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Estimation of geohydrologic properties of fractured aquifers in hard crystalline and/or metamorphosed
country rocks is a challenge due to the complex nature of secondary porosity that is caused by differential fracturing. Hydrologic potentiality of such aquifers may be assessed if the geological controls
governing the spatial distribution of these fracture systems are computed using a software-based model.
As an exemplar, the Precambrian metamorphics exposed in and around the Balarampur town of Purulia district, West Bengal (India) were studied to ﬁnd out the spatial pattern and consistency of such
fracture systems. Surfer and Statistica softwares were used to characterize these rock masses in terms
of hydrological, structural and lithological domains. The technique is based on the use of hydraulically
signiﬁcant fracture properties to generate representative modal and coeﬃcient of variance (C ν) of fracture datasets of each domain. The C ν is interpreted to obtain the spatial variability of hydraulically
signiﬁcant fracture properties that, in turn, deﬁne and identify the corresponding hydrolithostructural
domains. The groundwater ﬂow estimated from such a technique is veriﬁed with the routine hydrological studies to validate the procedure. It is suggested that the hydrolithostructural domain approach is
a useful alternative for evaluation of fracture properties and aquifer potentiality, and development of a
regional groundwater model thereof.

1. Introduction
Evaluation of geohydrological properties of hard
crystalline and/or metamorphosed rocks is a difﬁcult task owing to the heterogeneity, variability
and complexity of structural features (such as
fractures) that are associated with these masses.
The nature and pattern of these fracture distributions principally govern the zones of groundwater
enrichment and determine their ﬂow path through
the fractured conduits. Fracture networks have the

potentiality to signiﬁcantly inﬂuence local and
regional scale ﬂuid movement. Fracture induced
permeability depends on density of fractures, size
of apertures and connectivities (Singhal and Gupta
1999). It is assumed that closely spaced fractures
with higher frequency represent better possibility
of ﬂuid ﬂow (Mabee and Hardcastle 1997). Several
researchers (Braathen 1999; Henriksen and
Braathen 2006; Boutt et al. 2010; Acharya et al.
2012) have recognized enhanced permeability
amongst hydraulically signiﬁcant ﬂowing-fractures
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and high fracture frequencies. Theoretical and
experimental studies show the inﬂuence of size
and distribution of apertures of fractures on the
permeability status and ﬂuid ﬂow dynamics
(Tsang and Witherspoon 1981; Oda 1985; Brown
1987; Bertels et al. 2001; Auradou et al. 2005;
Matsuki et al. 2006; Pan et al. 2010). The term
‘hydrostructure’ refers to the nature of secondary
porosity within a particular bedrock unit. A group
of bedrocks exhibiting similar hydrostructural features is termed as a ‘hydrostructural unit’ (Abbey
and Allen 2000). Characterizing the regional scale
permeability in areas of heterogeneous and complex disposition of fractures is a problem because
of multiple orientations and cross-cutting relationships amongst fracture networks (Mabee and
Kopera 2007). The possible solution lies in recognizing the hydrostructural features, like fractures
and faults, which help groundwater movement.
The approach utilises the concept of dividing the
aquifers into structural domains based on regionalscale structural data (Ohlmacher 1999; Martin and
Tannant 2004; Surrette and Allen 2008). Each
domain is characterized by a unique set of
hydraulic properties diﬀerent from the other
domain in geometry, orientation and distribution of
structural elements and associated fabric (Mackie
2002; Surrette et al. 2008). At the megascopic
scale, faults and shear zones that typically featured
in metamorphic terrains dominate the fracture
morphology and hydrological characteristics, and
cast a major inﬂuence on the hydrostructural
domain (Lapcevic et al. 1999; Wang et al. 2002;
White and Burbey 2007). Interestingly, Manda
et al. (2007) have indicated overlapping hydraulic
interrelationships/conductivities between adjacent
hydrostructural domains and suggested that fracture characteristics derived on the basis of only
the hydrostructural approach do not always give a
signiﬁcant clue to the exact nature of a domain.
They observed the need of other criteria to further
classify these to narrower ‘conductivity units’.
With this view, it was considered to incorporate
adjusted hydraulically signiﬁcant properties of
fracture sets, such as fracture frequency, aperture, etc., for estimation of the more constrained
measures of hydraulic conductivities in variably
fractured hard rock domains.
The present study area is situated in and around
Balarampur town of Purulia district, West Bengal,
India, extending between latitudes 23◦ 01 52
and 23◦ 06 55 N and longitudes 86◦ 12 00 and
86◦ 20 24 E (ﬁgure 1). The area is underlain
by variably fractured/jointed metamorphic rock
masses and the geologically signiﬁcant South Purulia Shear Zone (SPSZ) trending in E–W direction.
Regional scale groundwater development is
important in these water starved semi-arid

stretches that represent the westernmost province
of West Bengal where groundwater occurring in
fractured, low-yielding bedrock aquifers is the sole
source of potable water for domestic and agricultural uses (Mallik et al. 1983; Nag 1999). Several investigations carried out in the past to study
the lineaments and subsurface bedrock-fractures in
and around Balarampur town have shown three
‘domains’ of fractured terrain: (a) the domain
occurring north of the SPSZ (D1), (b) the domain
within the SPSZ (D2) and (c) the region south of
the SPSZ (D3) (Acharya et al. 2012; Acharya and
Mallik 2012). Furthermore, SPSZ (D2) was suggested as a more hydraulically signiﬁcant region
with higher fracture frequencies (Mallik et al. 1983;
Nag 1999; Acharya et al. 2012; Acharya and Mallik
2012) compared to D1 and D3.
The objective of this paper is to assess the hydrological potentiality of a highly metamorphosed
Precambrian terrain based on hydrolithostructural
domain approach on fracture systems.
2. General geological set-up
Geologically, the study area is located at the
junction of Chhotanagpur Granite Gneissic Complex (CGGC) and the Iron Ore Group (IOG) of
rocks of Proterozoic age (Baidya 1992; Geological
Quadrangle Map 73I 1948; Gupta and Basu 2000)
(ﬁgure 1). On the north, CGGC is a part of the Chhotanagpur craton consisting diﬀerent types of granite gneisses, such as quartz-biotite, granite gneiss
and porphyroblastic granite gneiss. The IOG exposed on the south belongs to the Singhbhum orogenic belt and comprises chieﬂy of mica schist and
phyllite. The metasediments of IOG are interlayered with basic bodies, locally described as epidiorite sills (Geological quadrangle map 73I 1948).
NW–SE foliations are well developed both in the
CGGC and the metasedimentaries of IOG (Geological quadrangle map 73I 1948). The rocks have
no primary porosity and ﬂow of water is restricted
to fracture zones. The dip of foliations is high
(>57◦ ) and northerly directed. Presence of more
than one generation minor fold is observed that
bears imprints of polyphase deformation. Geometry of the ﬁrst generation fold is not visible owing
to absence of competent exposures. A prominent
shear zone trends almost E–W through the south
of Balarampur town. This shear zone is termed as
the ‘South Purulia Shear Zone’ (SPSZ) that possesses the features of a brittle-ductile deformational
regime (Bhattacharya 1989; Dasgupta 2004) (marked in ﬁgure 1). There are evidences of shear forces
that acted along some E–W trending near-vertical
weak planes during the third tectonic period (Geological quadrangle map 73I 1948). A thrust has
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Figure 1. Location map of the study area in and around Balarampur town, Purulia district, West Bengal, India showing
geological features.

brought CGGC to the south over IOG (Katti
et al. 2010). The structural elements are dominantly shear-joints and fractures in the granitic
rocks, pegmatites, quartz veins and metasediments. These shear joints, fractures and faults, in
general, strike E–W with 60◦ N to near-vertical dips
(Geological quadrangle map 73I 1948).
3. Methods
Acharya et al. (2012) and Acharya and Mallik
(2012) have developed the hydrostructural domain
model for the Balarampur region of Purulia district
based on interpretations of fracture measurements and lithostructural elements. Three diﬀerent
‘domains’ were deﬁned as: (a) region occurring
north of SPSZ (D1), (b) the region within the
SPSZ (D2) and (c) the region south of the SPSZ
(D3). Fracture frequency and aperture data from
the bedrock exposures of Precambrian metamorphics and depth to water table in pre- and postmonsoon periods from the existing wells were

collected during ﬁeld studies, which were followed
by detailed laboratory analyses for determination
of their hydrological signiﬁcance using softwarebased hydrostructural domain approach. The fracture frequency and aperture analysis for diﬀerent
domains have been categorized as:
• hydrostructural domain-based modal value analysis which involves comparison of modal values
of each fracture parameter for diﬀerent domains,
• hydrostructural domain-based coeﬃcient of variance (Cν) analysis which involves comparison of
fracture families of each domain,
• ﬁltered hydrolithostructural domain-based analysis for lithologies of each hydrostructural
domain.
3.1 Analyses of fracture frequency and aperture
Statistical analyses of fracture frequency and fracture aperture were performed for three hydrostructural domains D1, D2 and D3 to calculate the
coeﬃcient of variance (Cν) and dominant (modal)
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value for each fracture parameter related to each
corresponding domain using Statistica software
(StatSoft Inc 1995). Spatial cluster analysis of fracture frequency and fracture aperture were performed by determining the coeﬃcient of variance
(Cν), the ratio of the standard deviation (σ) to
the mean (µ) of the respective parameter in each
domain using the method of Gillespie et al. (1993,
2001). In statistics, the coeﬃcient of variance (Cν),
measured as σ/µ, is a normalized measure of dispersion of a probability distribution and a measure
of the dispersion of data points in a data series
around the mean. Cν is useful for comparing the
degree of variation of one data series with the other,
even if the means are drastically diﬀerent from each
other. The higher the Cν, the greater is the dispersion of the variable, and the variable with the
smaller Cν is less dispersed than the variable with
the larger Cν. If fracture properties, for example,
frequency and aperture values, are dispersed in a
domain, the Cν will be nearly as high as 1 or
even higher, while Cν will be much less for nearly
uniform distribution of fracture parameter values
spread throughout the domain, indicating a central
tendency of data distribution around the mean. Cν
and modal values of fracture frequencies and apertures for diﬀerent rock types of the domains are
also calculated, using the same procedure to study
the variation and the population dispersal pattern
of fracture properties within the same and varying
lithology.
In this study, an alternative approach is considered. Rather than creating individual small cubes
and generating discrete fracture networks within
them, outcrop measurements of fracture frequency
and aperture distribution at each site are taken,
and then upscaled and interpolated to the scale
of the study area following ‘point kriging method’
of geostatistical gridding and estimating the values at the points of grid nodes (Abramowitz and
Stegun 1972; Golden Software Inc 2010). Altogether, a total set of 334 fracture–frequency and
334 fracture–aperture data were measured in the
study area during the ﬁeld season of 2011–2012.
Based on these collected data, contour maps on
continuous fracture frequency and aperture were
prepared; their pattern of distribution in the three
hydrostructural domains and corresponding lithological units were studied next through visual
interpretation and computer-based approach using
‘Surfer’ software (Golden Software Inc 2010).

the hydrolithostructural domains under study. The
water table contour maps, based on depth-to-water
(DTW) level data measured in ‘m bgl’ (below
ground level), were prepared using the Surfer software (Abramowitz and Stegun 1972). The water
table maps along with groundwater ﬂow lines provide essential qualitative clues on the hydrogeological set-up of an area in terms of permeability,
ﬂow pattern, hydraulic gradient, and delineation of
recharge-discharge regions. With these maps, the
inter- and intra-spatial distribution and variability of hydraulic properties corresponding to each
hydrolithostructural domain were thus interpreted
and compared with the estimates derived from
fracture studies.

3.2 Hydrological studies

Statistical analyses of hydrostructural domainbased Cν values in the study area yield signiﬁcant
distribution of both frequency and aperture in different hydrostructural domains (table 1). Cν value
of fracture frequency is maximum (0.94) in D1
which is close to 1 indicating inconsistency in the

Detailed hydrological data were collected during
the pre-monsoon and post-monsoon seasons of
2012 from 232 inventoried dug wells. The sampling sources were uniformly distributed in all

4. Results
The results obtained from statistical analyses of
fracture properties based on (1) hydrostructural
domain-based modal value analysis, (2) hydrostructural domain-based coeﬃcient of variance
(Cν) analysis, and (3) ﬁltered, hydrolithostructural domain-based fracture analysis show significant and interesting variations of modal and Cν
values of both fracture frequencies (ﬁgure 2) and
apertures (ﬁgure 3), as tabulated in table 1.
4.1 Hydrostructural domain-based
modal value analysis
Statistical analyses of fracture frequencies
(ﬁgure 2a, b and c) and apertures (ﬁgure 3a, b
and c) yield marked diﬀerences of representative
modal values among the corresponding hydrostructural domains (D1, D2 and D3) in the study area
(table 1). Modal fracture frequency is minimum
(3/m) in the northern part of the SPSZ (D1)
(ﬁgure 2a), maximum (15/m) in SPSZ (D2)
(ﬁgure 2b) and intermediate (10/m) in the southern part of the SPSZ (D3) (ﬁgure 2c), clearly
indicating highest fracture frequency in the SPSZ
(D2). While D1 exhibits maximum fracture aperture (2 mm) (ﬁgure 3a) followed by D3 (1.5 mm)
(ﬁgure 3c). D2 shows minimum aperture of 0.5
mm (ﬁgure 3b).
4.2 Hydrostructural domain-based coeﬃcient
of variance (Cν) analysis
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Figure 2. Frequency distribution diagrams of fracture frequency data for hydrostructural domains: (a) north of SPSZ (D1),
(b) SPSZ (D2), (c) south of SPSZ (D3) and hydrolithostructural domains, (d) granite gneisses, (e) mica schist in D1, (f )
mica schist, (g) phyllite in D2, (h) phyllite and (i) epidiorite in D3. The diﬀerences in modal values in the data distribution
diagrams and Cν of fracture frequencies are noticeable. Cν = coeﬃcient of variance.
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Figure 3. Frequency distribution diagrams of fracture aperture data for hydrostructural domains: (a) north of SPSZ (D1),
(b) SPSZ (D2), (c) south of SPSZ (D3) and hydrolithostructural domains: (d) granite gneisses, (e) mica schist in D1, (f )
mica schist, (g) phyllite in D2, (h) phyllite and (i) epidiorite in D3. The diﬀerences in modal values in the data distribution
diagrams and Cν of fracture apertures are noticeable. Cν = coeﬃcient of variance.

Regional fracture properties for groundwater development

523

Table 1. Fracture statistics of the studied hydrostructural and hydrolithostructural domains showing fracture frequency and
aperture distributions.

Hydrostructural
domain

Fracture
frequency
Modal
value (/m) Cν

Fracture
aperture
Modal
value (mm) Cν

D1

3

0.94

2

0.67

D2

15

0.75

0.5

0.95

D3

10

0.71

1.5

0.74

Hydrolithostructural domain
Granite gneisses
Mica schist
Mica schist
Phyllite
Phyllite
Epidiorite

Fracture
frequency
Modal
value (/m) Cν
3
7
5
18
15
5

0.99
0.74
0.94
0.63
0.68
0.78

Fracture
aperture
Modal
value (mm) Cν
2
2.5
0.6
1
1.5
0.5

0.68
0.74
1.24
0.72
0.69
0.82

Note: /m = number per meter, Cν= coeﬃcient of variance.

distribution of low fracture frequencies throughout the D1 domain. The southern part of the
SPSZ (D3) shows minimum Cν (0.71) of frequency
indicating most consistently distributed moderate
fracture frequencies within D3 domain. SPSZ (D2)
exhibits intermediate Cν (0.75) revealing intermediate regularity in distribution of high frequency
values. Cν analysis of fracture apertures clearly
reveals least dispersal of high aperture data in D1
(Cν = 0.67), while maximum dispersal and inconsistency of low apertures exists in D2 (Cν = 0.95).
D3 indicates moderate consistency in distribution
of moderate apertures with Cν of 0.74.

4.3 Filtered, hydrolithostructural
domain-based analysis
Statistical analysis of the fracture frequencies and
apertures indicates marked diﬀerences of modal
values and Cνs even in the same hydrostructural domain for diﬀerent lithological subdomains.
Table 1 exhibits the advantage of the ﬁltered,
hydrolithostructural domain-based analysis over
the hydrostructural domain based technique.
In D1 hydrostructural domain, there are two
litho-domains – granite gneisses and mica schist.
Modal fracture frequency of granite gneisses (3/m)
(ﬁgure 2d) in D1, which is comparable to the
overall D1 value (3/m), is less than that of mica
schist (7/m) (ﬁgure 2e). Moreover, lower Cν of
frequencies in mica schist (0.74) than granite
gneisses (0.99) indicates more regular distribution of higher fracture frequency values in mica
schist than granite gneisses in D1 and overall D1
domain (Cν = 0.94) too (table 1). Thus the
ﬁltered, hydrolithostructural domain-based analysis yields more isotropic distribution of higher
frequency in mica schist hydrolithostructural
domain in D1 than the anisotropically distributed
lower frequency in overall D1 hydrostructural
domain.

In SPSZ (D2), phyllite and mica schist are
two lithological domains. In D2 domain mica
schist shows lower modal frequency (5/m) with
higher degree of data dispersal (Cν = 0.94)
(ﬁgure 2f) than overall D2 (modal value = 15/m,
Cν = 0.75) assigning mica schist less signiﬁcant
in the D2 hydrostructural domain (table 1). Phyllite hydrolithostructural domain in D2 hydrostructural domain shows combination of maximum
modal fracture frequency (18/m) and minimum
Cν (0.63) among all hydrolithostructural domains
demonstrating maximum consistency in distribution of highest frequency values throughout this
hydrolithostructural domain within the shear zone
region (ﬁgure 2g), which is also much higher than
the overall values of the host D2 hydrostructural
domain (modal value = 15/m, Cν = 0.75) (table 1).
In D3, the lithological domain, phyllite shows
higher modal frequency (15/m) with more regular
distribution of data (Cν = 0.68) (ﬁgure 2h) than
epidiorite litho-domain exhibiting lower modal
frequency (5/m) with larger dispersal of data
(Cν = 0.78) (ﬁgure 2i). Again, hydrolithostructural domain phyllite in D3 is also demonstrating more isotropic distribution of higher frequency
values than that of the overall D3 hydrostructural domain (modal value = 10/m, Cν = 0.71)
(table 1).
In D1, the modal value of fracture aperture in
granite gneisses (2 mm) (ﬁgure 3d) is lower than
mica schist (2.5 mm) (ﬁgure 3e) with more regular
distribution of this value in granite gneisses (Cν =
0.68) than mica schist (Cν = 0.74). The aperture
in mica schist in D2 is lower (0.6 mm) (ﬁgure 3f)
than that in phyllite (1 mm) (ﬁgure 3g) and also
showing higher dispersal (Cν = 1.24) than phyllite
(Cν = 0.72). Hence, phyllite hydrolithostructural
domain in D2 is more hydraulically signiﬁcant
than mica schist hydrolithostructural domain.
Therefore, inconsistency in distribution of aperture values in D2 hydrostructural domain may be
subclassiﬁed into hydrolithostructural domains to
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yield more isotropically distributed higher aperture
values in phyllite in D2 (table 1). In D3, phyllite
hydrolithostructural
domain
shows
higher
aperture (1.5 mm) (ﬁgure 3h) than hydrolithostructural domain epidiorite (0.5) (ﬁgure 3i).
Moreover, comparison of Cν values indicates more
regular high data distribution in phyllite (Cν =
0.69) than in epidiorite in D3 (Cν = 0.82) and
also in overall D3 hydrostructural domain (Cν =
0.74), assigning phyllite to be more hydraulically
signiﬁcant than epidiorite in D3 hydrostructural
domain (table 1).

4.4 Fracture frequency contour map
Fracture frequency contour map (ﬁgure 4) reveals
an overall low fracture frequency value along with
some patches of moderate values in D1; this depicts
the anisotropic distribution of fracture frequency
in D1. The litho-domain mica schist in D1 exhibits
slightly higher and more consistent frequency
values than the litho-domain granite gneisses.
D2 domain shows high fracture frequency values
with moderately consistent distribution. Frequency
values are sporadic and highly anisotropic with
pockets of low and moderately high values in mica

schist in D2. Phyllite in D2 is most isotropic in frequency distribution showing very high values. High
fracture frequency is more or less isotropically distributed in D3. In D3, phyllite illustrates very high
frequency values most isotropically throughout
this litho-domain, whereas epidiorite shows overall
low frequency with a high value pocket revealing
moderately anisotropic frequency distribution pattern in this litho-domain. Thus interpretation of
fracture frequency contour map shows clear concordance with the results of domain-based and
ﬁltered, litho-domain-based analysis techniques
and demonstrates the occurrence of preferentially
more isotropically distributed hydrolithostructural
domains in the study area.
4.5 Fracture aperture contour map
Fracture aperture contour map (ﬁgure 5) reveals
consistent high D1 values with some stray patches
of low value. Maximum aperture is noted at the
north–central portion of the gneisses in D1, while
mica schist shows high values at the centre and
the north–western corner. D2 manifests lowest
aperture value with a narrow central zone of moderate apertures in mica schist and phyllite, within
which a slightly higher value is observed in central

Figure 4. Fracture frequency contour map, in ‘/m’ of the study area showing marked diﬀerences for diﬀerent hydrostructural
domains. High values are prominent in the southern to central region indicating hydrolithostructural aﬃnity.
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Figure 5. Fracture aperture contour map, in ‘mm’ of the study area showing marked diﬀerences for diﬀerent hydrostructural
domains. High values are prominent in the northern part with a pocket in the southern region indicating hydrolithostructural
aﬃnity.

part of phyllite, depicting an inconsistent central
zone. Fracture aperture in D3 shows intermediate
values between D1 and D2. Epidiorite exhibits an
overall low aperture with a small patch of moderate value in the central part, whereas phyllite
reveals an overall intermediate to high value almost
throughout the D3. The aperture characteristics
and distribution pattern in the study area is clearly
consistent with the results of domain-based and
ﬁltered litho-domain-based analysis and exhibits
the smooth isotropic locales when considering the
hydrolithostructural domains.
4.6 Water table contour maps
In the water table contour maps of pre-monsoon
(ﬁgure 6) and post-monsoon (ﬁgure 7) seasons of
2012, the ground water contour spacing variation
indicates strong variation of hydraulic gradient in
the study area. The same could broadly be categorized into ﬁve groups namely, <3 m bgl, between
3 and 5 m bgl, 5–7 m bgl, 7–9 m bgl, and between
9 and 10 m bgl. The depth-to-water table during the pre-monsoon season ranges from 2 to 10
m bgl, while the same ﬂuctuates between 1.7 and
9.89 m bgl during the post-monsoon months. The

pre-monsoon depth-to-water table contour map
(ﬁgure 6) reveals shallow (within 5 m bgl) water
table condition in central and southern parts of
the study area. The depth-to-water table contour
map during the post-monsoon period (ﬁgure 7)
exhibits shallowest position at the southern part
with some similar stray pockets at the northern
and central portions. Study of divergence pattern
of ﬂow lines at the southern and central parts of
the study area during pre- and post-monsoon periods indicate recharge possibilities at these areas.
Comparative review of pre- and post-monsoon contour data have also shed signiﬁcant light on storativity status of the aquifers, as direct response
to recharge–discharge characteristics. Good correlation could be established between well-jointed
rock strata and their hydrological potentialities.
For example, high rise in water table noted in
post-monsoon season on the southern part of the
study area and moderately high water table values of north–central region could be attributed to
existence of joint systems. Higher permeability was
noted in the hydrolithostructural domain of phyllites outside SPSZ (D3) and also within phyllite
patches of SPSZ (D2), while mica schist outside
SPSZ (D1) exhibits broad pockets of moderately
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Figure 6. Water level contour map, in ‘m bgl’ and groundwater ﬂow lines of the study area at pre-monsoon time in session
2012 showing hydraulically permeable locales and recharge areas revealing its concurrence with speciﬁc hydrolithostructural
domains.

high permeable zones followed by small pockets in
the gneisses in D1.
5. Discussion
The heterogeneity of fractured aquifers is interpreted with reference to the bulk hydraulic properties of the hydrolithostructural domains. Detailed
analysis of fracture frequency and aperture for
diﬀerent domains utilizing hydrostructural domain
approach includes hydrostructural domain-based
analysis and ﬁltered, hydrolithostructural domainbased analysis for estimating the hydrological
behaviour of the Precambrian metamorphic terrain. The hydrostructural domains are found to
be statistically diﬀerent in terms of the magnitude
and spatial distribution pattern of hydraulically
signiﬁcant fracture characteristics, i.e., frequency
and aperture of fractures. Hydrostructural
domain-based analysis clearly demonstrates more
anisotropic and irregular distribution of the fracture frequency data than the ﬁltered, hydrolithostructural domain-based analysis. Filtered,
hydrolithostructural domain-based analysis yields
higher modal value with more isotropic distribution of frequency when compared to the corresponding hydrostructural domain-based analysis

in each domain (D1, D2 and D3) indicating
smoothening from the anisotropic to more isotropic
nature of distribution of higher frequency values in
ﬁltered, hydrolithostructural domain-based analysis which is also sustained in the fracture frequency
contour map. Thus ﬁltered, hydrolithostructural
domain-based analysis has inherent advantages
over the hydrostructural domain-based analysis
of fracture frequency characteristics. Filtered, hydrolithostructural domain-based analysis and the
contour map of fracture frequency indicate that
phyllite within the SPSZ (D2) is characterized
by spatially isotropic distribution of highest frequency among all lithological types present in the
study area. Phyllite occurring south of SPSZ (D3)
also exhibits isotropic distribution of high fracture
frequency. Phyllite within the shear zone (D2) and
outside the shear zone (D3) show overall fracture
frequency of 18/m and 15/m, respectively which
are high enough for being hydraulically signiﬁcant
fractures (Boutt et al. 2010; Acharya et al. 2012).
Lower Cν in shear zone than outside for phyllite
depicts more isotropic distribution of higher values
in the domain of shear zone for same litho-domain
type signifying positive correlation between occurrence of isotropic high fracture frequency and
shear zone for the same litho-domain phyllite,
whereas mica schist depicts the reverse relationship
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Figure 7. Water level contour map, in ‘m bgl’ and groundwater ﬂow lines of the study area at post-monsoon time in session
2012 showing hydraulically permeable locales and recharge areas revealing its concurrence with speciﬁc hydrolithostructural
domains.

reﬂecting more plastic characteristics of mica
schist under intense shearing (Murat 1988).
Partitioning of domain-based analysis of fracture
aperture data into lithological variation through
ﬁltered, hydrolithostructural domain-based analysis yields well partitioned speciﬁc hydrolithostructural domains with regularly distributed high aperture. Filtered, hydrolithostructural domain-based
analysis of fracture aperture indicates that mica
schist and granite gneisses litho-domains within
the D1 hydrostructural domain is characterized by
spatially moderately scattered distribution of highest aperture among all lithological types present in
the study area followed by the hydrolithostructural
domain phyllite in D3 and D2, respectively which
are also concordant with the fracture aperture contour map. Lower Cν in areas outside the shear zone
(D3) than within the shear zone (D2) for phyllite
depicts more isotropic distribution of higher aperture values in the domain outside the shear zone
for same litho-domain type phyllite. These speciﬁc
aperture characteristics are also similarly valid for
litho-domain mica schist outside and within shear
zone signifying inverse correlation between occurrence of shear zone and consistently isotropic high
fracture aperture for the same litho-domain, and
may be attributed to the high stress ﬁeld under
intense shearing within shear zone. Several workers

demonstrated that fracture apertures decrease at
greater rates at higher stress magnitudes (Bandis
et al. 1983; Brown and Scholz 1986; Hillis 1987) and
also because of the combined fact that weathering products due to intense shearing of metapelitic
rocks include clay minerals that tend to ﬁll the
fractures and thus decrease the overall eﬀective
fracture aperture (Cook 2003).
The combined interpretation of fracture frequency and aperture characteristics from ﬁltered,
hydrolithostructural domain-based and contour
map analysis identify the phyllites that lie outside or within the shear zone as two hydraulically signiﬁcant hydrolithostructural domains in
the study area. Mica schist and granite gneisses,
both outside shear zone, represent two other important hydrolithostructural domains in speciﬁc pockets in concurrence with high fracture aperture
zone, though mica schist represents larger signiﬁcant region than granite gneisses. This is also supported by Singhal and Gupta (1999) demonstrating
schists as more productive with more conspicuous
foliation than gneisses. Interestingly, the decreasing
sequence of hydraulically signiﬁcant litho-domains
from phyllite to gneisses through mica schist is
also in concordance with the increasing degree of
metamorphism indicating its control to determine
the strength of the rock against fracturing, lending
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concurrence to the fact that high grade rocks show
little fracturing while low grade rocks show intense
fracturing (Alemayehu 2006). As lithology aﬀects
mechanical properties and controls the degree of
jointing from post-metamorphic brittle deformation (Williams 2003), the utility and advantage of
ﬁltered, hydrolithostructural domain-based analysis is further established.
Regions of high recharge potentiality and better permeable areas deduced from water level contour maps show strong correlation with the results
derived from ﬁltered hydrolithostructural domainbased analyses of fracture frequency and aperture
size. The similarity in hydraulic properties derived
from direct ﬁeld measurement and from modelling
serves to validate the hydrolithostructural domain
approach to estimate hydraulic properties. As a
result, the method used in the present research may
have applications in other areas where groundwater
resources in fractured rock aquifers are of interest.
6. Conclusion
The present paper provides a ground exemplar of
software-based approach for analyses of fracture
data through hydrostructural modelling. Measurements of these data such as fracture frequency and
aperture were undertaken from outcrops of hard
country rocks. The ﬁndings have led to generation
of hydraulically signiﬁcant hydrolithostructural
domains similar to those obtained from hydrological investigations. Moreover, the hydraulically signiﬁcant hydrolithostructural domain thus arrived
at has higher spatial resolution than that simply
deciphered from hydrostructural domain model or
through discrete pump tests.
The results of this study demonstrate that
hydrolithostructural domain approach can be successfully utilized to characterize potential groundwater recharge areas and permeable zones on a
regional scale. Elevated groundwater recharge and
permeability is detected in phyllite and mica schist
without any shearing eﬀect followed by granite
gneisses outside the shear zone, whereas only phyllite can show some hydraulically signiﬁcant locales
within the shear zone. At the existing inventory well sites, spatial distribution of hydrological characteristics was noted. Overall, the above
model derived potential hydraulically signiﬁcant
hydrolithostructural domains that showed consistence with the hydrological observations from the
inventory wells.
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