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सार - भारत के उ× तर प्रदेश के िमजार्पर िजले म सख् तु Ʌ  चट्टानी के्षत्र वाले िहè से म दरार वाले के्षत्र के è थाɅ न का 

िनधार्रण करने के िलए, अ× यिधक Û यून आवि× तृ  वाले वैद्यत चà बु ु क× व  (VLF-EM) के वाè तिवक घटक के िवæ लेषणा× मक 
िसग् नल के िवè तार और प्रितरोधा× मक पद्धित का उपयोग िकया गया है। समाकिलत भू-भैितकी सवक्षणɉ का उपयोग ȶ
करते हए उपयक् तु ु  è थानɉ के िलए पवर् सचनाओ ं के अितिरक् तू ू  रेखाओ ं की Ǿपरेखा प्रè तुत करने के िलए उपग्रह 
िबà बावली का उपयोग िकया गया। छ: VLF टेढ़े-मेढ़े पथɉ के प्रोफाइलɉ के साथ VLF-EM आकँड़ा प्राÜ त िकया गया।  
VLF-EM आकँड़ा के वाè तिवक घटक के िवæ लेषणा× मक िसग् नल के िहलबटर् ट्रांसफामर् और िवè तार के साथ जोड़ने वाले 
फ्रासर और करावस- जेã ट िफã टरɉ तथा प्रोफाइल िचत्र के Ǿप म वाè तɅ िवक घटक के 2-D िवæ लेषणा× मक िसग् नल के 
िवè तार का उपयोग करत ेहए पिरणाम प्राÜ तु  िकए गए। िहã बटर् ट्रांसफामर् के वाè तिवक घटक, सख् त चट्टानी के्षत्र के 
िहè से म दरार वाले के्षत्र म अिधकतम गहराई की उ× पɅ Ʌ ि× त करत ेह। इÛ हɇ Ʌ प्रितरोधकता पिरज्ञापन और भ वैद्यत क्रास ू ु
सेक् शन पर आधािरत पिरणामɉ के साथ जोड़ा गया है। 

 
ABSTRACT. The amplitude of analytic signal of real component of very low frequency electromagnetic (VLF-

EM) and resistivity method were used to determine the location of fracture zone in part of hard rock area of Mirzapur 
district, Uttar Pradesh, India. The satellites Imagery was used to delineate the lineament besides prior information for 
appropriate locations using integrated geophysical surveys. The VLF-EM data was acquired along the six VLF traverses 
profiles. The results were obtained using Fraser and Karous-Hjelt filters to correlate with the Hilbert transform and 
amplitude of analytic signal of real component of VLF-EM data and the amplitude of the 2-D analytic signal of the real 
component in the form of an image of the profile. The real component of the Hilbert transform generates an approximate 
depth of fracture zone in part of hard rock area. It was correlated with results based on resistivity sounding and 
geoelectrical cross section. 
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1.  Introduction 
 
 The groundwater occurs in pore spaces between 
grains in alluvial and sedimentary rocks, in fractured 
zones of metamorphic rocks and openings in lavas formed 
at the time of their compaction. In India the importance of 
groundwater investigation has been realized due to the 
irregularity and failure of monsoon. It is essential to locate 
the aquifers and make correct estimates for regular supply 
of groundwater (Yadav and Singh, 1987). Groundwater 
occurs in limited areal extent in secondary porosity 
generally developed due to weathering, fracturing, 
jointing, faulting etc. within the hard rock areas. These 
structural changes (fractures etc.) are sparsely distributed 
in hard rock areas (Yadav and Singh, 2007).  
 
 In hard-rock areas, water-saturated fractures are 
randomly distributed. If the geoelectrical sounding is 
conducted randomly, then it may not coincide with the 

fractured zone and consequently fail to locate the presence 
of fractures at that point. For this reason, many 
geoelectrical sounding need to be conducted over the 
same area. However, before undertaking geoelectrical 
sounding, several approaches are adopted for conducting 
geophysical method to locate fracture zones in hard rock 
area (Yadav and Singh, 2008).The success of groundwater 
exploration projects had higher success rates when sites 
for drilling or detailed geophysical survey were guided by 
lineament mapping using satellite images (Teme and Oni, 
1991; Gustafsson, 1993). 
 
2. Study area  
 
 2.1. Location and geographical of the study area 
 
 The study area is the part of hard rock area of 
Mirzapur district, Uttar Pradesh. It is situated between 
latitude  24°58'23.41'' to 25°00'55.42'' North and longitude  
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Fig. 1. Map of the study area 

 

 
 
82°58'48.21'' to 83°03'03.75'' East and shown in Fig. 1 

covering about 35 km2. The area is taken from the Survey 
of India toposheet No.630/4 and 63P/1. The elevation 
ranges about 151 to 475 meter above mean sea level. 

 2.2. Geology of the study area  
 
 The area under investigation lies in the northern part 
of Vindhyan-terrain, situated in the south-eastern direction 
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of the river Ganges. Some part of the area falls on the 
northern slope of Vindhyan plateau which is entirely 
covered with a varying thickness of Pleistocene and recent 
alluvial deposits of the Gangetic river system. The 
outcrops of country rocks in the area are the Kaimur 
sandstones. In the southern region, more Vindhyan 
exposures are covered. (Yadav and Singh, 1987). The 
Vindhyan Supergroup is composed mostly of low dipping 
formations of sandstone, shale and carbonate, with a few 
conglomerate and volcaniclastic beds, separated by a 
major regional and several local unconformities 
(Bhattacharyya, 1996). The regional unconformity occurs 
at the base of the Kaimur Group and divides the sequence 
into two units: the Lower Vindhyans (Semri Group) and 
the Upper Vindhyans (Kaimur, Rewa and Bhander 
Groups). The outcrop pattern of the Supergroup resembles 
a simple saucer-shaped syncline. It is generally believed 
that the Vindhyan basin was a vast intra-cratonic basin 
formed in response to intraplate stresses (Bose et al., 
2001). Groundwater in Kaimur Formation may occur in 
the weathered and fractured sand stone provided the zone 
is connected with recharging sources. The Kaimur Group 
of the Vindhyan Supergroup is of special significance 
because it consists dominantly of silica-clastic rocks lying 
unconformably over the carbonate-rich Semri Group - 
Lower Vindhyans. Therefore, the rocks from the Kaimur 
Group hold strong evidence regarding changing 
environment of deposition, climatic conditions and 
tectonics and weathering conditions, during 
Mesoproterozoic (Mishra and Sen, 2010).  

 
3. Very low frequency electromagnetic (VLF-EM) 
 
 The very low frequency electromagnetic method 
(VLF-EM) is a passive method that uses radiation from 
about 42 worldwide ground-based military radio 
transmitters (used for navigation) operating in the VLF 
band (15-30 kHz). This gives primary electromagnetic 
(EM) field to determine the locations of saturated, sub-
vertical conductive zones in which the primary 
electromagnetic (EM) wave induces current flow 
(Gnaneshwar et al., 2010). The induced currents produce 
secondary magnetic fields that can be detected at the 
surface through deviation of the normal radiated field. The 
radiated field from a remote VLF transmitter, propagating 
over a uniform or horizontally layered earth and measured 
on the earth’s surface, consists of a vertical electric field 
component and a horizontal magnetic field component 
each perpendicular to the direction of propagation. The 
VLF unit is a sensitive receiver, covering the frequency 
band of the VLF - transmitting stations and capable of 
measuring the vertical components of the secondary field 
generated by lateral changes in conductivity in earth 
materials. McNeill and Labson (1991) showed that the 
induced current flowing in fracture zones usually produces 

a secondary magnetic field that is imaginary component 
with the primary magnetic field which would aid in the 
easy detection of fractures zone (Ndatuwong and Yadav, 
2013). Fraser and Hjelt filtering and subsequent 
contouring of the observed responses are the most 
common practices to derive qualitative information     
about the subsurface (Fraser, 1969; Karrous and Hjelt, 
1983). 
 
  Acquired VLF-EM data using WADI instrument was 
manufactured by ABEM. The procedure first consists of 
selecting a transmitter station which provides a field 
approximately parallel to the traverse direction,               
i.e., approximately perpendicular (or within ± 20°) to the 
expected strike of a conductor. The instrument measured 
the real (real component) and imaginary (out-of phase) 
components of the vertical to horizontal magnetic ratio 
(ABEM Instruction Manual). The VLF-EM data acquired 
along six VLF traverses at an operating frequency 18.2 
and 19.7 KHz used for entire VLF survey. P1, P2 and P3 
run north-south direction parallel to each other which are 
located at the central part of the study area. P4, P5 and P6 
run approximately north-south direction parallel to each 
other which are located at the north western part of the 
study area. The distance between measurement points 
along the profile line was used 10 m and the distance 
between profile lines along profile direction was kept 50m 
while the profile length varied between 250 and 500 m. 
 
4. Amplitude of the analytic signal 
 
 The amplitude of the analytic signal is being used 
extensively in the precise location of subsurface targets 
besides estimating the depth to the top based on certain 
characteristic points in the interpretation of gravity, 
magnetic, self-potential anomalies (Nabighian, 1972; 
Sundararajan et al., 2000 and Sundararajan and Srinivas, 
2010). A similar approach for the location of fractures in 
hard rock area and subsequent interpretation can be 
applied to the real component IP(x) of VLF-EM data.  
 
 The analytic signal A(x) of function of real IP(x) 
component of VLF-EM data is expressed in Sundararajan 
et al. (2011) as : 
 
 A(x) = IP(x) + iHT [IP (x)]                   (1) 
         
 The amplitude AA(x) of the Analytic signal can be 
calculated by the equation 
 

 )](IP[HT)(IP)(AA 22 xXx       (2) 
 
 where, HT[IP(x)] is the Hilbert transform of real 
component IP(x) of VLF-EM data that can be calculated 
as discussed by Sundararajan and Srinivas (2010).  
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Figs. 2(a&b). Fraser-filtered real data curves for profiles P1, P2, P3, P4, P5 and P6 

(a) 

(b) 



  
 
      KUMAR & YADAV : DETECTION OF FRACTURED ZONES - INTEGRATED GEOPHYSICAL METHOD    303 
  

 

 

 
Figs. 3(a&b). Hilbert-transform of real data curves for profiles P1, P2, P3, P4, P5 and P6 

(a) 

(b) 
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(a) 

(b) 

Figs. 4(a&b). Amplitude of analytic signal of real data curves for profiles P1, P2, P3, P4, P5 and P6 
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(a) 

(b) 

Figs. 5(a&b).   (a) The real data of traverse P2, the Hilbert transform and the amplitude 
of   analytic signal of real data (b) The real data of traverse P4, the 
Hilbert transform and the amplitude analytic signal of real data 

 
 
 
 
5. Results and discussion 
  
 5.1. Fraser and Karous-Hjelt filtering results  
 
 The measured real and imaginary VLF-EM data 
were processed using Fraser (1969) filtering technique 
which completely removes dc bias, greatly attenuates long 
wavelength signals and completely removes Nyquist 
frequency related noise besides phase shifts all 
frequencies by 90o. It has the band pass centered at a 
wavelength of five times the station spacing (Sundararajan 
et al., 2011). The Fraser filter (Fraser 1969) converts 
crossover points into peak responses by 90° phase 
shifting. This process reduces the random noise between 
consecutive stations resulting from very low frequency 
component of sharp irregular responses (Al-Tarazi et al., 
2008). The Fraser filter real part will always show a 
positive peak above a conductor, while the imaginary part 
can show a positive as well as a negative peak depending 
on the overburden layer. The imaginary part is of some 
value when making decision about the quality of the 
conductor (Ariyo et al., 2009).   
 
 The real and imaginary raw data were plotted against 
station positions with the Fraser-filtered real data on the 
secondary axis of the same graph. The graph was analysed 

for crossovers and peaks. A stacked profile of the Fraser-
filtered real data of the VLF-EM profiles are presented in 
Figs. 2(a&b) with the crossover points (marked with thick 
arrows). A qualitative interpretation is based on the 
crossover point between the real and imaginary data 
which appears as positive peaks in the Fraser-filtered real 
curve; these regions constitute anomalous zones which 
can be attributed to the presence of vertical conductor or 
lateral contacts of different resistivities beneath the 
surface (Srigutomo et al., 2005). 
 

 5.2. Hilbert-transform and amplitude of analytic 
signal of real component 

 
 Both real and imaginary components contain 
valuable diagnostic information about subsurface targets. 
However, only a few schemes exist for extracting the 
required information and thereby relating the observed 
anomalies to the causative source. Although Fraser and 
Karous-Hjelt filtering techniques provide first hand 
information regarding the number, size, depth and relative 
disposition of the discrete conductors, the disadvantage 
with these filters is loss of 20 to 30% of data on either side 
of the profile, which sometimes complicates the 
interpretation of the data (Sundararajan et al., 2011). 
Further,   the   interpretation  of  VLF-EM  data  is  not  as  
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(a) 

(b) 

Figs. 6 (a&b).   (a) Amplitude of the 2-D analytic signal of the real component of the profiles 
P1 to P3 (b) Amplitude of the 2-D analytic signal of the real component of the 
profiles P3 to P6 

 
 
 
simple as other geophysical anomalies because the 
relatively high transmitter frequency gives rise to 
secondary fields from many geological features which are 
electrically conducting (Phillips and Richards 1975). Also, 
the three dimensionality of the geological structure 
complicates the 2D inversion of VLF-EM data. The 
quantitative interpretation of single frequency VLF-EM 
data was examined by several authors (Coney, 1977; 
Beamish, 2000).  
 
 Alternatively, the use of the Hilbert transform for the 
interpretation of VLF-EM data in analogy with the 
magnetic anomalies is explored in this paper. The 
application of the Hilbert transform to the real component 
shifts the phase of all spatial frequencies by 90o, that is, it 
turns crossovers into peaks or troughs (marked with thick 
arrows). These peaks can be interpreted in terms of 
conductors. Thus, the Hilbert transform can be deciphered 
somewhat similarly to the Fraser filter, or, the Hilbert 
transform and the Fraser filter do a similar job to some 
extent (Sundararajan et al., 2011). Here, the Hilbert 
transform of the real component of all the six traverses 
profiles namely P1 to P6 are computed traverse wise and 
shown in Figs. 3(a&b) and analytic signal are useful in 
delineating the fractures zone in part of hard rock area. 
 
 The spatial location of conductors can be realized 
precisely from the amplitude of the analytical signal 
(Sundararajan, 1983; Sundararajan et al., 1998). Equation 

(2) was used to compute the amplitude of the analytic 
signal for each traverses namely P1 to P6 shown in             
Figs. 4(a&b). 
 
 The Hilbert transform of the traverses P2 and P4 are 
computed for possible depth estimation in analogy with 
the interpretation of gravity/magnetic/self potential data 
(Sundararajan, 1983; Sundararajan and Srinivas, 1996). 
The computed Hilbert transform and the amplitude of      
the analytic signal of traverses P2 and P4 are shown in 
Figs. 5(a&b).  
 
 Based on certain characteristic points of the 
amplitude of the analytic signal and the abscissa of the 
point of intersection of the real component and its Hilbert 
transform of traverses P2 and P4 shown in Figs. 5(a&b) 
(Sundararajan et al., 2011). The intersection points of real 
component of very low frequency electromagnetic (VLF-
EM) IP(x) and its Hilbert transform HT[IP(x)] with certain 
characteristic points of the amplitude of the analytical 
signal AA(x) are used to determine the depth of the 
fracture zone in hard rock area from the top of surface. 
The depth of fracture zone from top of surface can be 
estimated as (Sundararajan and Srinivas, 2010).  
 
 h = (x1 + x2)/2       (3) 
 
 where, x1 and x2 are intersection points of the          
real   component  and  its  Hilbert  transform  of  very  low  
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TABLE 1 
 

Geoelectrical and lithological parameters of the vertical electrical sounding (VES) 
 

VES No. No of layers Resistivity (Ω-m) Thickness   (m) Depth (m) Lithology 

01 5 90 2.77 0.0 Surface soil 

  8568 9.82 2.77 Compact sandstone 

  69.01 35.09 12.60 Fractured sandstone 

  367.07 166.07 47.69 Semi-fractured sandstone 

  18,9880 - 213.77 Compact sandstone 

02 5 60 3.33 0.0 Surface soil 

  39326 6.62 3.33 Compact sandstone  

  168.73 10.30 9.95 Fractured sandstone 

  20286 260.51 20.26 Compact sandstone 

  17,4420 - 280.77 Compact sandstone 

03 5 250 2.62 0.0 Surface soil 

  22674 7.41 2.62 Compact sandstone  

  49.67 111.03 10.04 Fractured sandstone 

  1846.40 28.83 121.08 Semi-compact sandstone 

  20,5110 - 149.91 Compact sandstone 

04 6 23 0.15 0.0 Surface soil 

  1.38 0.10 0.15 Clay 

  2981.90 4.14 0.25 Semi-compact sandstone 

  0.71 66.08 4.39 Clay 

  33.99 82.73 70.48 Fractured sandstone 

  4295.50 - 153.22 Semi-compact sandstone 

05 6 80 1.22 0.0 Surface soil 

  0.52 0.29 1.22 Clay 

  7615.40 1.08 1.52 Semi-compact sandstone 

  1.80 43.13 2.61 Clay 

  706.95 29.42 45.74 Semi-fractured sandstone 

  20327 - 75.16 Compact sandstone 

 
 
 
 
frequency electromagnetic (VLF-EM) and h is the depth 
of fracture zone from top of surface. Thus, the 
approximate depths of the fracture zone in part of hard 
rock area from top of surface are found to be 15m 
(traverse P2) and 7m (traverse P4) respectively. 
 
 
6. 2-D image of the amplitude of the analytic signal 

of real component 
 
 The 2-D image of the amplitude of the analytic 
signal is shown in the Figs. 6(a&b). Two water bearing 

fracture zones and also trend of the fracture are identified 
by the 2-D image of the amplitude of the analytic signal of 
real component of VLF-EM data shown in Fig. 6(a).      
Fig. 6(b) shows, three water bearing fracture zones and 
also fracture trend are identified by the 2-D image of the 
amplitude of the analytic signal of real component. These 
images very clearly bring out the water bearing fracture 
zones and fracture trend in the part of hard rock area. The 
boreholes (BH1 and BH2) existed closely to the water 
saturated fracture zones and along fracture trend shown in 
Figs. 6 (a&b) which can be seen in the field and also 
shown in study map. 
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Fig. 7. Geoelectrical cross-section along profile AA’ 
 
 
 

 

7. Vertical electrical sounding (VES) 
andgeoelectrical cross-section AA’ 

 
 Five Vertical electrical sounding (VES) were 
conducted around the identified anomalous zones using 
Schlumberger configuration. The apparent resistivity 
values obtained from the field were plotted against half 
current electrode spacing on log-log graph paper. The 
layer parameters were initially obtained using initial curve 
matching technique (Keller and Frischknecht, 1966; 
Bhattacharya and Patra, 1968; Koefoed, 1979) and 
auxiliary point charts (Ebert, 1943). A Terrameter SAS 
1000 (manufacturer; ABEM, Sweden) was used to 
conduct electrical resistivity survey from study         
area. These parameters were used as initial model for 
computer assisted interpretation program AIMRESI 
(Automatic Iterative Method of Resistivity Sounding 
Interpretation) developed by Yadav (1995). The 
geoelectrical and lithologic parameters are presented in 
the Table 1. 

    

 VES-1 was carried out approximately at 140m of 
VLF-EM profile P2. VES-2 was conducted just 
approximately 50 m southeast of VES-1. VES-3 was also 
conducted along southeast direction and approximately 25 
m of VES-2. All three vertical electrical sounding (VES-1, 
VES-2 and VES-3) are placed approximately linearly 
along southeast direction and indicates the geoelectrical 
cross-section AA’ shown in Fig. 1. All three vertical 
electrical soundings (VES) shows a five-layer model. The 
upper layer having a resistivity approximately 60 to       

250 Ω-m and indicates surface soil with the thickness 
approximately 2.62 to 3.33 m. The resistivity of the 
second layer abruptly increases approximately 8568 to 
39326 Ω-m, which indicates compact sandstone with a 
thickness approximately 6.62 to 9.82 m. The third layer 
represents a highly-fractured layer having thickness of 
about 10.30 to 111.03 m and low resistivity value may be 
due to presence of highly-fractured saturated sandstone 
which may have been a good zone for groundwater 
exploration. Again, resistivity value increases and fourth 
layer represents semi-fractured sandstone. The last layer at 
depth of about 149.91 to 280.77 m represents the resistive 
substratum with a high resistivity value of about 17, 4420 
to 20,5110 Ω-m.  

 

 
 The cross section AA’ between VES-1 to VES-3 is 
based on results of the three vertical electrical soundings 
is shown in Fig. 7 and also shows hard rock area. This 
profile lies to the west of the Ahraura reservoir. The thin 
upper layer is present with varying thickness all along 
profile and average thickness about 2.90 m. The resistivity 
of this layer is not uniform due to variation in moisture 
content and soil type of layer. Below this layer thin 
compact sandstone and thickness is approximately 
uniform. The fractured sandstone occurs all along profile. 
The thickness of this layer is approximatly uniform from 
VES-1 to VES-2 and gradually increases toward sounding 
VES-3. The lithological information from existing 
borehole correlate to the portion of the cross section in 
between the sounding VES-2 to VES-3 and which shows 
good similarity between both results. In the southern 
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portion of the cross section, thick semi fracture sandstone 
is present from sounding VES-1 to VES-2 and thickness 
of this layer gradually descreases toward VES-2. In 
northern portion of the cross section, semi compact 
sandstone is present from sounding VES-2 to VES-3. The 
thick fracture sandstone indicates good potential of ground 
water in hard rock area and is present in between sounding 
VES-2 and VES-3 and can be exploited for drinking 
purposes. 
 
 VES-4 was carried out approximately at 180 m of 
VLF-EM profile P4. VES-5 was conducted just 
approximately 60 m east of VES-4. Both vertical electrical 
soundings (VES-4 and VES-5) shows a six-layer model. 
The first layer has a resistivity approximately 23 to         
80 Ω-m with a thickness approximately 0.15 to 1.22 m. 
The resistivity of the second layer approximately 0.52 to 
1.38 Ω-m with a thickness approximately 0.10 to 0.29 m. 
Both layers extended up to a depth of about 0.25 to 1.52 m 
and indicate the presence of surface soil which is made up 
of clay. The resistivity of the third layer abruptly increases 
approximately 2981.90 to 7615.40 Ω-m, which indicates 
semi-compact sandstone. The fourth layer represents thick 
layer of clay with the resistivity approximately 0.71 to 
1.80 Ω-m and thickness approximately 43.13 to 66.08 m. 
This thick layer occurs below the semi-compact sandstone 
(hard rock). This condition may be possible when fracture 
zone occurs. So the highly-fractured zone occurs below 
the depth approximately 2.61 to 4.39 m. The fifth layer 
represents semi-fractured sandstone with the resistivity 
approximately 33.99 to 706.95 Ω-m and thickness 
approximately 29.42 to 82.73 m. The last layer is compact 
sandstone with a resistivity of the order 4295.50 to     
20327 Ω-m at the depth approximately 75.16 to 153.22 m. 
Geoelectrical cross section was not created close to the 
EM-profile P4 because for geoelectrical cross section at 
least three vertical electrical sounding are required but 
here only two vertical electrical soundings (VES) are 
present as shown in Fig. 1.     
 
 
8. Conclusions 
 
 The integrated geophysical method (very low 
frequency electromagnetic (VLF-EM) and resistivity 
vertical geoelectrical sounding (VES) using Schlumberger 
configuration) delineated fracture zones in part hard rock 
area in Mirzapur district, Uttar Pradesh for groundwater 
exploration. The amplitude of the analytic signal indicated 
the exact location of subsurface feature. Also, the Hilbert 
transform was useful for the evaluation of the depth of the 
top of the fracture zones in part of hard rock area.  The 
depth of fracture zone evaluated by the Hilbert transform 
approximately correlated with the result of vertical 
electrical sounding (VES).  
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