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Location of recharge zone in Precambrian crystalline rock is still unclear. The present study attempts
to perform a detailed analysis of the joints/fractures developed in a Precambrian metamorphic terrain
in and around Balarampur in Purulia district of West Bengal, India using bedrock data. The analysis
shows that the orientations of major fracture trends are variable along with varying lithological units and
structural affinities. The application of lithology-based analysis technique identifies highly predominant
fracture frequency and fracture aperture in mica schist and phyllite in the area. This property is not
evident in the granite gneiss and epidiorite. The moderate to high fracture permeability value is also
associated with the fractures occurring in the shear zone. Mica schist and phyllite associated with the

shear zone may represent a permeable recharge zone in the region.

1. Introduction

Mapping of structural features using bedrock data
has been an integral part of many groundwater
exploration programmes in hard rock terrain. Sev-
eral workers (Braathen 1999; Henriksen and Braathen
2006; Boutt et al. 2010) have recognized enhanced
permeability amongst hydraulically significant frac-
tures and high fracture frequencies. In areas where
bedrock has a low primary porosity, the intersec-
tion of secondary structural features is important
for productive groundwater wells. The influence of
size and distribution of apertures of fractures on
permeability status of hard rock terrain is shown
by several workers (Tsang and Witherspoon 1981;
Oda 1985; Brown 1987; Bertels et al. 2001; Auradou
et al. 2005; Matsuki et al. 2006; Pan et al. 2010).

Lack of adequate potable and agricultural water
supplies inhibits the progress of developing coun-
tries and is the cause of considerable hardship to
human worldwide. A thorough hydrogeological un-
derstanding is often a critical issue for cost effective
water development designed to alleviate these hard-
ships. In many developing countries, remote sens-
ing data often comprise a majority of the existing
spatial information available for extensive areas.
Structural features in hard rock are often visible on
remote sensing data as topographic, drainage, veg-
etation, or soil tonal anomalies. Natural lineaments
or linear surface elements interpreted directly
from satellite imagery and geophysical map have
been called fracture traces and many other names
(O’leary et al. 1976; Parizek 1976; Garza and
Slade 1986) are used extensively for water resource
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investigations (Boyer and McQueen 1964; Lattman
and Parizek 1964; Peterson 1980; Brown 1994; Mah
et al. 1995; Dhakate et al. 2007) and structural
geologic studies (Blanchet 1957; Henderson 1960;
Hodgson 1961; Lattman and Segovia 1961; Caran
et al. 1982; Rahiman and Pettinga 2008; Kazemi
et al. 2009) considering that lineaments are surface
expressions of joints/fractures.

There exists a few studies investigating linea-
ments (Mitra and Acharya 2014) and subsurface
bedrock fractures (Mallik et al. 1983; Nag 1999) in
and around Balarampur. The common assumption
in fracture mapping for exploration of groundwater
is that these features represent vertical zones of frac-
ture concentration. An understanding of the three-
dimensional characteristics of identified structural
features is important for successful well sitting,
but it is difficult to obtain these features using
remote sensing data only. Final well sitting strategies
should include supporting evidences from other
data sources, such as geophysical investigations, or
feedback from subsequent well drilling and evalu-
ation. Among the various geophysical methods of
groundwater investigation, the electrical resistiv-
ity method has the widest adoption in groundwa-
ter exploration (Olorunfemi et al. 1999; Afolayan
et al. 2004; Ariyo 2007). Establishing relationships
between structural data and hydrologic phenomena
can maximize the efficiency of a water development
project.

Water supply problems in metamorphic crys-
talline rocks are the result of three reasons: (i)
secondary porosity of the rocks, (ii) underlying
heterogeneous characteristics, and (iii) problem of
identification of suitable fractures. Water supply
wells have commonly been located on the basis
of local geological studies followed by drilling into
the crystalline rocks, with little success rate except
by-chance finding. With the advent of fracture-
mapping techniques, locations for high yield wells
have been recommended. The drilling success rate
of the wells from World Vision’s Ghana Rural
Water Project (GRWP), was defined as the per-
centage of wells with an yield above 10 1/min, had
averaged approximately 55%, due to difficult hydro-
logical conditions (Sander et al. 1997). This means
that significant resources were spent by drilling dry
boreholes. The true success rate on site-to-site basis
was, however, lower than 55%, as at the same
successful site, two or more wells were commonly
drilled. This means that to assess the potential of
fracture, data for groundwater development have
to be further developed. The hydrogeological func-
tion of a mapped fracture could, for example, be a
highly transmissive recharge zone or a potential
flow barrier, such as filled up fractures. This meth-
od, however, depends on a thorough field investi-
gation of a large number of features representing
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the area being studied. Other investigators (Banks
et al. 1992, 1993), however, have found through
investigations from tunnel projects in crystalline
rock that the largest fracture zones often cause few
water leakage problems, due to clay mineraliza-
tion, while small to intermediate fracture zones can
be significantly more transmissive, causing larger
leakage problems. In recent years, the techniques
for location of high yielding wells have involved
the correlation analysis of lineaments from satel-
lite imagery and fracture zones from field outcrops.
These observations based on practical experiences
clearly suggest that the problem of locating high
yield wells still exists and no solution has been
found so far.

The study area, as given in figure 1, is located
in and around Balarampur, Purulia district, which
is semi-arid and the most draught-prone in West
Bengal, India and lies within 23°02'47"-23°07'41"N
and 86°10'00"-86°19'02"E.

This particular area, which is underlain by
jointed/fractured metamorphic rocks, provides good
exposure and thus facilitates to carry out critical
analysis of fractures. Main objectives of the present
study were to record the structural features of the
rocks and to analyze the fracture patterns and
fracture frequency and fracture aperture in the
bedrocks and its hydrological significance and also
to find out the technique for identifying the locales
of the potential recharge zone in Precambrian
metamorphic crystalline rocks. Detailed study of
fractures in this area was made from rock expo-
sures. Total fractures in the study area (~132.9
km?) have been categorized on the basis of litho-
logical and structural affinities. The fracture data
obtained from the field exposures have been anal-
ysed, by taking into account the dominant azimuth
sets, frequency and aperture to identify the ground-
water flow path in the region. Very high rate of
evapotranspiration and soil erosion, and moderate
to low annual rainfall cause a major problem of
potable water and groundwater availability in the
region. In Purulia district, no proper investigation
has been carried out to develop the technique to
locate the areas of groundwater recharge.

2. Geological set-up and climate of the area

The study area comprises a part of the eastern
Chhotanagpur plateau in the eastern India Shield.
This area of Precambrian hard rock terrain bears
the evidence of polyphase deformation resulting
generations of structural elements (both planer and
linear) on different tectonic phases.

The study area is located at the junction of
Chhotanagpur Granite Gneissic Complex (CGGC)
and the Singhbhum Group of rocks (SG), exposing
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Figure 1. (a) Geological map of the study area in Purulia
the geologic lineaments.

metamorphic rocks of Proterozoic age (Gupta and
Basu 2000) (figure 1a). At the north, the CGGC
is a part of the Chhotanagpur craton consisting
varieties of granite gneisses, such as quartz-
biotite granite gneiss and porphyroblastic gran-
ite gneiss. The SG rocks, exposing at the south

district, West Bengal, India and (b) map of the area showing

belongs to Singhbhum orogenic belt and com-
prises chiefly mica schist and phyllite. NW-SE
foliations are well developed both in the CGGC
and in the metasedimentaries of Singhbhum Group
(Geological quadrangle map 731, 1948). The folia-
tions in the area statistically dip high (>57°)
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towards north. The metasediments of SG are
interlayered with basic bodies, locally described as
epidiorite sills, which may have a strong genetic
connection with the Dalma Volcanics (Geological
quadrangle map 731, 1948). Presence of more
than one generation of minor folds indicates
imprints of polyphase deformation of the rocks.
Geometry of the first generation fold is not pre-
served due to absence of exposures of competent
horizons.

Lithologically, the area is largely covered by
granitic rocks of the Precambrian Chhotanagpur
Complex in which some east—west trending patches
of older metasedimentary and metabasic rocks
which are stratigraphically and petromineralogi-
cally comparable to the ‘Singhbhum Group’ of
rocks of age 2300-2400 Ma are enclosed and
in places considerably digested by the younger
granitic material. The basement for the older
metasedimentes is not recognized but petro-
mineralogy of the sediments indicates an older
granitic provenance. A sequence of dominantly
shale and impure limestone, with some intercalated
sandstone bodies existed prior to folding and meta-
morphism (Baidya 1992). The calc-magnesian sed-
iments are now transformed into calc-silicate rocks.
Metasomatic effect of the granites on these calc-
silicate rocks caused some skarn rocks which are
principally composed of quartz, diopside, micro-
cline and calcite with accessories like epidote,
sphene and plagioclase. The older basic rocks
comprising amphibolites mainly and some horn-
blende schist occur as elongated patches, lenses
and bands concordant with the metasediments
and are co-folded with them. Granitic rocks vary
considerably in composition, structure and tex-
ture. The composite gneiss representing the old-
est unit among the granitoids, comprises mainly
of some migmatites and biotite-granite gneisses.
The composite gneiss shows continuity of all
structural elements found in the adjacent meta-
sedimentary rocks and amphibolites. The por-
phyroblastic biotite-granitoid is relatively coarse
grained and crudely foliated, having more or less
sharp contact with the metasediments and compos-
ite gneiss. Complex folds within the metasediments
and composite gneiss are absent in the porphy-
roblastic biotite granitoid. Pegmatites, aplite and
hydrothermal quartz bodies occur as nearly east—
west trending lenses and veins closely associated
with granitoids.

From the study of satellite imageries and pho-
tographs, the area displays prominent east—west
lineaments, which are intercepted by a system of
north-south lineament and occasionally by NW-
SE lineaments. Some elongated patches of meta-
basics like amphibolites are entrapped within the
phyllite zone.
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2.1 Structure of the area

The ‘south Purulia shear zone’ (Baidya 1992)
occurs in the study area which trends almost
E-W and passes just south of Balarampur. This
shear zone contains important phosphate miner-
alization including apatite. Field checking of the
satellite imagery revealed the presence of a promi-
nent E-W trending or nearly so pervasive zone
of structural weakness which is characterized by
the development of very prominent schistosity or
cleavage or mylonitic foliation. The abrupt orthog-
onal turns of different E-W flowing streams like
Nangasai, Kumari, Amruhasa, etc., is mainly the
effect of N-S younger fracture system transgressing
the schistosity. Photogeological study also reveals
that water bodies like ponds and tanks are much
more frequent in the region of metasediments than
in the granitic terrains. Evidences of shear forces
acting along some E-W trending, nearly verti-
cal weak planes, during the third tectonic period
are practically very scanty in region of southern
Purulia shear zone. In this area such structural
elements are mainly represented by some shear-
joints and fractures in the granitic rocks,
pegmatites and quartz veins. These shear joints,
fractures and faults strike E-W, in general, with
60° to nearly vertical dips.

2.2 Climate and rainfall

Balarampur like all other places in Purulia district
is known as drought-prone area and falls within the
semi-arid region of the state of West Bengal, India.
The entire district is characterized by a high evap-
oration rate. This region has a subtropical climate,
the temperature varying over a wide range dur-
ing the year, 7°-46°C in summer in average. The
area experiences a marked seasonal variation with
pronounce variability of rainfall and occurrence of
drought condition due to its interior location, i.e.,
approximately 300 km away from the sea.

Average annual rainfall of the district is in the
order of 1350 mm, the main source of the rains
being the south—west monsoon. The three months —
July, August and September account for the major
portion of the year’s rainfall.

3. Methodology

The lithology (figure 1a) and lineament (figure 1b)
maps have been created from the Geocoded 73-
I/4, 73-1/8 (1) and 73-1/8 (2) satellite imageries
of TRS-P6 standard (band 2 3 4) false colour
composite (FCC) on the base map, which is
prepared using the Survey of Indian toposheets
numbered 73-I/4 and 73-I/8 at 1:50,000 scale.
Lineament map of the area is prepared by visual
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interpretation from satellite image. It is based on
variation of soil tone, vegetation, topographic and
drainage linearity (Lillesand 1989; Drury 1990;
Gupta 1991). The non-structural lineaments also
known as false lineaments have been eliminated by
comparing all the lineaments with the correspond-
ing toposheets (73-1/4, 73-1/8) and field verifica-
tion. The geologic map is also prepared by visual
interpretation and field verification.

3.1 Measurements of fractures and joints

Detailed joint/fracture study in the field show that
these structures are usually visible in rock expo-
sures though not all are always identified at every
outcrop. Joints are developed in more than one set
and with varying azimuth. We have selected those
exposures which show a good number of fracture
sets, distinct fracture surfaces and 3-D visualiza-
tion of the exposures. After a careful survey over
an exposure and its surroundings, measurements
of the attitude (strike and dip) of the predominant
and distinct fracture sets have been made with cli-
nometer. For statistical significance, the attitude of
a set of fractures has been taken as representative
sample of measurements averaging three measure-
ments made with great precision at different points
of an outcrop (Mallik et al. 1983). Absence of good-
quality exposure at few places led some constraints
to collect the field data more sufficiently as in
other areas. We have analyzed in detail the struc-
tural data featuring joints/fractures of the rocks,
obtained from the field. We have used GE Orient
software for quantitative and statistical analyses
on fractures. Measurements made in the form of
angles have been analyzed in terms of a circular
distribution. The angular data have been compiled
in rose diagrams with the frequency distribution
using GE Orient software. Since the measurements
have been taken between 0° and 180°, the circular
distributions have been plotted on unit circles with
10° class intervals, and then the 18 classes have
been duplicated before plotting. The rocky out-
crops of the terrain are almost everywhere jointed
and otherwise fractured into fairly well defined sets
resulting from tectonic deformation. There is as
well a multitude of joints and fractures that are
mostly horizontal or sub-horizontal and have devel-
oped as a result of release of overburden stress
due to erosional processes. Although these joints
and fractures may sometimes be water bearing, the
measurements of this feature has not been taken
because of their surficial characters. The steeply
dipping joints and fractures are the characteris-
tic features of the rocks which are the conduit of
water movement into the deeper parts of the rocks
forming the water bearing zones in this kind of
rock.
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In the study area of Balarampur block in Puru-
lia district, joints and future measurements were
made at 11 sites where these were best displayed.
The sites were distributed throughout the study
area to get an overall structural feature of that
area. Those joints/fractures dipping 45° or more
are only measured and considered for analysis
since we know straight line lineaments are also
formed by steeply dipping planes (De’gnan and
Clark 2002). The measurement of joints/fractures
includes the strike and dip of each steeply dipping
joint set. Attitude of the joints has been deter-
mined with the help of a clinometer compass by
measuring the strike of the joint and the amount of
inclination.

3.2 Fracture attitude

All the fracture trends have been plotted using
rose diagrams in figure 2 separately to show their
azimuthal distributions. This figure clearly shows
that the fracture geometry is distributed between
20° and 40°, peaking along 15° and 35° directions
which are reasonably consistent throughout the
entire area.

Exposed in the area are chiefly four lithology
types, i.e., granite gneiss, mica schist, phyllite and
epidiorite. The fracture trend data as recorded
from these lithologies have been classified in table
1, and their rose diagrams in figure 3 to under-
stand the effects of lithology on them. The granite
gneiss has developed fractures largely trending
along NNE-SSW directions (figure 3a). The mica
schist has fractures orienting along E-W and NW—
SE directions (figure 3b). In phyllite, the fracture
trends are given by NNE-SSW and NW-SE direc-
tions (figure 3c). The epidiorites have the fractures
along E-W and N-S directions (figure 3d).

The area has been divided into three domains:
(1) region lying north of shear zone (D1), (2) the
region within the shear zone (D2), and (3) the
region lying south of shear zone (D3), as shown in
figure 4. The fracture trends of the three domains

Figure 2. Azimuth-frequency (rose) diagram of fracture
orientation in the study area.
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Table 1. Dominant direction of magjor fractures in
different lithological units.

Major fracture

Lithology strike direction
Granite gneiss N-S
Mica schist E-W, NW-SE
Phyllite N-S
Epidiorite E-W, N-S

N

(b)
N

@
(a)
%
(c)

(d)

Figure 3. Azimuth-frequency (rose) diagrams showing frac-
ture orientation in the lithology types: (a) granite gneiss,
(b) mica schist, (c¢) phyllite, and (d) epidiorite.

have been listed in table 2 and dominant trends
of fracture have been presented in the rose dia-
grams (figure 4). In the north of shear zone (D1),
the fracture trends are along N-S direction (figure
4a). The domain, D2 shows fracture trends along
the E-W direction (figure 4b). In the region south
of shear zone (D3), the dominant fracture trend is
along NE-SW direction (figure 4c).

3.3 Fracture frequency

Frequency of joints/fractures, measured as num-
ber of joint planes of a particular set crossed in
a perpendicular traverse of 1 m, ranges from 1 to
100/m at 95% confidence level. It is assumed that
fractures with higher frequency, i.e., more closely
spaced fractures, may represent more potentially
transmissive bedrocks (Mabee and Hardcastle
1997). The scatter-plots, showing relation between
fracture strike and fracture frequency data, have
been constructed using Statistica software at 95%
confidence level for the three domains, D1, D2 and
D3 in figure 5.

Graphs generated from the fracture frequency
database form field appear to indicate some inter-
esting features. It may be noted from figure 5(b)
that the scatter-plot curve of the shear zone (D2)
shows highest frequency (60/m) of the fracture
set striking along E-W direction. The scatter-plot
curve in domain 3 shows high frequency (50/m)
for the fracture set striking E-W (figures 5c).
The scatter-plot curve of domain 1 yields low fre-
quency for all the fracture sets (<20/m) in general
(figures 5a).
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Z

(a)

(c)

Figure 4. Fracture rosettes in the (a) northern domain (D1),
(b) shear zone (D2) and (c) southern domain (D3).

Table 2. Dominant strikes of magjor fractures in the
three domains.

Major lineament

Domain trend direction
North of shear zone (D1) N-S

Shear zone (D2) E-W
South of shear zone (D3) NE-SW

Variations of frequencies of fractures have been
analyzed on the basis of lithological and struc-
tural differences. The scatter-plots, showing rela-
tion between fracture strike and fracture frequency
data, have been plotted using Statistica software
at 95% confidence level for quartz-biotite granite
gneiss, porphyroblastic granite gneiss, mica schist,
mica schist within shear zone, mica schist outside
shear zone, phyllite and epidiorite in figure 6.

Fracture frequency graphs thus generated show
significant differences among the scatter-plot
curves. It may be noted from figure 6(d) that
the scatter-plot curve of the mica schist within
shear zone shows highest frequency (100/m) of
the fracture set striking along NW-SE direction.
The scatter-plot curve in mica schist shows high
frequency for the fracture sets striking NW-SE
(85/m) and E-W (50/m) (figures 6c, d). The
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Figure 5. Graphs illustrating the relationship between frac-
ture frequency and fracture strike (a) northern domain (D1),
(b) shear zone domain (D2), and (c) southern domain
(D3).

scatter-plot curve of phyllite also yields high
frequency (60/m) for all the fracture sets striking
along E-W direction (figures 6f). The scatter-
plot curves of quartz-biotite granite gneiss (figure
6a), porphyroblstic granite gneiss (figure 6b), mica
schist outside shear zone (figure 6e) and epidiorite
(figure 6g) yield low frequency (<20/m) for all the
fracture sets.

3.4 Fracture aperture

Trend of a single river is markedly different
from place to place and shows almost rectilinear
pattern of flow. The river-trend in any region is

1807

parallel to the trend of the joint set which exhibits
anomalously high fracture aperture (>5 mm) with
moderate to high fracture frequency (10-60/m). It
is assumed that fracture aperture plays a signifi-
cant role in permeability of the fractured aquifers,
hence, the movement of water within the frac-
tures. Aperture of fractures in the study area varies
from hairline size to 8 mm at 95% confidence level
of the dataset. The scatter-plots, showing relation
between fracture strike and fracture aperture data,
have been constructed using Statistica software at
95% confidence level for the three domains, D1, D2
and D3 in figure 7.

Graphs generated from the fracture aperture
database form field which appear to indicate an
overall moderate value of aperture of fractures
(3 mm) except domain 1 showing low value of aper-
ture (<3 mm). The scatter-plot curves of domains 2
and 3 yield moderate aperture for the fracture sets
striking E-W and N-S, E-W respectively (figure
7b and c). It may be noted from figure 7(a) that
the scatter-plot curves of the domain 1 shows an
overall low value of aperture of fractures in general.

Variations of aperture of fractures have been
analyzed on the basis of lithological and structural
differences. The scatter-plots, showing relation
between fracture strike and fracture aperture data,
have been plotted using Statistica software at 95%
confidence level for quartz-biotite granite gneiss,
porphyroblastic granite gneiss, mica schist, mica
schist within shear zone, mica schist outside shear
zone, phyllite and epidiorite in figure 8.

Fracture aperture graphs thus generated also
show interesting features. The scatter-plot curve
for porphyroblastic granite gneiss (figure 8b) shows
a high value of aperture (8 mm) for the fracture
set striking N—S. The scatter-plot curve in mica
schist within shear zone and epidiorite show mod-
erately high aperture (4 mm) for the fracture sets
striking NW—-SE and N-S respectively (figure 8d
and g). The scatter-plot curve of mica schist out-
side shear zone also yields moderate aperture
(3 mm) for the fracture sets striking along N-S
direction (figures 8e). The scatter-plot curves of
quartz-biotite granite gneiss (figure 8a), mica schist
(figure 8c) and phyllite (figure 8f) yield low aper-
ture (<3 mm) for all the fracture sets.

4. Results and discussion

The fractures measured from field exposures have
been analyzed for fracture attitude, frequency,
aperture and filling.

34% of all the fractures measured in the field are
oriented along N—S direction. Exposed in the area
are chiefly four lithology types, i.e., granite gneiss,
mica schist, phyllite and epidiorite.
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Figure 6. Graphs illustrating the relationship between fracture frequency and fracture strike (a) quartz biotite granite
gneiss, (b) porphyroblastic granite gneiss, (c) mica schist, (d) mica schist within shear zone, (€) mica schist outside shear

Monalisa Mitra and Tapas Acharya

Fracture frequency vs. Strikee In
agzt-bl granite gneiss

140
120
£
=
2 100
o
g’ 0
£
v €0 -
2
o 40
&
20
oloarwinen,, - T el Ui
o 20 &40 S0 S0 100 120 140 160 120

Strike

—_
=
—

Fracture frequency vs. strike In
porphyroblastic granite gneiss

100

“‘E‘ -

a g0

5

=2

g

o

&

=2

=

o

£

[#9)
o o o Thsal
o 20 40 60 =20 100 120 140 160 120

(b) Strike

Fracture frequency vs. strike In mica schist

Fracture frequency vs. Strike In mica schist
within shear zone

=200 220
£ E 200
o 5 270
2 =za0 B
g g =40
& # & =210
180 g . >
*-g : = 180 . y
5
= . g 1so o
= 120 . 2 120
E * E so|™’
&0 o
E = " o X 20|
o kel Aii e vy = P . ar oo 3 -y
O 20 40 60 S0 4100 120 140 160 1S0 O =20 40 £0 100 120 140 160 1820
(c) Strike (d) Strike
Fracture fregquency ve. strike In mica =chist Fracture frequency vs. strike in phyllite
outside shear zone =70
=0
=40
E = E v
= 120 ' = =10
o . (3}
E 160 . 5 120
2 140 : =
g ' T 150 -
& 120 c = B
® 100 v o 120
§ =0 £ .g so
o) =0 e 60
<40
=20 - e -~ e
o . i & oot e S ey e
©O 20 40 60 S0 100 120 140 160 120 O 20 40 &0 =20 100 120 140 160 120
Strike - Strike
(e) (f

Fracture frequency vs. Strike In epldiorite
330
300
=70
240
210
120
150 -
120

so W

Fracture frequency/m

vk e piae T SR
O 20 40 60 S0 100 120 140 160 180
(g) Strike
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Fracture frequency analysis shows marked differ-
ences of characteristic fracture frequencies among
fracture sets of different domains and lithologies.
Domain-wise analysis of fracture frequency shows

an interesting result. Domain within shear zone,
i.e., D2 represents very high frequency (>60/m)
of E-W striking fractures, thus indicating that
the E-W trending fracture sets are very closely
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Figure 7. Graphs illustrating the relationship between frac-
ture aperture and fracture strike (a) northern domain (D1),
(b) shear zone domain (D2), and (c¢) southern domain (D3).

spaced. Whereas, the fractures trending along N-S
direction are very widely spaced as interpreted
from their very low value of fracture frequency
(~10/m). Very interestingly, D2 domain shows domi-
nant fractures along N-S and E-W directions. Sur-
prisingly contrasting fracture frequency exhibited
by N-S and E-W trending fractures of this domain
suggests a possible role of frequency of fractures
to produce preferential water passage. Fractures
trending along E-W direction exhibit high fracture
frequency and therefore produce dominant ground-
water flow along E-W direction. The other major
fractures trending along N-S direction display
low fracture frequency and consequently do not
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represent any major groundwater flow along this
direction. D3 domain also represents high fracture
frequency value (> 50/m) of E-W trending frac-
tures and low frequency value (~ 20/m) of N-S
trending fractures. Not surprisingly groundwater
flow direction is oriented along E-W direction,
while the major fracture trends are along both N-S
and E-W directions. D1 domain exhibits an over-
all very low value (< 20/m) of fracture frequency
shown by all the fractures. Very interestingly, dom-
inant fractures in this domain showing N-S trend
do not represent any major groundwater flow par-
alleling the fractures. Again, the absence of major
groundwater flow may be assigned to the very low
value of fracture frequency in this domain. Analysis
of fracture frequency characteristic to the fractures
occurring within particular lithologies shows an
exciting result. Quartz-biotite granite gneiss, por-
phyroblastic granite gneiss and epidiorite exhibit
an overall very low value (< 20/m, < 25/m and
< 10/m respectively) of fracture frequencies shown
by all the fractures. Very significantly, dominant
groundwater flow is absent in quartz-biotite gran-
ite gneiss, porphyroblastic granite gneiss and epid-
iorite. Quartz-biotite granite gneiss and epidiorite
show dominant fractures along N—S direction and
porphyroblastic granite gneiss exhibits E-W trend-
ing major fractures. But interestingly none of the
fracture trends demonstrate major groundwater
flow in this region. Mica schist and phyllite display
very high frequency (> 85/m and > 60/m respec-
tively) of E-W striking fractures. Whereas, other
fractures exhibit low value of fracture frequency
(< 20/m). Very interestingly, mica schist and phyl-
lite show major groundwater flow along E-W
direction, paralleling the major fracture direction.
Dominant fractures trending along E-W direction
in the mica schist within shear zone exhibit maxi-
mum fracture frequency in the study area, there-
fore producing major groundwater flow along E-W
direction. Mica schist outside shear zone demon-
strates major fractures trending along N—S direc-
tion with low fracture frequency (< 10/m) and
consequently do not represent any major ground-
water flow along this direction.

Detailed analysis of fracture aperture has been
carried out for different domains and litologies.
D1, D2, D3 domains and all lithologies demon-
strate low values (< 3 mm) of fracture apertures,
except the fractures occurring in porphyroblastic
granite gneiss. N-S trending fractures, with low
fracture frequency, occurring in porphyroblastic
granite gneiss exhibit drastically very high value
of fracture aperture which is greater than 8 mm.
The fracture aperture of N—S trending fractures
in porphyroblastic granite gneiss is abruptly very
high compared to other fracture aperture values.
Very remarkably porphyroblastic granite gneiss
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Figure 8. Graphs illustrating the relationship between fracture aperture and fracture strike (a) quartz biotite granite gneiss,
(b) porphyroblastic granite gneiss, (c¢) mica schist, (d) mica schist within shear zone, (e) mica schist outside shear zone,

(f) phyllite, and (g) epidiorite.

displays fracture-correlated lineaments along N—S
direction. Presence of fractures characterized by
very high value of fracture aperture may per-
haps indicate the major groundwater flow pat-
tern. Therefore, it points towards the fact that

fracture aperture greater than 8 mm may represent
conduits for groundwater flow. Braathen (1999),
Henriksen and Braathen (2006) rightly pointed
out enhanced permeability associated with a high
fracture frequency. There exists no previous study
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regarding the significance of fracture frequency and
fracture aperture for generation of groundwater
flow path.

5. Conclusion

Fracture frequency and fracture aperture play a
significant role for representing the groundwater
flow path. Both fracture frequency and fracture
aperture facilitate the movement of groundwater
within the fractures. High fracture frequency
means closely spaced fractures. More closely the
fractures are placed, more is the tendency of
groundwater to flow along that closely spaced frac-
tures. Fracture aperture controls the openness of
the fractures. Openness of the fractures is assigned
to the permeability of the fracture. More per-
meability imparts more groundwater movement
within the fractures. Present study shows an appre-
ciable influence and control of presence of shear
zone and both fracture frequency and fracture
aperture to produce the conduits of groundwater
recharge zone.
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