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Abstract
A strategy to quantitatively evaluate the water content of aquifers was developed using transient electromagnetic (TEM) 
geo-electrical data and a database of generalized specific capacities obtained by pumping tests. Through regression analysis, 
a local (site-dependent) relationship was established between the generalized specific capacity and the aquifer’s average 
resistivity. According to the relationship, the quasi-generalized specific capacity can be obtained using TEM data from across 
the entire survey area. The methodology was tested in a thick composite coal seam aquifer system with abundant water. By 
using the generalized specific capacities of 11 pumping wells and the average resistivities derived from TEM, a negative 
power function was established between the aquifer water volume and the area’s resistivity. Using the quasi-generalized 
specific capacity provided a clearer understanding.
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Introduction

The average mining depth of the main state-owned coal 
mines in northern China exceeds 650 m (Peng 2008). These 
mines are not only threatened by the water in the shallow 
aquifers and goaf of the upper group coal seams, but are 
also seriously threatened by Ordovician, high-pressure karst 
water (Hu et al. 2010; Wu et al. 2013). With the increasing 
depth of coal mining in China, the difficulties involved in 

preventing and mitigating water-related disasters continues 
to be augmented.

There are many reasons for mine water accidents, but 
most are related to the abundant water in the goaf or aquifers 
(Bukowski 2011; Dong et al. 2007; Islam et al. 2005). With 
current geophysical technology, the spatial distributions of 
the water-enriched zone can be effectively detected (Jiang 
et al. 2007; Li et al. 2015; Xue et al. 2015), so we can con-
trol the water damage by drainage in advance. However, the 
faults and fissures generated during the mining processes 
frequently result in inrushes (Ma et al. 2000; Wu et al. 2013). 
It is therefore very important to precisely identify the water 
volumes of the aquifers located above and below the coal 
seams as a first step in preventing and controlling water 
damage.

Information related to the water abundance of aquifers 
is usually obtained from pumping test experiments (Bear 
1988). Then, using data from the pumping tests, the specific 
capacities can calculated, which will quantitatively indicate 
the yield capacity of the aquifers (Hantush 1960, 1967). 
However, the hydrogeological data are often poorly distrib-
uted due to the high cost of pumping tests. Also, additional 
boreholes add potential underground watercourses, and 
increase the risk of water inrushes to the subsequent coal-
mining processes (Wu et al. 2013). Most importantly, the 
regional hydrogeological parameters obtained by pumping 
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tests are usually only average values. However, due to the 
heterogeneity of porous media, the mean values cannot 
reflect spatial variability (Lu 2015).The use of geophysical 
methods to obtain hydrogeological parameters will indirectly 
solve this problem, to some extent (Cassiani et al. 1997; 
Kelly 1977; Kelly et al. 1984; Niwas et al. 2011Ikard et al. 
2016).

The transient electromagnetic (TEM) method is a geo-
physical exploration technique that is economical, efficient, 
and sensitive to low-resistivity bodies (Christensen et al. 
1998). It has played an important role in hydrogeological 
prospecting (Robinson et al. 2008), as well as in preventing 
coal mine water damage (Liu et al. 2005; Hatherly 2013; 
Chang et al. 2017; Xue et al. 2018) over the last several dec-
ades. However, in the present study, based on the measured 
apparent resistivity values, the range and water volume of 
the aquifers (Goldman et al. 1994; Sumanovac et al. 2001), 
along with the spatial location of the water-containing goaf 
(Li et al. 2015; Xue et al. 2015), were only qualitatively 
obtained.

Scientists have been interested in the quantitative rela-
tionships between water volume and the electrical param-
eters (Danielsen et al. 2003; Yang et al. 2017). For example, 
Liu et al. (2010) established a physical experimental model 
to measure geoelectric parameters using a parallel electri-
cal instrument. The results showed that apparent resistivity 
decreased with a negative power function when the water 
volume increased. By analyzing the relationship between the 
primary field current and water injection in the physical model, 
Liu et al. (2013) concluded that there was a positive corre-
lation between the primary field current and the water yield 
of the detection area. However, most of the previous studies 
used very simple assumptions (a point flow source or sink in 
a uniform half-space), and the methods could not work well 
in actual in situ conditions. Therefore, additional methods and 
field measurements were needed to further develop these ideas.

In this study, we developed a quantitative method to evalu-
ate the water content of aquifers using TEM data and quasi-
generalized specific capacity. A formula of generalized spe-
cific capacity was deduced for a confined aquifer, and average 
resistivity was used to delineate the electrical characteristics 
of a confined aquifer. The new method was tested in a region 
of Inner Mongolia, where the hydrogeological and geophysical 
characteristics of the study area were analyzed in detail. The 
results of the new method were compared with those obtained 
using traditional methods. Finer quantitative information 
regarding the aquifer’s water volume were obtained using the 
quasi-generalized specific capacities.

Methodology

Determination of the Yield Capacity of a Confined 
Aquifer

There are many types of aquifers with different character-
istics. This study only deals with confined aquifers (Fig. 1). 
Groundwater flow can be described using the Theis formula 
(Domenico and Schwartz 1997), which does not theoretically 
create a steady flow. Therefore, if there is a stable period dur-
ing a pumping test, it may have been caused by the water level 
slowly declining. This phenomenon can be expressed in the 
rate of the water level decline in the pumping well (Chen 1999) 
as follows:

where: sw is drawdown (m); Q is discharge (m3/day); T is 
transmissibility (m2/day); t is time (day); �∗ is water storage 
coefficient; and rw represents the radius of the pumping well 
(m). Since rw is generally small, the conditions required for 
the above approximation are easily satisfied, as long as the 
pumping time is long enough. If a critical rate is used as 
a criterion for “stability” in the observational process, the 
critical time t� (Chen 1999) is:

Specific capacity is obtained from a single well pumping 
test and can be used to evaluate the yield capacities of aqui-
fers (Bear 1988; Samuel et al. 2003; Singh 2008). Specific 
capacity is defined as Q/Dh, where Q is the pumping rate 
and Dh is the drawdown. However, the direct observation 
of drawdown in pumping wells is a composite reflection, so 
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Fig. 1   Confined aquifer model
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it is necessary to correct for the effect of well loss. Moreo-
ver, in order to facilitate comparison and analysis, a unified 
standard is needed to adopt to determine the water content of 
an aquifer, so it is necessary to convert diameter into a fixed 
value, especially when the difference of diameter between 
pumping wells is large (Zhou 2017). Therefore, scholars 
have extended this concept and proposed calculation meth-
ods for different hydrogeological conditions (Chen 1999; 
Priebe et al. 2018; Zhang et al. 2014), which is referred to 
here as the generalized specific capacity. In this study, a 
drawdown of 10 m in a borehole with a diameter of 91 mm 
was selected as a unified standard. The calculation formula 
for the generalized specific capacity of a confined aquifer 
(derivation shown in Chen 1999) is:

where Q91 = Qh

(
lgRh−lg rh

lgR91−lg r91

)
 , Q91 , R91 , and r91 are the water 

inflow, impact radius, and drilling radius of a well with a 
radius of 91 mm, respectively; and Qh , Rh , and rh are the 
water inflow, impact radius, and drilling radius of a well with 
the radius of r, respectively.

Electrical Characteristics of an Aquifer

According to the equivalent resistivity approximation theory, 
most rock can be considered to consist of uniformly con-
nected cement and mineral grains with different shapes and 
pores (Waxman et al. 1968). The pores of rock in aquifers 
are filled with water. When the current flows through a rock 
mass, the difficulty with which ions flow through the rock 
pore system is known as the resistivity of the rock mass 
(Clavier et al. 1984). According to the classic Archie for-
mula (Archie 1942):

where: �t is the resistivity of the rock; � is the porosity; Sw is 
the water saturation; �w is the resistivity of the pore water; and 
m and n are the cementation and saturation indexes, respec-
tively. In confined aquifers, the rock pores become filled with 
water; therefore Sw = 1 . The values for m and n can be 
obtained from experimental data. In research studies, in order 
to examine hydrogeological conditions on a large scale, �w is 
often assumed to be a constant (Kafri 2005). In this study, �w 
was assumed to be an approximate invariant. Therefore, in 
accordance with Formula 4, it was assumed that: �w

Sn
w

= A , 
where A is a constant:
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An approximate relationship between �t and �m was 
obtained. Then, using Formula (5), it was determined that the 
rock’s porosity was inversely proportional to the bulk resistiv-
ity of the confined aquifer. That is to say, when porosity was 
small, the water content in the rock was low, resulting in high 
resistivity.

The electrical characteristics of an aquifer can be obtained 
quickly using the TEM method (Jiang et al. 2007; Robinson 
et al. 2008; Xue et al. 2015). In this study, a primary pulsed 
electromagnetic field of a certain waveform was transmitted 
through an ungrounded loop. During the intermittent period, 
an induced secondary eddy current field was observed with a 
coil or a grounded electrode. The analytical expression of the 
induced electromotive force in the central position (Nabighian 
1988) was:

where 1

�+u
=

�

�0�s
−

√
(s+�2∕�0�)∕�0�

s
 and where the vacuum 

permeability, �0 , is the earth’s permeability; I represents the 
emission current; Lp is the transformation operator of Laplace; 
� denotes the conductivity; � is the integral variable; J1 is the 
first order Bessel function; and a, b are the radii of the trans-
mitting and receiving loops, respectively. For the rectangular 
loop: a =

√
A∕�.

According to Formula 6, the apparent resistivity formula 
(Li 2002) is:

where the subscript, i , of time, t , is the number of observa-
tional time channels; M is the magnetic moment of the trans-
mitter loop; and q is the effective area of the receiving coil. 
The corresponding apparent depth,h , can be calculated using 
the following equation (Spies 1989):

A confined aquifer is a layered body that has a certain thick-
ness (Fig. 1). The electrical characteristics of the aquifer can-
not be accurately defined by the apparent resistivity of a cer-
tain depth. Hence, we needed to determine the electromagnetic 
response, as well as its time, which corresponded to the depth 
and thickness of the aquifer. Therefore, the corresponding 
resistivity, �i , and depth, hi , were calculated using Formulas 
7 and 8. The average resistivity 𝜌̄ of the aquifer could then be 
determined by the following relationship:
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where i = 1, 2, ……, n; and n is the number of points to be 
calculated based on the depth and thickness of the confined 
aquifer.

Estimating the Water Volumes of an Aquifer

Based on the previous analysis, a pumping test was conducted 
to study the aquifer. The measured data after processing were 
substituted into Formula 3, and the generalized specific capaci-
ties qG were obtained, by which the water content of the aquifer 
was determined at a drilling location. A TEM survey was also 
conducted at the drilling position. Then, based on the charac-
teristics of the aquifer, the measured data after processing were 
substituted into Formula 9, and the average resistivity 𝜌̄ was 
obtained, which better reflected the electrical characteristics 
of the aquifer.

Furthermore, in order to obtain a fine estimate of the aqui-
fer’s water content, a regression analysis of the average resis-
tivity 𝜌̄ and generalized specific capacity, qG w, was performed. 
The general relational expression for the regression analysis 
was described as follows (Kumar et al. 2008):

For the set of the field data 
(
𝜌̄i, qGi

)
, i = 1, 2, ..., n , expres-

sion 11 was rewritten as:

where � is an unknown parameter vector and �i is a random 
error term that satisfies the independent and identical distribu-
tion assumption. Therefore, when the function f  was assumed 
to be continuously differentiable to � , a differential method was 
used to establish the normal equations, and � was allowed to 
reach a minimum:

Then, function Q was used to derive the parameter �j and 
make it equal to 0, and the p + 1 equation was obtained:

The least squares estimation of 𝜃̂ was the solution of 
Formula 12 (Keith 2014). Finally, the regression equation 
of 𝜌̄ and qG was obtained. The electromagnetic responses 
measured by TEM over the entire area were processed using 
the method described above in order to obtain the average 
resistivity, 𝜌̄ . Then, the average resistivity 𝜌̄ were substituted 
into regression Formula 13 to obtain the quasi-generalized 
specific capacities ⌢qG at each survey point. Finally, this study 
quantitatively and closely examined the water volumes of 

(10)y = �
(
x1, x2, ..., xm, �1, �2, ..., �i

)
+ �

(11)qGi = f
(
𝜌̄i, 𝜃

)
+ 𝜀i i = 1, 2, ..., n

(12)Q(𝜃) =

n∑

i=1

(
qGi − f

(
𝜌̄i, 𝜃

))2

(13)

𝜕Q

𝜕𝜃j

|
||||𝜃j=𝜃̂j

= −2

n∑

i=1

(
qGi − f

(
𝜌̄i, 𝜃̂

)) 𝜕f

𝜕𝜃j

|
||||𝜃j=𝜃̂j

= 0 j = 0, 1, 2, ..., p

the aquifer over the entire area using the quasi-generalized 
specific capacities ⌢qG.

Field Experiment

The methodology described in the previous section was 
applied to a real scenario (Fig. 2). The survey area was 
located in the Hailar District of Hulunbeier City, China 
(Fig. 3). The experiment consisted of a classical pumping 
test. Also, the transient electromagnetic responses at the 
ground surface were measured.

Hydrogeological Characteristics of the Region

The measurement was carried out at approximately 15 km2. 
The coal-bearing strata in the tendency direction were basi-
cally flat, and the inclination was less than 5°. According 
to the drilling data, the main mining coal seam 15-1 was 
located in the upper part of the Yimin Formation, which 
was stable and continuous. The average thickness of the 
main mining seam was 5.46 m. The upper part of the main 
coal seam had a thick confined aquifer containing sandstone 
and conglomerate. Also, the aquifuge which separated the 
aquifer from the coal was thin, and was discontinuous in the 
entire area. The hydrogeological characteristics of this area 
were analyzed as follows:

1.	 The Quaternary aquifer was mainly composed of fine 
and medium-coarse sand, and gravel, which contained 
less water (Fig. 4).

2.	 The Quaternary aquifuge mainly consisted of discon-
tinuous clay, silty clay, calcareous clay, and other com-
ponents. The average thickness was 10.75 m. The middle 
part of the Quaternary aquifuge was thick (Fig. 4).

3.	 The upper aquifer was the primarily aquifer, which was 
distributed from the bottom of the Quaternary to the 
15-1 coal roof (Fig. 4). The aquifer in the central north 
section was thick, and was observed to be thin in the 

Drilling data Logging data

Analysis 
Hydrogeolog - geophysics model

TEM data close to borehole Pumping test data
regression analysis

Regression equation

All TEM data in survey area

Quantitative Estimation of Water  Richness of aquifer

generalization

Fig. 2   Flow chart of quantitative estimation of water volumes of aqui-
fers
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southeast and southwest sections (Supplemental Fig. 1). 
The groundwater flow direction was generally from east 
to west. The west and northwest sections were the main 
discharge zones (Supplemental Fig. 2). By observing the 
core, it was found that the northwest aquifer was thick, 
and the lithology was dominated by mainly sandstone 
and conglomerate. Moreover, the cement was found 
to be loose, with large porosity, and the permeability 
was determined to be good. However, the aquifer in the 
southeastern part was thin, and the lithology was domi-
nated by sandstone, with fewer conglomerates observed. 

The porosity and permeability were determined to be 
moderate (Supplemental Fig. 3).

4.	 The coal seam roof aquifuge did not exist throughout 
the entire study area. It was found to be widespread in 
the southeast and southern sections, and thinner in the 
northwest section (Fig. 4).

Therefore, by the above analysis, it was determined 
that the upper aquifer was thick, and had abundant water. 
The upper aquifer received recharge from the Quaternary 
aquifer. Furthermore, the coal seam roof aquifuge was not 
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continuous. Therefore, the 15-1 coal seam was seriously 
affected by the water volume of the upper aquifer. Also, 
since the study area was large, the TEM method was deter-
mined to be a good choice for accurately studying the char-
acteristics of the aquifer water content in the study region.

Geophysical Characteristics of the Region

As can be seen in Table 1, the resistivity of the rock was 
obviously variable in the study area, and the coal seam had 
a high resistance value. Also, the formation water greatly 
influenced the overall resistivity response of the rock. 
Therefore, TEM was used to analyze and evaluate the water 
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content of the formation. Then, by using a comprehensive 
analysis of the hydrogeological conditions and logging data, 
a summarized hydrogeological and geophysical model of the 
region was constructed (Fig. 4).

Description of the Experiment

Due to the large scope of the study area, the electromagnetic 
response and specific capacity were measured at 11 evenly 
drilled boreholes distributed throughout the area (Fig. 3), 
rather than at just one location. Then, pumping tests were 
conducted in order to obtain specific capacity data in each 
borehole to accurately and quantitatively estimate the aqui-
fer’s water content.

This study used a Phoenix V8 multi-function electromag-
netism system (Canada), with a total of 121 lines arranged 
along a north–south direction. The exploration grid was 
40 m (line spacing) × 20 m (dot pitch). The device and the 
parameters of this test are shown in Table 2. The vertical 
inductive voltage was measured using a magnetic probe, 
which effectively covered a receiving area of 1000 m2.

Results and Discussion

Analysis of the Pumping Test Results

According to China’s Coal Field Hydrogeological Norms, an 
area in which the specific capacity is greater than 1 L/(s·m) 
has strong water abundance and is prone to flooding acci-
dents. Therefore, it is necessary to carry out drainage work 
in advance. We obtained the generalized specific capacities 
(Table 3) of the study area by analyzing and processing the 
hydrological borehole pumping data (Chen 1999; Jiao 2006). 
Then, a contour map of the generalized specific capacities of 
the entire study area was completed by interpolation (Fig. 5).

The water abundance of the upper aquifer in the study 
area was unevenly distributed (Fig. 5). The water volume 
was strongest in the middle section, and the generalized spe-
cific capacity was ≈ 1.6 L/(s·m). Also, the aquifer’s water 

content was observed to gradually decrease in the surround-
ing area and was weakest in the eastern section, where the 
specific capacity was below 1 L/(s·m), and the risk of water 
damage was relatively low. However, the specific capacities 
were more than 1 L/(s·m) in the other three directions, which 
also had high water content.

Given the large scope of the study area, there was rela-
tively little pumping test data, and the regional hydrogeolog-
ical parameters were usually only averaged values (estimated 
by interpolation). However, due to the complex hydrogeo-
logical conditions of the study area, the mean values could 
not reflect local variability.

Analysis of the TEM Results

When using TEM to study the water content of an aquifer, a 
resistivity contour map is usually used for qualitative judg-
ments (Jiang et al. 2007; Xue et al. 2015). Therefore, using 
the measured data, we compared the results using the new, 
proposed method with the more traditional method. Also, a 
depth of − 150 m was selected, based on the hydrogeologi-
cal features of this area (Supplemental Fig. 3), to illustrate 
the resistivity results. At that depth (Fig. 6), it can be seen 
that the resistivity varies greatly, and a clear partition is evi-
dent. The resistivity in the central part of the study area 
was observed to be high. Therefore, by selecting a resistiv-
ity of less than 25 Ω m as a division standard, there were 

Table 1   statistics of apparent resistivity of rocks in the area

Lithology Average apparent 
resistivity (Ω m)

Clay 13
Mudstone 22
Siltstone 35
Fine sandstone 25
Coal 65
Coarse sandstone 74
Conglomerate 78

Table 2   Measurements datasheets of TEM

Category Selected parameters

Measuring device Fixed loop
Transmitter wireframe (m) 360 × 360
Transmission frequency (Hz) 5
Supply current (A) 10 ± 0.5
Observation time (min) 2 ~ 3
Receiving window (ms) 0.1–47.5

Table 3   Pumping test results table for the upper aquifer

The specific capacity has been converted into a unified standard data 
of 91 mm diameter

Number Generalized specific 
capacity
qG [l/(s m)]

Number Generalized 
specific capac-
ity
qG [l/(s m)]

zk-1 1.42 zk-23 1.55
zk-2 1.45 zk-25 1.65
zk-7 1.35 zk-33 1.61
zk-8 0.73 zk-34 0.94
zk-10 1.62 zk-35 1.42
zk-21 1.61
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three obvious low resistance zones observed in the eastern, 
middle-northern, and southwest sections. Also, these three 
areas were determined to be strong water content areas, 
when judged only by the resistivity contour map.

When the results shown in Figs. 5 and 6 are compared, 
one can see that the water abundance obtained using the 
traditional method did not agree well with the pumping 
test results. This was because there were many factors that 
affects resistivity, including lithology, pore structure, and 
water content. Furthermore, the upper aquifer in the study 
area was a composite aquifer, and the distribution of the rock 
was not uniform. Therefore, the traditional method may have 
been biased by the resistivity contours of the depth used to 
analyze the aquifer’s water volumes.

Quantitative Estimation of the Water Volumes 
of the Aquifer for the Entire Study Area

Using the new method proposed above, the data from the 11 
boreholes were analyzed and processed, and 11 generalized 
specific capacities were obtained (Table 3). Then, by using 
the electromotive force data measured near the 11 boreholes, 
along with Formulas 7 and 8, the apparent resistivity val-
ues at the different depths of those positions were obtained. 
Through analysis of the depth and thickness of the aquifer at 
each location (using the drilling data), and substituting the 
apparent resistivity values corresponding to the depths into 
Eq. 9, the average resistivity of each location was obtained. 

Furthermore, by using regression analysis to analyze the 
11 data sets, a suitable correlation equation was acquired 
(Fig. 7). It was found that between the generalized specific 
capacity and the average resistivity, y = 1064.1x−1.92 . Also, 
the correlation coefficient was determined to be R2 = 0.919 . 
In order to quickly and accurately obtain the aquifer water 
abundance areas within the entire region, the average resis-
tivity of all the TEM measuring points that corresponded to 
the upper aquifer in the region were calculated. Then, the 
average resistivity values were substituted into the regres-
sion equation y = 1064.1x−1.92 to obtain the quasi-general-
ized specific capacity ⌢qG.

To better illustrate the feasibility and superiority of the 
new method, a contour map for the quasi-generalized spe-
cific capacity ⌢qG was constructed, and then combined with 
the contour map of the measured generalized specific capac-
ity qG (Fig. 5) for comparison (Fig. 8). The two variables 
were generally found to be consistent in reflecting the aqui-
fer’s water content. For example, in the central, western, 
and northeastern areas, the water volume of the aquifer was 
large, which had a major impact on the mining of the coal 
seams. In the eastern and southeastern parts of the survey 
area, the water-bearing capacity of the aquifer was weaker. 
Therefore, due to the large data density, the contour map of 
the quasi-generalized specific capacity ⌢qG better reflected the 
actual situation in the study area.

In Fig. 8, the closed red line marks the region in which 
the quasi-generalized specific capacity ⌢qG was less than 
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1 L/(s·m), which indicated that the area was relatively safe. 
In the middle of contour map, where qG was higher than 
1.6 L/(s·m), there were several areas with ⌢qG less than 1 L/
(s·m). Meanwhile, there were also relatively safe areas in 
the northwestern and eastern sections of the survey area. 
This showed that a more detailed water volume distribu-
tion could be obtained, along with a better understanding 
of the actual situation, when the quasi-generalized specific 
capacity ⌢qG was utilized. In this way, prior to coal mining, 

the exploration and mine dewatering could be conducted in 
a more efficient and economical manner.

Conclusions

A quantitative method to evaluate aquifer water volumes 
based on TEM was developed in this study. In view of the 
specific characteristics of confined aquifers, a formula to 
solve the generalized specific capacity in an entire area 
was proposed. Then, using TEM data, the rarely measured 
generalized specific capacities were extended into a quasi-
generalized specific capacity, by which the water volume of 
a confined aquifer could be obtained more accurately.

The proposed procedure was then applied to a coal mine 
in Inner Mongolia, where the hydrogeology is relatively 
complex. For this specific example, a simple relationship 
between the average apparent resistivity and the general-
ized specific capacity was established. However, it was 
important to adjust the predictive formula based on the 
field data for the specific site, since the valid application 
region of the equation was limited by the site’s hydro-
geological characteristics. The results using the new and 
traditional methods were compared, and better quantitative 
information regarding the water volumes of the confined 
aquifer were obtained using the quasi-generalized specific 
capacities. These will potentially be used to provide a reli-
able reference to guide underground water exploration and 
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geophysical activities during mining. At the same time, 
our test showed that the traditional method, which used a 
resistivity contour map at a certain depth to analyze the 
aquifer’s water volumes may have possibly resulted in 
erroneous judgments. Moreover, the results also provided 
a viable method for quantitatively judging the water con-
tent of aquifers using electromagnetics.

In the future, we hope to further improve the model 
relative to generalized specific capacity and apparent resis-
tivity to allow dynamic monitoring of groundwater in coal 
mines using a combination of data obtained from long-
term observations of hydrogeological boreholes and TEM.
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