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Abstract: Despite being rich in groundwater resources,
assessment of hard-rock aquifers in many areas of Asia
is difficult given their strong heterogeneity. However, de-
lineation of such aquifers is essential for estimation
of the groundwater reserves. In addition, the vulnera-
bility of hard-rock aquifers is controlled by the weath-
ered/fractured zones because it is the place where most
of the groundwater reserves are contained. In this work,
an integrated approach of the electrical resistivity tomog-
raphy (ERT), high precision magnetic, X-ray Diffraction
(XRD), physicochemical analysis and pumping test data
was performed to investigate the hard-rock aquifers occur-
ring in the weathered terrains. This approach reveals seven
fractures/faults (F1 to F7) and four discrete layers such
as the topsoil cover, highly weathered, partly weathered
and unweathered rock. The groundwater resources are es-
timated as a function of different parameters i.e., aquifer
resistivity (po), transverse unit resistance (T,), hydraulic
conductivity (K), transmissivity (T), rock formation factor
(F) and rock porosity (®@). These parameters divide the
groundwater resources into four aquifer potential zones
with specific ranges of po, Tr, K, T, F and @ i.e., high,
medium, poor, and negligible potential aquifers. The re-
sults suggest that the high potential aquifer reserves are
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contained within the weathered/fractured and fault zones.
The X-ray diffraction (XRD) technique analyzes quartz as
the major mineral (>50%). The physicochemical and geo-
physical analysis suggests good groundwater quality in
the investigated area. The integrated results are highly sat-
isfied with the available borehole information. This inte-
grated geophysical approach for the estimation of ground-
water resources is not only applicable in the weathered ter-
rains of South China, but also in many other areas of the
weathered/fractured aquifer in Asia and beyond.

Keywords: Electrical resistivity tomography (ERT), Hard-
rock aquifers, weathered terrains, magnetic method,
hydraulic conductivity, transmissivity, groundwater re-
sources

1 Introduction

Groundwater is the best alternative source to the surface
water in many parts of the world [1]. Although the Asian
countries are rich in the groundwater resources, however
it is difficult to fulfill the needs of the fast growing popula-
tion especially in South and East Asian regions [2]. Since
most of the natural groundwater reserves occur within the
weathered/fractured rock, therefore it is a big challenge to
delineate and estimate the underground water resources.
A study on the subsurface geological properties is essen-
tial to assess the groundwater reserves. Groundwater is
the subsurface water which occurs either in the fractured
rock or in the soil pore spaces [3]. The major problem is
the delineation of the subsurface zones that are saturated
with groundwater. Geologically, the weathered/fractured
rocks contain groundwater reserves in a weathered envi-
ronment [4]. Different hydrological and weathering pro-
cesses create fractures, joints and fault zones in the hard-
rock system where the groundwater may occur. Such pro-
cesses play an important role to make up an aquifer sys-
tem [5]. Groundwater is generally found in the saturated
fractures and unsaturated weathered formation overlying
the fresh bedrock. The hydrogeological characteristics of

3 Open Access. © 2019 autor, published by De Gruyter. (cc) This work is licensed under the Creative Commons Attribution 4.0 License


https://doi.org/10.1515/geo-2019-0087

1130 — M. Hasanetal.

the basement and weathered rock depend on the weather-
ing processes [5, 6]. Thickness of the weathered/fractured
hard-rock controls the aquifer characteristics [7]. Ground-
water potential depends on detection and delineation of
the subsurface fractured layers that offer special pathways
to the groundwater flow-system [8].

Hydrogeological information can be obtained only for
some selected locations using the expensive drilling meth-
ods. Geophysics is a natural science dealing with the phys-
ical processes and properties of the earth, and provides
study of the subsurface geological formations through the
use of quantitative methods [9]. Geophysical methods can
be the most suitable approach for the groundwater as-
sessment as this tool has been widely used in several
hydro-geophysical, geotechnical, engineering-geological
and geo-environment studies. The electrical resistivity to-
mography (ERT) is a geophysical method recently being
used in many environmental and engineering geophysical
investigations [4, 10—-13]. Such geophysical methods are ef-
fectively applied in many groundwater studies mainly be-
cause they are simple, efficient, inexpensive, nondestruc-
tive, and provide the subsurface imaging better than the
conventional techniques [14]. In hydrogeology, the inte-
grated geophysical approaches are becoming a standard;
especially the incorporation of the ERT method with the
magnetic methods is being widely used for evaluation of
the groundwater reserves, generally because the electrical
conductivity and the hydrological properties are closely as-
sociated with each other [15]. Such geophysical methods
can suggest the most appropriate drilling locations [2, 7].
The resistivity methods are commonly used to exploit the
near-surface stratigraphic characteristics for the ground-
water occurrence [1, 13, 16, 17]. Such methods measure the
subsurface resistivity which is related with physical prop-
erties of the ground materials. The magnetic methods have
been widely used in several groundwater investigations for
many years [4, 6, 18, 19]. The magnetic surveys measure
the magnetic susceptibility of the igneous and metamor-
phic rocks [6]. Magnetic field is a region around a mag-
netic material whereas magnetic susceptibility measured
in the magnetic methods is the degree of magnetization
of a magnetic material (quantitative measure of the extent
by which a material is magnetized) in response to an ap-
plied magnetic field [6]. The magnetic intensity is caused
by the magnetization depending on the magnetic miner-
als [18, 19]. Incorporation of the ERT and magnetic tech-
niques involving the borehole data clearly delineated an
interface between the weathered rock and fresh basement
that assist to assess the groundwater environment in the
investigated area. The weathering processes deplete the
magnetic intensity of the weathering materials through
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the geological period. Such depletion causes a reduction
in susceptibility of the magnetic materials while it remains
unaffected in the basement rock. In the same way, resistiv-
ity of the weathering layers is less than resistivity of the
basement rock [4]. Thus a geological contact between the
weathering materials and the basement rocks makes an in-
terface that is useful to assess the groundwater reserves in
the studied area.

The groundwater flow system is controlled by the spa-
tial distribution of the hydraulic properties such as poros-
ity, specific yield, hydraulic conductivity and transmissiv-
ity. Hydrogeophysicists suggest a successful integration
between the resistivity parameters estimated from the sur-
face resistivity data and hydraulic parameters measured
from the borehole data, since an association between the
electrical and hydraulic parameters can be possible be-
cause both are controlled by the heterogeneity and pore-
space structure [20-22]. Several authors established differ-
ent relations between geoelectric properties and aquifer
parameters in past three decades depending on the site
specification [23-27]. The above studies established math-
ematical equations to estimate the hydraulic parameters
from the surface geoelectrical measurements. These inves-
tigations suggest that the surface geophysical methods can
be successfully used to estimate the aquifer parameters.
However, such correlations are site-specific which provide
insufficient applications in different areas [28—30]. Since
the mechanism which causes the electric current and fluid
flow mainly depends on the same subsurface attributes
and physical properties, it implies that both the electric
and hydraulic conductivities depend on each other. Be-
cause the factors associated with flow and conduction of
current into the ground (size, lithology, mineralogy, depth
and water distribution, shape, compaction and cemen-
tation, geometry and shape of pores and pore channels,
magnitudes of porosity, permeability and tortuosity, ori-
entation and packing of grains, and consolidation) are ex-
tremely variable [26, 31], so the measured subsurface resis-
tivity is relative but not absolute, so only relative estima-
tion of the site’s aquifer parameters is possible.

In the investigated area, the subsurface layers for
groundwater potential were evaluated by the combina-
tion of ERT with magnetic and well data. Then, the delin-
eated groundwater reserves were estimated by the effective
(aquifer) parameters. The estimation of effective parame-
ters from the subsurface resistivity measurements, and the
mineral analysis using the X-ray diffraction (XRD) method,
and the physicochemical/geophysical analysis for ground-
water quality provide a complete hydrogeological assess-
ment of the groundwater system in the studied area.
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Figure 1: Map showing location of the studied area with geophysical measurements of ERT, magnetic and boreholes.

2 Site Information

This geophysical study was carried out in Huizhou ADS
site, China. It is located in Guangdong province of South
China with longitude between 114.87° and 115.13° E, and
the latitude from 22.64° to 22.93° N covering an area of
3390 km?. It has an annual rainfall of 1860 mm lying
in the South Asian Monsoon climate system. The rainy
Monsoon starts from April and ends in October. Most of

the typhoons come between June and October [32]. Rain-
fall is the only source to recharge the groundwater re-

sources of the investigated area [13]. It has three main

units depending its geomorphological setting i.e., the east
mountainous region, the central hills all along the river,
and the southern mountains at the verge of the South
China Sea. The location of the investigated site includ-
ing the geophysical measurements is shown in Figure 1.
The boreholes data reveal that the investigated area con-
sists of Jurassic age rocks/minerals mainly magmatic and
volcanic rocks including tuff, quartz, volcano dust, pyrite
sulfide, feldspar, matrix, pyroxene and the quartz veins
embedded in the Aeolian tuff rock. Granites, basalts and
quartz dykes are also exposed on small scale in the project
site [33, 34]. The regional geologic structure of the study
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area lies in the South China Fold System. The fault struc-
tures developed in the investigated site are primarily con-
trolled by the Yanshanian movement with igneous intru-
sions and volcanic eruptions. The Huiyang depression and
the coastal mountain fault block are two main structural
units in Huizhou. There are also secondary syncline and
anticline structures such as Hengdong syncline, Andun
large syncline, Hexishi syncline, Lianhua Gupi syncline,
Phanghuidong anticline, Duozhu fault depression basin
and so on. The faults and folds form the basic framework of
the geologic structures in this area. Huizhou is located in
Lianhuashan Shuangyunshan fault uplift in east of Wuhua
Shenzhen fault and west of Fengyin Haifeng fault. Vari-
ous faults distributed in the study area are mainly active in
the late period of Yunshan Mountain. The investigated site
has complex geological settings which include a dynamo-
metamorphic zone, various faults, and an unconformable
boundary. The depth of water table remains between 0 and
20 m in the study area. Generally, the water level is found
in the elevation range of 60 - 150 m from the mean sea level.
The investigated site situated in the topographic relief be-
tween 70 and 155 m with the southeast and northwest parts
lower than the central parts.

3 Methodology

3.1 ERT Method

The 2D ERT method can assess areas of the heterogeneous
settings for the groundwater evaluation where applica-
tions of the other geophysical techniques are not appro-
priate [35]. It provides more depth penetration by increas-
ing the electrode interval, and gives a 2D subsurface model
with vertical and lateral changes in resistivity values. An
inversion of the apparent resistivity in the ERT survey gives
the systematic measurements that can enhance quality of
the subsurface geological model [36-40]. ERT was con-
ducted using WDJD-4 multi-function electrical instrument
produced by the Chongging Pentium CNC Technology Re-
search Center and WDZJ-120 multi-electrode converter. A
layout of pole-dipole configuration was used to acquire the
resistivity data in the ERT survey which is a more suitable
array for such heterogeneous site to demarcate the sub-
surface weathered/fractured zones for assessment of the
groundwater reserves [41]. The resistivity data were mea-
sured for 25 layers. ERT was carried out along three geo-
physical profiles including 101 electrodes along each pro-
file, a profile length of 500 m and inter-electrode distance
of 5 m (Figure 1). The field measurements were obtained
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using GPS systems (MAP60, Garmin, Olathe, KS, USA) and
other surveying instrumentation. The topographic varia-
tions were measured using a clinometer along each pro-
file with the distance interval of 10 m and less when it
was necessary. The resistivity data of a single point was
collected using maximum 10 stacking to improve the sig-
nal to noise ratio. A computer-based multichannel resis-
tivity meter placed at centre of the electrode array was ap-
plied to get the electrical resistivity measurements [42]. In
the ERT survey, 50 m thick subsurface formation was as-
sessed to delineate the weathered/fractured zone depend-
ing on the hydrogeological data and the thickness of the
subsurface geological strata in the studied area. For the
post-processing of the resistivity data, an inversion pro-
gram was performed to obtain a 2D resistivity model of
the subsurface formation including the topographic relief
along each ERT profile [35]. The first step to make up a 2D
resistivity model is to make a pseudo section. In this step,
each value of apparent resistivity is plotted on a separate
section at centre of four electrodes, and at depth equal to
the median depth of the investigated array [36, 40]. A least-
squares technique was adopted for inversion of the appar-
ent resistivity data [36, 40, 43]. An inversion procedure of
RES2DINV software was performed to generate a 2D ERT
pseudo-section along each profile [44]. This software auto-
matically inverts the apparent resistivity data to generate a
2D resistivity model including the topographic relief [35]. A
least-squares inversion technique of RES2DINV has to ap-
ply a smoothness constraint [45, 46]. The inversion proce-
dure of the software can generate a smooth model by fit-
ting the resistivity data to a given error level. In this in-
vestigation, RMS (root mean square) error which is the
difference in calculated values of apparent resistivity and
measured values of apparent resistivity values was less
than 5% for all the inversion models. Such model contains
a number of rectangular blocks which are equivalent to
the data points in the resistivity model. The centre of the
depth for the inner blocks is used as the investigation’s
median depth [47]. In order to minimize the difference be-
tween the measured apparent resistivity and the modeled
resistivity values, the inversion program of conventional
Gauss-Newton least squares technique was applied [48].
The Gauss-Newton’s modified model [46] follows the equa-
tion:

(]iT]i+/\iCTC)pi=]iTgi 4]

where i shows iteration number, g; is discrepancy vector
which depends on the difference between the logarithms
of the measured and calculated values of the apparent re-
sistivity, A; is the damping factor, J; represents Jacobian
matrix of partial derivatives, p; is perturbation vector to
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the model parameters for the it iteration, and C shows 2D
flatness filter.

The apparent resistivity is calculated in the first step
of the least squares inversion. In the second step, Jacobian
matrix J is calculated. All parameters in equation (1) are
solved in the third step. The first two steps are completed
by applying a finite element or finite difference technique,
whereas different methods including Cholesky, the modi-
fied Gram-Schmidt, and the singular value decomposition
techniques are used to solve the third step [49].

3.2 Magnetic Method

The magnetic field intensity is the magnetic field gener-
ated by the North and the South Poles. The main magnetic
field is controlled by the factors i.e., magnitude of the field,
magnetic inclination (dip of a magnetic compass from hor-
izontal i.e., —90° for south magnetic pole, +90° for north
magnetic pole and 0° for magnetic equator) and magnetic
declination (angle between geographic north and mag-
netic north). The electric currents in the earth’s ionosphere
produce the diurnal variations also called as magnetic
storms varying from 50 to 200 gammas which can be re-
moved by applying diurnal corrections [4].

The Ground high-precision magnetic survey was con-
ducted along three profiles according to the Technical
Specifications for High-precision Magnetic Survey on the
Ground (industry standard, DZ/T 0071-93). The geomag-
netic total field (nT) was observed using a GSM-19T high-
precision proton magnetometer manufactured in Canada
with <0.7nT accuracy and a high precision GPS system
(MAP60, Garmin, Olathe, KS, USA). The sampling interval
for the diurnal observations was 20 seconds. The magne-
tometer automatically sampled and recorded the magnetic
data. The magnetic probe height was fixed at 2m to get
more accuracy. The data changes were observed every 20
to 30 minutes, and there was no magnetic storm observed
during the magnetic survey. However, a base station mag-
netometer was used to record the time variations of the
magnetic field and then the changes were removed from
the readings. This survey was conducted for a total of 251
measurements with 5 m station interval along three pro-
files (Figure 1). The magnetic data were processed to get
2D magnetic model by inverting the data using IX2D Inter-
pex (Golden, USA) with a distance interval of 50 m along
each profile. The inversion program records a response
from the magnetic model. Afterwards, the response is com-
pared with the measured magnetic data. The geometry of
the subsurface geologic layers and their magnetic proper-
ties are changed constantly until the model response fits
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the measured magnetic data convincingly. In this way, a
four layered model is generated by the inversion procedure
of IX2D. The 2D magnetic model was interpreted for four
layers such as the topsoil layer, the highly weathered layer,
the partly weathered layer and the fresh bedrock based on
magnetic susceptibility and the available upfront hydroge-
ological information along each profile in the study area.
The weathered layer (the highly weathered and the partly
weathered layer) underlying the topsoil cover and the fresh
bedrock at the bottom in the model were interpreted by low
magnetic susceptibility and high magnetic susceptibility
respectively.

3.3 Estimation of Hydraulic Parameters

Estimation of hydraulic conductivity and transmissivity of
any given aquifer system is essential for delineation of
the aquifer potential zones contained within the weath-
ered/fractured zones. Water contained within the frac-
tures/fissures of a hard rock controls flow of the electric
current in the electrolytic (mineralized) water through the
ions flowing in the same pathways of water [50-52]. The
electrical and hydraulic conductivity of the aquifer system
are affected by the similar variables, since both depend on
the potential gradients flowing from higher to lower poten-
tial [13, 17]. The pumping test naturally causes the occur-
rence of hydraulic potential gradient, whereas the electri-
cal resistivity measurements generate the electric poten-
tial gradient [16]. The aquifer parameters were estimated
using the pumping test and resistivity data.

The fractures/fissures are well connected because
they may not exist in the real domain. In order to ensure oc-
currence of the interconnected fractures, the hydraulic pa-
rameters of the aquifer system were estimated from a long
pumping duration. The aquifer parameters were measured
using the pumping test performed at 25 boreholes (Fig-
ure 1). The double-porosity model (DP model), also called
as the double continuum or overlapping continua, was
used to perform the pumping test analysis [53]. This model
was originally introduced by Barenblatt and Zheltov [54],
and Barenblatt et al. [55] to estimate the hydraulic pa-
rameters of the weathered/fractured aquifer system. The
model represents the fractured porous medium by two dis-
crete but interacting subsystems in which one consists of
the porous blocks and the other contains a network of
fractures. Each subsystem is represented by a continuum
taking up the entire medium domain. Hence, the interac-
tion phenomena of two continua provide the exchange of
fluid between porous blocks and fractures for a pumping
test [53].
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Using Darcy’s law for horizontal fluid flow and Ohm’s
law of current flow in a medium, the following two rela-
tions can be derived [24, 56, 57]:

T=aSc; a=Kp )

and

T=BT; B=K/p 3

Where, S¢ = (t/p) and Tr = tp

Sc is longitudinal conductance (in mho), T; is trans-
verse resistance (in Qm?), p is electrical resistivity of the
saturated formation (in Qm), K is hydraulic conductivity
(in m/d), T is transmissivity (in m?/d), and a and § are
constant of proportionality. The above equations (2 and
3) show inverse and direct relationship between hydraulic
conductivity and electrical resistivity. Equation (2) is valid
for an aquifer system with highly resistive basement where
electrical currents tend to flow horizontally as in case of
the investigated area, whereas equation (3) exists in case of
highly conductive basement where electrical currents tend
to flow vertically. Derivation of equations (2) and (3) is ex-
plained by the following steps:

According to Darcy’s law:

q = -K(dh/t) (4)

Where, q is the specific discharge (m/s) and dh/t is hy-
draulic gradient.

Theoretically, the electrical resistivity depends on
Ohm’s law and the conservation equation of charges. Ac-
cording to Ohm’s law:

The flow of electric current in the medium (aquifer)
is proportional to the potential gradient between the two
points (source and sink). Hence mathematically, it can be
expressed by:

J=-(dv/?) (5)

Where dv is the potential difference, J is current density,
is electrical conductivity (reciprocal of resistivity), and t is
thickness respectively.

Combining equation (4) and (5) [53]:

K = (g/dh)(dv/]) (6)

K = AgA; @)

Where the constants A; = g/dhand A; = dv/] describe the
water flow and the electric current flow respectively, and
these constants depend on the hydraulic conductivity (K).

Ajin equation (7) depends on the salinity. In the inves-
tigated area, the groundwater is fresh and there is no clay
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content so the constant a replaces the product of A4 and
A ]2

K=a ®
or
K=alp )
Equation (9) implies that
Keol/p (10)

The above equation (10) shows that the hydraulic conduc-
tivity (K) is inversely proportional to the aquifer resistivity
(p). The above relation suggests that the low resistivity in-
dicates the presence of fractured/fissured aquifer which is
also true (valid) for the investigated area where resistivity
decreases with increasing the water content in the weath-
ered/fractured zone. Resistivity decreases with water con-
tent as well as clay content, however the studied area has
no clay content except a thin topsoil layer, it implies that
the low values of resistivity is only caused by the water con-
tent in the weathered/fractured a zones.
Multiplying equation (9) by t:

Kt = a(t/p) (11)
Since T = Kt [58]
Equation (11) is demonstrated as:
T=aSc (12)
It implies that
TooS (13)
And
Tool/T, (14)

Equation (14) implies that transmissivity is inversely
proportional to transverse resistance for the frac-
tured/fissured aquifer system of the investigated area.

Based on equations (10) and (14), empirical relations
between the electrical parameters (p and T) and pumped
hydraulic parameters (K, and T\) were obtained to esti-
mate the aquifer potential over the entire area using the
resistivity measurements.

The rock formation factor (F) is the ratio of aquifer re-
sistivity (o, in Qm) and groundwater resistivity (pw in Qm)
given by the relation:

FoPo

Pw =
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Table 1: Calibration of resistivity and lithology in the investigated
area.

Rock Resistivity (ohm-m)

The resistivity between 22-289
ohm-m (Below water table)

The resistivity between 225-472

Rock Type
Highly
weathered rock
Partly weathered

ohm-m (Below water table) rock

The resistivity between 402-153582 Unweathered
ohm-m (Below water table) rock

The resistivity between 22-472 Topsoil

ohm-m (Above water table)

The formation factor F was estimated for the selected ERT
data points near the boreholes. The groundwater resistiv-
ity required in equation (15) was calculated by:
10000
A T

Where, EC is electrical conductivity (in pS/cm).

The rock porosity (@) was calculated using Archie’s
equation [59]:

(16)

p, =ap,®™ 17)

Combining equations (15) and (17):
(@)™ =alF (18)

Equation (18) can be simplified as:
@ = ¥/(a/P) (19)

The coefficients a and m are related with the lithology of
the aquifer system. Depending on the aquifer lithology of
the studied area, the values of a and m are assumed as 1
and 2 [60, 61].

4 Results

4.1 Delineation of Water Resources

The ERT modeled sections were integrated with the bore-
holes liyhology of the study area to get four different lay-
ers such as the topsoil layer, the highly weathered layer,
the partly weathered layer and the unweathered layer. Re-
sistivity ranges of the above layers were obtained after cali-
brating the resistivity modeled sections with the boreholes
data along three profiles as shown in Table 1.

The top layer consists of silt, clay and boulder with
the resistivity range of 22-472 Qm. The next layer under-
lying the topsoil is highly weathered having resistivity
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range from 22 to 289 Qm. Third layer underlying the highly
weathered layer is partly weathered having resistivity val-
ues between 225 and 472 Qm. The unweathered layer (fresh
basement) is revealed below the partly weathered layer
having resistivity values from 402 to 1535825 Qm.

The magnetic data was processed by IX2D Interpex to
get 2D forward magnetic sections. The 2D magnetic mod-
eling has been used in hydrogeology for the groundwater
assessment for many years. The magnetic modeling gen-
erates a model with an interface between the weathered
and unweathered layers depending on their definite ge-
ometries and magnetic properties which generate a mod-
eled field analogous to the measured magnetic field. The
magnetic data were visualized along each profile to obtain
the above step. After that, a four layered model was con-
structed containing the top layer, the highly weathered,
the partly weathered and the unweathered layers based
on their magnetic properties. In this inversion program of
forward magnetic modeling, a response from the model is
recorded and compared with the magnetic data. Geome-
try of the four layered model with the magnetic properties
of the subsurface layers were changing constantly until
the magnetic data fitted the model response convincingly.
The modeled geometry of the subsurface four layers includ-
ing their magnetic susceptibility was controlled using the
boreholes data that extensively improved the consistency
of the subsurface four layered geological model.

A conceptual model of the hydrogeological character-
istics of the subsurface in the investigated area is shown
in Figure 2. The average thickness of the first three lay-
ers is about 5, 20 and 10 m respectively, whereas bot-
tom layer is revealed at an average depth of about 30 m.
The topsoil cover consists of the materials such as clay,
silt and boulder. The highly weathered layer mostly con-
tains highly weathered tuff and highly weathered fissure
tuff. The partly weathered layer contains weathered tuff
and weathered fissure tuff with volcano dust, feldspar,
quartz, and matrix. The fresh basement mainly consists of
tuff, volcano dust, quartz, matrix, feldspar, pyroxene and
labradorite etc. 2D models of ERT and magnetic were in-
tegrated to delineate seven fractures/faults such as F1, F2,
F3, F4, F5, F6, and F7 with NW-SE orientation along three
profiles. F1and F4 are the largest with the extension length
more than 500 m, these are compressive-torsional frac-
tures. F2 has the medium length whereas F5, F6 and F7 are
small fractures/faults. Small fractures/faults were caused
by the upward crust of concealed hard rock such as gran-
ite and basalt veins, resulting in the relative fragmentation
of the overburden. Most of the groundwater reserves were
found along the fractures/faults and the weathered/partly
weathered zones.
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Figure 2: A conceptual model of the subsurface geologic formations in the weathered/fractured hard rock of the investigated area.

The incorporation of 2D ERT and magnetic models
along profile 1 identified four different layers including
the top soil layer with resistivity range of 32-468 Qm, the
highly weathered layer having resistivity from 32 to 289
Qm, the partly weathered layer with resistivity range of
289-468 Qm and the unweathered bedrock for resistiv-
ity range from 468 to 8372 Qm (Figure 3a). The magnetic
anomaly varies from -170 to 80 nT along this profile (Fig-
ure 3b). The subsurface resistivity and magnetic intensity
show high values for the unweathered rock, and represent
low values for the highly weathered/partly weathered rock
and fractures/faults saturated with water. Groundwater re-
serves in the Basement Complex are located in the weath-
ered or fractures/faults zones of the hard rock system [62].
Four fractures/faults namely F1, F2, F3, and F4 were iden-
tified by the incorporation of ERT with magnetic models
(Figure 3). The appropriate drilling places along profile 1
are found from 20 to 40 m, 60 to 200 m, 230 to 280 m and
330 to 360 m mainly along the faults. The integrated re-
sults are highly correlated with the boreholes data along
this profile.

Figure 4 of ERT and magnetic sections along profile 2
reveals four distinct layers ranging from top to the bottom
as the topsoil cover having resistivity from 22 to 472 Qm,
the highly weathered layer with resistivity values from 22
to 283 Qm, the partly weathered layer for resistivity val-
ues from 283 to 472 OQm and the unweathered layer with
resistivity values as high as 153582 Qm and as low as 472
Qm (Figure 4a). The magnetic variations were measured

from -60 to 80 nT (Figure 4b). Four fractures/faults (F1, F2,
F4 and F5) were revealed by the integrated approach (Fig-
ure 4). The results obtained were included with hydroge-
ological data which shows good matching. This profile of-
fers good drilling locations from -40 to 50 m, 100 to 230 m
and 300 to 380 m especially along the faults.

The first layer revealed along profile 3 is the topsoil
cover with resistivity ranged from 37 to 402 Qm, second
layer is highly weathered with resistivity values from 37 to
225 OQm, partly weathered is the third layer with resistiv-
ity from 225 to 402 Qm and fresh basement is the fourth
layer with resistivity range of 402 to 2520 Qm (Figure 5a).
The magnetic anomaly varies from -27 to -12nT along pro-
file 3 (Figure 5b). The magnetic intensity and resistivity val-
ues along this profile are lower than other two profiles be-
cause there is no granite or basalt identified along profile 3.
The integrated results of ERT and magnetic show that four
fractures/faults (F1, F4, F6 and F7) exist along this profile
(Figure 5). The suitable locations for drilling are suggested
from -40 to 10 m, 40 m to 160 m, 220 to 250 m and 300 to
380 m along this profile.

4.2 Estimation of Water Resources

In order to estimate the groundwater resources contained
within the weathered and fractures/faults zones revealed
by the integrated geophysical approach, aquifer resistiv-
ity (po) and transverse unit resistance (T) were calculated
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Figure 3: (@) 2D modeled ERT section obtained by the inversion of resistivity data along profile 1; (b) 2D forward magnetic model along the

same profile.

for all resistivity measurements. Based on the values of
aquifer resistivity, aquifer potential was divided into four
zones i.e., the high potential aquifer with po < 100 Qm,
the medium potential aquifer with p, from 100 to 200 Qm,
the poor potential aquifer with p, from 200 to 300 Qm and
the negligible potential aquifer with p, > 300 Qm [63].
Aquifer potential was also differentiated by transverse unit
resistance (Ty). A careful observation of T, values shows
that T, < 3300 Qm? reveals the high potential aquifer, T,
from 3300 to 4000 Qm? indicates the medium potential
aquifer, T, from 4000 to 4500 Qm? identifies the poor po-

tential aquifer, and T, > 4500 Qm? represents the negligi-
ble potential. The distribution of p, and T, over the entire
studied area with the aquifer potential zones is shown in
Figure 6. The results suggest that the high potential aquifer
is contained within the fractured/fault zones (Figure 6).
The groundwater resources were estimated as a func-
tion of hydraulic conductivity and transmissivity. Initially,
hydraulic conductivity (Ky) and transmissivity (Tw) were
determined at the specific locations of the boreholes us-
ing pumping tests analysis. In order to calculate the effec-
tive parameters for all resistivity stations to estimate the
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Figure 4: (a) 2D modeled ERT section obtained by the inversion of resistivity data along profile 2; (b) 2D forward magnetic model along the

same profile.

aquifer potential over the entire area, an empirical rela-
tion between aquifer resistivity (p,) and pumped hydraulic
conductivity (Kw) was obtained to estimate hydraulic con-
ductivity (K’) for all resistivity measurements, and another
relation was obtained between transverse resistance (T;)
and pumped trnasmissivity (Ty) to estimate transmissiv-
ity (T’) for all stations. In this way, entire area was covered
for the estimation of aquifer potential based on the aquifer
parameters. The empirical equations obtained from the
graphical plots shown in Figure 7 are given by:

K=-0.021p +7.151 (20)

T=-0.149T, + 692.1 (21)

The values of K’ and T’ estimated from above equa-
tions (20 and 21) at the selected resistivity data points near
the boreholes are given in Table 2. The pumped hydraulic
conductivity (Kw) and transmissivity (Tw) measured from
the pumping test are also given in Table 2. The compari-
son between the estimated aquifer parameters (T’ and K’)
and pumped aquifer parameters (Ty and Ky) shows good
matching (Table 2). The contour maps of K’ and Ky in Fig-
ure 8 provides distribution of hydraulic conductivity val-
ues estimated by pumping test and resistivity measure-
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ments. The contour maps of the estimated transmissivity
(T”) and pumped transmissivity (Tw) are shown in Figure 9.
The maps of estimated and pumped hydraulic parameters
show good correlation.

The groundwater reserves estimated by hydraulic con-
ductivity and transmissivity were characterized into four
different zones. The results of hydraulic conductivity and
transmissivity reveal that T’>200 m?/d and K’>5 m/day de-
lineate the high potential aquifer, T’ from 75 to 200 m?/d
and K’ from 3 to 5 m/d show the medium potential aquifer,
T’ from 25 to 75 m?/d and K’ from 1 to 3 m/d identify the
poor potential aquifer, and T’<25 m?/d and K’<1 m/d rep-
resent the negligible potential aquifer (Figure 8 and 9). The

estimation of aquifer parameters suggests that high poten-
tial groundwater reserves occur along the fractured/ fault
zones (Figure 8 and 9).

The groundwater potential zones were also delineated
by rock formation factor (F) and rock porosity (®). The
estimated values of F and @ obtained for the selected
ERT data points and the nearby boreholes are given in Ta-
ble 2. A careful observation suggests that the high potential
aquifer is revealed with @ > 0.6 and F < 2.8, the medium
potential aquifer is delineated with @ from 0.54 to 0.6 and
F from 2.8 to 3.5, the low potential aquifer zone is identi-
fied with @ between 0.42-0.54 and F between 3.5-6, and the
negligible potential aquifer is mapped with @ < 0.42 and
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Table 2: Values of aquifer resistivity, electrical conductivity, water resistivity, rock formation factor, rock porosity, aquifer thickness, trans-
verse unit resistance, and estimated and pumped aquifer parameters (hydraulic conductivity and transmissivity) for the selected station
near the boreholes.
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Figure 7: (a) Relation between aquifer resistivity and hydraulic conductivity, (b) relation between transverse unit resistance and transmissiv-
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F < 6 as shown in Figure 10. Wright [63] suggested thatthe 4.3 Analysis of Groundwater and Rock

aquifer potential can be expressed as a function of aquifer Sam ples

resistivity. In the investigated area, the aquifer potential

was estimated as a function of aquifer resistivity, trans- [n order to assess to quality of groundwater contained

verse unit resistance, hydraulic conductivity, transmissiv-  within the weathered/fractured zones, the physicochemi-

ity, rock formation factor and rock porosity as shown in  ca] analysis was performed. The physicochemical param-

Table 3. eters of groundwater samples taken from the boreholes
were analytically analyzed by the World Health Organi-
zation [64]. The results of physicochemical analysis for
twenty five groundwater samples are summarized in Ta-
ble 4(a). The physicochemical analysis was performed for
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Table 3: Aquifer potential as a function of aquifer resistivity, transverse unit resistance, hydraulic conductivity, transmissivity, rock forma-

tion factor and rock porosity
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weathering and poor Potential)
Negligible potential aquifer >300 >4500 <1 <25 >6 <0.42

(Negligible)

the main anions, the cations and the parameters such as
pH, total dissolved solids (TDS) and electrical conductiv-
ity (EC) as per standard procedures [65-67]. The results
show that all the parameters lie within the limit suggested
by WHO. The physicochemical analysis revealed that the
groundwater quality is good in the study area. The ground-
water quality was also assessed by geophysical analysis as
shown in Table 4(a). The aquifer resistivity obtained from
all ERT data points was analyzed to evaluate the ground-
water quality. Generally, low values of aquifer resistivity
(i.e., <25 Qm) suggest the saline/brackish water [1]. The
geophysical analysis shows that aquifer resistivity values
fall within the limit of fresh water. Hence, based on the
physicochemical and geophysical analysis, groundwater
quality of the investigated area is good.

The mineral analysis of twenty five rock samples taken
from the borehole sites using the X-ray Diffraction Tech-
nique (XRD) was performed. The analyzed minerals were
interpreted as major minerals with >50%, secondary min-
erals with 10-30% and minor minerals with 5-10% as
shown in Table 4(b). The results suggest quartz as the
major mineral, whereas kaolinite, zinnwaldite, microcline
and albite as the secondary minerals, and halloysite, so-

dalite, perlite, and ankerite as the minor minerals in the
study area.

5 Discussion

Delineation of weathered/fractured zones is essential for
the exploitation of groundwater resources in the hard-rock
terrains. Accumulation of groundwater in the hard-rock ar-
eas depends on the features such as the weathering and
fracturing, rock type, fracture density, orientation, con-
nectivity, aperture and length. The conventional methods
such as the boreholes techniques compute these param-
eters only at some selected locations. Such approaches
are expensive, require more equipments and labors, and
cannot assess the subsurface geological formations over
the entire area due to various restrictions such as the het-
erogeneity, steep topographic effects and other geological
constraints. Conversely, the geophysical methods such as
electrical resistivity, induced polarization, magnetic, grav-
ity, self-potential, electromagnetic and seismic refraction
are commonly used to investigate the geologic formations
of hard-rock terrains. Generally, these methods can as-
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Table 4: The results of (a) groundwater quality analysis and (b) rock samples analysis

(a) Analysis of groundwater quality

physicochemica

Ll analysis for n=25

Parameters Units Min Max Mean Median S.D WHO limits for drinking
water quality [61]
Range Samples
exceeding limit
Na* mg/L 8.1 14.3 11.5 11.4 1.72 200
K* mg/L 3.3 4.1 3.7 3.4 0.35 55
Ca’* mg/L 1.4 4.6 3.3 3.9 1.05 100
Mg2* mg/L 0.5 1.7 0.9 0.9 0.42 50
cr mg/L 8.9 11.4 9.9 9.8 0.92 250
S0;” mg/L 2.3 4.8 2.8 1.7 1.07 200
HCO3 mg/L 26.9 41.3 34.4 35.8 5.02 600
DS mg/L 94 353 155.2 133 65.33 1000
EC uS/cm 156 588 258.6 222 108.83 1500
pH - 7 7.8 7.3 7.1 0.27 6.5-8.5
Geophysical analysis for n=305
Parameter Unit Min Max Mean Median S.D Resistivity limit for drinking
water quality [1, 17]
Range Data points
exceeding limit
Aquifer ohm-m 31 335 183 139 95.26 <25

resistivity (o)

(b) Analysis of rock samp

les (XRD analysis for n=25)

Major minerals (>50%) Secondary mi

nerals (10-30%) Minor minerals (5-10%)

quartz kaolinite halloysite
microcline perlite

albite sodalite

zinnwaldite ankerite

sess the weathered/fractured zones interconnected with
the economical aquifer. However, some of the above meth-
ods can hardly investigate the crystalline hard-rock in the
complex geological settings. Choice of a suitable method
depends on the labor, cost, local hydrogeological setting,
surveying speed, anomaly resolution and the level of diffi-
culty required in the processing and interpretation of the
field data.

The integration of two or more geophysical methods
has proved to be very competent to delineate the subsur-
face geologic features such as the weathered/fractured
zones for groundwater exploitation mostly because of
close correlation between the electrical and hydraulic
properties. This investigation was carried out by the elec-
trical resistivity tomography (ERT) and the high precision
magnetic methods which are non-invasive, inexpensive
and user friendly; provide comprehensive assessment for
the sequential and spatial distribution of the subsurface

geological structures; evade the interruption caused by
the drilling; and reduce significant number of expensive
boreholes. 2D subsurface models of ERT and magnetic pro-
vide a comprehensive evaluation of the subsurface weath-
ered formations that cannot be obtained using other meth-
ods such as 1D vertical electrical soundings (VES) tech-
niques, and thus, give detailed information about the
weathered/fractured zones highly significant for ground-
water exploration.

The ERT and magnetic models were correlated with
the upfront geological logs constructed from the wells to
constrain the near-surface stratigraphic units into a four-
layered model such as the topsoil cover, the highly weath-
ered, the partly weathered and the unweathered rock. This
approach reveals seven fractures/faults (F1 to F7) in the
study area. The aquifer potential was estimated by differ-
ent parameters such as aquifer resistivity (p,), transverse
unit resistance (T;), hydraulic conductivity (K), transmis-
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sivity (T), rock formation factor (F) and rock porosity (®).
Based on above parameters, the groundwater resources
were divided into four aquifer potential zones i.e., the high
potential aquifer, the medium potential aquifer, the poor
potential aquifer and the negligible potential aquifer. The
results propose that the delineated weathered/fractured
zones show significant implication on groundwater occur-
rence, and hence, the high potential aquifer zones are as-
sociated with the weathered/fractured zones. The results
suggest that groundwater contained within the weath-
ered/fractured zones can be tapped at an average depth
of 5-10 m from the ground surface.

Although the integrated geophysical methods provide
comprehensive assessment of the heterogeneous weath-
ered terrain for groundwater exploration, however, these
methods alone cannot interpret the subsurface forma-
tion. Some boreholes are needed to be correlated with
the geophysical methods to interpret the subsurface ge-
ologic strata and to estimate the aquifer potential con-
tained within the weathered/fractured zones. Conversely,
ERT and magnetic methods can reduce the significant
number of expensive bore-wells to provide detail informa-
tion about the subsurface formation over the entire area.
In this study, the integrated geophysical methods delin-
eated the subsurface geologic formation at shallow depth.
They provide high resolution for the near-surface struc-
tures; however, the resolution of subsurface imaging de-
creases with depth. The highly steep topographic areas
where the boreholes cannot be conducted or difficult to
carry out, such geophysical methods can be ideally used to
assess the near-surface formation. The integrated geophys-
ical results show good correlation with the hydrogeologi-
cal information of the study area. The results were also val-
idated with the previous studies carried out in the nearby
areas [4, 13, 62]. This investigation provides the most ap-
propriate places for drilling to exploit the groundwater re-
sources in the investigated area.

6 Conclusions

An integrated geophysical approach of ERT and magnetic
method in combination with XRD, physicochemical anal-
ysis, and borehole data was carried out along three dif-
ferent geophysical profiles to evaluate the groundwater
reserves contained in the highly heterogeneous area of
Huizhou, South China. The integrated results of ERT and
magnetic 2D models revealed four different layers includ-
ing the topsoil layer, the highly weathered layer, the partly
weathered layer and the unweathered layer having resis-
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tivity ranges of 22-472 Qm, 22289 Qm, 225-4720Qm and 402-
1535825 Qm respectively along three geophysical profiles.
The magnetic contrast along three profiles of the investi-
gated area was estimated from —170 to 80 nT. The average
thickness of the topsoil, the highly weathered layer and
the partly weathered layer is about 5, 20 and 10 m respec-
tively, whereas the fresh bedrock rock is encountered at
an average depth of about 30 m. The integration of ERT
and magnetic sections revealed seven fractures/faults (F1
to F7). The results of the ERT and magnetic methods incor-
porated by the boreholes data reveal that the highly/partly
weathered layers and the fractures/faults zones are satu-
rated with groundwater. The groundwater reserves were
then estimated by the hydraulic parameters. Four aquifer
potential zones were differentiated on the basis of maps
of hydraulic conductivity, trnasmissivity, aquifer resistiv-
ity and transverse unit resistance which show consistency
with each other. The results suggest that the groundwater
resources in the weathered terrains generally occur along
the fractured and fault zones. The physicochemical and
geophysical analysis show that groundwater contained
within the weathered/fractured zones is of good quality
falling within the suggested limit. The mineral analysis of
XRD method shows quartz as the major mineral (>50%).
This integrated approach suggests a complete hydrogeo-
logical assessment of groundwater in the areas having het-
erogeneous settings.
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