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Hydrogeological investigations were carried out in an arid area of Inner-Mongolia to determine the locations
of future water supply resources. The first geophysical survey was conducted near Baiqi to identify favorable
boreholes using magnetic resonance sounding (MRS). The yield capacities of 43 sites were investigated, and
the extent of the potential groundwater storage was determined. Previous studies have indicated that a
major tectonic structure may have a significant impact on the groundwater flow and well yield in the
study area. Therefore, high-resolution seismic surveys were applied in the second stage of the investigation
to determine the fault locations. After the regional identification, a major structure was investigated in detail
to map the fracture patterns. Based on the assumption that the hydraulic conductivity of this formation is
similar along the entire strike of the fracture, we proposed drilling a borehole (BQ3) in the zone. However,
this well has a yield of only 0.8 L/s, falling short of the required flow rate of 3.0 L/s. Therefore, the objective
of the final stage of exploration was to accurately define the attitude and extension of the aquifer and to
select a more favorable borehole site that would meet the required water flow rate. The geophysical explo-
ration was carried out using time-domain electromagnetic (TDEM) and MRS methods. The MRS results sug-
gest optimal locations for water supply boreholes within the subsurface structures mapped by the TDEM
inversion method. The data obtained by drilling and coring are in agreement with the predicted aquifer thick-
ness from the TDEM data. Pumping tests indicate that the water discharge of borehole BQ4 was 3.5 L/s. Our
results demonstrate that the delineation of the groundwater body using a combined application of three
geophysical methods (the MRS, TDEM and 2D seismic methods) was successful.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The effective management of groundwater resources is of para-
mount importance in many regions of the world, particularly for those
regions that suffer from a lack of fresh surface water and insufficient
rainfall. The town of Baiqi in the Chinese province of Inner-Mongolia
is typical of such areas, the average annual precipitation is 350.1 mm
and groundwater is the only source of fresh water (Liu and Xia, 2004;
Liu et al., 2005).

In the 1950s, various geophysical methods and borehole data were
used to understand the geophysical features of the area. Consequently,
the orientation of the faults within the study area was found to be pre-
dominantly ENE–WSW (faults F1 and F2) and E–W (Faults F3 and F4
in Fig. 1). A magnetic resonance sounding (MRS) survey was conducted
in Baiqi in May 2002, in response to the request of the Inner-Mongolian
government for comprehensive groundwatermapping andwater supply
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planning. Forty-three siteswere investigated usingMRS, and the poten-
tial high groundwater storage area was identified (Fig. 1). There is an
artesian well (BQ1) located near fault F1, suggesting that the fractures
and faults may form an important groundwater resource in this area.
Further, combined methods should be used to optimize the locations
of further water supply boreholes within this complex terrain.

The accurate determination of fracture locations would provide
important information on groundwater resources. For example, high-
resolution reflectionmethod has been developed and used for geotech-
nical, environmental and groundwater-related studies (Myers et al.,
1987; Shtivelman and Goldman, 2000; Shtivelman et al., 1998). How-
ever, the method cannot yet predict groundwater locations or estimate
total groundwater amounts.

Considering the depths and electrical resistivities of aquifers, MRS
is a promising electromagnetic method. It allows for the direct detec-
tion of aquifers by assessing the groundwater, as opposed to detecting
the electrical properties of the sediments (Jiang et al., 2011a,b; Schirov
et al., 1991; Yaramanci et al., 1999). Furthermore, this method can es-
timate the water content, hydraulic conductivity, transmissivity, and
storage-related properties (Lachassagne et al., 2005). The main geo-
physical constraint for MRS applications is the low level of the MRS
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Fig. 1. Location and geological map of the survey area. (A) Maps showing Baiqi (blue star), where geophysical exploration was carried out in 2002. (B) The simplified geological map
of the survey area, and an enlarged aerial photo of the exploration site. The black dotted line indicates 43 MRS testing sites, and the potential high groundwater storage area is
shown in brown. (C) The locations of the seismic lines (SL), TDEM Profiles, and boreholes BQ1, 2, 3 and 4 are indicated.
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Fig. 2. Lithological description of water well BQ1.

Table 1
Methods, equipments and interpretation tools.

Methods Array Equipment Interpretation tools

Seismic CDP:10 m Summit (Germany) Geogiga Interpretation
Software

TDEM Tx/Rx:100×l00 m ATEM-II
(Jilin University)

ATEM-II software
(Ji et al., 2003)

MRS Tx/Ri: 100×l00 m
and 150×150 m

NUMIS
(IRIS instrument)

“Samovar_01” software
(Legchenko and
Shushako, 1998)
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signal the groundwater body produces compared to the electromag-
netic noise at the Larmor frequency f0 specified for the measurements
(Plata and Rubio, 2002). Furthermore, the instrument for MRS has
been designed to investigate groundwater up to 150 m; information
on the deeper parts of the aquifer cannot be acquired by current com-
mercially available MRS equipment.

The main objectives of the investigation are as follows: 1) to
describe the general trend of the main faults in this complex area
by using high resolution seismic reflection method with a view of
improving our knowledge of their general geometry and structure;
2) to investigate the efficiency of usingMRS to define and characterize
water bearing geological formations according to their hydraulic and
storage related properties within the fracture zone; 3) to explore the
advantages of the QT inversion model (Mueller-Petke and Yaramanci,
2010) as well as the joint inversion model in distinguishing aquifer
layers by combing MRS and TEM within different MRS signal-to-noise
conditions; and 4) to develop a conceptual model of groundwater
flow in the study area from the results of several geophysical methods.

Many researchers have used the MRS, TDEM, and seismic methods
separately in hydrology studies (Burazer et al., 2010; Girard et al.,
2007; Porsani et al., 2012), or using MRS and TEM joint together for
delineating salt water and fresh aquifers (Legchenko et al., 2009).
However, there is limited record to our knowledge of integrating the
three methods together for the groundwater data interpretations. Im-
portantly, distinct MRS inversion schemes were chosen in this study
according to different MRS signal-to-noise ratios. And we compared
the joint inversion of MRS and TEM methods with the QT inversion
model at noisier place. In this study, we first present the geological
and hydrogeological features of the study area and then explain the
data acquisition techniques (TDEM, 2D seismic, and MRS), processing
methods, and the physical properties of the drilled formations. Finally,
we explain the results from the combined technologies.

2. Site description

2.1. Physical environment

Baiqi has an area of 6.23 km2 and is located at the center of
Inner-Mongolia, China, with a latitudinal extent between 42° 05′
and 43° 15′ and a longitudinal extent between 114° 05′ and 115º
37′. Baiqi has a semiarid continental climate. Its population is about
0.7 million. Approximately 9.8% of the town is cultivated; 33.3% is
covered by meadow and sandhills; and 10.2% consists of heathlands,
marshlands, bogs and deciduous or coniferous forests. Urban areas oc-
cupy 14.2% of Baiqi, and uncultivated land covers the remaining 32%.
Approximately 25% of Inner-Mongolia province has access to drinking
water via shallowwells (3–6 m deep) and boreholes (20–50 m deep),
which are mostly equipped with hand pumps. Seventy-five percent of
the population in Baiqi does not have access to drinking water.

2.2. Hydrogeological environment of the study area

In this section, based on the reports and information from the
Water Resources Survey of Inner-Mongolia, we briefly describe some
of the dominant geological features of the study area.

The survey area is topographically flat and its altitude from the sea
level decreases smoothly from the north to the south. Much of the
study area is covered by Quaternary eolian deposits, some of which
have been affected by soil salination (Liu et al., 2007). Due to the low
intensity and variability, Quaternary eolian deposits are not consid-
ered reliable for groundwater storage or the renewal of groundwater
resources. The Quaternary pore-phreatic aquifer layer is alternating
with the eolian deposits in the middle part of the study area. In the
study area, Cretaceous Bahuayan unit (a mixture of marl, sand and
gravels and quartizite) is overlain with Neogene formations, consisting
of consolidated sandstone, mudstone and clay. Conglomerates are also
present, albeit to a lesser extent. Confined aquifers are assumed to be
in the Bahuayan unit, whereas Neogene formations are considered to
be aquicludes, as they rarely possess hydraulic conditions that are suit-
able for an aquifer. The Jurassic Zhangjiajie breccia and lower Permian
Series limestone are also found in this area. However, they are believed
to be heterogeneous aqueous systems.

In this region, the groundwater is frequently used for irrigation
from deepwells that penetrate tens of meters into the fractured layers
with high flow rates. A simplified geological column of the survey area
is presented for the well log from BQ1 (Fig. 2).

3. Geophysical data acquisition

3.1. Seismic data acquisition

High-resolution seismic reflection data were collected along 4
lines across fracture F1. The data were originally acquired along the
1500-m-long line SL-01, which runs perpendicular to the scarp and
passes through the artesian well BQ1. After the analysis of line SL-01,
additional data were acquired along lines SL-02, SL-03 and SL-04. All
of the lines are parallel to SL-01 and were positioned to determine
the width of the fault zone in the shallow subsurface.

Pre-production tests, commonly known as walkaway noise tests,
allow for the selection of an optimal recording window and for the
determination of recording parameters. The walkaway noise tests,
conducted prior to the acquisition of all the lines, were used to deter-
mine the minimum and maximum shot-to-receiver distances, receiver
type, shot and receiver spacing, energy source type, and pre-A/D
(analog-to-digital) filter settings. High-frequency sources and receivers
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Table 2
Seismic data acquisition: equipment parameters.

Recorder 48 channel Summit seismograph
Energy source Dynasource
Receivers—double geophones 100 Hz
Receiver spacing 5.0 m
Shot spacing 5.0 m (every station)
Shot location Near 1st receiver (off-end geometry)
Maximum fold 24
Time sampling interval 0.5 ms
Analog band-pass filters 8.7–180 Hz
Record length 0.5 s

52 J. Lin et al. / Journal of Applied Geophysics 91 (2013) 49–65
are critical in high-resolution studies. The seismic energy was provided
by a 50-caliber rifle attached to a steel plate, which allowed the muzzle
to be lowered 0.6 m below the ground surface into an augered hole.
Firing a gun in a borehole diminishes the effects of air-coupled waves
and increases the amplitude and dominant frequency of the recorded
seismic energy. Two 100-Hz geophones, connected in series and spaced
0.6 m parallel to the direction of the wind, were used for each channel.
The two-geophone array helped increase the signal amplitude and
attenuate the wind noise.

A 24-channel Summit seismic recording system (Input/Output,
Inc., Germany) was used to amplify, filter, and convert the data from
analog to digital. Analog band-pass 8.7–180 Hz filters enhanced the
data bandwidth by decreasing the amplitudes of the low and high fre-
quency noise. This further increases the incoming post-filter signals
(Jiang et al., 2006). The data were plotted over 0.400 s time windows.
The equipment and parameters used in the survey are listed in Table 2.

3.2. TDEM data acquisition

TDEMhas been used in a wide variety of hydrogeological and envi-
ronmental problems and has proven to be efficient. The measured
voltages are usually converted to apparent resistivities, that are easy
to interpret (Fitterman and Steward, 1986; Kafri and Goldman, 2005).
The delay time (t) is related to the induced voltage by the following
expression:

ρa ¼
μ0

4πt
2πμ0a

2SrI
5tV

" #2=3

ð1Þ

where μ0 is the magnetic permeability, a is the radius of transmitter
loop, Sr is the area of receiving coil, I is the transmitting current, t is
the delay time, and V is the voltage induced in the receiver coil.

The TDEM method can be used for vertical sounding or profiling.
Some sounding curves were intentionally located near the water
wells or the MRS test sites, for correlating between the formation re-
sistivity and lithology, or providing resistivity for the MRS–TEM joint
inversion schemes. Most of the other soundings were carried out
along the profiles to provide a general view of the electrical resistivity
Table 3
MRS relaxation times measured for different rocks.

Rock type Decay time (ms)

Clay bound water T2*b3
Sandy clays T2*b30
Clay sands, very fine sands 30bT2*b60
Fine sands 60bT2*b120
Medium sands 120bT2*b180
Coarse sands 180bT2*b300
Gravel deposits 300bT2*b600
Fractured limestone 600bT2*b800
Karst limestone 800bT2*b1000
distribution in the fracture zones, identified by the seismic survey.
Five stations were installed near seismic line 01, whereas eight sta-
tions were installed near seismic line 04 (Fig. 1). The data were
acquired using the ATEM-II equipment, developed at Jilin University,
China and used the coincident loop configuration (Ji et al., 2006). The
loop sides were 100 m long, and the acquisition times were 5–130 μs
at a frequency of 25 Hz. A transmitter current of 8–13 A was used.
Fig. 3. Apparent resistivity curve was calculated from the field data, and TDEM initial
model was obtained by the inversion process for each site. (A) BQ2 (MRS sounding
site); (B) BQ3 (MRS sounding site); (C) BQ4 (MRS sounding site).
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Fig. 4. Seismic sections along line SL-01. (A) Seismic reflection sections; (B) interpreted seismic reflection sections. The blue triangles denote the TDEM sounding sites of profile-RL1;
the red circles denote the well locations of BQ1.
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3.3. Magnetic resonance sounding method

The MRS method has been described earlier by Legchenko and
Valla (2002), Lubczynski and Roy (2003) and Yaramanci (2004).
During the 2002 survey, the NUMISplus MRS system was used with a
Fig. 5. Seismic sections along line SL-02. (A) Seismic reflecti
coincident Tx/Rx loop configuration. In addition to the 43 sites, the
new locations of the MRSs were selected based on the integration of
high resolution seismic line and the TDEM resistivity map (Table 1).

In our study, the geomagnetic field in the three study areas had an
inclination of 39°, and the field intensity varied between 55,732 and
on sections; (B) interpreted seismic reflection sections.
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Fig. 6. Seismic sections along line SL-03. (A) Seismic reflection sections; (B) interpreted seismic reflection sections.
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56,017 nT, equivalent to a Larmor frequency of 2372 to 2385 Hz. Due
to the low noise level in the study area, a square loop was typically
used with 64–100 stackings.

The geophysical parameters obtained using MRS include the MRS
water content (WMRS) and the relaxation times (T2*), which are linked
to the mean size of the water-bearing pores. The typical values of T2*
for the different lithology classes are listed in Table 3.
Fig. 7. Seismic sections along line SL-04. (A) Seismic reflection sections; (B) interpreted seism
the red circles denote the well locations of BQ3.
To calculate the intrinsic permeability of rocks, Legchenko et al.
(2004) proposed the following equations for sandy aquifers:

KMRS ¼ CpwT1
2 ð2Þ

TMRS ¼ KMRSΔz ð3Þ
ic reflection sections. The blue triangles denote the TDEM sounding sites of profile-RL2;
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Fig. 8. Profiles of the apparent resistivities with depth. (A) Profile-RL1, generated by contouring 5 TDEM soundings in the area, shows resistivity vs. depth. (B) Profile-RL2, generated
by contouring 8 TDEM soundings in the area, showing resistivity vs. depth. (C) Profile-RL3, generated by contouring 10 TDEM soundings in the area, showing resistivity vs. depth.
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Fig. 9. MRS parameters vs. local aquifer conductivity (A) and transmissivity (B).

Table 4
Comparison of MRS parameters with the pumping test results.

Pumping tests MRS

QPT

(10−3 m3/s)
TPT
(10−3 m2/s)

KPT

(10−4 m/s)
qPT
(L/s·m)

QMRS

(10−3 m3/s)
TMRS

(10−3 m2/s)
KMRS

(10−4 m/s)
S/N

BQ1 6.94 6.90 2.30 2.4 6.11 6.61 2.26 11.30
BQ2 9.72 8.81 2.93 2.7 11.4 9.95 3.30 4.51
BQ3 2.32 1.23 0.11 0.8 1.88 2.45 0.19 3.77
BQ4 16.11 15.85 5.01 3.5 15.75 12.77 2.66 8.68
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whereΔz is the thickness of awater-saturated layer and KMRS and TMRS

are the MRS hydraulic conductivity and transmissivity, respectively.
T1 represents the longitudinal relaxation time; Cp is a parametric
factor derived from the pumping test and hydraulic conductivity KPT

data according to the relation:

Cp ¼ TPT

,XN
i¼1

wiT
2
1iΔzi; ð4Þ

for the i-th water-saturated layer (Nielsen et al., 2011).
Additionally, the hydraulic conductivity (K) in confined water can

also be calculated by the single-well Dupuit steady-flow formula:

K ¼ 0:366 log R− log rð ÞQ
ΔzSw

ð5Þ

where R is the influence radius following the empirical formula:

R ¼ 10Sw
ffiffiffiffi
K

p
ð6Þ

where Sw is the designed drawdown, r is the well size, and Q is the
water inflow during the designated unit of time. Through an iteration
process, we can finally get the solution of R and K by combining
Eqs. (5) and (6). Additionally, based on Eq. (4) and an assumed draw-
down and well size, the MRS water inflow QMRS, can be estimated
using the MRS hydraulic conductivity KMRS:

QMRS ¼
KMRSΔzSw

0:366 log R− log rð Þ : ð7Þ
Fig. 10. The MRS and TDEM inversion results at BQ2 site: (A) the measured MRS signal and
(B) Water content and decay time inverted by smooth and blocky inversions and the TDEM
borehole data. PWC denotes the partial water contents.
4. Interpretation techniques

4.1. TDEM inversion methodology

The TDEM method was interpreted by a widely used inversion
method, the singular value decomposition (SVD), as described by
Raiche et al. (1985). The iterations are terminated when the error be-
tween the two adjacent iterations has not changed significantly or the
maximum number of iterations has been reached.

The log–log plots of apparent resistivity versus time and inter-
preted models of BQ2, BQ3 and BQ4 are shown in Fig. 3, respectively.
The fit between the measured data and the calculated data is very
good with RMS error b2%. Three layers of different resistivity were
inverted at the vicinity of boreholes BQ2 and BQ3, whereas four layers
were used at the vicinity of borehole BQ4. Thus, the geological data
from the boreholes located close to TDEM the measuring sites are
very important constraint for the inversion.
4.2. MRS inversion methodology

Legchenko (2006) defines a lower limit of signal-to-noise ratio of 2
(S/N>2) for reliable interpretation of the MRS data. Due to the equiv-
alence, severalmodels canfit the data (Mohnke and Yaramanci, 2002).
For accurate modeling, the kernel function was calculated based on
the electrical model of the subsurface layer that was inverted by
TDEM. The regularization parameter controls the smoothness of the
interpreted free water content as a function of depth. Blocky inversion
was controlled with interpretation steps by the TDEMmodel geometry.
Thus, in this model, the coupled layer thicknesses by the two methods
are then altered to improve the model fit.
calculated smooth inversion and QT model signals. SNR denotes signal to noise ratio.
inversion result at the MRS sounding sites. (C) The QT inversion results and the nearby

image of Fig.�9


57J. Lin et al. / Journal of Applied Geophysics 91 (2013) 49–65

image of Fig.�10


58 J. Lin et al. / Journal of Applied Geophysics 91 (2013) 49–65

image of Fig.�11


59J. Lin et al. / Journal of Applied Geophysics 91 (2013) 49–65
TheQT inversion (QTI) developed byMueller-Petke and Yaramanci
(2010) was employed in the last step. This method consists of two pa-
rameters, the depth and the decay time T2*, and takes theMRS data set
into account at one time. Additionally, employing multi-exponential
inversion can considerably improve the correlation as it takes into ac-
count the signal superpositions of the MRS decay times from different
layers and thus allows a better rendering of the high contrasts of the
MRS decay time distributions in the subsurface.
5. Results of data interpretation

5.1. Seismic survey data

As displayed in Fig. 4A, Line SL-01 runs in theW–E direction and is
approximately 1.5 km long. Boreholes BQ1 and BQ2 are located in the
vicinity of the line and are marked above the seismic section.

The seismic section along line SL-01 shows a sequence of reflec-
tions at times of approximately 300 ms, corresponding to depths of
300–350 m. Several possible faults appear to intersect this reflection
(between each set of colored lines). The seismic stack velocity de-
creases from over 1480 m/s on station a′ at the western edge of line
SL-01 to less than 1270 m/s at station a′. This decreased velocity in
the east may reflect increased amounts of fine sediment with increas-
ing distance. The data from borehole BQ1 (Fig. 2) were used to deter-
mine the coherency of the seismic data. In addition to fault F1, F2, F3
and FF are possible faults along the survey line. The fault zone be-
tween d–d′ appears to have a large vertical displacement above the
bedrock and less displacement along b–b′ and c–c′. However, none
of the rest of the faults appears to extend to the surface, implying
that only fault F1 has been active during the Quaternary. The fault
F1 is then manifested on all of the seismic testing lines, which have
been marked by yellow lines.

After an analysis of line SL-01, additional data were acquired along
lines SL-02 and SL-03 (0.6 km long) to the north and south of line
SL-01, respectively (Figs. 5 and 6). The major F1 faults are identified
between CDPs e–e′ and g–g′. The locations of these faults were deter-
mined based primarily on the dramatic drop in the coherency of the
reflected energy. Two minor faults F4 (f) and F5 (h–h′) are also iden-
tified. The geological units cannot be correlated to the seismic reflec-
tion data because of the lack of detailed subsurface information in the
survey area.

The seismic line SL-04 was parallel to the other lines (Fig. 7A). The
non-uniform reflections observed along the survey line at various
points are most likely indication of faulting and folding. One of the
most prominent features in the section is an anomalous zone, identi-
fied as F1 extension in the western part, between i–i′ (Fig. 7B). Addi-
tionally, we got the fault FF between k–k′ in the eastern part of the
line. The zone laterally divides the section into separate parts with
contrasting seismic characters. This disturbance zone may be related
to a high-angle fault system intersected by the line. The reflectors
are continuous on both sides of the zone and are clearly interrupted
within the zone. Based on the assumption that the hydraulic conduc-
tivity of the groundwater formation is similar across the entire frac-
ture zone, we proposed drilling borehole BQ3 within this zone. The
lithological data from water well BQ3, located along line SL-04, are
in agreement with the geological units and the top depth of the
Bayanhua gravel inferred from the seismic reflection data. However,
the aquifer has a yield of only 0.8 L/s, which falls short of the required
water flow rate of 3 L/s. This result suggests that the permeabilities
within the fault zones are not all satisfied, and further exploration
Fig. 11. The MRS and TDEM inversion results at BQ3 site: (A) the measured MRS signal and
(B) Water content and decay time inverted by smooth and blocky inversion, as well as the TD
borehole data. PWC denotes partial water contents.
was necessary to supplement our understanding gained from seismic
reflection alone.

5.2. TDEM survey data

To select a more favorable site for a new borehole, the TDEM sta-
tions were established along the seismic lines SL01 (5 stations) and
SL04 (9 stations), referred to as lines RL1 and RL2, respectively. Their
locations are shown in Fig. 1. Compared to the seismic data, the profile
of the TDEM apparent resistivity sounding curves better defines the
interface between the upper resistive layers and the conductive
layer, allowing for the identification of potential aquifers. However,
the upper 10 m below the earth surface are recovered with less accu-
racy (Vouillamoz et al., 2002).

The pseudo-2D apparent resistivity for the cross-section at RL1 is
correlated with the lithological units of borehole BQ1 (Fig. 8A). The
interpreted resistivity can be divided into three groups:

1) Low resistivities (less than 115 Ω-m), characterized as mudstone
(mainly clay) or clayey sand.

2) Moderate resistivities (115–130 Ω-m), typical for water-saturated
aquifers and aquicludes.

3) High resistivities (greater than 130 Ω-m), typical for sandstone
(mainly quartzite).

The RL2 line was superimposed with seismic line SL-04. As shown
in Fig. 8B, the western part of RL2 indicates high resistivities from the
depth of 40–280 m (soundings N6, N7). Themodels for the eastern part
of the survey line (soundings N11, N12, and N13) indicate an upper layer
with low resistivities (approximately 90 Ω-m) to a depth of 150 m,
followed by more resistive bedrock at 150–280 m deep (resistivity
>130 Ω-m). The models for the center of the area showmore variabili-
ty. In general, a thin resistive layer (approximately 180 Ω-m) is followed
by a conductive layer (80–180 m) with resistivities ranging from 115 to
130 Ω-m, which may correspond to a water-bearing stratum. In the
deepest layer, the resistivity is greater than 130 Ω-m.

The results from the TDEM soundings N7–N9 in line RL2 indicate
that the decreased resistivity in the shallow subsurface agrees well
with themodel obtained from the seismic data, whichwas interpreted
as a saturated fracture zone (Fig. 7, i-i'). An agreement between the
TDEMmodels and the seismic model was also observed at the eastern
part of the line (under soundings N11–N13). The variations in both
models fit the datawell. This can be attributed to the presence of faults
filled with groundwater. It should be emphasized that the TDEM data
are consistent with both the independent seismic interpretation and
the borehole BQ3 data. This borehole penetrates through the aquifer
at a depth of 60–110 m, which is the minimum depth of the water-
bearing strata along line RL2. According to this apparent resistivity
profile, the location with the greatest measured depth to the aquifer
roof rock was located approximately 100 m west of BQ3.

To select a site for a new borehole that would produce the desired
flow rate, the final TDEM survey line RL3was conducted based on BQ3
and located near and parallel to the lines RL2 and SL04 (Fig. 1). Fig. 8C
shows the apparent resistivity profile RL3, including the N14, N15, N16,
N17, N18, N19, N20, N21, N22, and N23 soundings. As observed in the
profile, there are 3 well-defined resistive layers. The first apparent
resistivity layer is characterized by high values (shown in light blue)
related to the sediments from the Cretaceous quartzite formation.
The second layer is a ~200-m-thick conductive zone related to a satu-
rated zone. This layer agrees with the information from a deep water
well (BQ4) with a high rate of groundwater flow (>3.5 L/s).
calculated smooth inversion and QT model signals. SNR denotes signal to noise ratio;
EM inversion result at MRS sounding sites. (C) The QT inversion results and the nearby
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5.3. MRS related to hydrogeological parameters

For the MRS hydraulic conductivity and transmissivity estimation,
calibration with boreholes is necessary. This calibration concerns
mainly the local Cp factor calculation, which depends essentially on
the reservoir's nature and structure. The product w×Δz is a more sta-
ble characteristic (Legchenko et al., 2004). Consequently, for MRS cal-
ibration it is more reliable to use the MRS estimates of transmissivity
than of hydraulic conductivity. Thus, the MRS calibration, pumping
tests from BQ1 to BQ4 were used.

A pumping test was performed close to MRS BQ1 station. The
pumping test reveals an average transmissivity of 6.90×10−3 m2/s.
The MRS water content is approximately 20.1% (best fit model) and
the MRS relaxation time, T1, is 220 ms, which may correspond to
medium sand (Legchenko et al., 2004).

A new borehole was then drilled near the MRS station BQ2. The
transmissivity derived from the pumping test was estimated to be
8.81×10−3 m2/s. The MRS water content was approximately about
23.25%, and the MRS relaxation time T1 was approximately 420 ms,
which may correspond to medium sand.

Following the abovemethod, we obtain the following; TPT3 (BQ3)=
1.23×10−3 m2/s, and TPT4 (BQ4)=1.59×10−2 m2/s. Subsequently, by
using least-squares fitting, we obtained the best fit Cp=2.44×10−8,
This calibration constant can be used for these geological formations
in the region. Furthermore, this best fit Cp achieves a mean difference
of 12.29% for hydraulic conductivity and 26.81% for transmissibility
(Fig. 9). After Cp calculation, TMRS for the four boreholes were then esti-
mated (as shown in Table 3).

In its technological state, the NUMIS system is designed for mea-
surements with the range, −1≤Δfmean≤1 Hz, and corrections can-
not be applied. Therefore, the frequency shift during all of the MRS
measurements out of this range did not allow us to use this station
for further calibration in several of the MRS stations (Table 4).

5.4. Integrated interpretation of MRS inversion and TDEM results 5.4.1
BQ2 sites

In BQ2, which is located in SL-01, the inversion is based on a good
fit between the measured and the calculated data. The data quality
was excellent because of very low noise conditions (Fig. 10A). As
demonstrated in Fig. 10B, the smooth model of the subsurface water
content and decay time indicates two dominating water-bearing
layer: (1) from depths of approximately about 45.2–70.8 m with the
decay time ranging between 70 and 112 ms, representing medium
sand; the value of 72 Ω m of TDEM results suggested that conductive
sediments might also exist; and (2) below 70.8 m, the water contents
increase gradually and reach a maximum 22.1% at the depth of
91.6 m. As the decay time increases up to 180 ms, this layer may cor-
respond to the water reservoir until the basement Bahuayan unit, in
which the resistivity increases to 158 Ω m. Importantly, below the
depth of 70 m, the water content and the decay time curves have a
positive relationship, meaning that the increasing water content can
be correlated with an increase in the pore size of the materials. The
water table was also estimated by QT inversion (Fig. 10C). Consistent
with the smooth inversion results, two groundwater layers were
inverted. At the shallow depth, the aquifers show different relaxation
times. In addition to the coarser material, the silt and boulder clay
layers (b30 ms of dead time), which are represented with low water
content because of the undetectable short decay times, are also esti-
mated at the correct depth. Consistent with the smooth inversion,
the deeper layer from 63.2 m to 90 m shows higher decay time. This
Fig. 12. The MRS and TDEM inversion results at BQ4 site: (A) The measured MRS signal and t
(B) Water content and decay time inverted by smooth and blocky inversions and the TDE
borehole data. PWC denotes partial water contents.
result can be explained by a composition of the medium to coarse
sand. The basement Bahuayan unit is in the TDEM data expressed by
a 158 Ω m layer, for which the depth extension cannot be defined.
And the bottom of the deeper aquifer here suggested by the MRS
data is also possibly hosted in the basement Bahuayan unit.

5.4.1. BQ3 sites
Fig. 11A demonstrates the best fit between the measured MRS and

the calculated data at BQ3. At shallow depths and pulse moments
b800 Ams, the small signal amplitude was within the mean noise
level. This means that the signal amplitudes produced by water are
less than the noise level. However, the TDEM results indicate a rela-
tively lower resistivity layer, which is 56 Ω m at approximate depths
of about 0–40 m (Fig. 11B). Data with an interpretation consistent
with a mixed material layer (mudstone, mainly clay), are also found
in a borehole located near the measuring site. The resistivity has
been increased to120 Ω m at an approximate depth of 40.1–62.0 m.
This resistivity indicates increasing components of less conductive
material, which have finally being correlated with quartzite from
the borehole data. At the pulse moment >1000 Ams, the MRS signal
is higher than the mean noise level, and the data are more reliable.
From the result of smooth modeling, the subsurface one water-
bearing layer is indicated at depths of 62.3–110.7 m. The water con-
tent here varies from 0.5% to 8.2%, in which the resistivity increases
to 82 Ω m. At the depth from 100.6–150 m, a negative relationship
between the water content and decay time is evident; i.e., the water
content decreases sharply with increasing decay time. If the decay
time T2* is reliable, this phenomenon may possibly occur in a sedi-
mentary aquifer, which has a large mean pore size and high clay
contents. However, as the TDEM inversion model expressed by a
140 Ω m, for which the MRS data could be possibly hosted in a base-
ment limestone consisting of quartzite, mudstone and sandstone. We
then considered that although the MRS data are more reliable at the
pulse moment >1500 Ams, the low signal amplitude in the testing
site BQ3 will affect the decay time estimation and T2* cannot be reli-
ably interpreted. It should be emphasized that from the combined in-
version of TDEM and MRS in the blocky model (black dotted line), the
water content layer is consistent with the nearby borehole data. How-
ever, the QT inversions are not consistent with the borehole explana-
tion at the shallow depth; the decay time is almost 1 s from 0 to 40 m.
As the acquisition time of the NUMIS instrument was only 250 ms,
the longer decay time was possibly an artifact, of the low signal to
noise ratio. Therefore, the total water content in the QT inversion
was derived from the summed overall decay times of PWC. The
water contents at the shallow and deeper aquifers are greater than
the smooth inversion results (Fig. 11C).

5.4.2. BQ4 sites
At the site of BQ4, the inversion obtained from the best fit between

the measured and the calculated data is shown in Fig. 12A. Two shal-
low and one deeper water-bearing layers are indicated by the smooth
inversion method (Fig. 12B). (1) At a very shallow depth, from ap-
proximately 0.5 to 4.0 m, the water content ranges from 5.0 to
26.4%, and T2* ranges from approximately 50 to 76 ms. As the survey
was conducted immediately after the rainy season, this great water
content seems logical for layers consisting of loose Quaternary eolian
as well as sedimentary clay. Furthermore, the phenomenon may pos-
sible be correlated well with the TDEM data which indicate a relative-
ly low resistivity layer (58 Ω m). (2) A second aquifer is indicated at a
depth of approximately 7.3–9.7 m, where the water content varies
from approximately 7.8% to 13.5%, with the T2* about 55–130 ms.
he calculated smooth inversion and QT model signals. SNR denotes signal to noise ratio;
M inversion result at the MRS sounding sites. (C) QT inversion results and the nearby



62 J. Lin et al. / Journal of Applied Geophysics 91 (2013) 49–65
This aquifer may be hosted in a coarse sand and sandstone with refer-
ence to the borehole data. For the TDEM model, this layer exhibits a
resistivity of 76 Ω m, indicating a less conductive than that at shallow
depths. (3) At depths from approximately 13.5 to 100.0 m, the water
content varies from 4.6 to 21.0% whereas the decay time changes
from 70 to 230 ms. Although the smooth and blocky inversions do
not consider the deep aquifer separately, the longer decay time and
water content may suggest a high content of coarse sand as well as
gravel deposit. In comparison, this thin impermeable layer of clay at
60.7 to 65.2 m is correctly estimated by the QT inversion. As shown
in Fig. 12C, the decay time of the different substructures exhibits dif-
ferent relaxation behaviors. Therefore, the layers from the top to the
Fig. 13. A) Free water content, decay time and TEM models from MRS testing site 44, site BQ
content [%] plotted on the geology.
bottom show general trend of increasing decay time, most likely
due to the coarser materials.

5.5. Identification and characterization of geological structures

Based on the above analysis, the geological cross sections deter-
mined along SL01 and SL04 in this area show the extension of the
Bahuayan unit K1b, and the Neogene formation in W–E directions (as
shown in Fig. 13). New wells (ZK13, ZK14, ZK23, ZK24) were drilled
by integrating the seismic data (Figs. 4 and 6) as well as MRS results
(Site 44–Site50). Inmost parts, the K1b unit holds not only coarserma-
terials such as sand and gravel, but also finer sediments such as clay
1, site 45 and site 46 in SL line 01. B) Interpolated cross-section of the MRS free water

image of Fig.�13
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and silt (ZK24). The Neogene formation N2b, on the other hand, is
mainly composed of clay and mudstone, with poor potential for
hosting an aquifer. TheMRS inversion schemeswere chosen according
to different signal-to-noise ratios. The joint inversion can correspond
well with the water content distribution when the signal-to-noise
ratio is relatively lower than 4.

In Fig. 13 (SL01 line), the cross-section with interpolated free
water content illustrates the magnitude and position of the free
water content distribution on the bottom of the N2b unit and K1b for-
mation. The clay and mudstone of the N2b unit are dominant in the
upper part and the K1b formation is the dominant stratigraphic unit
in the lower part. In Fig. 14 (SL04 line), the thickness of the N2b unit
Fig. 14. A) Free water content, decay time and TEM models from the MRS testing site 47, si
content [%] plotted over the geology.
varies from 20 m to 160 m in the western part to approximately 25
to 40 m in the eastern part. The joint inversion and QT inversion
schemes can identify one shallow aquifer in the Q4 unit and one
deeper aquifer in K1b formation. The shallow aquifer usually starts a
couple of meters below the surface with a maximum free water con-
tent of 3 to 6% down to a depth of 10 to 30 m. However, the deeper
aquifer differs from site to site. According to the borehole data, it is
located approximately 40 to 150 m in depth at the borehole site of
ZK24. T2*-values range from 180 ms to 300 ms, which correspond
to medium to coarse sands as supported by the borehole lithology.
On the other hand, in site 47, basically no deeper water is found, indi-
cating a more clayey material.
te 48, site 49 and site 50 in SL line 04. B) Interpolated cross-section of MRS free water

image of Fig.�14
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6. Discussion

A fault zone can act as an important conduit rather than as a barrier
for the groundwater flow if the following conditions are met. First, the
permeability of the fault zone must be higher than that of the host
rock. Second, the trend of the fault zone must be able to maximize
its effect on the groundwater flow, preferably parallel to the hydraulic
gradient (Babiker and Gudmundsson, 2004).

In this study, 2D seismic data allowed us to recognize and delineate
the fault layer and its extension. In combination with the borehole
data, it could reliably reveal the deep structure of the area and we
could predict the boundary between the basement rocks and the over-
lying rocks. We then proposed the conceptual model for groundwater
flow in the research area based on the effects of the major fault over
the 3Dmaps (Fig. 15).We infer that the general hydraulic gradient fol-
lows the topography so that it trends sub-parallel with themain faults
in the area. The major faults act as water conductors and transport
groundwater to the discharge area. This model updates our under-
standing of fault distribution in this area. In addition to the orientation
of F1 which can be speculated from the airborne electromagnetic, we
also predict the presence of another fault FF, where the wells BQ2 and
BQ4 are located.

The basement rocks were expected to be at a depth of 200 m at
borehole BQ1 and a depth of 240 m at borehole BQ3. The site for the
borehole BQ3 was decided upon, and drilled in 2002. However, the
low yield of BQ3 (water yield of 0.8 L/s) revealed that the identifica-
tion of the water bearing layer with the 2D seismic reflection method
poses an important problem; that is, how to generate a proper geolog-
ical model based on the correct velocity criterion. In addition to the
equivalence data for interpretation, the labor and time costs can be
significantly increased by adapting the 2D data acquisition and using
wave sources.

The TDEMmethods are very sensitive to the electrical conductivity
of the aquifer. In our study, we have successfully recovered the fault
strikes defined by the TDEM method using the apparent resistivity
and indicated the potential extension of the aquifer in this area. For
instance, with the TDEM method, borehole BQ3 was identified to
penetrate through the thin aquifer at a depth of 60–110 m, which is
the minimum depth of the water-bearing strata along line RL2. How-
ever, with the TDEM method alone, it is not possible to enhance the
resolution of the thin layers (e.g. the impermeable layer), most likely
because the objective layer is thin, compared to those above and
below. The joint inversion of the seismic and resistivity data has also
been reported in the literature (Dobroka et al., 1991). However, inher-
ent ambiguities in the interpretation persist even after the combina-
tion of the data sets.
Fig. 15. The schematic presentation of the conceptual model of groundwater flow in
the research area based on the derived geophysical models.
Although MRS could be used alone to determine the borehole
locations (Vouillamoz et al., 2002), considering the complexity of
faults, the use of several complementary geophysical techniques can
increase success rate of borehole identification (Chalikakis et al.,
2011). Therefore, we calculated the direct problem of TDEM for the
three layer parameter models (BQ2) and four layer parameter models
(BQ3 and BQ4), respectively. The MRS forward modeling for the cal-
culation of the kernel function in the three inversion schemes were
all based on the TDEM result, for the consideration of the conductive
layer space rather than the homogeneous half-space (Braun and
Yaramanci, 2011). Importantly, the blocky inversion constrained by
the TDEM geometry does not always correspond to the MRS water
content distribution, especially when the signal-to-noise ratio is low.

As the resistivities of the main water layer in the areas indicate
moderate resistivity, both the inversion models identified the shallow
and the deep aquifers and the accurate water content that is consis-
tent with the geological structures. However, these conventional
methods are impossible to enhance the resolution of the thin imper-
meable layers even being jointed used with the TDEM method. Thus,
in our case, the state of the art inversion method of MRS, the QT inver-
sion scheme was then used. It can directly provide both the water
content and the decay-time depth distributions at once. As it uses
the complete surface MRS data sets, the available information is
then extracted with increased spatial resolution. Even the thin peat
layer at approximately 4.5 m depth (BQ4) is significantly presented
by this model of inversion. Additionally, as the decay time (T2*) was
inverted by using multi-exponential fit, this inversion step is possible
to provide the pore size distributions at the same water bearing layer.
However, at noisier sites, and hence with more scattered field data, a
joint inversion of MRS and TEM is usually more easily fitted to the
data than the QT inversion.

Considering the fact that at the time of survey, only single-channel
MRS is available, the combined geophysical techniques of TDEM, seis-
mic and MRS were the best choice for water aquifer exploration, and
proved to be very successful. Moreover, multi-channel data acquisi-
tion instruments and 2D and 3D numerical approaches are now
more promising and may be better choices for hydrogeological inves-
tigations in faulted areas in the future (Jiang et al., 2011a,b; Walsh,
2008).
7. Conclusions

The physical conditions in the Baiqi, a rural area in the north of
China, with small variations in themagnetic field, lowmagnetic suscep-
tibility of the rocks and sediments and fairly low noise, make MRS a
suitable method for groundwater exploration. However, the challeng-
ing problem is to identify valuable spots within a hydrogeological
setting that is characterized by faults and fractures. Where the MRS is
relatively limited for predicting the deep aquifers (>150 m), 2D seismic
methods prove to be effective. A borehole was drilled, but it fell short of
the required water flow rates.

The TDEM sounding allows the relative accurate identification of
potential aquifers compared to using the 2D seismic alone. To further
overcome the uncertainty of the TDEM interpretation, the MRS and
TDEM together are evidenced to be useful for coupling water bearing
layer thickness, especially when the MRS signal to noise ratio is low
(Goldman et al., 1994; Legchenko et al., 2009). Moreover, the QT in-
version, which uses the resistivity in the forward modeling, and the
whole MRS data base for the inversion could help to distinguish the
shallow impermeable layer from what could have been interpreted
as water if only the smooth or block inversion had been carried out.
Borehole drilling and pumping tests indicated that the conditions
for these methods were favorable. The aquifer unit of interest was a
Cretaceous Bahuayan units, characterized by medium resistivities
and a lower velocity in comparison to the overlying rock.
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