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ABSTRACT

Hydraulic fracturing is widely used for initiating and subse-
quently propagating fractures in reservoir strata by means of a
pressurized fluid to release oil and gas or to store industry waste.
Downhole or surface microseismic monitoring is commonly
used to characterize the hydraulically induced fractures. How-
ever, in some cases, downhole microseismic monitoring can be
difficult due to the limitation imposed by boreholes. Surface mi-
croseismic monitoring often faces difficulties acquiring high
signal-to-noise ratio data because of the on-site noise from hy-
draulic fracturing process. Research and field observations in-
dicate that injecting conductive slurry or water into a strata may
generate distinct time-lapse electromagnetic anomalies between
pre- and posthydraulic fracturing. These anomalies provide a

means for characterizing the hydraulic fracturing using time-
lapse electromagnetic methods. We examined the time-lapse
variation over an hour, one day, one month, and two years of
observed audio-magnetotellurics (AMT) resistivity and the
1D and 3D AMT modeling result of the variation pre- and post-
hydraulic fracturing. There is also a successful case history of
applying the time-lapse AMT to map hydraulic fractures. Ob-
served data indicate that the variation of AMT resistivity is nor-
mally less than 6% apart from the data of the dead band and
some noisy data. Modeling results show the variation pre-
and posthydraulic fracturing is larger than 30% at the frequency
point lower than 100 Hz. The case history indicates that time-
lapse magnetotelluric monitoring may form a new way to char-
acterize the hydraulic fracture.

INTRODUCTION

Hydraulic fracturing is one of the basic methods that is com-
monly used to enhance productivity in hydrocarbon and geothermal
reservoirs, or as a tool for disposal of oilfield waste (e.g., Wong and
Farmer, 1973; Stow and Haase, 1986; Stanchits et al., 2011).
Experiences in unconventional gas development and conventional
oil and gas production show that hydraulic fracturing is almost al-
ways necessary to make the resource extraction profitable (e.g.,
Kent and Lee, 2007; Arthur et al., 2008). The research on charac-
terizing hydraulic fractures has mostly focused on surface and
downhole microseismic (e.g., Maxwell, 2010, 2011; Song et al.,
2010), vertical seismic profiling (e.g., Willis, 2007) and downhole
and surface tiltmeter techniques (e.g., Warpinskil et al., 1997; Saleh
and Blum, 2005). Microseismic imaging has proven valuable in

visualizing the geometry of hydraulic fractures (Maxwell, 2011).
In some cases, however, downhole monitoring cannot be conducted
due to the limitations imposed by boreholes. During surface micro-
seismic monitoring, is it somewhat difficult to acquire high signal-
to-noise ratio data because of the ambient noise from the hydraulic
fracturing process. In other cases, microseismic monitoring has pro-
ven difficult because of a high level of background microearth-
quakes. Hydraulic fracturing mapping in these cases calls for
other monitoring methods.
Recent research has discovered that fracture of quartz-bearing

rocks and other hard piezoelectric materials, such as coal-rock
bodies or shale, is associated with radio frequency electromagnetic
(EM) emissions (e.g., Nitsan, 1977; Steven et al., 1995; Frid et al.,
2003; Frid and Vozoff, 2005; Cuevas et al., 2009; Nie et al., 2009).
Recent studies also indicate that the injection of cold water into a
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hydrocarbon reservoir may generate self-potential anomalies and
natural seismicity may induce a seismoelectromagnetic signal as
a result of the electrokinetic effect (e.g., Hunt, 2007; Murtaza
Gulamali, 2011). Orange et al. (2009) discuss the feasibility of re-
servoir monitoring using time-lapse marine CSEM with 2D reser-
voir-depletion modeling; they find there could be a measurable
changes in a CSEM response if 10% of a resistive hydrocarbon re-
servoir is replaced by conductive pore fluids. Wang et al. (1991) use
a borehole-to-surface electrical resistivity method to map the resis-
tivity difference before and after a hydraulic fracturing treatment

was performed with a conductive fluid. Wilt and Morea (2004)
carry out crosshole EM mapping of the resistivity variation before
and after hydraulic fracturing; the result indicated that resistivity
difference is as high as 38%. Laboratory resistivity measurement
shows that, if the injected slurry used in hydraulic fracturing fea-
tures has a low resistivity, it might directly generate measurable sur-
face resistivity anomalies. All of these studies suggest that the
requisite conditions exist for characterizing the hydraulic fracturing
using time-lapse electromagnetic methods. The audio-magnetotel-
luric (AMT) method, which was developed from the conventional

magnetotelluric method, has recently seen wide-
spread applications in engineering, groundwater,
environmental, petroleum, mining, and geotech-
nical explorations (e.g., Sheard et al., 2005; Rajib
et al., 2010; Chalikakis et al., 2011). AMT has
proven to be a method that can detect changes
in the electrical resistivity and consequently to
be useful for time-lapse monitoring (e.g., Falgas
et al., 2006).
In this paper, we explore hydraulic fracturing

monitoring using time-lapse audio-magnetotellu-
rics. The work is based on an AMT monitoring
operation at a test area in southwest China. We
first discuss the predictions of the time-lapse
AMT application; the expected temporal varia-
tions of the observed AMT apparent resistivity
with and without stimulation. Then we show
the laboratory resistivity measurements involving
the injected slurry used in hydraulic fracturing,
and discuss the 1D and 3D modeling to estimate
the observed apparent resistivity variations on the
surface before and after hydraulic fracture. Final-
ly, we review the field operations and discuss the
result of a case study of using time-lapse AMT
monitoring for hydraulic fracture.

NATURAL TIME VARIATION OF
AMT APPARENT RESISTIVITIES

AMT data are sensitive to the subsurface resis-
tivity according to the fundamental Tikhonov-
Cagniard (T-C) model. The fundamental MT as-
sumption is that the EM field, due to external
sources at Earth’s surface, behaves as a plane
wave. The two horizontal components of the
electric field are linearly related to the two hor-
izontal magnetic field components. The propor-
tionality between the E and H fields on the
surface depends on the distribution of the electri-
cal resistivity in the subsurface (Eisel and Egbert,
2001). When there is no variation with time in
subsurface geoelectrical structures, the observed
AMT apparent resistivities should remain con-
stant. In practice, the observed apparent resistiv-
ities do change slightly over time. Eisel and
Egbert (2001) study the temporal variation of
magnetotelluric transfer functions estimated at
two MT stations in central California over a per-
iod of two years. Their results indicate daily var-
iation from 2% to 5% at periods of 10–1000 s.
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Figure 1. Hourly, daily, monthly, and yearly variation of AMT observed apparent re-
sistivity. (a) The comparison result with a time lapse of one hour, (b) is that of one day,
(c) has a time lapse of one month, (d) is a yearly result with a duration of more than two
years, and (e) is a scatter diagram of the relative rho variation.

WB120 He et al.



Hanekop and Simpson (2006), using data from a control site situ-
ated on a stable craton in central Australia to study the stability of
MT transfer functions, found apparent-resistivity variations of ∼3%
(for periods ∼100 s over 24–48 h intervals). Chiang et al. (2008)
used AMT data from Taiwan’s Chelungpu fault, and they have ob-
served a maximum time variation of 43% in apparent resistivity and
18° in phase between 2004 and 2005. These early research results
provide us with the expected range of time-lapse AMT responses
due to naturally occurring phenomena.
Given that the natural time variation is an important background

variation in time-lapse AMT monitoring of oil and gas production,
we have also carried out a similar study using field data acquired at
two stations located in China, and another station located in Pest,
Hungary. Yearly time-lapse data were extracted from measurements
at the two projects. Both projects have a duration of 22 months.
Monthly time-lapse data were extracted from a reference station
in Pest because no monthly repeat observations were performed
at any one of the regular stations of that project. The monthly data
are in a higher-frequency portion of the MT spectrum. Unlike AMT,
the frequency ranges from 0.1 to 97 Hz. The relative apparent re-
sistivity variation is quantified by the following relative change

δ ¼ 1 −
ρa1
ρa2

; (1)

where δ is the relative change, and ρa1 and ρa2 are the apparent
resistivities at two different times t 1 and t 2.
The results are shown in Figure 1. Figure 1c is the data from Pest.

Figure 1a, 1b, and 1d is the data from China. The apparent resis-
tivity curves acquired at different times have a similar shape. The
normal variation at all periods is <6% (Figure 1e), except the dead
band where noise dominates. The high repeatability indicates that
the observed AMTapparent resistivity is generally stationary above
the 6% threshold, except in some cases where it is higher because of
the natural seismicity. That AMT can be used for time-lapse mon-
itoring. The observed variation with time also sets a lower limit of
detectability in time-lapse monitoring. Furthermore, the dead-band
AMT frequencies between 1 and 5 kHz, in which the natural energy
source has a signal minimum (Garcia and Jones, 2005), should not
be used in AMT time-lapse monitoring.

LABORATORY RESISTIVITY MEASUREMENT

To analyze the resistivity variation of the hydraulic fracture in-
jected with slurry composed of water and cement, a test block has
been made for laboratory resistivity measurements. The test block is
5 cm in height, 10 cm in length, and 10 cm in width. A polymethyl
methacrylate box was used to contain the solidification. A DC re-
sistivity pole-pole array (Figure 2a) was used to measure the wet
slurry and a DC Schlumberger array (Figure 2b) was used to test
the solidified block. We preferred the Schlumberger array, but were
unable to set it up for the wet slurry before solidification. For that
reason, the first set of measurements was taken using the pole-pole
array. Figure 2c shows the results. The measured resistivity of the
test block was <1 ohm-m in the first three days and then increased.
The resistivity of the block reached 40 ohm-m after 40 days later,
and further increased to 840 ohm-m after 90 days. The resistivity
value eventually reached 4900 ohm-m after solidification. The re-
sults show that the injected slurry appears as a low resistivity fluid at
the beginning of the hydraulic fracture process, but turns into a

highly resistive solid after several months. Dehydration of the slurry
would have contributed to the resistivity changes while it transi-
tioned from watery slurry to dry cement. The mineralized water
dominates the resistivity of the conductive wet block, whereas
the solid matrix of the cement dominates that of the resistant dry
block. These laboratory measurements provide important informa-
tion to interpret AMT monitoring data in operations. Any previous
injection would remain as a resistive anomaly, but the newly in-
jected slurry would reduce the observed apparent resistivities on
the surface shortly after the hydraulic fracture. This is possible
in tight shale, because groundwater does not come into contact with
the slurry. The water in the slurry returns to the surface during the
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Figure 2. Laboratory resistivity measurement of the test block.
(a and b) The sketch map for measuring the resistivity of wet
and solidified slurry, and (c) is the measured result.
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slurry solidification after a pressure relief valve is opened. We have
carried out numerical modeling based on this conceptual model and
the associated resistivity measurements in the laboratory.

NUMERICAL MODELING

We have performed 1D and 3D modeling to examine the ex-
pected surface apparent resistivity difference before and after hy-
draulic fracturing. The 1D geoelectrical model we use is based
on the assumption that the previous hydraulic fracturing has been
carried out and the slurry is in the state of consolidation with as high
a resistivity as 2000 ohm-m and a thickness of 30 m. The injected
slurry is assumed to have a resistivity of 0.5 ohm-m and a thickness
of 2 m. The resistivity depth-profile of the host rock is listed in
Table 1. The depth to the top of the slurry is set at 360 m. We have
constructed four 3D models. Model-1 simulates the prehydrofrac-
turing case in which no conductive layer is injected. Model-2 has an
injected conductive zone of 300 × 300 × 2 m with a resistivity of
0.5 ohm-m. Model-3 increases the thickness of the 0.5 ohm-m con-
ductive zone to 18 m, whereas model-4 enlarges the width of the
2 m thick slurry zone to 900 m in both horizontal directions. The

finite difference algorithm of Mackie et al.,
(1993, 1994) was used for 3D EM modeling.
Figure 3 shows the 1D modeling result and
the resistivity variation before and after hydraulic
fracturing. The relative variation is >30% at the
frequencies <100 HZ. The results also show a
maximum phase change of almost 20° at frequen-
cies ∼100 HZ. Figure 4 shows the 3D modeling
results. If the slurry extent is 300 × 300 m, the
surface observed apparent-resistivity variation is
low (model-2). The simulation shows that addi-
tional injections up to nine times in volume
(model-3 and model-4) yield greater variation.
The results also indicate that surface AMTobser-
vations are more sensitive to the horizontal extent
of the slurry than to its vertical thickness. That is,
surface AMT is more sensitive to horizontal con-
ductive plate-like fractures than to vertical frac-
tures. This is an expected result because the
direction of induced electric current flow is pre-
dominantly horizontal, and hence a horizontal
conductive slab should generate stronger re-
sponses.

FIELD TEST

To evaluate the feasibility of using time-lapse
AMT to monitor hydraulic fracturing, we have
conducted a field test in southwest China. The
fracture depth in the borehole at which the frac-
turing is performed is ∼360 m. Several hydraulic
fracturing tests have been made over the past sev-
eral years. A second objective of the AMT mon-
itoring is to delineate the boundaries of the
injected slurry.

Geologic background

The geology in the test area consists pri-
marily of the following major units: (1) black
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Figure 3. The 1D model and the modeling result. (a) The 1D model. The injected layer
is buried about 360 m, the thickness of the solidification slurry layer is 30 m with a
resistivity of 2000 ohm-m, the injected slurry is 2 m with 2000 ohm-m prehydrofracture
(model-1) and 0.5 ohm-m posthydrofracture (model-2). (b) The apparent resistivity
comparison of modeling result of model-1 and model-2. (c) The phase comparison re-
sult, and (d) the variation pre- and posthydraulic fracture.

Table 1. Parameters of 1D and 3D models.

No. Depth (m) Thickness (m)
Mod 1D ρ
(Ohm-m)

Mod 3D ρ
(Ohm-m)

1 10 10 100 100

2 100 90 100 100

3 240 140 250 250

4 360 120 250 250

5 362 2 2000/0.5 2000/0.5

6 392 30 2000 2000

7 432 40 250 250

8 472 40 250 250

9 552 80 250 250

10 500 500
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Ordovician laminar calcic sandstone and argillaceous limestone; (2)
Silurian green limestone, argillaceous shale, and silty mudstone; (3)
Devonian fine-grained quartzose sandstone, siltstone, and dolo-
mite limestone; (4) Carboniferous ivory dolomite limestone and
wine arenaceous shale and (5) Quaternary pebbles, fractured sand-
stone, gravel, and clay. The major stratum in the area is the top
three segments (S11−3) Silurian Longmaxi Series. According to
well log data, the lithology of the strata consist of argillaceous
shales and argillaceous aleurolites. Core sample measurements
indicate that the host rock has moderate resistivity values of
∼100 ohm-m.

Data acquisition and processing

We performed 34 AMT soundings along four survey lines in the
test area (Figure 5). Additionally, we laid out one site that was used
as a remote reference that is located 6 km from the test area. Each
site was occupied twice, once before hydraulic fracturing and once
afterward. The time interval between the two observations is 3–6
days, and each survey was completed within three days (time span
from the first to the last of the measurements at the 34 sites). Four
sets of the MTU-5A instrumentation (Canada Phoenix Geophysics,
with frequencies 12.5 Hz–12.5 kHz) were used for the data
acquisition.
The recorded orthogonal components of the electromagnetic field

were processed to determine the tensor impedance. Two pairs of
nonpolarizing electrodes with a separation of 8–20 m were used
to measure the electric field components, and two high-sensitivity
magnetic coils were used to measure the horizontal magnetic field
components. The time-domain measurements of the electric and
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magnetic fields were converted to the frequency domain by Fourier
transformation. The magnetotelluric amplitude and phase were
calculated by estimating the transfer function from the converted
measurements in the frequency domain. A calibration procedure
was adopted to remove the instrument response. The horizontal
electric fields (Ex, Ey) and the horizontal magnetic (Hx, Hy)
field were transformed into the 2 × 2 magnetotelluric impedance
tensor Z by using the V5-ROBUST MT and AMT data processing
programs (version 3.0, http://www.phoenix-geophysics.com/
Support/userguides). Most of the sounding sites contained high-
quality data because there was little high-frequency noise in the
area. Static shift correction has been applied for some stations using

curve-shifting method (Beamish and Travassos, 1992) as shown in
Figure 6b and 6e.

Analysis and discussion

The data analysis is based on detecting the difference in the ap-
parent resistivities measured before and after hydraulic fracturing.
According to the modeling results, there should be measurable dif-
ferences in the raw field resistivity curves, so we analyzed these data
first. Among the data from the 34 sites, there were significant
changes (>200%) at six sites (1005, 1006, 3001, 3002, 2001,
2002), moderate changes (50 ∼ 200%) at five sites (1007, 1008,

2003, 2004, 1009), and little or no change
(< 50%) at the remaining sites. The locations
of these sites are shown in Figure 5.
Figure 7a–7c shows the AMT apparent resis-

tivity and its time variation at frequency 32.5 Hz:
(a) is the apparent resistivity contour map before
the hydraulic fracturing (b) is after the hydraulic
fracturing, and (c) shows the relative change.
There are two resistive anomalies prior to the
fracturing (Figure 7a). One is centered on station
1006 and the other is centered on station 3001.
The resistive zone around site 1006 might reflect
the solidification of the injected slurry during a
previous stage. The resistive body around site
3001 might reflect the solidification of the in-
jected slurry in the current stage, because the
fracture crack in the borehole is aligned south-
west, and it is reasonable that the area of major
solidification stays around site 3001. Figure 6b
shows the apparent resistivity after the hydraulic
fracturing survey. The apparent resistivity is
lower overall than it was from the prehydraulic
fracturing survey. Figure 7c is the contour map
of the apparent resistivity change between pre-
and posthydraulic fracturing surveys. The rela-
tive change δ ¼ 0 if there is no change in resis-
tivity; if δ > 0, the resistivity has increased after
hydraulic fracturing. A change δ < 0 is inter-
preted to be a change due to the fracturing and
the presence of injected slurry.
Two areas in Figure 7c exhibit great apparent

resistivity changes (>100%), one is near sites
1005 to 1006, and the other is near sites 3001
and 2002. Figure 7d–7f shows the result at fre-
quency 22.5 Hz. Similar features are observed as
at 32.5 Hz, except that the apparent resistivity
change is greater near sites 3001 and 2001.
Figure 7h and 7i shows the changes at 168.7 and
65 Hz; although there are some variations at
65 Hz, only minor variation occurs at 168.7 Hz.
Given the maximum time lapsed between the sur-
veys is only six days, and the area is close to the
fracture center as shown in Figure 5, one explana-
tion for the cause of the change is the injected pre-
sence of the slurry and the damage it caused to the
host rock. It is difficult to judge whether the
changes near site 1005 and 1006 are caused
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Figure 7. AMT mapping result of the test working area. (a) The prehydraulic fracturing apparent resistivity contour map at frequency 32.5 Hz;
(b) is the posthydraulic fracturing apparent resistivity contour map; (c) is the variation (δ ¼ 1 − ρpre

ρpost
) imaging pre- and posthydraulic fracturing;

(d-f) show a corresponding result of 22.5 Hz; (g and h) show a variation of 65 and 168.7 Hz

Hydraulic fracturing monitoring using AMT WB125



entirely by the fracturing, but there seems to be a strong correlation
with the hydraulic fracturing. The nearby sites 1002 to 1004 do not
show significant changes, so the noise interference can be excluded
as an explanation. Therefore, we conclude that our field test has de-
tected significant resistivity changes well above the level of natural
variations after the hydraulic fracturing.

CONCLUSIONS

We have carried out a feasibility study on using AMT to monitor
hydraulic fracturing based on laboratory sample measurements, nu-
merical simulations, and a field test with a large number of survey
stations. The laboratory resistivity measurements show that the in-
jected slurry has a low resistivity increasing to a much higher re-
sistivity after solidification. Time-lapse AMT apparent resistivities
under natural conditions exhibit a normal resistivity change of <6%.
Meanwhile, 1D and 3D numerical modeling based on the laboratory
resistivity measurements and realistic geoelectric models yield
changes before and after hydraulic fracture as large as 30%. Based
on these findings, we surmise that time-lapse AMT could be used
for monitoring and characterizing hydraulic fracturing. We have
conducted a field test in which AMT data were acquired at 34 sta-
tions before and after a hydraulic fracturing event. The data show
that AMT can delineate the boundary of previous injections of slur-
ry, which are characterized by a high resistivity. Furthermore, the
time-lapse data clearly exhibit significant decreases in the measured
apparent resistivities after the injection of conductive slurry during
the fracturing process. Thus, we conclude that time-lapse AMT
could be a new means to monitor and map hydraulic fractures.
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