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Summary
Interest in using electromagnetic methods for reservoir monitoring problems such as hydraulic fracturing, enhanced oil recovery or carbon-capture and storage is motivating the need to examine the behaviour of electromagnetic fields and fluxes in the presence of steel cased wells. In many of these scenarios, a transmitter is placed
on or in the steel cased well. Such a scenario has large physical property contrasts, both in electrical conductivity and magnetic permeability that are atypical of most geologic settings. Using this problem as motivation,
we discuss a modular framework for simulating and computing sensitivities for electromagnetic problems. The
implementation is a part of SimPEG, an open source package for Simulation and Parameter Estimation in
Geophysics (Cockett et al., 2015). Two applications of EM simulations and inversions in reservoir monitoring
settings are discussed. The first example demonstrates forward simulations on a cylindrically symmetric mesh
to interrogate and visualize electromagnetic fields and fluxes in the presence of steel cased wells. The second
example demonstrates a sensitivity analysis for a parametric model of a target within a reservoir layer.
Keywords: forward modeling, sensitivities, steel cased wells, object oriented

Motivation
In reservoir monitoring and characterization projects,
including hydraulic fracturing, carbon capture and
storage, and enhanced oil recovery, electrical conductivity can be a diagnostic physical property. As such,
geophysical electromagnetic methods are being explored for these applications. The vast majority of
these settings contain steel cased wells, which introduce physical property contrasts and scales that are
atypical of most geologic and geophysical settings.
Soft iron steel has a conductivity of 5.5 × 106 S/m,
a (often variable) magnetic permeability on the order
of ∼ 100µ0 and is only a few millimeters thick; in contrast, typical geologic settings have conductivity < 1
S/m and permeability of ∼ µ0 and the geologic targets we are interested in characterizing are on scales
of 10’s to 100’s of meters in each dimension. In many
of the EM experiments being considered, an electrode
is coupled to the steel casing, either at the top or at
depth, and a return electrode is positioned some distance away from the well. In order to use data from
these experiments to characterize subsurface targets,
we must first understand how the casing affect the
EM fields and fluxes.
Numerical simulation and inversion software is essential for enabling the exploration necessary to build up
that physical understanding. In particular, we require
the ability to simulate models with variable electrical conductivity and magnetic permeability on several
mesh types including cylindrically symmetric and 3D

cartesian meshes with a variety of sources: grounded,
inductive, and primary-secondary type sources. In
order to interrogate the physics, we require access to
the fields and fluxes. As solving the geophysical inverse problem is the end-goal, sensitivities must also
be accessible.
These constraints have motivated much of the design
and modular implementation of the electromagnetics
module in the open-source SimPEG project, (Cockett et al., 2015; Heagy et al., 2016). In this paper, we
conduct a sensitivity analysis for a conductive target
in a reservoir layer; this example is used in (Heagy et
al., 2016). The model is parametrized in terms of the
conductivity and geometries of each of the geologic
units (background, layer and conductive target). A
source is grounded down-hole in a steel cased well and
has a return electrode on the surface.
Using this problem as motivation, we will discuss the
structure of the EM simulation framework and how it
can be used to (a) investigate the physical behaviour
of electromagnetic fields and fluxes in the presence
of steel casing (b) conduct a sensitivity analysis using a primary-secondary approach for simulating 3D
geologic setting and steel cased wells.
Simulation Framework
Given a description of sources, receivers and the physical properties in the simulation domain, the forward
simulation solves Maxwell’s equations for electric and
magnetic fields and fluxes on the mesh. The fields
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and fluxes are sampled at the receiver locations to
compute predicted data. The quasi-static Maxwell’s
equations can be formulated in the time domain (left),
or frequency domain (right)
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Note that for the cylindrically symmetric mesh, the
choice of formulation must consider the imposed symmetry. For example, with a magnetic dipole source,
the electric contribution is rotational, thus we should
discretize the electric field on edges and use the E-B
formulation, while for an electric dipole source, the
magnetic contribution is rotational, and we should
use the H-J formulation.

The fields and fluxes are coupled through the physical
properties: electrical conductivity (σ) and magnetic
permeability (µ) as described by the constitutive re~ B
~ = µH.
~
lations: J~ = σ E,
The general organization of the forward simulation is
shown in Figure 1.

Figure 2: Cartesian (a) and cylindrically symmetric
(b) finite volume cells.

Figure 1: Forward simulation framework.
The model is the set of parameters that one would
invert for. The model may be de-coupled from the
simulation mesh, in which case, a mapping, which
translates the model to Physical Properties on
the mesh must be provided (cf. Kang et al. (2015)).
The Physics is the discrete Maxwell system (in timedomain or frequency-domain). We use a standard
staggered grid, finite volume approach for discretizing
Maxwell’s equations (cf. Haber (2014)), where fields
are discretized on cell edges, fluxes on cell faces and
physical properties at cell centers (Figure 2). This
requires that we invoke the constitutive relations and
write Maxwell’s equations in terms of one field and
one flux. For example in the frequency domain, the
discrete system can be written in terms of the discrete
electric field (e), and magnetic flux (b), referred to
as the E-B formulation, or the discrete magnetic field
(h) and current density (j), referred to as the H-J
formulation.
Ce + iωb = sm
C> Mfµ−1 b − Meσ e = se

CMeρ j + iωMeµ h = sm
Ch − j = se
(2)

The discrete operators in 2 (C, Mf , Me ) are defined
based on the geometry and structure of the computational mesh, however, access to these operators is
through a common interface - the math. This allows
us to assemble the discrete Maxwell system as stated
in 2 irrespective of the mesh-type chosen. To perform
a simulation, we eliminate one field or flux from 2 and
solve the second order Maxwell system for one of e,
b, h, or j. From the solution vector, we can compute
any of the other fields or fluxes; this is handled by the
Fields.
The Source excites the system and provides the
right-hand-side for the discrete Maxwell system. The
Source may include localized sources such as dipoles
or wires, or can require solving another problem as
in the primary-secondary approach. (cf. Heagy et al.
(2015)).
The final element of the forward simulation framework is the Receivers. The Receivers describe
which fields are sampled and where they are sampled to produce data. Receivers may include ratios
of fields, as in the case of natural source methods,
where impedance or tipper data may be used.
With each of the elements of the framework (Figure 1) defined, we have the necessary pieces in place
to solve the forward simulation for fields and data
given a model. For the inversion and survey design
applications, we are also interested in computing sensitivities. Each action taken to compute data, when
provided a model, has an associated derivative with
respect to the model; at each step of the framework,
there is a derivative with respect to the model. To
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obtain the full sensitivity, these derivatives are assembled in the same fashion as the forward simulation.
In the sections that follow, we will examine forward
simulations and sensitivity calculations for the casing
problem.

the distribution of currents resulting from the downhole source. Near the source location, at z = −975m,
the current density for the scenario where µ = 200µ0
is nearly 20% less than that where µ = µ0 .

Interrogating the Physics
Forward modelling the electromagnetic fields and
fluxes is one of the most valuable tools for building
up a conceptual model of a physical setting. When
we consider electromagnetic methods in settings with
steel cased wells, there are some fundamental questions we can ask to begin building up our understanding. The first step in being able to obtain data sensitive to a target is to get EM energy to the target.
This leads us to ask questions like: How do currents
leak off from the well into the formation? What is
the difference in behaviour of the leak-off currents between top-casing source and down-hole source? How
does magnetic permeability alter the behaviour of the
fields and fluxes?
To begin to examine these questions, we employ a
cylindrically symmetric mesh, which enables us to
accurately capture the casing in the mesh while still
having a tractable problem to solve in the forward
simulation. Also, since our primary interest is the
physics, we will take advantage of the fact that we
have access points in all modules of the code and focus on the Fields (ie. receivers do not need to be
defined in order to examine the physics).
We consider a steel cased well in a homogeneous halfspace. The casing is 1km in length with a diameter
of 10cm and thickness of 1cm. It has a conductivity
of 5.5 × 106 S/m, and a magnetic permeability of 100
µ0 . Inside the casing, we assume there is a fluid with
conductivity of 1 S/m. The background conductivity
is 10Ωm. In Figure 3 we show the current density for
both a down-hole source (a), and a top-hole source
(b) operating at a frequency of 2 Hz. To first-order,
the casing is approximately an equipotential, and currents leak off from the casing relatively uniformly over
the length of the casing in both scenarios.
Often magnetic permeability is ignored in EM simulations, however, steel casing introduces a much more
significant permeability contrast than is typically observed in geologic settings. In particular, we are interested in examining how permeability of the casing
impacts our ability to excite a target. In figure 3,
we plot the horizontal component of the real current
density as a function of depth at a distance of 10m
from the well for both the down-hole (a) and topcasing (b) electrode locations. Interestingly, varying
the permeability of the casing has a larger impact on

Figure 3: Current density resulting from an electrode positioned down-hole (a) and at the top
(b) of a steel cased well in a homogeneous halfspace. Horizontal current density 10m from the
well for the down-hole (c) and top-casing (d)
sources.

Sensitivity Analysis with Casing
Returning to the motivating problem of characterizing a geologic target within a reservoir, we consider
a sensitivity calculation for a parametric model of a
conductive target within a reservoir layer (the vector
m in figure 4). An electrode is grounded down-hole in
a vertical, steel cased well, and the return electrode is
positioned on the surface, 10km away from the wellhead. Electric field receivers (Ex , Ey ) sample the real
electric field on the surface. This example is used in
Heagy et al. (2016).
Prior to collecting data in the field, forward simulation and sensitivity analysis can help ascertain information on our ability to resolve various features of the
model. In this case, we are interested in our ability
to recover a block in the reservoir layer. We parameterize the model in terms of nine model parameters:
the log conductivity of the background, reservoir layer
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and the target, the thickness and depth of the reservoir layer, and the location (x, y) and spatial extent of
the target in the x and y dimensions. In this way, we
can examine the sensitivity of our data with respect
to each of these parameters.
To compute the sensitivity, we must first have a mechanism for conducting the forward simulation. Here,
we adopt a primary-secondary approach and break up
the problem into a cylindrically-symmetric part consisting of the casing, source and layered background,
and a 3D portion of the model, consisting of the target
block and layered background (as described in Heagy
et al. (2016)). The primary problem is solved on a
cylindrical mesh, defining fields due to the source, casing and layered background. These fields and fluxes
are then interpolated onto a 3D tensor mesh and used
to construct the source term for the secondary problem. The 3D secondary problem is then solved, and
electric-field data are sampled at the surface. The
process for calculating the sensitivity is shown in Figure 4.
In Table 1, we use the maximum observed sensitivity
for each of the model parameters to approximate the
perturbation in that parameter required to produce
a 10−9 V /m change in the measured Ex data. This
provides indication of the relative impact of each parameter on our data, for example, marginal changes
in the overall conductivity of the background can have
a large impact on our data. The parameters chosen
are a simplified model of reality; clearly “background”
will have overall variable conductivity. However, by
defining the model in terms of parameters based on
what we are interested in characterizing, we can investigate questions such as: How well must we know the

background in order to obtain meaningful information about the target? Extending this and examining
the full sensitivity can be a tool for survey design.
parameter
mi
log(σback )
log(σlayer )
log(σblock )
z0layer
hlayer
x0block
y0 block
∆xblock
∆y block

perturbation required to
cause ±10−9 V /m in Ex
6.6e-08 S/m (6.6e-04%)
2.9e-06 S/m (2.9e-03%)
1.7e-02 S/m (8.4e-01%)
5.8e+00 m
6.2e+00 m
1.6e+01 m
8.5e+01 m
2.1e+01 m
7.3e+01 m

Table 1: Approximate perturbation in the model parameter required to cause a significant change
in the data based upon the maximum observed
sensitivity.
Summary
Numerical simulation tools are essential for asking
questions and building understanding of physical responses in unfamiliar settings. The growth of electromagnetic techniques in reservoir monitoring problems, where steel cased wells are present introduces
complexities due to the geometry and significant
physical property contrasts introduced by steel in a
geologic setting. By introducing a modular, opensource framework and software implementation for
solving electromagnetic problems, we hope to enable
the exploration necessary to investigate such questions.

Figure 4: Sensitivity calculation using a primary secondary approach
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