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Abstract
Hydraulic fracturing enables more effective production of hydrocarbons from poorly- or non-producing, lowpermeability formations. An important property in hydraulic fracturing, that directly affects well performance, is the
distribution of proppant within the formation along the well path. Sufficiently sensitive controlled-source
electromagnetic (CSEM) induction techniques are ideal for imaging this distribution due to the conductivity of the
fracturing fluid which carries the proppant, and its contrast with that of the surrounding geological medium. We
present both modeling and real-world data from the application of CSEM to the monitoring of fluid migration during
hydraulic fracturing. First, to predict the expected response using CSEM exploration techniques, we present results
from a 1-D numerical model and a 3-D finite element model. The 1-D and 3-D models generate frequency domain
responses using Lorentz and Coulomb-gauged potentials, respectively, to solve Maxwell’s equations. We have run
multiple scenarios for the 1-D and 3-D cases and show that with current technology it is possible to detect the
movement and extent of hydraulic fracturing fluid at practical depths. Finally, real-world data from the Eagle Ford
formation in Texas are presented which demonstrate CSEM imaging of migration of hydraulic fracturing fluid into
the formation. The transmitter and receivers are located on the surface, eliminating the possibility of interference
with fracturing operations due to down-hole instrumentation. The ability to image the areal extent and movement of
hydraulic fracture fluid makes high-resolution CSEM an efficient tool to directly assess the effectiveness of a
hydraulic fracture stage. Near-real-time processing and delivery of results in the field enables data-informed
decision-making before the remaining well stages are fractured.
Introduction
The controlled-source electromagnetic (CSEM) method has a long history in geophysical exploration. It has been
used in its inductive mode for application including ore detection in mining and discrimination and classification of
unexploded ordnance in munitions response. Much of the CSEM now routinely used in hydrocarbon detection is
performed offshore to detect and monitor resistive reservoirs based on galvanic mode excitation. Adapting CSEM
technology for onshore oilfield applications presents new challenges.
CSEM works best when there are large conductivity or resistivity contrasts between the target and the surrounding
medium. Hydraulic fracturing presents a promising area for CSEM technology. There is a known depth interval and
a confined volume into which conductive fluids are injected into the surrounding rock. The resulting fluid invasion
changes the bulk conductivity of the volume, producing a measureable change in the CSEM response at the surface.
It is desirable to model the change in CSEM response and thereby estimate the magnitude of signal change. After
modeling, this knowledge is applied in the field and actual signal changes are recorded which, along with other
datasets, can be used to interpret the extent of the fracture fluid invasion.
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Modeling
To model the expected response measured by a CSEM system due to the injection of hydraulic fracturing fluid we
use software developed at Texas A&M University called LandCSEM which is based on a finite-element forward
modeling approach that solves the Coulomb-gauged Maxwell's equations in the frequency domain (Badea et al.,
2001). By defining a set of known electromagnetic (EM) primary potentials (Ap, Ψp) as the response to a given
conductivity structure σp(r), in this case produced by the interaction of the transmitter, a grounded horizontal electric
dipole, with the subsurface, Maxwell's equations are then solved for the secondary EM potentials (As,Ψs) due to the
anomalous conductivity structure σs(r) that represents the fracturing fluid. For the following discussion, we model
fluid injection into a uniform half-space of conductivity 0.01 S/m. The vertical z-direction is positive downward and
the transmitter is positioned at the surface (z = 0).
The fracturing stage to which we will compare our modeling data is presumed to have occurred near the toe end of
an injection well. Additionally, to determine how the conductivity of the steel well casing affects the CSEM
response of the injected fluid, a finite element mesh is created that includes the well casing, as shown in Fig. 1.
Here, the horizontal casing is located at depth z = 3150 m, extending from x = 0 m to x = 1540 m. On the surface,
the transmitter is centered near one end of the casing, at x = 1400 m, and aligned parallel to it. The node spacing at
the surface around the transmitter is refined to a spacing of 4.375 m.

Figure 1: 3D Model space

Using local refinement, the node spacing at the locations of the pipe is set to 0.55 m and the pipe cross section is
centered on a node. Then by volume-averaging of the expected conductivity of the steel casing with the expected
conductivities of the surrounding background and the enclosed proppant, the conductivity inside a tetrahedral mesh
element containing the casing is estimated to be 9.2 x 104 S/m. The volume-averaging is required since the radius of
the pipe is smaller than the dimensions of a tetrahedral mesh element.
Fracture Signal versus Background
To compare the strength of the fracture-fluid-generated signal against the background pre-fracturing (primary
signal), with and without the effect of the casing, we first solve for the background CSEM response of the halfspace
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including the pipe. This response was found for 32 different frequencies stepping from 0.1 Hz to 56 Hz. The largest
response, with an x-component E field amplitude of about 2.2 x 10-8 V/m at a location near the transmitter, was
found at a frequency of about 17.78 Hz. Thus, due to its sensitivity to structure at the depth of the pipe, 17.78 Hz is
used as the transmitter frequency for remainder of the results in this section.

Figure 2 The x-component Electric Field Amplitude at the surface with no casing.

To simulate the CSEM response following injection of hydraulic fracture fluid, the secondary potentials are found
for a slab (representing the invaded fluid) at a depth of 3150 m with a width of 70 m in the x-direction, a length of
280 m in the y-direction, a thickness of 35 m, and a conductivity of 1.0 S/m. This represents the full extent of fluid
injection following a fracturing stage. The resulting CSEM response at the surface is shown in Fig. 2 and Fig. 3,
respectively with and without the effect of the pipe casing. At this frequency, it is seen that the casing increases the
CSEM response of the injected fluid by about two orders of magnitude.
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Figure 3 The x-component Electric Field Amplitude at the surface with casing.

The fracture versus background CSEM-response ratio is conveniently defined as 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 100% �

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

�.

The corresponding FvBR plot for the response including the effect of the pipe casing is shown in Fig. 4. In this
figure the primary field is the summation of the field from the transmitter and the response of the pipe. At the
location of receivers near the transmitter the FvBR, including the effect of the casing, is of order 10-3 to 10-4
indicating the need for a receiver system with -120 dB of signal to noise ratio (SNR) and at least 120 dB of dynamic
range.
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Figure 4: FvBR

Field Methodology
Setup of the transmitter and receivers follows a standard practice for every frac monitoring layout. The standard
transmitter and receiver layout can be seen in figure 5. The transmitter line is arranged 1000 feet (about 300 meters)
out from both sides of the transmitter console along the surface and directly above the lateral wellbore. This makes
the total length of the transmitter 2000 feet (600 meters). To monitor the first stage we extend the transmitter line
beyond the end of the lateral and center the transmitter above the 1st stage.
The electric-dipole receivers have multiple channels and each channel can be arranged as either parallel or
orthogonal to the transmitter dipole moment. The receiver dipoles are typically 200 feet long. The electric field
recorded on each of these channels can be considered as a data point for interpretation. The configuration of the
receivers may change to increase or decrease specific components of the electric field response. While the
orthogonal RX-dipole orientation provides more information about the frac, the signal strength is typically two
orders of magnitude lower than signals using the parallel RX-dipole orientation. The larger signal of the parallel
orientation allows for easier processing and shorter stacking time. The offset of the receivers from the transmitter is
determined by the strength of the transmitted signal. If the receivers are too close, the primary signal is too strong,
saturates the equipment, and we cannot retrieve the secondary response from the subsurface. This problem can be
solved and is discussed later in this paper.
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Figure 5: Typical layout

A typical layout will cover about 3 to 5 stages of a frac job. After each stage is monitored, data are removed from
the receiver boxes and sent off for processing. In order to follow the frac, the transmitter and half the receiver boxes
are moved to the next stage section while the well perforation is being performed.
Data Processing
Data from each receiver channel are processed in the following manner. First, the transmitter signal is removed. This
results, for a range of frequencies, in the secondary response due to the change in the subsurface conductivity.
Depending on the depth and the extent of frac fluid injection, there is a different secondary response at each
frequency. The data capture the amount of energy in the CSEM response for a specific frequency over a specific
time window. Having a dense frequency content allows for more robust exploration of the target. In the final
processing step we sum the responses across a pre-determined range of frequencies and display the resulting
summation as images and videos that indicate the extent of the frac fluid. We show the images in two ways: as
signal energies that change through time or as the temporal accumulation of signal energy. The latter better shows
the overall extent of the fluid invasion while the former shows the location of fluids at a given time step. Imaging
subsurface regions of non-accumulation is helpful in revealing locations where the fluids do not access the
formation due to poor proppant placement. The accumulation view shows the total connection length of the frac.
Real-world Data: Atascosa County
Data were taken on select stages during a multi-well fracture job. The stages monitored were on the second well of
the job. Only the parallel electric-field component was measured. There are only two electric-field components per
receiver box in this original version of the hardware. The proximal receiver lines are offset by 250 feet from the
transmitter line while the distal receiver lines on each side are offset by 625 feet. The first well had already been
subjected to fracturing and therefore there was fluid in the subsurface at the start of the CSEM measurements. The
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data therefore can provide an indication of fluid interconnectivity between the first and second stages. The layout
for stages 4 and 5 can be seen below in Figure 6.

Figure 6: Transmitter and receiver layout for Atascosa county

The processed output in this case is a single electric field component per receiver location for multiple frequencies.
Each frequency is assigned to a pseudo-depth with the higher frequencies closer to the surface and the lower
frequencies deeper. In this case the frequency range is 35 Hz near the surface to 15 Hz near the bottom of the
modeling domain. The CSEM response in areas between the receiver locations is interpolated using a nearest
neighbor scheme. At the beginning of the processing the background response is subtracted from the data so that the
displayed response is that of the electric field due to conductivity changes within the subsurface. These conductivity
changes are due to the injection of fluids into the surrounding rock. A larger value of the CSEM response, whether
positive or negative, is interpreted as an increase in conductivity and therefore an increase in the amount of fluid in
the rock. It is assumed that all temporal changes in the CSEM repsonse are due to migration of fracturing fluid and
not due to extraneous environmental effects.
The limitations of this case study are that it assigns only one frequency per depth, it assumes a single data point for a
receiver line that is actually 200 feet long, and the interpolation assumes data are available within areas where they
are not actually recorded. To help alleviate these limitations, improvements have been made to processing
techniques. To overcome only displaying a single frequency we have summed the results from a range of
frequencies that modeling has shown to be sensitive to fluid-injection-related conductivity changes. These
frequencies are calculated on a site-specific basis. In order to bypass the problem of data being a single point, later
visualizations are done using the entire receiver line as the data point. This is done because the data gathered is an
average across the entire length of the receiver. And last, we have increased data density to show that interpolation
can be used in relatively homogeneous overburdens that do not contain strong near surface 3D heterogeneities. All
of these improvements can be seen in the second case study, described below.
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A)

B)
Figure 7: Stage 5 with 32 second time steps. A)time step 45 at the beginning of the frac. B)Time step 242 in the middle-end of the frac

In Figure 7A at the beginning of the frac job, we can see more localized change to the area around stage 5. These
responses were recorded before the pressure was increased and during an acid injection. The small changes in signal
are interpreted to be associated with the change in conductivity due to injection of acid into the structure. We also
see higher values on the right of the transmitter indicating that acid infiltrated the rock there before the frac started.
Most of the signal during stage 5 is very low until 2 hours into the frac when a large pressure increase produced the
larger signals seen in Figure 7B. The signal in this case is greater on the left side of the transmitter. The signal is also
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larger across a wider frequency range. This can be interpreted as a larger fluid-injection volume in the vertical
direction due to the relationship between conductivity and frequency and electromagnetic skin depth.

Figure 8: Stage 5 with 32 second time steps. After pumps are turned off.

Figure 8 shows the data at the end of stage 5, after the pumps have shut down. We see a decrease in CSEM signal,
indicating that the fluid has recessed due to the absence of proppant. After the pumps are turned off, either there is
insufficient pressure to keep the fractures open without proppant, or else the proppant did not keep the fractures
open as much as it did at full pressure. The fluid moves to other locations as the fractures close and therefore the
CSEM signal decreases.
Our final interpretation of stage 5 is that during the frac there was insufficient pressure to open up new fractures
until 2 hours into the job when the pressure was increased. The proppant seemed to be distributed uniformly on the
left of the transmitter line, but the right side seems to have had substantially less injection of proppant. For the
optimization of our CSEM equipment for this stage, we should have increased the number of receivers and increased
the overall transmitter-receiver offsets. It can be seen in Figure 8 that the frac effects went beyond the locations of
the receivers, so larger receiver offsets could have captured the full extent of the fluid invasion.
Real-world Data: Karnes County
In this case study, CSEM data were acquired on most stages during a frac job. The transmitter and receiver boxes
were moved every 5 stages while well perforation took place. No other laterals were located near this well. Two
parallel components of electric field and one orthogonal electric-field component were measured. The proximal
receiver lines are offset 150 feet from the transmitter line while the distal receiver lines on each side are offset at 675
feet. To reduce edge effects of the transmitter dipole, specifically the orthogonal component from the primary field
on the receiver boxes, i.e. to simulate an infinite line source, we extended the transmitter to 4000 feet. This was
found to give an improved response on the receivers. The layout for stages 1 and 2 can be seen below in Figure 9.
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Figure 9: Transmitter and receiver layout for Karnes county

For the output of this data set we used the improvements learned from previous experience. We increased the data
density, summed over the frequency range of 1 Hz to 20 Hz, and used responses from the entire receiver line.
Another difference in this data set is the display of energy accumulation. Instead of showing the changing fluid
locations as a sequence of snapshots, we show the total extent of the fracture fluid, summed over time.
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A)

B)
Figure 10: Stage 1 with 64 second time steps. The black line is stage 1 and the toe end is to the right. A)time step 45 at the beginning of the frac.
B)Time step 242 in the middle-end of the frac

In Figure 10A we see the CSEM response at the start of the frac. The initial interpretation shows a favorable fluid
pathway towards the upper area around receiver 23c, but we also see some energy appearing to the right and down
around receiver 36c. Looking at Figure 10B we see a larger extent of fluid-invasion into the upper area, but with
some signal energy to the bottom and to the right.
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A)

B)
Figure 11: Plan view of stage 1 with 32 second time steps. The black line is stage 1 A)time step 281 near the end of the frac. B)Time step 310 at
the very end of the frac, after pressure is off.

Figure 11A shows more fluid around receiver 36c. Since this is the toe end, we expect complicated fluid dynamics
due to the presence of the end of the pipe. We also see higher signal energy around receiver 34c and slightly
elevated values leading towards 36c in receiver locations 28b and 28c. This is interpreted as fluid migration along a
fracture from 24c, 28c and 28b to 34c. Here, there is a larger volume of fluid indicated by a larger signal. In the final
image of Figure 11B we see large signal in 23b and 23c, but not as much on the other side at 35c. Therefore, its is
suggested that most of the fluid migrated to the upper area and to the right.
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Our final interpretation for stage 1 is that the frac fluid did not extend very far into the formation. The extent of most
of the fluid is about 200 feet to the upper area towards 23b and the lower extent is about 100 feet near 35c. There is
also a large amount of fluid that went to the right towards the toe end. This could be due to complex geology or the
complication of fluid dynamics near the end of the lateral.
Also of note are the signal levels measured by the receivers to the far right. These receivers are near one of the
transmitter grounding points. The transmitted field near the end of the transmitter has high spatial gradients. To
alleviate this problem we now extend the transmitter dipole beyond the last receiver location, or else not use the
measurements if they contain this this edge effect. The use of a long transmitter centered directly above the lateral,
with grounding points located far from the fluid migration region, indicates that we are observing predominantly an
inductive-mode response of a conductive target. This stands in contrast to traditional marine CSEM oil reservoir
surveys which rely on galvanic-mode excitation of a thin resistive target.
Conclusions
In summary, we have shown that inductive-mode CSEM monitoring using a long grounded-dipole source and
electric-field receivers is a viable tool for hydraulic fracture monitoring of conductive fluid invasion into a
geological formation. Even through these are initial case studies, with plenty of rooom for improvements to be
made, CSEM has been demonstrated to provide valuable information on fracture fluid injection and migration. The
CSEM data can be used to optimize well spacing and determine possible regions to refrac.
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