically at different depths as shown in
Figs. 10 and 11 suggest that the flood plain and lacus-
trine deposition took place along with Late Quaternary
tectonic activity. From Fig. 11b–d, it is observed that the
flood plain developed into a lake where clay-silt facies
were deposited. The earlier lake was situated towards
the south of the area and broadened overtime to occupy
more space within the basin. This could have been the

result of rapid uplift of the Bhittani and Marwat ranges,
which may have caused the flood plain environment to
become lacustrine. The alluvial accumulation in the
basin gradually took place by the development of allu-
vial fans from the Sulaiman and Lakki Marwat ranges
along with the flood plains from Gambila River and its
tributaries. These sediments are the indicators of the
depression where a lake was formed during the Late
Quarternary period.

Alluvial stratigraphy

The resistivity cross sections for the profiles AA’, BB’,
and CC’ in Fig. 12a–c represent the lithologies as a three
layer case. These cross sections are then presented as
lithology sections which suggest that the depositional
environment has included alluvial fans, flood plains,
and lacustrine sediments. The Himalayan orogeny re-
sulted in depressions creating space for sediments de-
rived from the adjacent mountain ranges with the cross
sections indicating that the deposition took place in a
series of events. The predominance of clay-silt and dirty
sand facies throughout the Bannu basin area suggests

Fig. 10 Spatial correlation of the variogram parameters.Vertical axis serves as variability for the nugget and sill where as separation distance
for range
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that at the time of deposition a large standing water body
such as lake was present. Both of these facies types were
significantly eroded and replaced with gravel-sand fa-
cies by various stream channels arising in the adjacent
mountain ranges. Many boreholes confirm the presence
of gravel-sand patches intermixed with sand and silt
within these facies as shown in Fig. 12a–c. This is
attributed to the stream channels which have reworked
the deposited material over time.

The maps of the resistivity distributions and cross
sections of implied lithologies generated by calibrating
the borehole lithologies and resistivity soundings corre-
late together. The maps predict the spatial extent of the
geomorphic features where as the cross sections give
their variations in a vertical sense. The results of the
mapping suggest that the flood plain depositional envi-
ronment developed into a lake over geologic time as the
sedimentation progressed which correlates well with the

Fig. 11 Variogram and resistivity distribution at a 20, b 70, c 100, d 130, and e 150am depths
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Fig. 11 (continued)

Environ Monit Assess (2014) 186:6587–6604 6601



Fig. 12 Stratigraphic cross sections a AA’, b BB’, and c CC’ established by calibrated resistivity and borehole data
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boreholes data which show massive clay-silt facies
above the dirty sand facies. The depression where
clay-silt facies were deposited appears to have gradually
migrated from south to north and the rate and amount of
sedimentation has played a prominent role in shifting of
the depression with depth. In general, the depositional
sequence starts with the dirty sand facies which is the
widespread in the deeper horizons of the whole basin in
a flood plain environment. This sequence is followed by
the gravel-sand facies arising from the erosion of the
adjacent mountains in the form of alluvial fans and
sandy plain, whereas the clay-silt sediments evolved in
the depressions. The dirty sand facies are significantly
eroded and replaced by the gravel-sand facies along the
stream channels.

Conclusions

The individual resistivity sounding data that had been
collected during the late 1980s in the Bannu basin by
WAPDA has been re-worked, modeled, and visualized
by using modern geostatistical techniques. The use of
variogram aided gridding techniques, more commonly
found in seismic modeling and inversion in the petro-
leum exploration industry, has made it possible to inte-
grate the data into a single basin wide study. The VES
data was originally processed as individual resistivity
soundings with limited scope for any geological inter-
pretation; however, the remodeled data can now be
interpreted to reveal gross subsurface lithologies, geo-
morphologies, and depositional patterns.

For the area being studied, tuning of the variogram
and gridding parameters has made it possible to identify
individual lithologies such as alluvial fans and stream
channels based on inferred grain sizes, depositional
style, and geomorphological features. Sequences of
coarse grained sediments were recognized near the
mountain ranges, with the sediments fining towards
the center of the basin. Two lithology types were differ-
entiated within the central plain and their lateral and
vertical extents were identified and mapped. The shal-
low region in the centre of the study area is characterized
by alternating bands of silt layers with clay layers of
variable thickness. The presence of these lithologies
indicates the location of the body of standing water in
which they originated such as a lake, and document their
positional changes over time as the sedimentation
progressed. The deeper region is characterized by

alternating bands of silt, clay, and sand layers belonging
to the flood plain deposits. The presence of gravels in
boreholes and their associated facies observed in the
mapping suggest that braided channels were present
which can serve as good sources of water supply, if
developed. The subsurface along the mountain ranges
comprise gravel-sand facies consisting of layers of
gravels, pebbles and sand intercalated with clay beds.
These layers comprise the alluvial fans intruding into the
basins. Coarse and fine sediment beds alternate, with the
coarse layers being most dominant.
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