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Introduction 

Since Late Cretaceous times many significant 
valley systems have formed in the Northwestern 
Himalayan region of Pakistan during various 
orogenic episodes due to the collision of Indian and 
Eurasian plates. Weathering and erosion of the 
rising mountains have generated copious amount 
of sediments which have been transported under 
the action of different sedimentary processes to fill 
the depressions in these valleys. These sediments 
form a variety of depositional blocks including 
alluvium deposits, alluvial fans, talus slopes and 
fluvial, flood plain, channel bar and lacustrine 
deposits. In a typical intermontane basin, 
deposition may occur in several different systems 
simultaneously in the form of alluvial fan systems, 
alluvio-fluvial systems, flood plains and lacustrine 
systems. These depositional blocks are critical in 
terms of groundwater development and 
management as a large portion of fresh water is 
achieved from these depositional blocks. Different 
depositional systems have resulted in different 
lithological buildups within an aquifer system 
yielding different grain sizes. These typically range 
from very coarse grained alluvial fan gravels and 
boulders having high transmissivities to very fine 
grained lacustrine deposits with very low 
transmissivities. Thus the depositional setting and 
lithological buildup of the sediments within an 
aquifer system plays an important role in the 
development of the aquifer’s properties (Bowling  
et al. 2005). 

The ability to identify the relationships 
between lithological accumulations processed 
together with the hydraulic properties produced is 
essential for efficient groundwater resource 
management. Hydraulic properties which are 
largely controlled by the lithological buildup of the 
aquifer system together with their spatial 
distribution play a vital role in explaining the 
ground water flow system in an area. The 
characterization of lithologies however is 
challenging in many groundwater systems where 
there are variable lithological and geomorphic 
compositions, particularly when irregular grain 
sizes and sorting is involved. Where lithology is 
highly variable the collection of borehole data 
including lithologs, geophysical logs, grain size 
information and pump tests are essential in 

resolving such issues, but such techniques become 
impractical when considering the time and cost 
involved and any possible environmental impact. 
With many surface geophysical methods however 
very large surveys can be efficiently conducted at 
the scale of an entire intermontane basin. 
Geophysical methods typically employed to study 
near surface sedimentary systems frequently 
include geoelectric, geomagnetic, seismic reflection 
and refraction methods, gravity, geothermometry 
and natural background radiation detection 
(Vogelsang 1995). 

Electrical resistivity methods have previously 
been successfully employed to detect contrasting 
subsurface conditions in lithological, 
hydrogeological and paleo-geomorphological 
features (Okoro et al. 2010; Riddell et al. 2010; 
Baharuddin et al. 2011; Akhter et al. 2012; 
Muchingami et al. 2012; Utom et al. 2012; 
Vouillamoz et al. 2012; Farid et al. 2013; Mondal  
et al. 2013; Ammar and Kruse. 2016; Grygar et al. 
2016). The electrical resistivity method measures 
potential differences in the sub-surface when an 
induced current flow is injected at the surface. 
Typically this is accomplished by deploying a four-
electrode configuration utilizing two electrodes as 
potential electrodes and the other two as current 
electrodes. Electrical current is applied via the 
current electrodes and then any resultant potential 
difference across the two potential electrodes is 
recorded. The path and flow of electrical current 
through the subsurface will depend upon several 
site-dependent factors including the local geology 
and water content. The lithology, porosity, pore 
geometry and size, grain size, shape, packing, 
compaction, cementation will all affect the 
electrical properties, as well as depth of burial and 
groundwater salinity (Salem 1999). The hydraulic 
and electrical conductivities of strata share many 
common physical and lithological attributes which 
govern the electric conduction and the fluid flow 
through the ground, hence the hydraulic and 
electrical conductivities are related to each other 
(Soupios et al. 2007). The effective electrical 
resistivity produced depends upon the lithological 
composition of an aquifer system and its fluid 
contents (Levanon and Ginzburg 1976; Salem 1999; 
Okiongbo and Akpofure 2012; Kazakis et al. 2016). 
Fine sediments such as clays are relatively good 
electrical conductors will create a significant 



J. Mt. Sci. (2017) 14(1): 158-174 
 

 160

electrical contrast with more resistive coarse 
sediments such as gravels when current is applied 
under fresh groundwater conditions. However, The 
increased salinity in the groundwater will increase 
the conductivity of the subsurface to an extent 
where the electrical method is unable to identify 
the lithologic contrasts (Levanon and Ginzburg 
1976). 

Domail Plain is a part of an intermontane 
basin where electrical resistivity data acquired for 
groundwater exploration is usually sparse but with 
good spatial coverage (Uil 1983) by Water and 
Power Development Authority (WAPDA). In such 
circumstances study of spatial variability of 
electrical properties could yield very useful results 
in determining the geology of the near sub surface.  
Overall, the alluvium found in the study area 
typically consists of interlayered and variable 
deposits of sands, gravels, clays and boulders. 
Unfortunately the number of boreholes in the study 
area which contain lithological description is not 
sufficient to fully model the depositional setting of 
the shallow subsurface. An attempt has been made 
to map the gross lithofacies, comment on the 
depositional setting and distribution of saline 
water within the study area using statistical 
approach. In this regard, variograms have been 
used with Kriging method to highlight the trends 
inferred from the resistivity data. 

The most important geostatistical tool for 
measuring spatial variability in the values of a 
spatially sampled data set is the ‘variogram’. The 
‘variability’ derived between samples will increase 
as the values on their locations diverge. Variograms 
are applied during the Kriging method of gridding 
and modeling process and as such compare 
favorably over more popular gridding algorithms 
such as “least squares” and “minimum curvature”. 
While popular, these algorithms are insensitive to 
the underlying trends in the data, and feature very 
few adjustable parameters for tuning, apart from 
the node separation distance and search radii. 
However, variogram assisted gridding methods 
such as Kriging are capable of significantly 
improved compliance with the measured data set, 
but require the input of an analytical model which 
reflect the true geometry of the sampled data. 
Hence, through an iterative process of tuning and 
re-modelling it is possible to achieve a realistic 
result provided there are independent 

measurements in which to calibrate against. The 
resultant surface should not only include the 
sample points but should also incorporate any 
natural gradients and trends inherent in the data 
set and thus improve its interpretability (Journel 
and Huijbregts 1978; Armstrong 1984; Cressie 
1993; Olea 1995; Goovaerts 1997; Gringarten and 
Deutsch 2001). The geostatistical variogram 
coupled with visualization tools are essential for 
evaluating and interpolating spatial relationships 
embedded within discretely sampled data. These 
techniques and tools form the basis of this study in 
re-interpreting and re-evaluating the low 
resolution resistivity data acquired by WAPDA (Uil 
1983) recorded in the study area. 

In this study electrical resistivity data in 
combination with geostatistical analysis has been 
used to visualize the subsurface for alluvial 
depositional setup and occurrence of saline water 
in the subsurface. Variogram analysis has been 
performed over electrical resistivity data where an 
input spherical variogram model has been used to 
fit the experimental variogram that needs to be 
gridded by using Kriging technique. Different 
variogram parameters highlight the spatial 
dependence of the resistivity property with depth, 
which in turn suggest a change in overall 
depositional and groundwater trends within the 
study area. The resulting trend when calibrated 
with local geological conditions of the study area 
would highlight certain depositional features and 
zones dominated with saline water in the 
subsurface. 

1    General Geology and Geomorphology 

The study area lies in the northwestern region 
of Pakistan as shown in Figure 1. The northern 
Pakistan region is actively undergoing subduction 
of the Indian continental plate below the Eurasian 
plate (Kazmi and Jan 1997). The study area is part 
of Bannu intermontane basin which has been 
formed as a structural depression approximately 
0.5 million years ago as a result of this collision in 
which a thick alluvial cover was deposited. The 
depression and its uplift boundaries are a result of 
folding of the upper earth crust with various stream 
channels draining the study area and eventually 
joining the Kurram River (Uil 1983)  as shown in 
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m are less resistive than the sediments at depth 
more than 10 m above water table. However below 
water table the resistivity of the sediments is 
reduced. The alluvial components are divided into 
broad categories comprising a moderately to poorly 
graded mixture of gravel, sand and boulders, and 
layers with a mixture of fine sand, silt and clay. 

However, in front of mountain ranges a layer of 
boulders-gravel mixture is also encountered. 

2.2 Variograms 

A variogram is a geostatistical tool used to 
measure the variability in spatially sampled data. 

 
Figure 6 Apparent resistivity data are marked by small circles. Solid black curve represents apparent resistivity 
curve. Red curve is best fitted curve to the apparent resistivity data. Solid blue line is modelled resistivity (synthetic 
resistivity). Horizontal axis is the current electrode spacing (AB/2) in meters, and vertical axis is the resistivity in 
ohm meters. 
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Variograms are typically used during the gridding 
and modeling stage of interpolating and visualizing 
data. The derived “variability” values will increase 
as the input samples become more disparate. Most 
of the popular and more commonly used gridding 
algorithms such as “least squares” and “minimum  
curvature” are unable to recognize trends in 
sampled data, with very limited ability to tune the 
parameters to the input data (Briggs 1974). 

Any variogram aided Kriging and interpolation 
technique depends upon the input of an analytical 
model in order for it to generate surfaces which can 
accurately reflect the geometry and continuity of 
the sampled data. The resultant output will 
incorporate an understanding of the spatial trends 
inherent in the data, and these then assist during 
the interpretation process. As such, the 
geostatistical variogram has become a very 

important technique for correlating and 
quantifying spatial relationships found in discretely 
sampled data. The variogram (or, in this case the 
“semivariogram”) is calculated using the 
expression (Cressie 1993):  

γ(h) = 0.5×E[Z(X+h)-Z(X)]2                      (1) 

 
Figure 7 Resistivity and lithology calibration using VES profiles and lithologs of the boreholes. 

Table 1 Generalized resistivity and lithology calibration

Lithology Resistivity range (Ω.m)
Dry Sediments < 10 m 
depth  

15-100 (above water table)

Dry Sediments > 10 m 
depth  

100 to >200 (above water 
table) 

Gravel and Sand 
Mixtures 

50-200 (below water
table) 

Sand, Silt and Clay 
Mixtures 15-50 (below water table) 

Saline/Brackish
Sediments < 15 (below water table) 
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The equation for the spherical model is given 
as: 

γ(h) = Co + (C-Co) [(1.5h)/(α-0.5(h/α)3]      (2) 

where α is the Range of the variogram. The 
resultant variograms are presented in Figures 8a-
8e shows the anticipated increase in the variability 
γ(h) as h increases. While variability starts to 
decrease between h 30000 and h 45000 at 
different depths, this affect is attributed to have too 
few data points for the statistic to become valid 
Variograms parameters and their spatial 
correlation is presented in Table 2. 

2.3 2D Gridding 

As this dataset is relatively sparse 
(approximately 1 km sampling interval), 
interpolation is required to build the resistivity 
field over the entire study area. Intelligent 
prediction of values between sample points usually 
requires some form of weighted averaging when 
interpolating values for grid nodes, and in this case 
a weighted linear average is used (Chilies and 
Delfiner 1999), i.e. 

T = w1g1 + w2g2 + w3g3 + ….. +wmgm       (3) 

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. 
Weighting factors were calculated based on 
estimates of the property (resistivity) through 
Kriging method at unknown location based on the 
spatial variability of samples.  

A variogram model is required to derive 
weighting factors used in the Kriging process as 
accuracy is related to how closely the model reflects 
the observed variogram. The Kriging is a gridding 
technique which is capable of detecting spatial 
trends in the data, and the line of best fit drawn 
through γ(h) should be carefully smoothed and 
selected to ensure that it is increasing with h until 
it reaches the sill of the variogram.  

Modeled resistivity data has been extracted at 
particular depths, i.e. 20m, 70m, 10m, 130m and 
150m for all the VES locations and combined into 
separate databases for every particular depth 
incorporating the physical location (Easting and 
Northing) of the VES location. Variogram models 
have been generated carefully to estimate the 
parameters essential for the gridding algorithm. 
The variogram models along with the parameters 
are shown for corresponding depths in Figure 8a-
8e.  The software (GeoSoft Oasis Montaj 2014) has 
been used to grid the data in 2D. The resulting 
grids are shown in Figures 9a-9e. 

2.4 3D Gridding 

The modelled resistivity data has been 
combined into a single database incorporating the 
physical location (Easting and Northing) of the 
VES points. Considerable interpolation is required 
to generate a 3D picture of the resistivity from a 
scattered database. The software (Golden Software 
Voxler 3, 2015) has been used for 3D gridding and 
plotting using the parameters detailed in Table 3.  

Inverse distance gridding was used for 
interpolation to differentiate the saline water zone 
in the 3D domain because inverse distance 
interpolates the data such that the influence of any 
data point decreases with distance from the target 
grid node and to minimize the regional trends 
inherent in the data. Increasing the power in the

Table 2 Variogram Parameters and spatial correlation

Depth (m) Model Nugget Sill Range (m) Nugget (%) Spatial class 
20 Spherical 5000 17000 25000 29.4 Moderate 
70 Spherical 3500 14500 18000 24.1 Strong 
100 Spherical 2500 11000 20000 22.7 Strong 
130 Spherical 0 4500 25000 0.0 Strong 
150 Spherical 0 3500 30000 0.0 Strong 

Table 3 3D Gridding and Interpolation Parameters
Parameter Value 
Gridding method Inverse distance 
Power 2 
Smoothing 0 
Anisotropy Anisotropic 
Search type Anisotropic 
Radius 3000 m 
Resolution 50 m × 50 m × 5 m 
Volume render option 3D textures 
Interpolation method Trilinear 
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algorithm accelerates the decrease in influence of 
points far from the target grid node. For this data 
set a weighting power of 2 was used. 

3    Results and Discussion 

The formation of northern and eastern 
mountain ranges has produced a significant 
influence on the geology of the unconsolidated 
sediments deposited in the study area. These 
sediments are composed of a variety of 
sedimentary packages derived from the adjacent 
mountains. These mountain ranges have outcrops 
of rock salt which when dissolved in groundwater 
make it saline in the subsurface. Geophysical and 
geostatistical methods of data analysis have been 
combined to better visualize the subsurface geology. 
The VES data were originally acquired and 
processed using industry standard procedures and 
processes but have been visualized using 
geostatistical techniques. The enhanced data 
utilizes underlying trends in the data making it 
possible to interpret the depositional setting as well 
as distribution of the saline water within the study 
area. 

3.1 Variations in resistivity and lithology 

The composition of alluvial deposits varies 
considerably throughout the area both in vertical 
and horizontal directions. A generalized vertical 
buildup inferred from interpretation of the VES 
and borehole logs has been schematized into two 
separate zones, one zone above the water table and 
another below water table as shown in Table 1 
based on calibration between the borehole 
lithology and corresponding resistivity data derived 
from modeling of the VES data. The calibration is 
shown in Figure 7.  The highest resistivity zone 
(Res > 200 Ωm) occurs above the water table and 
is associated with the dry sediments which 
generally includes the boulders, gravel, sands 
interlayered with silts and clays (together termed 
as ‘Dry Sediments’). These sediments are coarse in 
nature and commonly observed along the 
mountain ranges and have been created due to the 
weathering and erosion of the rocks while finer 
sediments are deposited further downstream. The 
resistivity of these coarse sediments in the area can 

reach up to 1000 Ωm as evident in Figure 6h. The 
resistivities (50-200 Ωm) found below the water 
table are associated with gravels, boulders and 
sand (together termed as ‘Gravel-Sand Mixture’) 
which constitutes the major aquifer in the area. 
The resistivities lying in the range (15-50 Ωm) are 
correlated to the interlayered minor fine sand, silt 
and clay sediments (together termed as ‘Silt, Clay 
and Fine Sand Mixture’). A considerable portion of 
the saturated zone has been affected by the 
percolation of saline water through the streams 
arising in the northern mountains with outcrops of 
rock salt. This zone is represented by electrical 
resistivity less than 15 Ωm. 

Towards north of the Kurram River, in the 
vicinity of borehole D-2 resistivity values indicate 
(Figure 7) that the upper part of the saturated zone 
up to a depth of approximately 150 m below 
ground surface is composed of mainly coarse 
sediments, such as coarse sand, gravel and 
boulders. However, in the lower part of this zone 
decreasing formation resistivities (100 – 200 Ωm) 
indicate the presence of water saturated finer 
sediments. High resistivities > 200 Ωm within this 
zone suggest the presence of dry coarse sediments 
lying above the water table. On the eastern side 
along the Shinghar Range, as evident from 
boreholes D-7, D-8, D-9 and D-12, fine sediments 
lies below the coarse sediments at certain depths. 
Inspecting D-7, which lie more basin ward has 
increased contents of fine material in comparison 
to other boreholes. This suggests sediments 
progressively become finer towards the centre of 
the basin under the action of stream transportation. 

The sediments towards the study area 
boundary near to the Kurram River are deposited 
over the flood plains, and consist of interbedded 
fine sand, clay and silt layers. Typically the 
resistivity of these layers is found to be in the range 
of (15-50 Ωm) and is termed as “Silt, Clay and Fine 
Sand Mixture”. These sediments extend to great 
depths in the subsurface, generally more than 100 
m as shown in Figures 10a-10b and are composed 
of interlayered clay, silt and fine sand. 

3.2 Depositional Setting and saline water 
distribution 

Resistivity data in the study area has been 
gridded using variogram aided Kriging method. 
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zones are correlated with three different 
sedimentary zones (Uil 1983) including a broad 
range of sediments from clay to boulders. These 
zones of alluvial fans are highlighted by the 
magenta color on the maps in Figure 9a-9e with 
Res > 200 Ωm above water table. The lowest 
resistivity zones are highlighted by blue color with 
Res < 15 Ωm are correlated with the sediments 
with saline and brackish water percolation. The 
intermediate resistivity zone are highlighted by 
light blue to light magenta colors with Res > 15-
200 Ωm are associated with the fresh water 
saturated sediments. However resistivity ranges 
Res 15-50 Ωm in the fresh water zone highlights 
the areas of increased finer sediments including 
majorly fine sand, silt and clays.  

Due to frequent changes in the pathways of the 
streams and in the depth to the base levels of 
erosion the lithological compositions are highly 
heterogeneous in both the vertical and the 
horizontal planes. On the western bank of the Kurram 
River an abandoned flood plain is found (Uil 1983) 
with deposits that consist of well sorted fine to 
medium grained sand and gravels with alternating 
clay layers. 

The variogram parameters (Table 2) are 
assigned to the subsurface resistivities at different 
depths. The spatial ratio, or nugget %, shows the 
spatial class factor which distinguishes between 
classes of spatial dependence. A nugget % < 25% 
has variable resistivity which is considered strongly 
spatially dependent; when the ratio falls between 
25% and 75 % the resistivities are considered as 
being moderately spatially dependent, and if the 
nugget % is >75% then the resistivities are 
considered as being weakly spatially dependent 
(Cambardella et al. 1994; Iqbal et al. 2005). The 
resultant variograms for resistivity shown in the 
Figures 8a-8e indicate a strong spatial dependence 
except at 20 m where it is moderately to strongly 
dependent as it is close to 25%. The spatial 
dependence is stronger with depth due to the 
increasing variation in lithology and the occurrence 
of saline water in considerable proportion with 
depth. Also, the occurrence of the finer sediments 
with depth in addition to water saturation also 
increases the spatial dependence of the resistivity. 
This spatial dependence results in a lower Sill value 
but higher Range values in the corresponding 
variograms. This effect in the form of spatial 

structure is seen in Figure 8f where the difference 
between Sill and Nugget values decreases with 
depth whereas with the Range value increases with 
depth. Figure 8f is the combined result of all the 
resistivity data in the study area and reflects the 
major dependence of the resistivity data in the 
study area. This effect has been attributed to 
changes in lithology and due to the occurrence of 
saline water in a certain portion with depth. The 
difference between variogram parameters at 70 m 
depth in Figure 8f is correlated to changes in 
lithology at 70 m depth where a boundary exists 
between the coarse and fine sediments. Careful 
examination of the borehole, resistivity and 
statistical data suggest a change in depositional 
event occurred, where sedimentation dominated by 
fine sediments changed into stream deposition 
dominated by coarse sediments where streams 
brought considerable coarse sediments from the 
adjacent mountain ranges. The interpreted changes 
in depositional events can be confirmed from 
borehole data bordering with the mountains where 
fine sediments (clay and silt) are overlain by coarse 
sediments (mixtures of gravels and boulders) as 
seen in boreholes in Figure 5. 

The individual VES data has been used to 
generate 2D resistivity cross sections using Golden 
Software Surfer 8 along the profiles AA’ and BB’ 
highlighted in Figure 2. Cross section AA’ is 
dominated in shallow depths with coarse 
sediments. This is attributed to the occurrence of 
coarse sediments near the mountain ranges which 
mostly belongs to alluvial fans. It seems that the 
sediments were eroded and transported over the 
short distances during the flash flooding episodes. 
The occurrence of coarse sediments mainly gravels 
and boulders within finer sediments such as sands 
in the different boreholes indicate the presence of 
stream channels in the subsurface. Presence of 
Bahadur Khel Salt in the Kohat Ranges makes the 
groundwater saline which masks a considerable 
portion of the cross section, where lithological 
information could not be inferred. Cross section BB’ 
is dominated with fine sediments in southern half, 
coarse sediments in the northern half, whereas 
middle of the cross section is masked with the 
presence of saline water. The cross section suggests 
the northern half of the cross section BB’ belongs to 
a part of alluvial fan. 

The electrical resistivity data gridded and
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displayed in 3D highlight the 
different resistivity distributions in 
the study area. Figure 11 shows the 
distribution of coarse grained, 
highly resistive sediments 
belonging to alluvial fans and 
highly conductive saline water 
within the subsurface. Figure 12 
shows the distribution of strata of 
different grain sizes termed as 
‘Gravel-Sand’ and ‘Clay-Silt’ 
mixtures with varying resistivities.  

Below 200 meters depth, 
almost exclusively fine material 
such as fine sands, silt and clay are 
expected as indicated by the values 
of the resistivity. The extents of 
alluvial fans and saline water has 
been identified from Figures 8a-e 
and presented in Figure 13. The 
alluvial fans are highlighted by red 
line and exist along the mountain 
fronts and are characterized by 
high resistivities and coarse 
material including boulders and 
gravels. The saline water mostly 
exist along the Kurram River 
catchment area in the northeast 
direction  highlighted by blue line. 

4    Conclusions 

The use of variogram aided 
gridding techniques makes it 
possible to incorporate the 
complete VES data set into a single integrated 
study. The VES data had very limited value in 
terms of making a geological interpretation as it 
was originally processed as individual resistivity 
soundings; however it is now possible to identify 
subsurface lithologies, depositional patterns and 
saline water distribution. 

Tuning of the variogram parameters have 
made it possible to generate data grids which 
isolate individual lithologies such as alluvial fans 
and piedmont sediments based on their resistivity 
signatures, inferred grain sizes from gross 
lithologies and depositional styles. Near to the 
mountain ranges sequences of coarse grained 

sediments can be recognized forming as alluvial 
fans with their sediments fining up in flood plains 
towards the Kurram River. Two lithology types i.e. 
Gravel-Sand Mixture and Silt, Clay and Fine Sand 
Mixture were discriminated within the area of the 
plain and their lateral and vertical extents could be 
mapped. The shallow region towards the northern 
and eastern side of study area is characterized by 
alternating gravel, coarse sand and clay layers of 
variable thickness. However the western side is 
dominated by finer sediments including fine sand, 
silt and clay deposited in the flood plains of 
Kurram River and its tributaries. The deeper 
regions over the entire study area consist of 

Figure 11 3D visualization of saline water and alluvial fan zones. 
 

Figure 12 3D visualization of Gravel-Sand Mixture and Clay, Silt and 
Sand Mixture. 
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