Detection and Characterization of the Injection of Hydraulic Fracturing Fluid using Ground-Based
Controlled-Source Electromagnetics.
SUMMARY
A characterization of the expected response of the injection of hydraulic fracturing fluid detected using ground-based
controlled-source electromagnetics (CSEM) is presented. The
response of the injection fluid is modeled using a 3D finiteelement forward model. First, we study the strength of the
fracture signal by calculating it’s percent ratio to the transmitted signal, defined as the FvBR. The FvBR indicates we need
-120 dB of signal to noise ratio(SNR) and at least 120 dB of
dynamic range for fracture signal detection. Modeling results
are validated by comparison with field data measurements. Finally, a case study demonstrates the ability of a ground-based
CSEM system to detect changes in the subsurface due to hydraulic fluid injection and measure the extent of the fracture
fluid.

INTRODUCTION
Hydraulic fracturing allows hydrocarbon production in lowpermeability formations. Imaging the distribution of fluid during a hydraulic fracture can aid in the characterization of fracture properties such as extent of plume penetration as well as
fracture extent and symmetry. This could aid to improve the
efficiency of an operation, for example, in helping to determine ideal well spacing. Ground-based controlled-source electromagnetics (CSEM) is ideal for imaging the fluid due to its
conductive properties compared to the background.
To model the expected response measured by a CSEM system due to the injection of hydraulic fracturing fluid we apply a finite-element forward model that solves Coulomb gauge
Maxwell’s equations in the frequency domain (Badea et al.,
2001). By defining a set of known Electromagnetic (EM) primary potentials (Ap , Ψ p ) with conductivity structure σ p (r),
produced by the interaction of the transmitter and subsurface,
Maxwell’s equations are solved for the response of a secondary
set of EM potentials (As , Ψs ) with conductivity structure σ (r).
The governing Maxwell’s equations are given by,
∇2 As + iω µ0 σ (r) (As + ∇ψs ) = −iω µ0 △ σ (r) (As + ∇ψs )
(1)
∇ · [iω µ0 σ (r) (As + ∇ψs )] = −∇ · [iω µ0 △ σ (r) (As + ∇ψs )]
(2)
where △σ (r) = σ (r) − σp (r) is the difference between the
primary conductivity and secondary conductivity, ω is the frequency and µ is the magnetic permeability of free space. The
secondary set of EM potentials are found at each node by solving the finite-element system of equations using the sparse direct solver PARDISO from Intel MKL (Schenk and Gärtner,
2004). The Electric field due to the found potentials is then
given by E = iω(A + ∇ψ) where ∇ψ can be estimated using,
for example, a moving least squares interpolation.
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The skin depth of an EM signal is dependent upon the frequency of transmission and the medium through which the
signal diffuses. Therefore a system capable of transmitting a
broad band of frequencies is better able to concurrently investigate a range of depths. One such broad band transmission
method uses a pseudo-random binary sequence (PRBS) (Duncan et al., 1980; Ziolkowski et al., 2011). A PRBS is a random
binary sequence that repeats after 2n − 1 clock pulses where n
is an integer. The Fourier Transform of a PRBS has the form
shown in Fig. 1 where the maximum value of the FT has been
scaled to one and the x-axis has been scaled to the clock frequency ( fc ). The FT of a PRBS has the property that the first
zero occurs at fc and the amplitude of the FT follows the sinc2
function. The frequency spacing is given by fc / (2n − 1). Thus
a PRBS with a small frequency spacing broadcasts a large
number of frequencies at essentially equal amplitudes, especially at lower frequencies. Additionally, the autocorrelation
of a PRBS resembles an impulse with a height of 2n − 1 at a
shift equal to 0 and −1 for shifts greater than 2/ fc .
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Figure 1: Normalized amplitude of the Fourier Transform of a
PRBS as a function of relative clock frequency

MODELING
The following simulation will be compared to stage data occurring near the toe end of an injection well. Figure 2 shows the
modeling space representing the stage data area, sliced in the
x-z plane. There are two main areas of local refinement. One
square volume enclosing the surface of the transmitter/receiver
locations and the other at a depth of z = 3150m where the casing occurs. For the following discussion, we model the injection of fluid into a uniform half-space model in which the subsurface is represented using a single conductivity of 0.01 mS .
The vertical z-direction is defined as positive pointing down
into the subsurface and the transmitter, an x-directed 600m
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long grounded dipole, is positioned at the surface (z = 0) and
centered at x = 1400m.

To compare the strength of the fracture signal vs the background (primary signal), with and without the effect of the
casing, we first solve for the response of the pipe by letting
the casing define the secondary conductivity △σ . In Fig. 4 the
broadside frequency response of the pipe is shown 140m away
from the transmitter for 32 different frequency steps ranging
from 0.1Hz to 56Hz. The largest response, with an x-component
E field amplitude of about 1.51 × 10−8 Vm , was found at step
21 corresponding to a frequency of about 17.78Hz. Thus,
17.78Hz is used as the transmitter frequency for remainder of
the results in this section.

Figure 2: Model space showing local refinement for pipe casing and receiver location
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To estimate the conductivity in the model space containing the
well casing consider Fig. 3 which represents a cross section
of the pipe where one node in the modeling space is located
at each corner of the square. Let the node spacing equal X,
the conductivity of the background σ1 , the conductivity of the
pipe σ2 , and the conductivity of the injection fluid is σ3 . The
outer and inner radius of the pipe is R2 and R1 respectively.
Then the conductivity of the entire area is estimated using the
area-averaging formula,

σ = σ1



X2 −

πR22
4



X2

+ σ2

π R22 − R21
4X 2



+ σ3

πR21
4X 2

(3)

With R2 = 0.2032m, R1 = 0.1905m, X = 0.546875m, σ1 =
0.01 mS , σ2 = 7 × 106 mS , and σ3 = 1.0 mS the average conductivity equals 9.2 × 104 mS .
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Figure 4: Frequency response of the casing

To simulate the injection of hydraulic fracture fluid the secondary potentials are found for a slab at a depth of 3150m
with a width of 70m in the x-direction, length of 280m in the
y-direction, a thickness of 35m, and a conductivity of 1.0 mS .
This represents the full extent of a fracturing stage. The resulting response at the surface is shown in Fig. 5 and Fig. 6, with
and without the effect of the pipe casing, respectively. At this
frequency, the casing increases the response of the injection by
2 orders of magnitude.
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Figure 3: Estimating the conductivity for the model space containing the pipe casing
Fracture Signal versus Background
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Figure 5: Surface x-component Electric Field amplitude with
casing
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Figure 6: Surface x-component Electric Field amplitude with
no casing

The fracture versus background ratio is defined as
FvBR = 100%|

SecondaryField
|.
PrimaryField

(4)

The corresponding FvBR plots are shown in Fig. 7 and Fig. 8,
with and without the effect of the pipe casing, respectively.
Note that in Fig. 7 the Primary Field is the summation of the
field from the transmitter and the response of the pipe. At the
location of our receivers the FvBR with the casing is of order
magnitude 10−3 to 10−4 indicating the need for a monitoring
system with -120 dB of signal to noise ratio (SNR) and at least
120 dB of dynamic range.

Figure 8: FvBR with no casing

The site used for comparison is located in Karnes County,
Texas and the transmitter/receiver layout for this location is
shown in Fig. 9. The transmitter is located directly above the
lateral and a 300 meter transmitter line extends from each side
of the transmitter along the surface. Receivers approximately
60m long are arranged parallel to the transmitter line. The first
set of receivers closest to and on each side of the transmitter
line are 45 meters away. The last set of receivers on each side
of the transmitter line are located about 200m away. Data was
taken prior to the frac to compare values of the total field with
modeled data. For this observed data, at each receiver location, the data was stacked and an FFT was performed in order
to find both the real and imaginary component of Ex at 17.8Hz
and 28.2Hz.
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Figure 9: Transmitter and receiver layout for Karnes County

Figure 7: FvBR with casing
Recorded versus Modeled Signal
To verify our modeled data corresponds to recorded data we
calculated the normalized data error defined as,
NormE = 100%

ObservedData − ModeledData
.
ObservedData
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(5)

The observed data and modeled data, at each receiver location,
were normalized by their respective currents and a frequency
differencing (Maaø and Nguyen, 2010; Wirianto et al., 2011)
was performed by subtracting the real and imaginary components of Ex at 28.2Hz from their respective values at 17.8Hz.
A larger frequency, 28.2 Hz, is chosen with a skin depth above
the order of the casing depth in order to simulate an air wave
removal (Wirianto et al., 2011).Additionally the observed data
was normalized by antenna length. Then NormE was calcu-
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lated at each receiver location by comparing the frequency differenced amplitude of Ex with the corresponding value at the
closest modeling point. The location and NormE found at each
receiver position is plotted in Fig. 10 with the transmitter centered at y = 0 and running from 1100m to 1700m along the
x-axis. There is a gap in the lower left quadrant due to a house
at the field location. The average NormE for the dataset was
55.8% ± 1.45%. There are a few points with larger NormE
values which could be due to the receiver antenna not being
perfectly aligned with the transmitter and picking up some of
the Ey component. Additionally, the modeling data computes
the E-field at a single point, while the real data is an average
of about 60m (receiver antenna length) of E-field.
25
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23c as well as near 35c and 36c. Then, Fig. 12 displays the
cumulative secondary response at time step 200 at the very
end of the frac, representing the total extent of the fluid. In this
case the extent of most of the fluid is about 60 meters north
of the stage location near receiver 23b and 30 meters south of
the stage location near receiver 35c. Additionally there seems
to be a larger concentration of fluid to the right of the stage
location near the toe end. This may be due to the geology of
the location or that this stage occurred at the end of the lateral.
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Figure 11: Hydraulic fracture monitoring: time step 10

Figure 10: NormE

HYDRAULIC FRACTURE MONITORING
In the following section data is presented which is taken during one stage of a hydraulic fracturing operation at the Karnes
County location shown in Fig 9. A broadband PRBS signal is
transmitted and data from each receiver channel is processed
to remove the transmitted signal and acquire a frequency dependent secondary response due to changes in subsurface conductivity. The autocorrelation property of the PRBS signal
allows alignment and deconvolution of the transmitted signal
with the response measured at the receiver (Ziolkowski et al.,
2011). One of the unique aspects of hydraulic fracture monitoring is that the fracturing occurs at a known depth. Therefore, changes in subsurface conductivities at a specific depth
are expected to occur in a small frequency range.
To plot the change in subsurface conductivities in time the data
is processed in 64 second time steps. The frequency dependent
response at each time step is then summed from 1Hz to 20Hz to
represent the response as one value, R(t). Then the cumulative
PT
response, Rc (T ), at time T is defined as t=0 R(t). Figure 11
displays the cumulative secondary response at each receiver
location at time step 10. Points between each receiver location
are represented using a Delaunay 2-D triangulation. The black
line, which for discussion assume runs from west to east, is
the location of stage 1 with the toe end to the east. Initially,
there is a small response towards the upper area near receiver
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Figure 12: Hydraulic fracture monitoring: time step 200

SUMMARY
In summary, we have shown that in order to detect the response
due to the injection of hydraulic fracturing fluid the FvBR indicates a CSEM system needs -120 dB of signal to noise ratio
(SNR) and at least 120 dB of dynamic range. The NormE calculation has shown that our modeled values for the primary
field are within a 55% error of our measured values. Finally,
a case study in Karnes County, Texas demonstrates the ability
of a ground-based CSEM system to detect changes in the subsurface due to hydraulic fluid injection and measure the extent
of the fluid.

DOI http://dx.doi.org/10.1190/segam2015-5916792.1
Page 1042

EDITED REFERENCES
Note: This reference list is a copyedited version of the reference list submitted by the author. Reference lists for the 2015
SEG Technical Program Expanded Abstracts have been copyedited so that references provided with the online metadata for
each paper will achieve a high degree of linking to cited sources that appear on the Web.

Downloaded 03/05/19 to 165.91.49.224. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

REFERENCES

Badea, E. A., M. E. Everett, G. A. Newman, and O. Biro, 2001, Finite-element analysis of controlledsource electromagnetic induction using coulomb-gauged potentials: Geophysics, 66, no. 3, 786–
799. http://dx.doi.org/10.1190/1.1444968.
Duncan, P., A. Hwang, R. Edwards, R. Bailey, and G. Garland, 1980, The development and applications
of a wide band electromagnetic sounding system using a pseudonoise source: Geophysics, 45, no.
1276–1296. http://dx.doi.org/10.1190/1.1441124.
Maaø, F. A., and A. K. Nguyen, 2010, Enhanced subsurface response for marine CSEM surveying:
Geophysics, 75, no. 3, A7–A10. http://dx.doi.org/10.1190/1.3377054.
Schenk, O., and K. Gärtner, 2004, Solving unsymmetric sparse systems of linear equations with pardiso:
Future Generation Computer Systems, 20, no. 3, 475–
487. http://dx.doi.org/10.1016/j.future.2003.07.011.
Wirianto, M., W. A. Mulder, and E. C. Slob, 2011, Exploiting the airwave for time-lapse reservoir
monitoring with csem on land: Geophysics, 76, no. 3, A15–
A19. http://dx.doi.org/10.1190/1.3560157.
Ziolkowski, A., D. Wright, and J. Mattsson, 2011, Comparison of pseudo-random binary sequence and
square-wave transient controlled-source electromagnetic data over the peon gas discovery,
norway: Geophysical Prospecting, 59, no. 6, 1114–1131. http://dx.doi.org/10.1111/j.13652478.2011.01006.x.

© 2015 SEG
SEG New Orleans Annual Meeting

DOI http://dx.doi.org/10.1190/segam2015-5916792.1
Page 1043

This article has been cited by:

Downloaded 03/05/19 to 165.91.49.224. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

1. Mark S. Hickey, Santiago Treviño III, Mark E. Everett. Monitoring Hydraulic Fracturing Fluid Movement Using Ground-Based
Controlled-Source Electromagnetics (CSEM), With Applications to the Anadarko Basin and the Delaware Basin NW Shelf
2472-2483. [Abstract] [References] [PDF]

