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SUMMARY
The inversion of Magnetotelluric (MT) data can be affected by the initial assumption of the starting model, that
is usually homogeneous or derived from geology. Global optimization algorithms have been introduced in the
field of MT inversion in order to overcome the initial conditioning of the starting model by using the stochastic
approach. The present study focuses on the Particle Swarm Optimization (PSO) algorithm, a population-based
metaheuristic method inspired by social dynamics of animals and based on the emergent behavior that starts
from simple rules and results in complex actions. We have recently applied PSO to solve the 1D and 2D MT
inverse problem on both synthetic and field data. The main results of the optimization through swarm
intelligence are here presented.
The algorithm was developed in Matlab® and the objective function iteratively minimized both the misfit
between observed and calculated data and the model roughness by means of the regularization parameter
(“Occam-like optimization”). The initialization of the model was completely random, i.e., no a priori starting
model was given at the first iteration, even though this option was possible. Then, the adaptive behavior
assured the convergence of all the possible solutions towards a unique optimized resistivity model. We mostly
analyzed synthetic data sets and measured the data sets coming from the Larderello-Travale geothermal area
(Tuscany, Italy), where, during the two last decades, several MT and time-domain electromagnetic (TDEM)
surveys were carried out. We also analyzed the COPROD data set, available to the scientific community, so
that our results were compared with the solutions already published.
The PSO application to the 1D inverse problem dealt with the joint interpretation of MT and TDEM data in order
to remove the static shift from the apparent resistivity curves of MT data. The two data sets have been
simultaneously analyzed and the static shift was treated as a model parameter to be optimized. We also
applied PSO to solve the 2D problem, introducing a novel approach to refine the tuning of the key coefficients
of the algorithm: the inertia weight and accelerations. Since the 2D computation was time-consuming, the code
was designed for parallel computing and launched on the High Performance Computing (HPC) cluster of the
Politecnico di Torino.
The stochastic nature of PSO and the combination of exploration and exploitation behaviors to find the best
optimized solution allowed significant outcomes to be reached. The results of this work show that the PSO
algorithm can have the potential to work alongside the traditional inversion algorithms. Since PSO can also
solve multiobjective problems, our current investigations are dealing with the joint optimization of different
geophysical data sets, thus offering a comprehensive characterization of the investigated area and
complementing geophysical joint inversions.
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SUMMARY
Oil and natural gas exploration and production are still the challenging tasks for geophysicists. This commonly
involve both geologic and geophysical knowledge for interpretation and integration. Geophysical methods,
including data processing, and geologic approaches have to be integrated to improve and obtain a reasonable
sub-salt or sub-basalt interpretation. Using a sub-salt application as example, new processing and
interpretation methodology was applied to data from new hardware. Long-Offset Transient Electromagnetic
(LOTEM) and Focused Source Electromagnetic (FSEM) are applied over a salt dome near Houston, Texas.
The data were processed using the new software in several defined stages to yield best signal-to-noise ratio
(SNR) and followed by the inversion and interpretation. LOTEM processing leads to inversion and the detailed
statistical analysis allowed us to separate reliable from unreliable parts of the geologic model. Subsequently,
the resulting model is confirmed and clarified using 3D EM modeling and a simplest 3D inversion using modelcompare-update approach. With it we confirm the data sensitivity to a possible salt dome overhang.
Keywords: Salt Dome, Electromagnetic,1D Inversion, 3D model

INTRODUCTION
Oil and natural gas exploration and production
commonly involve both geologic and geophysical
knowledge for interpretation and integration to
obtain a reasonable interpretation, such as the subsalt associated with oil and natural gas
accumulation. The geophysical method such as
seismic technique is widely used to study the
structure of salt dome (Starich et al., 1994; Deri &
Sparlin, 1990). In several areas covered by salt, the
seismic method did not give the stratified result due
to imaging difficulties associated with high-velocity
layers resulting in poor seismic imaging (MacGregor
& Sinha, 2000; Coburn, 2002). Therefore, other
methods such as electromagnetic techniques
(Hussain et al., 2012; Zerilli et al., 2002; Avdeeva et
al., 2012;) can be a possible alternative and/or
complementary method. Salt is almost transparent
because salt is high resistive and electrically
isotropic, and the salt-to-host rock boundaries are a
perfect target due to their high resistivity contrast.
The LOTEM method, a version of controlled
sources electromagnetic (CSEM), has been used in
many oil and gas industries because of the unique
way of defining the resistivity at depth from the
surface. The method aids geological interpretation
as the resistivity is correlated to different pore fluids
and porosity. In general, LOTEM has less ambiguity
among of non-seismic methods, but it is more
difficult to interpret than other geophysical
techniques (Strack, 1992). Another version of

CSEM is FSEM (Davydycheva and Rykhlinski, 2011)
which has been used to sharpen the information
focus and to provide more detailed images of the
subsurface.

Figure 1. LOTEM and FSEM acquisition setup; with
the circular dipole side view and sensitivity
(bottom-left)
METHODS
The main propose of the research is to test new
multi-channel
EM-microseismic
acquisition
hardware and system to prepare a reservoir
monitoring job. Using this system, LOTEM and
FSEM data were acquired on a field test site over
Hockley salt dome near Houston, Harris county,
Texas. Figure 1 shows the acquisition setup: the
grounded transmitter operated in two (E-W and N-
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S) directions. Transmitter excited the formation with
rectangular impulses, with period of 32 s. and 50%
duty cycle, with 8 s. long off-times. Three receivers,
Rx1, Rx2, and Rx3 were situated on N-S transmitter
axis at 900, 1100 and 1300 m from the transmitter’s
South electrode, respectively. The FSEM test was
performed at all the receiving stations using
focusing circular dipoles: with an additional central
electrode as depicted. It can measure smallest
vertical current leakage into the relatively narrow
column of rocks under the receiver: see its
sensitivity cross-section in bottom-left.

developed at the IGM Cologne that serves as the
common 1D inversion tool to interpret the
processed transients. It implements both Marquardt
and Occam’s Inversion (Haroon et al., 2015).

Direct Warren well
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Tx

Tx
Rx1
Rx2
Rx3

Rx1
Rx2
Rx3
S4

5/11 test site

Figure 3. Data processing example: noise removal
(filtering), stacking, and smoothing. The raw
data (left) and the processed data (right).

Salt dome: Vintage interpretation
CAPROCK CONTOURS FROM GRAVITY
HALBOUTY 1967

Southwes
t

Salt Penetration
to Gas

Northeast
Tx

Salt Penetration
to Oil

Scurlock A1
BS-4900

RESULT

Rectangular test site:
width 900 m, length 2000 m
Sea level: 0
500 ‘

Rx1
Rx2
Rx3

1000’
WELLS W/LOGS
THAT PENETRATE
SALT
Magnolia 7
BS-4400
Magnolia 23
BS-8500
Magnolia 1E
BS-5050
Brazos 1
BS-6550
Magnolia 13
BS-4750
Magnolia 15

Anloc 2
BS-5900
Anloc 1A
BS-5900
Lone Wolf 1
BS-6450
Tri-C 1
BS-8200
Famcor 1
BS-5750
Direct 1

Lone Wolf 2
BS-3570
Lone Wolf 5
BS-3350
Lone Wolf 8
BS-MULTIPLE

Figure 2. Hockley salt dome contour maps and
vertical cross-section from gravity data by
different authors: Deussen and Lane (1926),
Canada (1953, 1962), Halbouty (1967).
Three vintage gravity interpretations of Hockley salt
dome area are shown in Figure 2. Deussen and
Lane (1925) presented a contour map showing the
subsurface structure geology of Hockley salt dome.
The salt core rises to the depth of 1000 ft or 305 m
from the surface. Two other caprock/salt contours
from gravity interpretation are depicted on the right:
by Halbouty (1967) and Canada (1953, 1962). They
are slightly different; hence, the secondary goal of
the research was clarification of the salt dome
profile and study of its possible overhangs
associated with hydrocarbon accumulations.
DATA PROCESSING
The data were processed using a new robust data
processing software KMSPro to remove strong
cultural EM noise (the area is Houston suburb),
followed by 1D and full 3D interpretation. The
assurance is provided to prevent the problem in
signal processing. Field data acquisition error can
be corrected here. The transmitter and receiver data
are merged. Data quality control which includes prestack processing (de-noising) staking, and poststack processing (smoothing) aims to increase
signal to noise ratio as depicted in Figure 3. The 1D
data inversion is processed in EMUPLUS software

From the result, Occam’s inversion (Figure 4) gives
a minimum fit especially in the early time, so that its
result is analyzed to derive the starting model for the
Marquardt inversion in order to get the optimum fit
between model and data. Layered model
(Marquardt inversion) with χ-errors (Haroon et al.,
2015) and calibration factor (Newman, 1989) shown
on the top (Figure 5) show the conductive layer in
the near surface followed by a moderately resistive
layer. As we use the 50-Hz low pass filter while
doing the inversion, which affect early-time data, the
shallow layers’ resistivity is not reliable: the skin
depth for this frequency at the resistivity of 1 Ωm is
about 70 m. Hence, the shallow resistivities still
need to be confirmed with another method. Low
resistivity of the layers at the depth of ~ 200-400 m
can be affected by 3D effects due to the massive
asymmetric resistive body proximity. Most likely,
here we observe so called inversion “overshoots”.
Then, starting from ~300 m, we see layers with the
increasing resistivity to the bottom. Both Occam’s
and Marquardt inversions give similar results as
visualized in Figure 6.
The V-matrix of the LOTEM-inversion imply the
relation between the transformed parameters P and
the original parameters of the model which
correspond for resolving layer. The convention is
often used to interpret the resolution characteristics
of measured or calculated data (Raiche et al., 1985).
The transformed parameter corresponds to the
column of V-matrix, and the original parameter
corresponds to the row of V-matrix.
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Figure 4. 1D Occam inversions results of E-field
(Ex) broadside transmitter. The data fits
corresponding to the inversion models
(above) and the resistivity model (below).

Figure 6. 3D visualization of 1D Occam’s inversion
(left) and Marquardt inversion (right) using Voxler
(http://www.goldensoftware.com.

Figure 5. The best fit Marquardt model of E-field
(Ex) for Rx1, Rx2, and Rx3.

Figure 7. 3D model derived to match the data
consisting of 7 sections (top); model match
with data: inline LOTEM (bottom-left) and
FSEM (bottom-right).

Table 1: Statistical analysis for the electric field,
Rx3-Ex (inline setup) showing V-Matrix of a
seven-layer model.
From Table 1, the value is chosen from 0.3 to 1 for
the layer resolving analysis. P1 is the combination
of resistivity-thickness (2h2) and h1, and P2 is
equivalent to the conductivity-thickness of the first
layer (h1/1), h2, and 3. P3 is equivalent to 1 (one)
per conductivity-thickness of the third layer (3/h3),
1 and h2, and P4 is combination of 3, h3, and h4.
P5 would be required to solve other layers, but
unfortunately, the corresponding damping factor is
too small (0.2). P6 and P7 are irrelevant since the

Next, 3D modeling is performed using 3D EM
modeling software MAXANIS (Davydycheva and
Druskin, 1999) to derive full 3D model of the
subsurface best matching the data. We derive a
resistive body shape on this background, best
matching the data. The results of 3D forward
modeling are compared with the data in Figure 7.
Two sets of modeling results, in the
presence/absence of a 1-km deep overhangs are
shown as dots/circles. (The model without the
overhangs is not shown: it has vertical walls with the
top corresponding to the shown model.) The
transient synthetic responses show marginal
sensitivity to the presence/absence of the deep
overhang. This difference reveals itself at later times
(1+ s. after turn-off) for LOTEM data, and at earlier
times for FSEM data. Note that DC responses
demonstrated in Figure 8 show no subsalt sensitivity.
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Figure 8. DC response of the derived 3D model
versus data.
CONCLUSION
We have developed full cycle of land EM technology
from patents and data acquisition hardware to data
processing and full 3D interpretation. LOTEM and
FSEM data acquired on a field test site over Hockley
salt dome in suburb of Houston, Texas, having
strong cultural EM noise, were processed to
significantly reduce the noise, interpreted using 1D
inversion, and then a 3D modeling and inversion
approach was applied. A model matching the data
shows marginal sensitivity to the salt dome
overhang, even though its depth (1+ km) is at the
borderline of the data sensitivity. While we tested
and have proven the new data acquisition,
processing and interpretation concept on three data
points in field, denser measurements are needed to
derive more detailed information on the subsurface
justified by geology.
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support gradient method
1

2

3

T. Minami , H. Utada and M. Utsugi
Earthquake Research Insitute, University of Tokyo, tminami@eri.u-tokyo.ac.jp
2
Earthquake Research Insitute, University of Tokyo, utada@eri.u-tokyo.ac.jp
3
Aso Volcanological Laboratory, Kyoto University, utsugi@aso.vgs.kyoto-u.ac.jp
1

SUMMARY
We present a new regularized data-space inversion scheme for 3-D on-land controlled-source electromagnetic
(CSEM) problems, by which one can obtain focused images of conductive anomalies in data-space GaussNewton (GN) schemes using the minimum support gradient (MSG) functional (Xiang et al., 2017). We focus
on inversions for a volcano monitoring system named ACTIVE (Utada et al., 2007), which consists of multiple
grounded electric wire sources and an array of receivers for the vertical component of the induced magnetic
field. For application of ACTIVE to practical early warning of volcanic eruptions, inversions of real ACTIVE data
should include accurate topography, operate over short computation times, and produce clear images of the
modelled conductive anomaly. To meet these requirements, we developed a new 3-D inversion method by
adopting a data-space GN scheme with explicit Jacobian usage, a finite element method with unstructured
mesh, and MSG regularization. Although the data-space approach is not in common use in CSEM inversions,
it theoretically enables us to reduce numerical complexity in each GN iteration when the Jacobian is used
explicitly. MSG regularization utilizes the gradient of the minimum support functional (Portniaguine and
Zhdanov, 1999), which helps to minimize the surface area of the modelled anomalous zone. To confirm the
reliability of our inversion scheme and seek effective source-receiver configurations for volcano sounding using
ACTIVE, we conducted synthetic inversion tests with 12 source-receiver configurations in which a conductive
anomaly corresponding to ascending magma beneath the active crater of Aso volcano, Japan, was assumed.
Our regularized inversion succeeded in focusing the conductive anomaly with MSG regularization in less than
30 min for a realistic monitoring configuration, which seems acceptable for semi-real-time volcano monitoring.
We found that the use of more than one dipole source significantly improves inversion results compared to
increasing the number of receivers under a single dipole source.
Keywords: Inversion, data-space, minimum support gradient, CSEM, volcano
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SUMMARY

We have implemented the Direct Current Resistivity 3-D forward modeling based on a previously developed
multi-resolution grid approach. In our implementation, the finite difference multi-resolution grid is a nonconformal mesh, which allows variable horizontal discretization in the vertical direction. As the Direct Current
Resistivity method resolution decreasing with depth, thus the multi-resolution grid allows us to decrease the
number of the degrees of freedom but preserving the accuracy of the solution. This is particularly useful, as
fine grid resolution is commonly required to accurately model e.g. drastic potential variation, near surface
structures, etc. Additionally, such reduction of the degrees of freedom results in significant improvement on the
computational costs (time and memory), which is beneficial for subsequent inversion.
Through a synthetic example, the modeling accuracy and computational times are compared between using
a standard structured grid and a multi-resolution grid, the multi-resolution grid approach can easily reduce the
computational requirements up to two or three times but keeping the accuracy of the response at the same
time.
Keywords: DCR, 3-D forward modeling, Multi-Resolution grid

INTRODUCTION
The Direct Current Resistivity (DCR) forward
modeling has been well developed over the past
few decades (Loke et al. 2013). Inversion requires
a number of forward calculations, therefore fast and
accurate forward modeling solver inevitably
improves on the efficiency of the inversion algorithm.
In order to achieve a better accuracy of the forward
solution, a fine horizontal discretization is required
at the surface around potential electrodes and large
variations in conductivity. The resolution of the DCR
method decreases with depth, therefore coarser
grid would be sufficient to model potential with the
same accuracy.
The unstructured grid that commonly used by the
finite-element method is prior than the structured
grid for coping with above condition and fitting the
topography (Ren et al. 2018). However, high-quality
unstructured grid generator is still a hot topic
(Pidlisecky et al. 2007).
Alternatively, we applied a finite-difference multiresolution (MR) grid approach (Cherevatova et al.
2018) to DCR forward problem, developed within
the object-oriented code (ModEMM) in Matlab, and
the details of the MR grid are shown subsequently.

METHODS
The governing equation of the DCR method is:
∇ ∙ [𝜎(𝑟) ∇ 𝜑(𝑟)] = −𝐼 𝛿(𝑟 − 𝑟0 )

(1)

where 𝜑(𝑟) is the electrical potential, 𝜎(𝑟) is the
electrical conductivity, depending on the position r,
∇ and ∇ ∙ denote the gradient and divergence
operators, respectively. The right-hand side
represents the source term, where 𝐼 is the current
intensity, 𝛿(∙) is the Dirac delta function and 𝑟0 is
the current electrode location.
In addition to the Dirichlet boundary condition
implemented in EM forward solver, we considered
the Neumann boundary condition on the top of the
mesh (Earth’s surface). At the other boundaries,
Dirichlet, Neumann or mixed boundary conditions
can be applied.

In our implementation, the gradient operator is
defined as a mapping from grid nodes, where
potential is defined, to grid edges, whereas
divergence is an adjoint of the gradient mapping
back from edges to nodes. In the discrete form,
Equation.1 can be written as:
𝑨 𝝋=𝒋

(2)
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where 𝒋 is a vector of the source parameters, 𝝋
represents the unknown potential vector, and 𝑨 is
the coefficient matrix. Regardless of the boundary
condition, 𝑨 is derived as follow:
(3)

𝑨 = 𝑫 𝑑𝑖𝑎𝑔(𝝈
̅) 𝑮

𝝈
̅ is the average conductivity mapping from cell
conductivities to the edges and 𝑑𝑖𝑎𝑔(𝝈
̅ ) denotes a
diagonal matrix. 𝑮 and 𝑫 represent the discrete
gradient and divergence operators, respectively.
The most significant variations of the potential are
expected around the current electrodes. Therefore,
fine grid discretization is required at these regions
to avoid numerical inaccuracies.

Alternatively, we implement the singularity removal
technique (secondary field approach) (Lowry et al.
1989), which splits the total potential 𝜑 to the
primary potential 𝜑𝑝 that includes the singular
portion, and the secondary potential 𝜑𝑠 . 𝜑𝑝 is
calculated using the analytical solution of the
homogenous half space (Lowry et al. 1989). Since
𝜑𝑝 and 𝜑𝑠 are derived by the same source, then
𝑨 𝝋 = 𝑨 (𝝋𝒑 + 𝝋𝒔 ) = 𝑨𝒑 𝝋𝒑

In the interior of each sub-grid, differential operators
are defined as standard structured grid operators.
The main difficulty is to define operators in the
physically sensible way on the common interfaces
between adjacent sub-grids. As it can be seen in
Figure.1(b), on the interfaces between two sub-grid,
some part of the nodes and edges elements are
doubled (one from finer (top) sub-grid, the other
from the coarser (bottom) sub-grid), Therefore, we
have to choose which of the elements will
participate in the solution of the Equation 5 (active
element) and which one has to be omitted from the
solution vector (inactive element, red in Figure.1).
Three different possibilities have been tested
(Cherevatova et al. 2018). Therefore, here we
describe one of the cases, which we consider as
preferable. In our implementation, coarser grid
elements on the common interface are considered
as active. When the solution is obtained for active
elements (green nodes and black solid edges in
Figure 1(b)), inactive elements (red nodes and red
dashed edges in Figure 1(b)) are calculated through
interpolation from active elements.

(4)

where 𝑨𝒑 is the coefficient matrix for which 𝝋𝒑
was obtained. Thus, Equation.2 can be rewritten to
obtain a solution for the secondary field potential 𝜑𝑠
as follows:
(5)

𝑨 𝝋𝒔 = (𝑨𝒑 − 𝑨) 𝝋𝒑 = 𝒋𝒔

(a)

where 𝒋𝒔 denotes the source vector of the
secondary field.
Multi-resolution (MR) approach

A MR grid could be seen as a stack of several subgrids in the vertical direction. Each sub-grid could
represents a standard structured grid but holds a
different degree of horizontal discretization. Each
sub-grid’s horizontal discretization (𝑁𝑥𝑘𝑀𝑅 × 𝑁𝑦𝑘𝑀𝑅 )
is derived through following rule:
𝑁𝑥𝑘𝑀𝑅 × 𝑁𝑦𝑘𝑀𝑅 =

𝑁𝑥

2𝐶𝑠𝑘

×

𝑁𝑦

2𝐶𝑠𝑘

(6)

where 𝑁𝑥 × 𝑁𝑦 is the horizontal discretization of
the initial structured grid (or the finest sub-grid), 𝑘
is the index of the sub-grid, 𝐶𝑠𝑘 is the Coarseness
parameter (a positive integer value) of the 𝑘th subgrid with respect to the finest sub-grid. Through
above rule, each sub-grid discretization is only
controlled by 𝑁𝑥 × 𝑁𝑦 and 𝐶𝑠𝑘 . An example of a
MR grid generating process is given in Fig.1.

(b)
Figure 1. Converting from a structured grid to an
MR grid. Nodes with green and red color are the
active and inactive nodes, respectively. Dashed
lines (red) are the inactive edges.
The discrete gradient operator 𝑮 maps from nodes
to edges, and then multiply with the corresponding
metric elements. Therefore, 𝑮 can be expressed
as follow:
𝑮 = 𝑴𝑮 𝑻𝑮
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where 𝑻𝑮 is the gradient topology matrix for a unit
grid, 𝑴𝑮 is the metric elements matrix of the
gradient operator to account for variable cell sizes.
The full MR topology gradient matrix 𝑻𝑴𝑹
is a
𝑮
product of the three matrices:
𝑻𝑴𝑹
𝑮 = 𝑻𝟑 𝑻𝟐 𝑻𝟏

(8)

1) interpolation matrix 𝑻𝟏 , which interpolates the
active nodes set to the full set of nodes.

2) block diagonal matrix 𝑻𝟐 consists of blocks of
topology matrices for each sub-grid 𝑻𝑮,𝒌 (similar
with 𝑻𝑮 ):
𝑻𝑮,𝟏
0
𝑻𝟐 =
⋮
[ 0

0
𝑻𝑮,𝟐
⋮
0

⋯
0
⋯
0
⋱
⋮
⋯ 𝑻𝑮,𝒌 ]

(9)

3) Selection matrix 𝑻𝟑 selects rows corresponding
to the active edges.
Complete gradient operator 𝑮
using Equation 7.

𝑴𝑹

is then computed

The topology matrix of the divergence operator 𝑻𝑫
is a transpose of the gradient 𝑻𝑮 , and the full MR
topology divergence matrix 𝑻𝑴𝑹
and 𝑻𝑴𝑹
satisfy
𝑫
𝑮
this relation also. Therefore, a reasonable
approximation to 𝑫 or 𝑫𝑴𝑹 could be formed as
adjoint operator of the above defined gradient
operator.
Finally, Equations 5 on an MR grid can be
represented as:
(12)

= 𝒋𝑴𝑹
𝑨𝑴𝑹 𝝋𝑴𝑹
𝒔
𝒔

are only defined on the
and 𝒋𝑴𝑹
Both of 𝝋𝑴𝑹
𝒔
𝒔
active nodes of MR grid.
The derived 𝑨 and 𝑨𝑴𝑹 are not symmetric
matrixes.
However,
after
multiplying
the
corresponding node volumes to each row of the
̃ and 𝑨
̃ 𝑴𝑹
equations set, then the modified 𝑨
become to the symmetric positive definite matrixes.
As a result, using the Preconditioned Conjugate
Gradient (PCG) method combining with the
Symmetric Successive Over-Relaxation (SSOR)
preconditioner could solve the equations efficiently.
EXAMPLE
In order to illustrate the methodology, we present an
example with a dipole-dipole survey along a 400 𝑚
profile crossing a conductive ( 10 Ω ∙ m ) and a

resistive ( 1000 Ω ∙ m ) cubes embedded in a
homogenous half-space of 100 Ω ∙ m (see Figure
2). The dimension of each cube is 40 𝑚 × 40 𝑚 ×
40 𝑚 and with 40 𝑚 interval, their top are placed
at the depth of 50 𝑚. The geometric factors of the
dipole-dipole array are: 𝑘 = 10 𝑚 , and 𝑛 = 2 to
18. The model is discretized on the structured grid
using 160 × 160 × 60 cells (see part of the gird in
Figure 2.(a)). Excluding boundary nodes that
amounts to 1516860 unknowns.
The MR grid is derived from the structured grid and
is split into four sub-grids. From top to bottom, the
discretization of each sub-grid 𝑁𝑥𝑘𝑀𝑅 × 𝑁𝑦𝑘𝑀𝑅 ×
𝑁𝑧𝑘𝑀𝑅 |𝑘=1,4 are: 160 × 160 × 15 80 × 80 × 15
40 × 40 × 15
and 20 × 20 × 15 , respectively
(Fig.2(b)). MR grid has only 501060 unknowns in
total, which is ~70% less than for structured grid.
Tests show that the solution is also three times
faster to compute on MR grid compared to the
structures accounting to a linear increase in
computational time.
The solution using MR grid is shown in Fig. 3(a).
The relative difference between the structured grid
solution and the MR gird solution |(𝑑𝑆𝑡𝑟𝑢𝑐𝑡 − 𝑑𝑀𝑅 )/
𝑑𝑆𝑡𝑟𝑢𝑐𝑡 | is shown in Figure 3(b). The maximum
relative difference is only 0.1659 % , and is
negligible.
CONCLUSION
We have developed the solution of DC resistivity
forward problem on multi-resolution grid previously
implemented for solving EM forward problem.
Comparison of the solution on MR grid with the
solution on conventional structured grid shows that
without scarifying the accuracy of the solution we
obtain a linear decrease of the computational time.
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(a)
(b)
Figure 2. The 2-D slice (𝑦 = 0 𝑚) of the grids discretization, only the central parts (−200 𝑚 < 𝑥 < 200 𝑚,
0 𝑚 < 𝑧 < 250 𝑚) of the grids are shown. (a) The structured grid discretization. (b) The MR grid discretization.

(a)

(b)
Figure 3. The pseudo-sections. (a) The apparent resistivity data calculated using the MR grid. (b) The relative
difference between the structured grid solution and the MR grid solution.
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3-D inversion of MT impedances and inter-site tensors, jointly and separately. Some
lessons learnt

1

M. Kruglyakov1,2 , A. Kuvshinov2
GEMRC IPE RAS, Troitsk, Moscow, Russian Federation, m.kruglyakov@gmail.com
2
Institute of Geophysics, ETH Zurich, Zurich, Switzerland

S UMMARY
A conventional magnetotelluric (MT) survey layout implies measurements of horizontal electric and magnetic
fields at every site with subsequent estimation and interpretation of impedance tensors Z. In this work we
assess advantages and disadvantages of complementing or substituting conventional MT with inter-site transfer functions such as inter-site impedance tensor Q, horizontal magnetic tensor M , and horizontal electric
tensor T . Our analysis is based on a 3-D inversion of synthetic responses calculated for a 3-D model which
consists of two buried adjacent (resistive and conductive) blocks and thin resistor above them. The (regularized) 3-D inversion is performed using an open source scalable 3-D MT inverse solver extrEMe-I with forward
modelling engine based on a contracting integral equation approach. The inversion exploits gradient-type
(quasi-Newton) optimization algorithm and invokes adjoint sources approach to compute misfits’ gradients.
From our model study we conclude: a) 3-D inversion of either T , Z or Q tensors recovers the “true” structure
equally well. This, in particular, raises the question whether we need horizontal magnetic field measurements
at every survey site in the course of 3-D MT studies? b) Recovery of the true structure is worse if only M
tensors are inverted; c) Simultaneous inversion of M and Z (Q), or T and Z (Q) tensors only marginally
influences the inverse results; d) Location of reference site, which is required for calculating (inter-site) T , Q
and M tensors, has also marginal effect on the inversion results.
Keywords: 3-D Inversion, Magnetotellurics, Inter-site responses , Adjoint approach
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3-D phase tensor inversion in practice
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S UMMARY
The magnetotelluric (MT) phase tensor is a distortion-free 3-D response. However, inversion of phase tensors
for subsurface electrical conductivity structure has not yet established itself in MT data interpretation, despite
their advantages over impedance tensors, which can be affected by galvanic distortion. One major obstacle of
phase tensors is thought to be their lack of amplitude information, i.e. phase tensors are assumed to be only
sensitive to relative conductivity variations in the subsurface.
We performed a study using synthetic data for a local-scale MT survey to evaluate how the choice of the
starting model affects the recovered subsurface conductivity structure in 3-D phase tensor inversions. We
test starting models that are chosen independently from the observed responses and starting models that are
amplitude tuned by accounting the statistical distribution of apparent resistivities at all stations and frequencies.
Furthermore, we analyse the performance of 3-D phase tensor inversion with inversion of impedance tensors
in presence of galvanic distortion with a zero-sum Gaussian distribution of static shifts. Ultimately, we present
a 3-D electrical conductivity model that was recovered by phase tensor inversion applying gained insights from
the aforementioned synthetic study to a data set from a volcanic geothermal prospect in the Ethiopian Rift
Valley.
Keywords: 3-D inversion, phase tensors, geothermal exploration, volcano monitoring
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3-D Transient EM forward modeling using the multi-resolution grid
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1Luleå

SUMMARY
We have implemented the Transient Electromagnetic 3-D forward modeling based on a previously developed
multi-resolution grid approach. Since after the transmitter loop suddenly shut down, the secondary
electromagnetic fields are mainly focused around the transmitter region with drastic variation, thus fine
discretization around those regions are needed to preserve the accuracy of the solution. With the time lapsing
and depth increasing, the variation of the fields tend to be smooth, then coarser grid would be sufficient to
keep the accuracy, thereby reducing the calculations. The finite difference multi-resolution grid is a nonconformal mesh that allows varying the horizontal discretization in the vertical direction, thus it allows us to
decrease the number of the degrees of freedom. With the implementation of the multi-resolution grid, the
calculations in each time step are reduced, since tremendous time steps are commonly included, thus the total
computation time can be greatly cut, which is also beneficial for the subsequent inversion.
The modeling is based on the explicit form of the time domain finite difference method, then the electric field
and magnetic field are calculated alternately, and the magnetic field divergence-free condition is included to
keep the response accuracy of the later period. The transmitter loop’s shape and current waveform, playing
an important effect to the response, are also included into the calculation, making the forward modeling close
to the real condition.
Keywords: TEM, 3-D forward modeling, Multi-Resolution grid
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3D Boundary Conditions in 3D Finite-Element Electromagnetic Forward Modelling
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S UMMARY
We implemented 3D Neumann boundary conditions into an existing 3D electromagnetic finite-element forward
modelling code. Formerly, this code only allowed for horizontally layered Earth models at the faces of the
computational domain (1D boundary conditions). The boundary conditions in this code are of Neumann type
for the electric field. As the forward modelling code will be included in an inversion code later, it needs to handle
realistic models. Therefore, 3D boundary conditions are essential to allow for the variations of the models in
all three spatial directions.
In our approach, we independently solve four electromagnetic 2D problems - one on each side of the 3D
modelling domain - and use these solutions as boundary conditions for the 3D problem. For solving the 3D
problem, we compute and solve a linear system of equations in which the right-hand side vector contains
the boundary conditions. Since the 2D meshes are discretised independently of the 3D mesh, the meshes
do not match. Thus, the electric field values which are required at the boundary of the 3D mesh have to be
interpolated from the 2D solutions. First, we map each boundary point into the appropriate element on the 2D
side meshes. For each boundary point we therefore loop over all 2D mesh elements and check in which of
them the point is located. Once the boundary point is located in a 2D mesh element, the solutions on the edges
of this element are linearly interpolated onto the 3D mesh boundary point. As the interpolation is a linear one,
the 2D meshes have to be sufficiently dense in order to capture the non-linear electromagnetic field behaviour
well enough when interpolated onto the 3D boundary points. We obtain a slight inaccuracy of the 3D solution
due to the interpolation which is, however, negligible, if the 2D solutions on the sides are fine enough. Since
the 2D meshes have to be sufficiently dense, the location algorithm takes a long time so we accelerated it with
a quad-tree. A quad-tree structure recursively divides a domain into sub-domains which makes a search in the
domain much faster, since only a sub-domain and not the entire domain has to be scanned for mapping the
3D boundary points into the 2D mesh. The quad-tree implementation resulted in a speedup of about 7.8. With
the thus improved boundary conditions, the code can now be incorporated in an inversion algorithm.
Keywords: 3D boundary conditions, electromagnetic forward modelling, finite elements
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3D Forward modeling of a pair of magnetic coils over shallow targets as geothermal
manifestations.
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1
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S UMMARY
We are solving the numerical problem of two magnetic coils; one creates an alternating magnetic field that
induces electrical currents in the subsurface (controlled source) and the other measures the effects of these
currents (magnetic receiver). Several companies have designed electromagnetic equipment, including Geonics
which commercializes the models EM31, EM34, and EM38 to carry out apparent conductivity measurements
at low induction numbers. The equipment operates in two modalities: coplanar horizontal coils and coplanar
vertical coils.
The main objective of this work is to perform direct modeling (apparent conductivities) of the Helmholtz equation
in the frequency domain for 3D electromagnetic bodies using the finite difference method with a staggered grid.
The numerical solution of the magnetic field was compared with (i) the analytical solution for a homogeneous,
flat and isotropic semi-space derived from the vector potential of Schelkunoff, (ii) results published in articles
and finally (iii) apparent conductivities at low and high induction numbers. Apparent conductivities can be
negative for conductive bodies in the case of horizontal coplanar coils.
We simulate the apparent conductivity in the air and on the land for simple geometry bodies like sinkholes, but
also a shallow geothermal manifestation. Also, we simulate an EM device inside a well.
Keywords: finite differences, staggered grid, apparent conductivity
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SUMMARY

Profiling electromagnetic distributed acquisition systems (DAS), such as MIMDAS and Titan-24, are
commonly used for near-surface exploration. Such systems allow more rapid acquisition compared to
standard magnetotelluric (MT) approaches. Instead of recording horizontal electric and magnetic fields at
every site, DAS acquire a single (along-profile) component of the electric field at every site, but the
perpendicular component is measured at every second or so site, and the magnetic field sensors are
normally positioned only at a couple of locations within the study area. It is common practice to apply
standard MT inversion algorithms to invert such DAS data, despite the lack of full four component
measurements at each site. This is only valid in the strictly two-dimensional (2D) case with the geoelectric
strike perpendicular to the acquisition profile and for the transverse magnetic (TM) mode, and also under
certain assumptions on frequency range and resistivities. In case of the 2D transverse electric (TE) mode
and in the general 3D case, employing standard MT inversion software will lead to erroneous results.
Therefore, we have developed a new 3D inversion algorithm that considers the correct positioning of all
sensors. We investigate the ability of the new inversion to recover the subsurface resistivity and compare
the results to standard MT inversion of DAS data. The newly developed inversion code is also useful for
conventional MT surveys when data from some channels is lost. With the new approach missing fields can
be easily substituted by fields from another site.
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3D Land CSEM Inversion Using Horizontal Electric Field Component Directly
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3 Institute of Theoretical and Applied Geophysics, Peking University, Beijing, China., huangq@pku.edu.cn

1Institute

SUMMARY
The conventional apparent resistivity inversion of controlled source electromagnetic method needs to remove
the distortion of apparent resistivity in low frequency band, which may result in the waste of observation data.
In addition, compared with the electric field, the magnetic field component in the actual observation is more
likely to be disturbed. Even if the high quality of the horizontal electric field data could be obtained, the apparent
resistivity data might not be used because of the poor quality of the horizontal magnetic field data. Therefore,
we consider that the direct inversion of horizontal electric field component can make full use of the observation
in all bands, and also avoid the situation that the apparent resistivity cannot be used due to the poor quality of
the horizontal magnetic field data. Based on the open-source three-dimensional EM inversion modular system
ModEM, this study has completed the work of the three-dimensional forward and inversion of controlled source
electromagnetic method. The forward modeling separates the primary field and the secondary field, the primary
field is computed by semi-analytical methods of layered model. We use the horizontal electric field component
directly in the inversion instead of using apparent resistivity. Based on the synthesis test, we have discussed
the ability of horizontal electric field component to detect anomalies under different observation methods.
Finally, we used field data to analysis the feasibility of using electric field component inversion directly in
controlled source method.
Keywords: Controlled-Source Electromagnetic; 3D Inversion; Horizontal Electric Field
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3D marine controlled-source electromagnetic modeling with
a new type of Second-Order tetrahedral edge element
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SUMMARY
Second-order tetrahedral edge elements afford
much better accuracy in marine controlled source
electromagnetic modeling compared with firstorder elements. However, they often result in
higher computation cost than first-order elements
due to the increase of unknown number. But some
of them are redundant. A second order edge-based
finite method based on a new type of second order
edge element for numerical modeling of 3D
controlled source electromagnetic data in
anisotropic conductive medium is presented. We
adopt partial tree-gauging approach to eliminate a
portion of redundant edge variables. We adopt the
anomalous potential field formulation to avoid the

effect of source’s singularity, while completely
unstructured tetrahedral meshes and mesh
refinement support an accurate representation of
geological and bathymetric complexity and
improve the solution accuracy. The sparse linear
system is solved by using the IDR(s) with an
incomplete LU preconditioner. We have applied the
developed algorithm to compute a typical MCSEM
response over several 3D models, we compare the
numerical results from our method and FEM
solution based on conventional first and second
order element. The results of comparison shown
that our algorithm can significantly reduce the
computation cost without loss to much accuracy.

Keywords: marine controlled sources electromagnetic method, second order element, edge-based finite
element method, partial tree-gauging approach
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3D modelling and inversion using elongated electric field receivers
Patzer, C. and Tietze, K. and Ritter, O.
Short Abstract:
Electromagnetic methods have recently gained interest for monitoring hydrocarbon reservoirs.
Various modelling studies suggested that the vertical electric field provides the highest
sensitivity towards thin resistive structures, commonly associated with hydrocarbon reservoirs.
Amplitudes of vertical electric fields are typically one or more orders of magnitude smaller than
horizontal electric fields and their measurements in shallow observation wells requires dipoles
with lengths of ~100 m to achieve satisfactory signal-to-noise ratios. Such extended dipoles
span several modelling cells and are therefore in conflict with assumptions usually made for
modelling that receivers can be represented as point dipoles.
We therefore expanded our 3D controlled-source electromagnetic modelling and inversion
codes to consider the physical receiver dimensions. The new approach allows for receivers of
arbitrary shape, orientation and spanning several model cells. Its flexible implementation is not
limited to CSEM and can easily be adopted to other EM modelling codes. In MT modelling,
for example, it could help anticipate effects of galvanic distortion.
With the new algorithm, we can show that even small deviations from verticality (<0.1°) can
significantly alter vertical electric field observations as horizontal components are mapped onto
the vertical fields. Finally, we highlight the potential of using vertical electric field data with a
3D inversion of a synthetic scenario based on a North German oilfield, where resolution for a
thin 3D resistive reservoir structure is required.
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S UMMARY
The spectral element method based on high-order orthogonal polynomials is an accurate and efficient numerical method combining the spectral method and the finite element method, which has been successfully
applied in computational electromagnetic modelling. Similar to the finite element method, the spectral element
method is based on a weighted residual technique. However, the basis functions for the spectral element
method are non-linear polynomials, such as Gauss-Lobatto-Legendre or Gauss-Lobatto-Chebyshev polynomials, rather than linear polynomials used in the finite element method. The interpolation functions used in the
former method are characterised by spectral accuracy with the error decreasing exponentially with increasing
polynomial order. Thus, similar accuracy to that of the finite element method can be obtained using fewer
degrees of freedom. In addition, the modelling accuracy can be improved easily by increasing the order of the
basis functions, specifically around the source.
We introduce the spectral element method based on Gauss-Lobatto-Legendre polynomials to three-dimensional
frequency-domain controlled-source electromagnetic forward modelling. Starting from Maxwell’s equations, we
establish the curl-curl equation for the electric field. The physical domain is discretised using regular hexahedral elements and Galerkin’s weighted residual method is applied to minimise the weak form of the vector
Helmholtz equation for all the discrete elements. To guarantee the tangential continuity of the electric field
across the element edges, mixed-order curl-conforming vector basis functions are employed. The stiffness
and mass matrix of each element are computed using Gauss-Lobatto-Legendre numerical integration. The
established linear equation system for the electric field of the spectral element method can be solved using a
direct solver or an iterative one. We intend to compare different solvers in terms of efficiency. The accuracy
of the algorithm will be verified against the analytical solution of a horizontal electric dipole in a homogeneous
half-space.
Keywords: Spectral element method, Gauss-Lobatto-Legendre interpolation, controlled-source electromagnetic forward modelling

BEAR experiment – 2 approaches to the inversion problem solution
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The BEAR (Baltic Electromagnetic Array Research) experiment was carried out within SVEKALAPKO
project in 1998. Processing and interpretation were carried out within the framework of project BEAR PMI
(coordinator - Toivo Korja, Oulu University) under INTAS financial support (grant 97-1162). Results of
processing and modeling of the BEAR experiment are published in a large number of articles. Much less
articles are devoted to results of the quantitative geological and geophysical interpretation. This is due to
distortion of MT curves from the sharp horizontal heterogeneity of the Earth crust.
In this paper, an attempt is made for to solve the problem of the BEAR interpretation with the use of two
approaches - formal and phenomenological. The formal approach is based on the Occam-inversion
procedure. This procedure, after S. Constable et al., (1987), is based on preferential use of phase
impedance for the qualitative evaluation of the depth section parameters. Quantitative estimation (inverse
problem) is carried out by linking the phase curve to the curve of the apparent resistivity of the global
magnetovariation sounding that is not affected by static distortions.
The second approach was phenomenological one. It is based on the use of a priori information for the
purpose of regularizing the solution of one-dimensional problem. It was assumed that crustal conductors are
distributed in the upper 10-kilometer thickness of the earth's crust and exert static, frequency-independent
distortions on the MTS curves at periods of 10 s and more. Further, the MTS curves were corrected by the
method of I.I. Rokitiansky (1971). The corrected MTS curves has been used to solve the one-dimensional
inverse problem. A set of one-dimensional cuts is used to construct a system of two-dimensional profilescuts. At the last stage the quasi-three-dimensional model of electrical conductivity till the depth of 160 km
was calculated with the use of Waxler programme. Two anomalies of the lower transversal resistivity are
established in the depth range of 30-60 km, spatially coinciding with the immersion of the Moho boundary till
55-60 km in the western part of the Fennoscandian shield.
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SUMMARY
The traditional finite difference time domain (FDTD) method is restricted by Courant stability conditions for
transient electromagnetic forward modeling, which leads a heavy time cost. Although the alternating direction
implicit discrete show a solution to extend the time steps, the accuracy highly reduced with the computation at
late time and will not up the requirements. The Crank-Nicolson finite difference time domain method (CN-FDTD)
is another implicit discrete which solves the Maxwell equation at the same sampling time. We establish a CNFDTD approach for modeling of Transient Electromagnetic (TEM) in three-dimensions. We first deduce the
implicit recurrence formula of the three components of the electric field with the Crank-Nicolson discrete. The
stable double conjugate gradient method is used to solve the linear equations generated by each time step.
The value of the magnetic field is obtained by using the relationship of electromagnetic field. We find that
CN-FDTD not only satisfies the accurate requirement but also reduces the time of computation without
satisfying the stability conditions
Key words: transient electromagnetic, 3D modeling, Crank-Nicolson, FDTD,
INTRODUCTION
The transient electromagnetic (TEM) method
uses a loop or grounded power-line as sources to
transmit the electromagnetic into the earth. By
receiving the secondary field induced by the
underground abnormal body, the position and depth
can be inverted. TEM has been widely used in near
surface detection and exploration, such as
monitoring hydrocarbon (Rita Streich 2016),
detection of metal ore (Yang D, Oldenburg D W.
2012) and underground water research (Strack K M
1990).
Modeling is important to study the transient
electromagnetic responses of underground targets.
With the development of computer technology, TEM
modeling goes to complex with 3D geological
models. The finite difference time domain method
(FDTD), finite volume method (FV), integral
equation method (IE), finite element method (FEM)
are commonly used numerical method to solve the
diffusion equations of electromagnetic. The finite
difference time domain (FDTD) method can directly
solve Maxwell equations in time domain and is
widely applied. The FDTD was used to simulate the
3D transient electromagnetic field model, and
solved the time calculation by using the large
computer (Wang T 1993). Using the parallel
computing method, the long offset electric source
transient electromagnetic forward modeling was
studied (Newman G A 2005). A large meshing grid
wan used to simulate the transient electromagnetic
law of tunnel TBM interference (Sun H F 2016).
Computing water body model in different conditions
of tunnel, analyzed the abnormal response of
different water-bearing and diffusion law of

electromagnetic field which consider turn-off time (Li
X 2013). The previous researchers consider FDTD
to study Maxwell equations by using the display
difference scheme, and thus the selection of time
step associated with the mesh size, which is
confined by stable condition of the Courant. To solve
the Courant stability condition, it is proposed that
Crank-Nicolson(CN-FDTD) difference scheme can
not only solve the problem of stability condition, but
also improve the precision, save computational
memory, and greatly improve the efficiency.
In the paper, the electromagnetic field is sampled
alternately on the space, and it is sampled at the
same time. The finite difference of transient
electromagnetic field uses Yee cell format in
rectangular coordinate system. Electromagnetic
field adopt the central difference strategy on time.
On the space, considering the higher requirement of
stability to the forward difference and the strict
requirement of time step, so we use backward
difference format which has no special
requirements. On the space, the value of
electromagnetic field is replaced by the average
value of backward difference at time n and n+1. In
this way, the implicit differential recursion formula of
electric field E is obtained, which is written as a
matrix form and solved by the conjugate gradient
method. Thus, we obtain the value of
electromagnetic field.
METHODS
Control Equations in a Source Medium
Maxwell’s equations under the non-quasi-static
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approximation in linear, isotropic, non-magnetic,
lossy and source media can be expressed as
follows:
B

  E   t ,

  H  D   E  J ,
S

t

  E  0,
  H  0.


(1)

Where E is electric field intensity, B is magnetic flux
density, H is magnetic field intensity, D is electric flux
density, σis conductivity of the earth, JS is current
density of source.
The Maxwell equations and the constitutive
relations in isotropic media are combined and
transformed into a rectangular coordinate system.
The finite difference discretization in transient
electromagnetic field Cartesian coordinates uses
the Yee cell format, as shown in Figure 1. Each
electric field is surrounded by four mutually
symmetrical magnetic fields, and there are also four
electric fields around each magnetic field, forming a
pattern in which the electromagnetic field is
alternately
sampled
in
space
and
the
electromagnetic field is sampled at the same time.
Using the Yee cell format and coordinate system of
Figure 1 for non-uniform meshing (Figure 2), the
center of each cube surface is set as a component
of the magnetic field, so that the receiving point on
the ground is the component of the vertical
magnetic field.
The electromagnetic field of the first partial
derivative of the time is calculated by the center

difference scheme, and the first partial derivative is
represented
by
average
value
of
the
electromagnetic field at N and N+1 time. Moreover,
the first partial derivative of space still uses
backward difference format. In the Cartesian
coordinate system, the Maxwell equation is applied
to the Crank-Nicolson difference scheme, which can
be expressed as follows:

Figure1.Yee Grid used in FDTD

Figure 2. Non-uniform discretization of the
model
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The implicit difference scheme of the electric field
can be derived by combining Equation (2) Equation

(2)

(3)

(3) as follows:
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The update processing of the electric field
component E can be written the form of a matrix as
follows:

Ax  b

Where A is large sparse solid symmetric matrix,

x  [E]T .The electric field component E of each

time step can be obtained by solving the large linear
equations. The magnetic component H can be
obtained by the Equation (3), and finally, the
recurrence of the electromagnetic field component
in a time step is completed.
In the spatial domain, all the electric field
component E of each time step can be obtained as
long as linear equations are solved, then the
magnetic field component H is obtained from
Equation (2). Finally, the components of the
electromagnetic field can complete the recurrence
in each time step and iterate many times until the
termination condition is satisfied (Figure 3).

The electric field
value at n time

The magnetic field
value at n time

The electric field
value at n+1 time

The magnetic field
value at n+1 time

Multiple iterations until
the termination
condition is satisfied

End

Figure 3. Iterative flow graph of electromagnetic
field
CONCLUSION
The Crank-Nicolson time-domain finite diference
(CN-FDTD) algorithm is an implicit difference
scheme to solve Maxwell differential equations.
Each step on the time axis only needs solve a large

linear equation group, which greatly reduces the
calculation time and the calculation precision
reaches the requirement without satisfying the
stability condition. The Crank-Nicolson time-domain
finite difference algorithm is acceptable for TEM
modeling with large 3D models.
We will present our comparisons and modeling
results for very complex geological models during
the EMIW2018.
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SUMMARY

In this study we discuss a regularization approach to improving numerical stability of the frequency
domain Maxwell equations of electromagnetic geophysics. We focus on how to enforce the
divergence-free gauge condition on the curl-curl equations derived from the electromagnetic
boundary value problem, which is essential for solving the quasi-static system effectively with Krylov
subspace method. To enforce the gauge conditions, we add a scaled grad-div operator to the curlcurl equation for electric fields. This deflates the null space of the curl-curl operator and significantly
reduces the condition number of the linear system derived for the finite difference (FD) approximation,
resulting in faster and more stable iterative solution. We explicitly discuss extensions required to
solve the adjoint problems required for sensitivity calculations and inversion. We show that there are
two apparently different approaches to the sensitivity calculation, which are ultimately equivalent. To
complete assessment of the new approach in practice we have implemented the modified solver in
the ModEM inversion code and compared to more standard methods (divergence correction method)
on inversion of a real data set. This, and simpler tests of the forward solver in isolation, demonstrate
that, with appropriate scaling of the added grad-div term, the regularization approach dramatically
improve the efficiency of Krylov subspace methods, In addition, this approach also greatly improves
the efficiency of direct methods (e.g. Gaussian elimination variants based on LU factorization). Run
times for the inversion test are reduced by almost a factor of three, making 3D FD inversion
significantly more practical.
Keywords: finite difference, forward modelling, divergence gauge, curl-curl equation, frequency domain

1/1

th

Abstract, 24 EM Induction Workshop, Helsingør, Denmark, August 12-19, 2018
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SUMMARY
We develop an accurate volume-surface integral formula for three-dimensional direct current (DC)
resistivity forward modeling with heterogeneous conductivities and an arbitrary homogeneous topography.
First, a volume-surface integral formula is derived from its elliptic boundary value problem in terms of an
artificial analytical function defined over the full-space. That leads to a volume integral accounting for
underground anomalous regions and a surface integral over the surface topography. Then, tetrahedral grids
are used to discretize the volume anomalous bodies and triangular grids are adopted to approximate the
complicated surface topography. The usage of unstructured grids enable our volume-surface integral formula
to deal with realistic Earth models with complex geometries and conductivity distributions. Furthermore, linear
shape functions are assumed in both tetrahedral elements and triangular elements to obtain the final system
of linear equations. In the final system matrix, singularity-free analytical expressions are developed for
entries arising from volume integrals over tetrahedral elements; and Gaussian quadrature formulae are used
to calculate surface integrals over triangular elements. To guarantee accuracies of final numerical solutions,
direct solvers are used. At the end, three synthetic models are used to verify our newly developed
volume-surface integral formula by comparison with published analytical solutions and finite-element
solutions. Due to its high accuracy, solutions of our volume-surface integral approach can act as an efficient
benchmark tool for other numerical solutions for complicated DC models with arbitrary homogeneous
topographies.
Keywords: Resistivity modelling; Volume-surface integral formula; Linear basis function; Unstructured
meshes; Topography
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SUMMARY
Due to huge amount of airborne EM survey data in time-domain, one generally uses imaging to process the
data or invert them based on one-dimensional models. Traditional imaging methods cannot be both fast and
accurate. To solve this problem, we present in this paper an imaging method based on deep neural network
system. The deep neural network learns the functions between the model and the response through the
training set and approaches this function by updating the parameter matrix. Compared with traditional neural
networks, deep neural networks use a deeper hierarchical structure with a larger parameter matrix that are
more suitable for solving complex nonlinear problems. To check the effectiveness of our deep neural network
system, we test our imaging algorithm both on synthetic and survey data.
Keywords: Airborne EM, Deep Neural Networks, imaging, inversion

INTRODUCTION
Imaging is a special 'inversion' method that does not
require initial models and optimization algorithms to
regularize the model solutions. The current imaging
methods mostly convert the survey data into some
intermediate parameters like apparent conductivity
and apparent depth, such as in CDI, CDT, EMflow
(Huang and Rudd, 2008; Fraser,1978; Macnac et
al.,1998). These parameters have certain physical
meanings and they can be plotted at different
depths to obtain sections that mimics inversion
results (Yin et al.,2015). As the imaging method is
fast and suitable for processing big dataset, the
research on imaging method is particularly
important in the field of airborne EM.
Deep learning is a method of machine learning, with
powerful ability and flexibility that has been widely
used in the fields of image recognition, natural
language processing and retrieval engine. As with
traditional imaging methods, deep neural network
imaging does not require initial models and
optimization algorithms. The difference, however, is
that one needs to build training sets and test sets for
neural networks. The training set is used to update
the system parameters, while the test set is used to
test the system performance. Traditional neural
network technique has been applied in imaging field,
e.g. by Zhu et al. (2010). However, due to the
relatively low precision of traditional neural network
imaging technology, its application is limited. Deep
neural network uses the concept of hierarchy to
gradually analyze the input of the network, its huge
parameter matrix is more suitable for the prediction
of complex underground conditions. In this paper,
we adopt a network structure that combines CNN (
Convolution neural network) and RNN (Recurrent

neural network). We use LSTM (Long Short-Term
Memory) module in RNN that makes RNN
performance even more powerful (Hochreiter and
Schmidhuber ,1997). We will use both theoretical
and field data to test our deep neural network
technique.
METHODS
We first use the forward modeling program to get
the training set and test set for the deep neural
network. The training set contains 1 million models
with corresponding EM responses, while the test set
contains 8,000 models with corresponding EM
responses. Since the size of the input matrix for the
neural network is fixed, we use the model with fixed
number of layers and layer thicknesses. Figure 1
gives the network structure
.

Figure 1. Structure of deep neural network system
The network contains five CNNs and one RNN.
CNNs are used to extract data features and input to
the RNN according in a certain sequence. At
Moment (1), RNN predicts the resistivity of the
deepest part of the underground formation through
the information given by CNN1. At Moment (2), RNN
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predicts the resistivity of deeper parts of the
underground through the information given by CNN2
and the information of the previous moment. The
process is repeated. RNN obtains the shallowest
resistivity of the underground formation at Moment
(5).
The input of the network is the normalized EM signal
and the flight altitude, the output is the normalized
resistivities for each layer (20 layers in total). The
response signal and the flight altitude are two
completely different physical parameters, and they
have different weights on the final imaging results.
In fact, the flight altitude is the so-called ‘first-order’
parameter, meaning that it is mostly sensitive to and
has large influence on AEM responses. We use the
technique shown in Figure 2 to input the flight height.
That is to increase the influence weight of flight
height on the final imaging result, we copy the flight
height information multiple times and input it into the
fully connected layer of the convolutional neural
network. In this way, the network can access and
thus learn the information on flight height.

Figure 4. Error distribution for test set.
To further test the effectiveness of our imaging
algorithm, we show in Figure 5 the difference
between the neural network imaging results and the
results from the Occam’s inversion for a survey data
in Fort McMurray, Canada. It is seen from the figure
that our imaging results well match the inversion.
However, our algorithm works much faster than the
Occam’s inversion, meaning that compared to
traditional imaging and inversion, our method based
on deep neural network works efficiently while
maintaining accuracy.
We must point out that in time-domain airborne EM
imaging, the flight altitude has a significant impact
on training process due to its big influence to EM
signal. After numerous experiments, we found that
repeated inputting the flight altitude to the fully
connected layer can solve this problem, which is
equivalent to increasing the impact weight of the
flight altitude on the network output. This embodies
again the flight height as the first-order parameter in
AEM inversion.

Figure 2. Local structure of CNN. The flight height
is input multiple times for large influence weight.
RESULTS
To demonstrate the effectiveness of our algorithm,
we first test the deep neural network imaging
method on synthetic model. For comparison
purpose, we also calculate the EM responses
respectively for a half-sine and a trapezoid
transmitting wave. From the randomly selected
inversion results shown in Figure 3, we can see that
our imaging algorithm works well. Moreover, we
also calculate the root mean square (RMS) errors of
the entire test set and display them in Figure 4.
Based on the statistics, 80% of samples have RMS
less than 0.02, and 95% of samples have RMS less
than 0.03. This implies that the deep neural network
system performs well throughout the test set.

CONCLUSIONS
Deep neural network system imaging is accurate，
fast with a high resolution. The imaging results from
our deep neural network system method can well
match the results of traditional Occam’s inversion.
Combining the techniques of CNN and RNN, the
network can finish training at a high speed, so that
it can complete the processing of AEM data even for
large survey area.
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Figure 3. Imaging results using deep neural network method in comparison with real model. The models are
randomly selected from test set. For each model, the right side shows the comparison of AEM responses.

Figure 5. Comparison of deep neural network imaging and Occam’s inversion results
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An improved exponential stabilizing functional to enhance the structural boundary in
regularized magnetotelluric inversion
Cheng Wang, Peng Yu*, Luolei Zhang, Chongjin Zhao, Bo Shi
State Key Laboratory of Marine Geology, Tongji University,China
SUMMARY
In this paper, we introduce a new method for regularized magnetotelluric inversion by applying an improved focusing stabilizing
functional. Compared with the smoothing stabilizing functional, this method can enhance the sharp boundaries of magnetotellluric
model more effectively. Besides, different from some other focusing functionals, the exponential stabilizing functional is able to
avoid the calculation of model gradient. We apply this stabilizing functional to 1D and 2D magnetotelluric model tests, and the
obtained results show that our method can efficiently provide us a focused inversion image.
Keywords: magnetotelluric inversion, exponential stabilizing functional, modeling study
INTRODUCTION

focusing constraints, and obtained better inversion results in

MT sounding is one of the most commonly used methods in

imaging an inclined geoelectrical interface. Recently, Xiang et

geophysical and geological researches as well as in the

al. (2017) proposed a minimum support gradient (MSG)

exploration of natural resources. Nowadays, there are various

stabilizing functional as another possible choice of focusing

inversion methods: Occam’s inversion (Constable et al. 1987;

stabilizer, which has been proved not only capable of imaging

de Groot-Hedlin and Constable 1990); reduced basis Occam’s

a sharp geoelectrical interface clearly but also quite stable and

inversion (REBOCC); and nonlinear conjugate gradients

robust.

method (NLCG) (Rodi and Mackie 2001). The inversion
methods above usually constrain the model in the objective

According to the exponential stabilizing functional proposed

functional with the minimum model, the flattest model, or the

by Zhao et al. (2016), which has been successfully applied in

smoothest model to relieve the non-uniqueness of the inverse

the inversion of gravity and magnetic anomalies, here we

problem. As a result, on the other side, it is difficult for them

improve it and introduce this kind of exponential functional

to show sharp boundaries of geological structures.

for imaging a sharp boundary in magnetotelluric inversion.
We take advantage of exponential varying property of the

In order to describe electrical interfaces more clearly, a MS

inversed model parameters and apply it to a unified form of

functional was employed in the inversion process by Last and

the objective functional in the Tikhonov regularized inversion.

Kubik (1983), which can provide models with the minimum

By testing this method with different model parameters and

domain volume with anomalous parameter distribution. Rudin

comparing it with the smoothing stabilizing functional in 1D

et al. (1992) proposed a method for reconstruction of noisy

and 2D synthetic model inversion, we demonstrate the

and blurred images based on total variation (TV).

effectiveness of this new approach.

Portniaguine and Zhdanov (1999) introduced a MGS
functional which can enhance the sharp boundaries effectively

THEORY

as the MGS has been successfully applied to the inversion of

The regularized objective functional described by Tikhonov

gravitational, magnetic, and electromagnetic data. Afterwards,

and Arsenin (1977) can generally be written as:

Zhang et al. (2009, 2010) added diagonal gradient support to
the objective functional, which consists of both smoothing and

𝑃(𝒎, 𝒅)𝛼 = ∅(𝒎) + 𝛼𝑆(𝒎) (1)

where 𝑃(𝒎, 𝒅)𝛼 is the objective functional; 𝒎 is the vector

of the model parameters; 𝒅 is the vector containing the

resistivity anomalous layer (1000Ω · m) and one low-

the data weighting matrix, 𝐴 is an operator of the theoretical

frequencies from 0.00055 to 320Hz and added 5% Gaussian

observation data; ∅(𝒎) is the data objective functional and

can be given by ∅(𝒎) = ‖𝑾𝑑 𝐴(𝒎) − 𝑾𝑑 𝒅‖, here 𝑾𝑑 is

resistivity (10Ω·m) anomalous layer embedded in a uniform
half-space with a resistivity of 100 Ω · m. We used 40

data from model parameters; 𝑆(𝒎) is the stabilizing

half-space at the beginning of inversion and the RMS data

Our study is mainly focused on the stabilizing functional,

1 in the end.

functional; and 𝛼 is the regularization parameter.

noise to the synthetic data. The initial model is a 100Ω·m
misfit values of both SM and NFS results both come close to

which is used to select an appropriate class of models from the
space of all possible models.
The smoothest model stabilizing functional (SM) is given as:
𝑎𝑝𝑟

2
𝑆𝑆𝑀 (𝑚) = ∑𝑁
𝑖=1 ∇ (𝑚𝑖 − 𝑚𝑖

(2)

)

where 𝑚𝑖 is the ith model parameter and N is the total
number of model parameters.

Zhao (2016) proposed a new exponential focusing stabilizing
functional as follow:
𝑎𝑝𝑟

|𝑚𝑖 −𝑚𝑖
𝑆𝑁𝐹𝑆 (𝑚) = ∑𝑁
𝑖=1(1 − 𝑒

|

(3)

)

We improve this functional into the following form and
manage to apply it in magnetotelluric inversion:
𝑎𝑝𝑟 2
)

−𝜀(𝑚𝑖 −𝑚𝑖
𝑆𝑁𝐹𝑆 (𝑚, 𝜀) = ∑𝑁
𝑖=1(1 − 𝑒

)

(4)

where 𝜀 is a weight coefficient to adjust the effect of

boundary imaging.

𝑎𝑝𝑟

Fig.1 Comparison of different inversion results with 𝑆𝑆𝑀 and 𝑆𝑁𝐹𝑆

As shown above, by replacing |𝑚𝑖 − 𝑚𝑖

In figure.1, we can see a clear difference of inversion results

is positive or not. It is able to enhance the sharp boundary

focusing functional by the different effect of boundary

when the physical property is quite different. That is because

enhancement.

| with (𝑚𝑖 −
𝑎𝑝𝑟 2
𝑚𝑖 ) , there is no need to worry whether the difference value

with smoothest stabilizing functional and our improved

it supports the volume by focusing on the volumes in which
the model parameters differ from the given a priori model

Two‑dimensional block model

when 𝑆𝑁𝐹𝑆 tends to equal 1 , while on the other hand 𝑆𝑁𝐹𝑆

In the 2D case we applied the 2D Occam’s inversion with a

𝑎𝑝𝑟
𝑚𝑖

are similar to each

self-adaptive regularization parameter (deGroot-Hedlin and

other. In addition, due to the simplicity of calculating the

Constable. 1990) using Cholesky decomposition to obtain

natural exponential function’s derivative, it provides a more

inverse matrix. The exponential stabilizing functional is added

concise way to conduct the regularized inversion.

to the original inversion framework containing smoothest

tends to reach zero when 𝑚𝑖 and

stabilizing functional.
SYNTHETIC MODEL TEST
One‑dimensional model
In this case, we designed a model consisting of one high-

CONCLUSION
The 1D and 2D synthetic inversed results using different
stabilizers helped us demonstrated that the improved focusing
stabilizing

functional

for

regularized

magnetotelluric

inversion is able to characterize a sharp boundary of structures.
The anomalous bodies were all well imaged, which proved the
validity and efficiency of our new method.
Fig.2 2D model
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1

S UMMARY
3D inversions of magnetotelluric data is now almost standard, with computational power now allowing an inversion to be performed in a matter of days (or hours) rather than weeks. However, when compared to 2D
inversions these are still very computationally demanding. As a result, 3D inversions are generally not subjected to as rigorous testing as a 1D or 2D inversion would be. We have performed rigorous testing on a subset
of the South Australian component of the eventual Australia-wide AusLAMP (Australian Lithospheric Architecture Magnetotelluric Project). The subset was inverted on the order of 100 times with different parameters,
model setup and data inclusion. While results may be specific to the dataset used, the generalisations made
regarding the effects of each parameter will likely stand for studies of similar scale and will hopefully enable MT
practictioners to prioritise which type of tests to conduct, and optimise their results. Specifically, the damping
parameter, λ, the covariance and the resistivity of the prior model were all investigated for the 3D inversion
software, ModEM3DMT.
Keywords: magnetotellurics, ModEM, 3D inversion, electrical resistivity, AusLAMP

I NTRODUCTION
The advance and parallelisation of 3D inversion software (ModEM; (Egbert and Kelbert, 2012; Kelbert
et al, 2014), WSINV3D; (Siripunvaraporn and Egbert, 2000)) combined with more readily available
high performance computing facilities now makes
it possible to invert large data sets with hundreds
of sites. However, thorough testing of these deterministic models requires many inversions making these, and even more-so probabilistic inversion
methods, somewhat inaccessible in three dimensions due to the very expensive computational process when performing hundreds or even thousands
of inversions.
An example of parameters and inversion methods
that can be tested include but are certainly not limited to; varying the covariance, the starting resistivity, the inclusion of prior knowledge, the components inverted (of the impedance tensor-full, or offdiagonals only, the tipper, the phase tensor etc.),
the cell size, the method of error calculation and the
error floors, the interstation sampling rate (e.g. in-

verting every second site), and altering a few other
code specific parameters such as those relating to
the volume of the search space. Testing all of these
parameters is time-consuming, and impractical in
cases where significant computational time is not
available, or model results are required quickly.
For the 3D magnetotelluric inversion code, ModEM3DMT, we endeavour to give an indication of
the effects that different modelling parameters may
have on the resultant model and thus reduce or
at least allow more focused testing by other ModEM3DMT users. Around 100 different 3D inversions on AusLAMP data in northeast South Australia were conducted, and a selection of these results are presented here. Note that what works for
one region/dataset may not necessarily work for another region/dataset. Many inversions should always be performed by the user, but the over 100
inversions (and subsequently several hundred thousand hours of supercomputing time!) is certainly
not practical for most MT practitioners. We therefore hope to provide direction on what may significantly affect the resultant model. The MT dataset
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used in these tests is comprised of 123 long-period
MT sites, across a 55 km spaced array covering
an area of 350 (east-west) x 700 (north-south) km.
The data is reasonably simple and thus was a good
candidate for the testing. A subset of these test results are presented here, including varying covariance values, prior model half-space resistivities and
the initial damping parameter, λ.

with a spatial covariance where small scale features
are more heavily penalized. Choosing the best covariance is a trade-off between fitting the data well,
and creating a geologically plausible model. Inversions with a standard uniform covariance (with the
exception of ocean cells that are fixed) of 0.3, 0.4,
0.5, 0.6, 0.75, 0.95 were tested (Table 1, Figure 1).

M ETHODS
Around 100 3D inversions were performed across
48 cores on a high-performance computing facility. Unless stated otherwise, the inversions were
conducted with the following parameters and values
where X is N-S and Y is E-W direction and Z is vertical.
• Lateral cell size 7.5 x 7.5 km
• Vertical cells begin 25 m with 75 layers increasing 1.135 factor to depth of 2467 km
• Covariance 0.4
• Starting resistivity 100 Ohm.m
• Model size- 54 (X) x 104 (Y) cells plus 15
padding cells in each direction - 96x132 cells.
• Survey area 350 km x 700 km
• Model area 2899 x 3275 km
• Bathymetry is included with ocean resistivity
0.3 ohm.m
• Sediments underly ocean, with resistivity linearly increasing from 0.3 to the background
resistivity over a depth of 2 km
• 10 - 16 000 s (23 periods) inverted for the
impedance tensor
• 10 - 9000 s (21 periods) inverted for the tipper
The total number of sites was 123 (including 120
AusLAMP sites and 3 legacy sites) and the data
were processed using BIRRP (Chave and Thomson, 2004) with simultaneously recording sites used
as the remote reference. All inversions presented
were performed using the parallelised non-linear
conjugate gradient algorithm of ModEM3DMT (Egbert and Kelbert, 2012; Kelbert et al, 2014).

R ESULTS

AND

D ISCUSSION

Covariance
The ModEM3DMT code penalizes smoothed deviations from a prior model. Deviations are penalised

Figure 1: Each row contains two electrical resistivity
depth slices at 10 and 185 km for each covariance test. The 4 rows correspond to a model
covariance of 0.3, 0.4, 0.5 and 0.6.

Cov
0.3
0.4
0.5
0.6
0.75
0.95

RMS
1.11
1.04
1.08
1.25
1.68
4.46

10-100s
1.23
1.05
1.23
1.38
1.72
4.45

100-1000s
0.99
0.94
1.04
1.27
1.72
4.22

1000-10000s
0.92
0.89
0.89
1.06
1.61
4.21

Table 1: Covariance vs. overall RMS model fit (column 2) and RMS per decade (columns 3-5)

For the AusLAMP dataset with 55 km site spacing
and 7.5 km cell size, large covariances (>0.5) cause
a substantially higher RMS, and introduces a large
mantle conductor. A covariance of 0.4 has the lowest overall RMS, and RMS per decade (the aver-
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aged RMS of all sites in the inversion only for data
in the period range of the specified decade) and is
a compromise between fitting the data and smoothness of features and is thus the preferred model,
however further investigation of the cause of the
mantle conductor is still required.

Damping Parameter λ
A user defined variable in the inversion process is
the initial damping parameter, λ. As λ decreases
throughout the inversion, the model progressively
fits the data better. An initial damping parameter
of 1, 10 and 100 were tested, with the results outlined in Table 2. The resultant overall RMS and RMS
per decade are very similar, and the inversion is almost identical to the eye. A lower starting λ of 1
converged in 43 less iterations than that of λ of 100,
thus 1 rather than 100 may be the better choice to
significantly reduce computational time.
λ
100
10
1

Final RMS
1.24
1.23
1.23

No. Iterations
175
170
132

Table 2: Investigation of how different initial λ values
affects the final RMS and number of iterations
to converge.

Figure 2: The RMS per decade (10-100, 100-1000
and 1000-10000 s) for six different inversions
with differing starting half-spaces, 10, 31, 72,
100, 316 and 1000 Ωm. The horizontal red
dashed line is at an RMS of 1, with RMS values lower than this representing an overfit of
the data.

It is difficult to determine the best resistivity for the
prior model as most of the inversions fit the data
similarly well, with the exception of 1000 Ωm prior
model and less so the 316 Ωm, which show a significantly poorer model fit. The inversions have a heavy
dependence on the resistivity of the prior model at
all depths and all areas of the model, but were most
effected at great depths, thus highlighting the importance of choosing a sensible prior.

Starting resistivity
ModEM3DMT allows the user to input a starting
model and a prior model. The prior model is a compulsory input and by default if no starting model is
given then the model starts from the prior model.
In regions of little model constraint (e.g. in areas
outside of the survey area or at depths exceeding
MT signal penetration) the resistivities usually revert to the resistivity of the prior model. A variety of resistivities were tested for the prior model
(half-space plus ocean where ocean is locked at
resistivity of 0.3 Ωm; with bathymetry taken from
https://maps.ngdc.noaa.gov/). The values that were
tested were evenly spaced on a log scale, 10, 31.6,
100, 316 and 1000 Ωm (1, 1.5, 2, 2.5 and 3 on log
scale). In addition, the average apparent resistivity
of all data points across all sites and all periods was
calculated to be 72 Ωm and this was used also as a
prior model.

Figure 3: Average and standard deviation of ModEM inversions with prior resistivities of 10,
31.6, 72, 100, 316 and 1000 Ωm.

To gain further insight from this test the average
of the 6 different converged models was taken and
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the standard deviation calculated (Figure 3). The
converged model that used 72 Ωm as the starting
half-space was the closest to the average model
(which averaged the 6 models). However, this average model is dependent on the starting resistivities
that are used (e.g. if we had only run 10, 31 and 100
Ωm models then the average resistivity model would
be a lot more conductive than when we include the
higher resistivity prior models of 316 and 1000 Ωm),
thus this averaging method does not provide significant insight unless wise choices are made for the
resistivities of the half-spaces that are tested.
However, the standard deviation provides useful information on the uncertainty of features and a snapshot of the standard deviation at depths of 10, 30
and 185 km are shown in Figure 3. High standard
deviation in the bottom left of the inversion at 30
km indicates high uncertainty in the magnitude of
the conductor, given that the shape of the conductor
stays very similar for each of the different inversions.
On the other hand, at 185 km depth the high uncertainties result from a combination of uncertainty
in the geography and the magnitude of the resistivity (there is a large mantle conductor that is only
present in models with a prior resistivity less than 72
Ω m).

duced ’spotting’ in shallower depth slices that would
arise with smaller covariances, and prevented the
dramatic over-smoothing of higher covariances.
Again, a reduction in the damping parameter, λ,
from 100 to 1 made little difference to the resultant
model and the RMS, but λ=1 required 43 less iterations and thus was favourable.
In many cases, it was found that for the data used in
these investigations that the alteration of certain inversion parameters or a variation in the prior model,
whilst having little effect on the final model, could decrease the number of iterations required for convergence and thus decrease valuable computing time.
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Anisotropic Model Study for the Phase Roll Out of Quadrant Data in Magnetotellurics
Guo Yu*, Qibin Xiao, Man Li
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Administration, Beijing 100029, China.

Summary
Phase rolling out of quadrant (PROQ) effect in magnetotelluric survey can be caused by electrical
anisotropy media. The previous model study was mainly focused on two-dimensional (2D)
anisotropic structure. In this study, a three-dimensional (3D) algorithm for calculating MT responses
of arbitrary electrical anisotropic media in frequency domain was realized based on staggered-grid
finite difference method. Then, we calculated the responses of the synthetic models with special
upper-lower structure. The influences of anisotropic parameters and model structure on the phase
of the impedance were discussed. An approximate analytical analysis for the conditions producing
PROQ effect in quasi 2D case was also presented.
Keywords: Magnetotellurics；Phase Roll out of Quadrant；Arbitrary anisotropy；Three-dimensional
forward；Upper-lower structure

1. Introduction

2. Theory and Method

In Magnetotelluric (MT) data, the form of the
impedance tensor is a 22 complex matrix. In
general, the phases of the off-diagonal
elements Zxy and Zyx of impedance tensor are
normally located in the first and third (or the
second and forth) quadrant. But the phases of
Zxy and Zyx may roll out of the natural
quadrant in some cases; we call these
phenomena as phase rolling out of quadrant
(PROQ) effect. The PROQ data in low
frequencies cannot be fitted with 2D isotropic
MT inversion methods, which will reduce the
reliability of the obtained underground electrical
structure. Fortunately, the anomalous data with
PROQ effect can be interpreted with 3D
isotropic media (Xiao et al. 2016). However, In
many cases, some ordinary anisotropic model
can produce the complicated MT responses
similar to the results of complex isotropic
structures. Considering electrical anisotropic is
necessary for us to fully understand the
underground structure (Jones, 2012). In this
study, we introduce the algorithm calculating
responses of arbitrary anisotropic media, then
present anisotropic model study of the PROQ
effect and summarize the basic characters of
the models.

2.1 Basic theory
In magnetotelluric approximation, the electric
( E ) and magnetic ( H ) field are obeying the
Maxwell’s quasi stationary equations where a
i t
is assumed.
time-harmonic factor e

In 3D isotropic magnetotelluric finite difference
approximations, either electric field (called FDE)
or magnetic field (called FDH) equations were
solved. Siripunvaraporn et al. (2002) pointed
out that the solutions obtained by FDE are less
sensitive to grid resolution than those obtained
by FDH. In this study, we adopted the
staggered-grid finite difference method, the
discretization grids and definition of fields are
shown in Fig. 1. The electric components (Ex,
Ey, Ez) are directly solved with the following
equations
    E  i0 E

(1)

Where  is the conductivity tensor. After the
primary fields are solved, the auxiliary fields
can be obtained with the form of equations as
H

1
i0

 E

(2)

1/4

Guo Yu, Qibin Xiao, Man Li, 2018, Anisotropic Model Study for the PROQ Data in MT

responses.
2.2 Numerical computation
The left hand of equation (1) is discretized as
same as that in isotropic case. However, for the
anisotropic problems, the current density terms
involved all the three components of E fields,
which are not defined at the same point. The
right hand of equation (1) is estimated with a
spatial averaging method proposed by Weiss &
Newman (2002).

Firstly, we vary the length of the upper body
along one horizontal direction as shown in
Figure 2 and find out that it is more possible for
quasi 2D anisotropic body to generate PROQ
than regular body when the anisotropic
parameters keep constant.

The linear system equation approximating (1) is
solved with a direct solver as PARDISO. The
final electric and magnetic fields at the center of
block face on the earth’s surface under two
independent polarizations are obtained. The
mode defined by the direction of polarization
electrical field parallel to x axis is called as X"
polarization mode and the other along y axis is
Y" polarization mode. Then the impedance
tensor can be calculated.

Figure 1. 3D discretization grids (a) and basic
definition of E and H fields in 3D blocks (b). hx, hy,
and hz are grid spacing along different directions.
The solid points with red arrows indicate where the
electric fields are defined; while the blue arrows
indicate the magnetic field components are defined. i,
j, and k indicate the index position of each field
component along Z, Y, and X directions in the 3D
grids.

3. Synthetic model study
Pek and Verner (1997) constructed a 2D model
with an upper anisotropic body contacting with
a lower anisotropic layer to simulate the PROQ
effect over the upper body. Based on the 2D
model proposed by Pek and Verner (1997),
Heise and Pous (2003) did a research on the
different parameters influencing on the PROQ
effect, and, furthermore, Chen et al. (2009)
discussed the effects of the scales and depth of
the anisotropic bodies on PROQ effect. In this
paper, we extend the classic 2D upper-lower
structure into 3D cases and analyze the model

th

Figure 2. The phase responses of impedance
elements Zxy and Zyx at period 1325s as the
horizontal length of the upper anisotropic block
varies in x direction. The purple dashed frame shows
the projection of the upper anisotropic blcok on
surface; the black dotted line shows the position of
profile grids (the same below). (a) In model Md1, the
lengths of the upper anisotropic block along x and y
axis direction are equal. There is no PROQ in
impedance phase. (b) In model Md2, the length of
the upper anisotropic block along x axis is extended
to 2 times the length along y axis. Although there are
some abnormal areas, PROQ phenomenon still
does not appear. (c) In model Md3, the length of the
upper anisotropic block along x axis is extended to
4.4 times the length along y axis. An obvious PROQ
area can be observed in Zyx phase slice at period
1325s.

Secondly, based on a quasi 2D upper-lower
anisotropic structure, the phase responses of
different anisotropic strikes are calculated as
shown in Figure 3. The PROQ area is obviously
influenced by the change of anisotropic strike
and arriving the largest at α=±45˚. For Y"
polarization mode, the phase and module of
the electrical E (2)
change evidently. The
y
anisotropic strike makes obvious influences on
the extent and distribution area
In addition, we compute the phase responses
corresponding to different anisotropic strike as
the upper body in equal horizontal sizes as
shown in Figure 4. In contrast to the quasi 2D
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case, there is no PROQ phenomenon at α=±
45˚. The PROQ effect appears in Zxy phase
when the included angle between anisotropic
strike and the direction of X" polarization mode
is less than 45˚, and in Zyx phase in a similar
way. To summarize the characteristic of Figure
4, when the parallel sides of upper body can
overlap along the anisotropic strike, the PROQ
will appear in Zxy phase if the parallel sides are
orthogonal to the direction of X" polarization
mode; or appear in Zyx phase if the parallel
sides are orthogonal to the direction of Y"
polarization mode. When the overlapping range
is increasing, the PROQ range becomes larger.

media respectively;  x and  y are the
horizontal major axis conductivity; α is
anisotropic strike and  h is the conductivity of
host media.
Analyzing proportion of the scattered electric
field Ex in the expression (5), the precondition
of generating PROQ phenomenon in Zyx
phase is to induct the horizontal field Ex.
The function (6) indicates the proportion
between the imagine and real parts of Fy in
expression (5). A larger value of fy indicates a
bigger phase of Fy, which is prone to PROQ
effect. So fy can be utilized to directly interpret
the anisotropic parameters for generating
PROQ effects in quasi 2D upper-lower
structure.
1 1 sin 2
fy  1  
(6)
2
 
If the other parameters keep constant, when


x
f  
 y is higher than 1 and increases, y

also increases; when

fy 

x
 y >>1,
1





sin 2
 sin 2
 x 
h
2
2

is

almost

only

effected by  x . In a similar way, when
Figure 3. The model responses as the anisotropic
strike varies in model Md3. (a) The plane grids and
profile grids. (b) and (d) denote the phase slices of
Zyx at period 1325 s as the anisotropic strike varies.
The purple dotted line shows the position of electric
field profiles. (c) and (e) denote the distribution of
horizontal electric fields along the given profiles in (b)
and (d). The length of arrow represents the module
of electric field and the azimuth angle of arrow
represents the phase of electric field.

4. The approximate analytical
analysis of the quasi 2D model
Based on the current density continuity
condition and Ohm’s law, a function (5)
displaying the ratio of field Ey through the
middle area of the lateral boundary of quasi 2D
body can be obtained by substituting
anisotropic expression.
E yb
  1 cos sin  Ex


Fy  h 
(5)
E y  sin 2   cos 2   sin 2   cos 2  E yh


x
h
b
h

,
, where E y and E y denote
y
x

the electric field in anisotropic body and host

th



x
 y <<1,

fy 

1





1





 y sin 2
sin 2


2
2
h

is nearly merely

influenced by  y .
If the other parameters keep constant, it is
easier to produce PROQ effect for the smaller
host conductivity relative to the major axis
conductivity of anisotropic body.
If the other parameters keep constant, the
extent of PROQ phenomenon is the highest at
α=±45˚ because of the maximum of the value
sin 2
.
of term
2

As a result, it will be more possible to generate
PROQ phenomenon while the value of f y
becomes high enough. The conditions of
PROQ phenomenon in 2D or quasi 2D case
can be summarized as followings: (1) In the
electrical polarization mode orthogonal with the
strike of the upper anisotropic body, it is
necessary to induct the horizontal electrical
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field parallel to the strike of the upper body. (2)
The difference between horizontal major axis
conductivity in upper body should be large
enough; moreover, the bigger value of
horizontal major conductivity should be high
enough. (3) In contrast with the major
conductivity, the conductivity of the host media
should be low enough. (4) The anisotropic
strike should not be parallel to the coordinate
axis.
However, because of the complex 3D
electro-magnetic induction around the both
ends of quasi 2D body and the boundary of
regular body, it is difficult to simplify analysis
and present interpretations for the variation of
the PROQ area shape.

Figure 4. The phase slices of Zxy and Zyx at period
1325 s as the anisotropic strike varies in model Md8.

5. Conclusions
We study the PROQ effect in magnetotelluric
data with synthetic 3D anisotropic models. All
the models are in upper-lower anisotropic
structure. Under equivalent conditions, a quasi
2D extension of the upper anisotropic body is
favorable for PROQ effect above it. The
anisotropy strike influences the PROQ range
and shape in plane.

large
enough.
An
approximate index
considering the anisotropic ratio of the upper
anomaly, the upper anomaly and the
background, the anisotropic strike of the upper
anomaly is finally proposed to evaluate PROQ
effect in the quasi 2D models.
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1

SUMMARY
In some previous presentations, we have introduced the development of the PTIV (Phase Tensor and Induction
Vector) 3-D inversion scheme (Uyeshima and Siripunvaraporn, 2014) and its application to the real MT dataset
obtained in the Iwaki Seismic Swarm Area, Fukushima, Japan (Uyeshima, Ogawa and Ichiki, 2014). Since the
Iwaki area faces the coast (or land/sea contact), so called coast effect could assist us to estimate the true
scales both in intensity of the resistivity values and in lengths. Recently, we could have a chance to analyze
dense and large MT-datasets obtained at the Oku-Aizu geothernal area, Fukushima, Japan. We applied the
PTIV code to the dataset and compared its result with that from the conventional MTIV (MT impedance and
Induction Vector) inversion scheme. We want to discuss on ability of reproducing the true scales of the
resistivity structure in the PTIV inversion scheme through comparison between PTIV and MTIV results and
that between PTIV (and MTIV) structure(s) with well logging data.
Keywords: PT-IV inversion, MT-IV inversion, 3-D resistivity structure, Oku-Aizu geothermal area
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APPROXIMATE 2D INVERSION OF TEM DATA
Niels B. Christensen
Department of Geosciences, University of Aarhus, nbc@geo.au.dk
SUMMARY
This study presents an approximate two-dimensional inversion procedure for airborne transient
electromagnetic data. The method is a two-stage procedure, where data are first inverted with 1D multi-layer
models. The 1D model section is then considered as data for the next inversion stage that produces the 2D
model section. By assuming translational invariance, the second part of the inversion becomes a
deconvolution. The convolution kernels are computed from the 2D sensitivity functions combined with a 1D
inversion procedure whereby the time dimension is taken out of the problem and the convolution kernels
map directly from the 2D model space to the 1D model space. Within its limitations, the approximate 2D
inversion performs quite well. Theoretical modelling shows that it delivers model sections that are a definite
improvement over 1D model sections. Comparing 1D inversion of SkyTEM data from a survey line in
northern Australia with the approximate 2D inversion, it is seen that model artifacts like pant-legs are
identified and removed and conductive anomalies are better resolved.
Keywords: TEM, 2D approximate inversion, Deconvolution

INTRODUCTION
1D inversion of airborne TEM data is still a work
horse in the process of going from data collection
to interpretation. It is fast, and it delivers good
resolution that can be trusted if the underlying
conductivity structure is sufficiently 1D, i.e. if lateral
gradients in conductivity are not too strong. If not,
1D inversion will produce model artifacts and 2D
and 3D inversion becomes necessary. Fortunately
such codes are becoming available (and
trustworthy) and computation have become
tractable for surveys that are not too large (Haber
and Schwarzbach 2014; McMillan et al. 2015).
Now, imagine a scale of the dimensionality of the
subsurface conductivity from 1D going toward
more complex 2D and 3D models. For 1D and
almost-1D models, 1D inversion is a satisfactory
solution. Then comes an interval where data can
still be fitted with 1D models, but where 1D model
artifacts occur, and this is the one that is
addressed by this study. Beyond that comes the
models where 1D models responses will no longer
fit the data and 2D or 3D inversion becomes
necessary. In the interval where 1D inversion fits
the data, but where artifacts might arise, the
primary nonlinearity of the inversion problem - the
diffusion behaviour - is taken out of the problem,
and data as a function of time have actually been
transformed to - possibly erroneous - subsurface
conductivity as a function of location. What
remains is to "push back" the artifacts from where
they occur in the 1D model sections to where they
belong (the seismic equivalent is migration)
characterised by a less complicated functional
relationship than the 1D inversion, and it might
thus be amenable to an approximate solution.

Previous studies (Wolfgram et al., 2003;
Christensen et al., 2006) have shown that an
assumption of translational invariance is a good
starting point for developing an approximate 2D
inversion. This assumption is maintained in this
study, but the convolution kernels are now
calculated using the 2D sensitivity functions
combined with a 1D inversion, whereby the
forward mapping maps directly from the 2D model
section to the 1D model section. This is a huge
advantage and it turns out that it makes the
convolution
kernels
independent
on
the
conductivity of the background halfspace model.
Furthermore, the linearity and translational
invariance makes it possible to solve the problem
as a Multi-Channel Deconvolution problem which
speeds up the calculation with several orders of
magnitude.
THEORY
In the Born approximation, let 5!  ˜ 5#H be an
anomalous element of the 2D model section. Using
the approach of Christensen (2014) to derive the
2D sensitivity function, J#H  † , the mapping into
time domain apparent conductivity is given by:
5+ 5! ß >ß Bw  œ 5!  

∞
!

.D 

∞
∞

˜ 5#H Bß D 

‚ J#H 5! ß >ß Bw  Bß D  .B

(1)

The discrete 1D problem for 5+ is given as
(Christensen 2016):
5+ œ K † 5"H

(2)

where
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K3ß4 œ 

D4"
D4

J"H 5! ß >3 ß D  .D

J"H 5! ß >ß D  œ  J#H 5! ß >ß Bß D  .B

(3)

K is the matrix of 1D sensitivity integrated over the
1D model layersÞ The least squares inversion form
of (2) is:
5"H D  œ KX K KX † 5+ >
"

(4)

where it is assumed that all data errors are the
same for all 5+ values, so the data error
covariance matrix is omitted.
Introducing the differential
˜ 5"H D  we have:

5!  ˜ 5"H D  œ KX K

"

1D

conductivity

KX † 5!  ˜ 5#H † [ >

(5)
where [ is the integral of the 2D Fréchet kernel
over a 2D model elements and ˜ 5#H is the
perturbation of a 2D model element. If there is no
anomalous conductivity, ˜ 5#H œ !, then the
resulting 1D conductivity must be equal to 5! , so
5 ! œ K X K 

"

(6)

K X † 5!

which shows that the sums of the rows of
KX K" KX must be unity. Subtracting (6) from
(5) we have:
˜ 5"H D Î ˜ 5#H œ KX K

"

KX † [ >

(7)

where the ratio ˜ 5"H D Î ˜ 5#H establishes the
convolution kernel. In practical calculations, the
inversion will have to be regularized so the
inversion problem is in fact formulated as:
5"H D  œ KX K 

"
G " 
varG 7

"

KX † 5+ >(8)

where G7 is the model covariance matrix imposing
the vertical smoothness in the 1D inversion with
the variance varG . The regularisation term is
chosen pragmatically so that it is as small as
possible while still producing a regularisation that
will ensure that the convolution kernels are not
erratic and that the 1D inverse mapping produces
the best inversion models, i.e. not too smooth and
not too oscillatory.
In the above derivations, the end result - the 2D
convolution kernel - is not a function of time, but
delay times in a proper time interval should be
used in the derivations to make sure that the
kernels are constructed in the best way. AEM data
are recorded at different heights so convolution
kernels for different heights are needed.

Figure 1. The convolution kernels depicting the
contribution of a 2D model cell (marked as a black
rectangle) to the anomalous 1D conductivity model
section for the 2D anomaly in layer 5, 15, and 25Þ
The inverse kernel for layer 20 is seen in the
bottom frame.
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Even though the background conductivity, 5! , has
been eliminated from equation (7), the elements of
the Jacobian, K, still depend on 5! . However, it
turns out that eventually the convolution kernels
will not depend on the background conductivity.
The convolution kernels for three different depths
of the 2D anomaly are seen in Figure 1. The 2D
and 1D model sections are discretised laterally
with cells of 10 m width from -1500 m to 1500 m
and vertically with 30 layers where the depths to
the layer boundaries increase as a sinh function.
The top layer thickness is 2 m and the bottom layer
boundary is at 500 m.
The similarity between the convolution kernels of
Figure 1 with the corresponding seismic migration
convolution kernels makes it interesting to see if
this similarity is maintained when the 'inverse'
kernels are considered. The inverse kernel depicts
the relative contributions of 2D model cells to a
single 1D model cell. In seismics, these kernels
are called the 'Smiles'. Figure 2 shows the inverse
kernel for the TEM problem for a 1D model cell in
the 20th layer, and it is seen that the similarity with
the seismic situation is maintained.

Figure 2. Top: The theoretical true model is a
50 ‚ 100 m block with conductivity 0.10 S/m in a
homogeneous halfspace of 0.05 S/m. Middle: The
forward response, i.e. the 1D model section.
Bottom: the inverted (deconvolved) model. The
block outline is indicated with a black line.

FORWARD AND INVERSE MODELLING
Given the convolution kernels, the Jacobian, K, of
the forward modelling can be constructed and the
inversion formulated. The forward modelling is
simply given as:
7"H œ K † 7#H

(9)

and the inverse problem is formulated as a
straightforward least-squares inversion:
"
7#H œ G7 KX † G/  K G7 KX  † 7"H (10)

where the alternative inversion formulation of
equation (41) in Tarantola and Valette (1982) has
been used. As model covariance matrix, G7 , a
broadband von Karman covariance function is
used (Serban and Jacobsen 2001; Christensen et
al. 2009, Maurer et al. 1998). Equation 10 is the
straightforward inversion formulation, and in these
initial investigations no attempts are made to make
the inversion more effective.
First I will present some internal checks of the
convolution/deconvolution approach by forward
calculating the response of simple models, add
random noise with an effective amplitude of
3 mS/m to the response to produce the theoretical
data and then invert these data. Figure 2 shows
the true model, the forward response without
noise, and the inverted 2D model. As expected,
the forward response exhibits the well-known pantleg structures, but the inversion reproduced a
version of the true model that is more fuzzy

Figure 3. Top: The theoretical true model is two
dipping dykes with conductivity 0.10 S/m in a
homogeneous halfspace of 0.05 S/m separated by
80 m. Middle: The forward response, i.e. the 1D
model section including the added noise. Bottom
two frames: the inverted (deconvolved) model; the
top one is for a dyke separation of 80 m; the
bottom one for a separation of 120 m.
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due to the regularization, but otherwise capture the
true model well.
Next I will look at two dykes dipping ~45° and with
separations 80 m and 120 m. The results are
shown in Figures 3. In none of the 1D model
response sections is it obvious that there are two
distinct dykes, but the 2D inversion separates the
anomalies again - as one would wish - clearly so in
for the 120 m separation, less clearly for the 80 m
separation.
Figure 4 shows the results of applying the 2D
deconvolution to field data. The figure shows a
model section of 1D inversions of a line flown with
the SkyTEM system in Northern Australia and the
result of the 2D deconvolution. It is seen that some
of the pant-leg-like structures at the near-surface
are removed and that the lateral smearing of the
conductive anomalies is reduced. It should be
remembered that the structures appearing at the
ends of the line are only covered by data from one
side and they are therefore more uncertain.
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SUMMARY
Modelling and inverting MT data in 3D requires a significant amount of computational resources. Additionally,
as resulting models typically retain features of the starting model, geological interpretation is ambiguous.
Finally, we note that petrophysical data easily span many orders of magnitude in resistivity, but smooth
inversion will always dampen large dynamic ranges unless specific exceptions are made. Thus regions of
resistivity ~10,000 .m are geologically plausible, and will have significant implications for the actual skindepths and the horizontal adjustment distances, but inversions rarely generate resistivities >1,000 .m. Such
models will thus underestimate the real scale of the electromagnetic induction.
To reduce the amount of computational time and bias the model to incorporate hard and soft geological and
scaled-geophysical constraints, we have developed the predictive AusRES reference model for the Australian
continent and surrounding oceanic lithosphere. The model is developed on a 5 minute of arc spatial grid,
which approximates about 10 km at mid-latitudes. The AusRES model consists of up to 60 layers of
increasing thickness and extends from the sediments and upper crust through to the asthenosphere to a depth
of 1,000 km. Each layer consists of a grid of 481 x 577 cells containing resistivity information derived from the
different data sources. The constraints of the predictive model are as follows:
1. Ocean depth taken from the ETOPO5 data base.
2. Sediment thickness from the OZ SEEBASE depth to Phanerozoic and Proterozoic basement
(http://www.frogtech.com.au/australia-ozseebase/). A simple Archie’s Law scaling of resistivity for a
porosity-compaction model is applied to the sediments.
3. The upper continental crust (from the base of the sediments to the brittle-ductile boundary at 15 km
grades from 700 to 10,000 .m from AusLAMP and transect studies.
4. Ocean crust is 7 km thick and grades from 10 .m in the top 1 km to 1000 .m to the Moho.
5. The lower continental crust from 20-50 km is set at 1,000 .m as a generic guess and is often the
target layer for the inversion.
6. The uppermost continental mantle and the oceanic lithosphere to 75 km is set at a uniform 10,000
.m from SEO3 constraints and predictive geotherms (Constable S (2006) SEO3: A new model of
olivine electrical conductivity. Geophys J Int 166: 435–437).
7. From 75 to 300 km, the lithosphere-asthenosphere resistivity is scaled from seismic shear wave
velocities in the AusREM model (Kennett B Fichtner A Fishwick S Yoshizawa K (2013) Australian
Seismological Reference Model (AusREM): Mantle Component. Geophys J Int 192: 871-887, and
Jones AG Fishwick S Evans RL Muller MR Fullea J (2013) Velocity-conductivity relations for cratonic
lithosphere and their application: Example of Southern Africa. Geochem Geophys Geosystems 14(4):
806-827).
8. From 300 km to the lower mantle, the resistivity profile is taken from the most recent satellite-models
(Grayver AV Munch FD Kuvshinov AV Khan A Sabaka TJ Tøffner-Clausen L (2017) Joint inversion of
satellite - detected tidal and magnetospheric signals constrains electrical conductivity and water
content of the upper mantle and transition zone. Geophys Res Lett 44: 6074–6081).
A strong correlation is observed between the responses of the AusRES model and the real Australian
Lithospheric Array Magnetotelluric Project (AusLAMP) data for most sites. We are exploring the use of the
reference model as a seed for 3D inversion, and for targeted forward model studies in which only small parts
of the model are explored.
Keywords: 3D resistivity, Australia, prediction, reference model
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S UMMARY
Joint inversion of multiple electromagnetic data sets, such as controlled source electromagnetic and magnetotelluric data, has the potential to significantly improve inverted model parameter resolution when the two data
sets contain complementary information about the subsurface. However, evaluating quantitatively the model
resolution improvement is made difficult by the fact that conventional inversion methods – using gradients and
model regularization – typically produce just one model, with no associated estimate of model parameter uncertainty. Bayesian inverse methods provide quantitative estimates of inverted model parameter uncertainty
by generating an ensemble of models, all of which fit the data. The resulting posterior distribution modifies a
priori assumptions about the model parameters with information contained in field data. Bayesian inversion is
therefore able to quantify the impact of jointly inverting multiple data sets by using the Kullback-Leibler divergence to show the information gain after inversion. We adapt a trans-dimensional Markov chain Monte Carlo
algorithm for jointly inverting multiple EM data sets for 1D Earth models and apply it to surface-towed controlled
source electromagnetic and magnetotelluric data collected offshore New Jersey, USA, to evaluate the extent
of a low salinity aquifer within the continental shelf. In addition to evaluating the joint model parameter resolution, we show how the Bayesian model ensemble can subsequently be used to derive quantitative uncertainty
estimates of pore water salinity within the low salinity aquifer.
Keywords: Bayesian joint inversion CSEM magnetotelluric

I NTRODUCTION
Jointly inverting multiple electromagnetic (EM) data
sets is a commonly used technique to infer subsurface electrical conductivity (e.g., Commer and
Newman, 2009). In theory, joint inversion should
produce inverted models with superior resolution to
that obtained through single data set inversion, if
each data set contains complementary information.
Indeed, many joint inversions of EM datasets using gradient-based methods have shown substantial, qualitative improvement in inverted model detail and resolution (e.g., Rosas-Carbajal et al, 2013).
Any attempt to quantify this improvement, however,
is made difficult by the fact that gradient-based inversion produces only one set of model parameters
with, at best, linearized estimates of uncertainty.
Bayesian inverse methods are able to quantify
model parameter uncertainty by producing an en-

semble of models, each of which fits the data, and
from which the a posteriori distribution of probability
density for the model parameters, p(m|d), can be
estimated. Because this posterior distribution depends on the information about the subsurface contained in the measured field data, d, jointly inverting
multiple data sets should produce a different posterior distribution than inverting any single data set.
These posteriors can then be compared using statistical methods to quantify the effect of joint inversion on model parameter resolution.

M ETHODOLOGY

AND

F IELD DATA

We adapt a trans-dimensional Markov chain Monte
Carlo (MCMC) algorithm with parallel tempering
(Ray and Key, 2012; Ray et al, 2013) to jointly invert multiple EM data sets for 1D electrical resis1/4
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tivity structure. We apply this algorithm to two EM
data sets collected as part of a large-scale marine
survey of a freshwater aquifer in the North American
continental shelf off of the east coast of the United
States.

Motivated by the locally 1D geologic structure (lateral variations in conductivity do occur, but on a
length scale of tens of kilometers), we use a 1D
model of interfaces and uniform resistivity layers.
The model is trans-dimensional in that both the
number of interfaces (and therefore layers as well)
and their depths are variable. The MCMC algorithm we adapt implements a birth-death scheme
whereby, at each step, the number of interfaces
can increase by one, decrease by one, or remain
the same. Forward modeling of CSEM data was
done using the freely available Dipole1D code (Key,
2009). The effect of the 336 m long transmitter
wire was stimulated by numerically integrating point
dipoles distributed along the wire’s length using an
efficient Gauss quadrature approach. Forward modeling for MT data was done using the standard
impedance recursion approach.

BAYESIAN J OINT I NVERSION R ESULTS

Figure 1: Map of EM marine survey offshore New
Jersey, USA. Red lines indicate surface-towed
CSEM tow lines. Blue squares indicate ocean
bottom MT stations, while green squares and
yellow triangles indicate well locations. The location of the inverted CSEM and MT soundings is indicated by the white arrow.

The purpose of the survey was to map the extent
of a freshwater aquifer in the continental shelf previously identified by multiple drilling surveys (Hathaway et al, 1979; Lofi et al, 2013). The survey consists of about two hundred line kilometers
of surface-towed controlled source electromagnetic
(CSEM) data and 10 seafloor magnetotelluric (MT)
stations. The shallow waters of the continental shelf
and the use of broadband EM receivers allowed us
to acquire MT data up to 0.01 s period, although
ocean wave noise prohibited use of the data in the
2-20 s period band. The surface-towed CSEM data
were obtained at four offsets (600-1400 m) behind
the 300 m long dipole antenna. For the inversions
shown here, we inverted the data at transmitter frequencies 0.75 Hz and 1.75 Hz. We jointly invert
both data sets and obtain posterior distributions for
subsurface electrical resistivity. With the addition of
porosity data from well logs, we obtain quantitative
uncertainty estimates for both pore fluid resistivity
and salinity.

Figure 2: Posterior probability density distributions
for electrical resistivity as a function of depth,
obtained by inverting (a) only CSEM data; (b)
only MT data; and by (c) jointly inverting both
CSEM and MT data. Warm colors indicate
high probability density, cool colors low probability density. The red lines indicate, from left
to right, the 5th and 95th percentiles of the distribution at each depth, with the distance between them representing the 90% credible interval. The black line is the median of the distribution at each depth, while the solid white
line is a local, 1D profile from a 2D gradientbased inversion result.
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Figure 2 shows the posterior resistivity probability
density functions (PDF) for three different inversions
– separate inversions of CSEM and MT data and
a joint inversion of the two. Figure 2a is the result
of inverting 15 averaged CSEM soundings located
near well M0029A (see Figure 1). Not surprisingly,
the resistivity PDF indicates that the CSEM data is
sensitive to a resistive structure in the upper 400 m,
but is less sensitive to deeper regions or where the
model becomes more conductive.
The posterior resistivity PDF in Figure 2b is the result of inverting the data of the MT station collocated with well M0029A, and indicates that the MT
data contains more information about the more conductive structures above and below the aquifer, as
well as having greater depth sensitivity. Finally, the
joint inversion of both of the CSEM sounding and
the MT data produces the posterior resistivity PDF
in Figure 2c. The joint posterior indicates that the
resistive freshwater aquifer is much better resolved
when both CSEM and MT are inverted together,
compared to when only MT data is used. Likewise, the more conductive, sea water-saturated sediments above and beneath the aquifer are much better resolved than if CSEM data are inverted alone.
The improvement in resolution obtained by inverting
the joint data set can be quantified. One such metric, the Kullback-Leibler divergence, quantifies the
divergence (or degree of difference) of two distributions, and is defined mathematically as the expected
value of the log-ratio of the two distributions, where
the expectation is taken using the probability density
p

DKL (p||q) =

Z

∞

p(x)log
−∞

p(x)
dx
q(x)

sets alone, especially in the region of the freshwater
aquifer (roughly 175-375 m).

.
Figure 3: Kullback-Leibler divergence, DKL (p||q),
computed for a joint CSEM and MT inversion
(solid), and for separate inversions (dashed
lines). In each case, p is the posterior distribution and q the (uniform) prior, meaning that
the magnitude of DKL is proportional to the information content of the data. The joint inversion always performs at least as well as the
separate inversions, and greatly outperforms
the separate inversions over the depth range
of the freshwater aquifer (175-375 m)

(1)

In the context of Bayesian inversion, if p represents
the posterior and q the prior, then DKL represents
the information about the model contributed by the
data. At each depth, we calculate DKL for each
posterior distribution shown in Figure 2 vis-a-vis the
uniform prior distribution (between 0.1-1,000 ohmm) used in each inversion. The results are plotted
in Figure 3. If DKL is near zero, this means that the
posterior is very similar to the prior – indicating the
data has contributed little to our understanding of
the model. While DKL is a unitless quantity, larger
values indicate that our prior assumptions about the
model have been modified by the data to a greater
degree. Figure 3 shows that the joint data set contains more information than either of the two data

Bayesian inversion can also be used to obtain quantitative estimates of parameters of interest related to
those estimated through inversion. For each model
in the ensemble obtained by our MCMC sampler,
we extracted the bulk resistivity at a depth, zaquifer ,
(225 m) consistent with the presence of low salinity
(brackish) water. Using Archie’s Law, these bulk resistivity values, and porosity data from nearby well
logs, we obtained an ensemble of estimates of pore
fluid resistivity at that depth. The porosity was obtained by taking the median of all measured values
50 m above and below zaquifer . We then converted
each value of pore fluid resistivity to salinity by assuming a simple depth-dependent thermal gradient.
Figure 4 shows estimates of probability density obtained from the ensemble of estimated salinity val-
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1

3

S UMMARY
It often occurs that geophysical measurements can be physically interpreted in terms of a one-dimensional
(1D) model plus some specific salient 2D or 3D effects. For example, in on-surface based measurements,
it is usual to assume a 1D layered model with a 3D area containing some particular geological feature. In
these scenarios, a 1D model is typically unable to explain higher-dimensional features, while a full traditional
3D interpretation is often computationally prohibitive because of the selection of a fixed 3D dimension for both,
the forward simulations and the inversion. Furthermore, due to the high computational resources required, it is
often preferred in practice to employ 2D numerical methods even if the measurements are 3D e.g., see Ledo
et al (2002); Key et al (2006).
Our objective is to design and implement a forward solver based on a Finite Element (FE) method that takes
into account different dimensionalities of the problem simultaneously. For that purpose, we define different
subdomains in the Earth’s subsurface, and we consider a different dimension of the conductivity inside each of
these subdomains. In 1D domains, the conductivity varies only in one spatial variable, while in the 3D domains
it varies in the three spatial variables.
In lower dimensional subdomains, we expect the solution to be smooth in the directions where the conductivity
does not vary. Then, in these regions, a high-order method should converge exponentially fast. This allows
us to consider Fourier basis functions along the dimensions in which the conductivity is invariant in these
subdomains, and traditional basis functions elsewhere. Since Fourier basis functions are orthogonal, the
resulting stiffness matrix will count with (a) less nonzero entries, and (b) a more diagonal structure. A similar
incipient approach of this idea was explored in Bakr and Pardo (2017) for marine CSEM problems. In here, we
shall extend it to all possible dimensions and apply it to magnetotellurics.
We expect high computational savings when solving the linear system of equations arisen when considering
this approach in comparison with the one coming from a fully 3D FE solver.
Keywords: Finite Element Method, Magnetotelluric Problem, Fourier Series.
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Summary
As the 3D inversion much easier than before, recently the 3D inversion will be done in most of the time on the
same profile. We also realized that the results came from 2D and 3D inversion was much different, even the
same data were used. In this paper, based on 2D and 3D inversion results from an MT profile, we found that
the 2D inversion result had all most the same mode with the 3D inversion of the single profile when the MT
data showed good 2D property according to comprehensive tensor decomposition analysis. But in our present
case, both 2D and 3D inversion of single-profile will lose information or resolution in deep structure comparing
with 3D inverting for more data which constrain the regional structure well. Therefore, we think 2D inversion is
not bad, sometimes it not necessary to waste time to run 3D inversion on a profile data.
Keywords: Magnetotellurics, 2D and 3D inversion, single profile

Introduction

tectonics (red lines) within the research region.

A MT dataset including 120 sites round Gongga
mountain were collected in 2015-2016. One of
profiles across the tectonics and it shown very good
2D property. If it was several years ago when the
3D inversion was not available, 2D inversion results
will be used for interpretation. In present paper, the
dataset has given us a chance to test whether the
2D inversion model is reasonable or not in real world.
The location of MT sites and the profile were shown
in Figure 1.

The multiple tensor decomposition methods were
used to analysis the MT data, including GroomBailey (Groom and Bailey, 1989; McNeice and
Jones, 2001, phase tensor (Caldwell et al., 2004),
and Conjugate Impedance Transform (Cai and
Chen, 2010). 2D (Rodi and Mackie, 2001) and 3D
(Kelbert et al., 2014) inversion involving different
number of sites were carried out.
Results
The tensor decomposition results were shown in
Figure 2. All three methods gave us the information
that it is reasonable using 2D model to approximate
the resistivity structure beneath the profile 03.
Figure 3 had shown the 2D and 3D inversion results.
The outline of the resistivity model looks similar for
2D results and 3D inversion of single profile. For the
3D inversion, inverting for single profile data (in the
middle panel) and the whole dataset (in the right
panel) had a difference indicated by a white
rectangle. This phenomenon shows the clear
volume effect in MT data. In other words,
sometimes one profile has no resolution in deep
structure as there is shallow conductor layer, but the
deep structure can be recovered by the low
frequencies signals in other data. Comparing with
3D inversion, 2D had much better resolution in the
shallow because the smaller cell size in 2D model.
Conclusions

Figure 1. The location of MT sites (blue dots) and

We got a profile which can be approximated by 2D
resistivity model according to three tensor
decomposition methods. The regional resistivity
1/3
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structure constrained by more data was used as the
standard ‘real’ model to judge the models from 2D
inversion and 3D inversion of single profile. In
present, because the limitation of cell size for 3D
inversion, 2D model seems have much better
resolution in shallow part. The model derived from
3D inverting for Single-profile data had much similar
resistivity with 2D model. Therefore, especially
when the data show good 2D property, we
concluded that sometimes we probably don’t need

to waste time and money to run 3D inversion on
single profile data, because we may cannot get a
better result at high probability.
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Figure 2. The impedance tensor decomposition results from three methods. (1) GB, ‘a’ and ‘b’ are the results
from decomposition of strike-angle free in each frequency, but statistic the strike-angle together; ‘c’ shows the
results from decomposition of fixed strike-angle with increasing step of 5 degrees. (2) phase tensor results. (3)
results from Conjugate Impedance Transform.

Figure 3. Comparison of 2D and 3D inversion results. From left to right are results from 2D inversion, 3D
inverting for single profile data, regional resistivity structure constrained by a big dataset.
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SUMMARY
While magnetic field data are essentially point measurements, electric fields are measured across dipoles of
significant length, typically 50m to 200m at ground MT soundings. Besides an increase of signal levels with
respect to instrument noise, this also has the advantage of measuring an average of the electric field across
the dipole length, thus reducing galvanic distortion effects, if present. Modeling algorithms, however, normally
use point EM field values at the surface of single cells to calculate MT transfer functions, whether at the lateral
cell center or interpolated to a representative site location at a cell’s top surface. This is perfectly reasonable
for the majority of cases, but there are situations where more detailed information is available, and might not
be used optimally. We explore the consequence of this omission by quantifying the difference between point
solutions and electric field integrations across dipoles in 3D forward calculations for a few selected cases.
Another aspect of considering the true setup is the use of accurate magnetic field sensor locations in surveys
with sparse magnetic sensor setup, i.e. one or two sensor pairs per line, or a common pair for a group of
electric field sites; this is already available in CGG’s RLM-3D inversions if required. The topic ties closely with
galvanic distortion and inversion for related parameters, lateral magnetic field variations, and the benefit of
providing shallower constraints for the imaging of deeper targets. As a side product, the analysis led us to
focus on the fields output from the 3D modeling, and we illustrate electric current systems through the cases
analyzed. We observe that in the presence of strong topography and outcropping inhomogeneities, finite
dipole solutions can differ considerably from point solutions, while over a varying but continuous regolith cover
the effect appears more contained.
Keywords: Magnetotellurics, finite dipoles, distortion, material averaging

INTRODUCTION
Explicit modeling of finite dipoles for MT is not
required in most practical cases, in particular when
the scale of what shall be imaged by the method is
much larger than the length of the electric field
dipoles. It is customarily ignored when the cell
width of the modeling mesh also exceeds dipole
lengths, or in the absence of detailed information
that would merit being included in the modeling
process. However, when such detailed information
is available, for example when using LiDAR
topography or modeling a highly varying conductive
overburden through drillhole data, it appears
worthwhile to study the difference between single
point E field solutions and explicit finite dipole
calculations.
The consideration of finite dipoles in modeling is in
itself nothing new – e.g. both Jones (1988) and
Pellerin and Hohmann (1990) integrated fields
along electrode positions to study the effect of
small scale inhomogeneities on the averaged fields.
Watts and Scholl (2013) illustrated how topography
besides MT data also affects central loop TDEM
soundings, showing the limitations for the use of
TDEM for MT static shift remedy suggested by
Pellerin and Hohmann. While this work aimed at
understanding field distortions observed in voltage

differences between electrodes, we want to explore
whether in the presence of detailed a priori
information differences between point and finite
dipole solutions can and should be taken into
account in 3D modeling, and how this is best
addressed. This is ongoing work with a still open
outcome.
We have generated a set of illustrative 3D models –
(a) an extreme case pyramid model, and (b) a real
case of an essentially flat model with strongly
varying conductive shallow regolith – and have
computed transfer functions from the calculated
EM fields. The calculations are performed in two
ways: the standard procedure of using fields
interpolated to points at cell surface centers, and a
more rigorous integration of fields along the surface
between dipole ends. Both horizontal and vertical
fields considered. Results between the sets of
transfer functions are then analyzed.
METHOD AND RESULTS
CGG’s RLM-3D NLCG finite difference inversion
code has been used on hundreds of commercial
data sets of different methodologies and for various
exploration markets. The forward solver code is
based on a staggered-grid, E-field formulation,
based on the Finite Integration Technique. The null
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voltage differences in topographic terrain.
Generally, for incorporation of very detailed
structure, whether topographic or in the shallow
subsurface, fine meshing is required – potentially
finer than what is reasonable or computationally
practical in 3D inversions. A possible approach to
address this might be to calculate accurate finite
dipole responses from small, detailed, site-specific
local meshes and normalize these by standard
responses from the coarser inversion mesh
solutions, to obtain a correction tensor – similar to
the concept of Baba (2003) for sea-floor
topography modeling. For cases where mesh size
is not an issue, the technique could also be
deployed by simply normalizing transfer function
from finite dipole calculations by ones from
standard local calculations from the same mesh,
and use the resulting frequency-dependent tensors
to modify input data to a ‘standard’ MT inversion, i.e.
one that does not explicitly consider finite dipoles.
The question for these correction term estimates is
whether they maintain validity during the course of
the inversion, when the shallow part of the model
gets adjusted to data content, and how they could
be updated with changing resistivities.
CONCLUSIONS
From the examples investigated, we conclude that
the difference between single cell and finite dipole
calculations is particularly strong for outcropping
structure and when using cells that are significantly
smaller than the dipole extension, as expected. For
the case of a continuous overburden, effects from
dipole extent appear weaker than anticipated, in
particular over the thicker parts of the overburden
interval. Implications over real case scenarios of
steep topography imaged by LiDAR are also under
investigation.
Ultimately, when considered relevant, the explicit
consideration of the finite dipole extent would need
to be integrated into the 3D inversion procedure
during the calculation of adjoint fields and
sensitivities.
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SUMMARY
Magnetotelluric modeling and inversion are traditionally performed in Cartesian coordinates, under the implicit
assumption that the modeling domain is sufficiently small that all numerical considerations due to the curvature
of the Earth may be safely ignored. This was changed with the onset of the EarthScope MT program, which
was designed to probe Earth’s conductivity structure on a continental scale. Since then, other continental scale
MT initiatives have launched, most notably, AusLamp in Australia and SinoProbe in China. Here, a recently
developed regional electromagnetic modelling tool in spherical coordinates is used to explore the effects of
the traditional Cartesian approximation. The workflow of magnetotelluric inversion starts with mapping the area
of interest and the survey site locations to some sort of Cartesian framework, and it ends with co-location of
the Cartesian grid with geographic coordinates, for geologic interpretation. Here, five common map projections
combined with different interpolation choices are employed to transform the original spherical model to
Cartesian coordinates. By comparing the Cartesian modelling results to direct spherical coordinate modeling,
conclusions are made with respect to the preferred choices of coordinate projection and interpolation. Another
source of inaccuracy that we consider is the meridian of convergence: an angle correction to the tensor
impedance data transformed to Cartesian coordinates. The impedance computed in Cartesian coordinates is
rotated according to the correction angles derived from the corresponding coordinate projection formula to
quantify the effect of this additional error. Realistic continental scale magnetotelluric modeling in spherical
coordinates also needs to take the source inhomogeneity into consideration when the spatial variations in the
source are non-negligible. An analysis of source effects is beyond the scope of this work, but we make progress
towards realistic spherical coordinate modeling by adopting a simple “ring current” (𝑃10 ) source formulation that
is most analogous to the traditional plane wave in spherical coordinates. We compare the electric fields and
impedances obtained with these two source settings. Finally, we compare the errors at select sites to the error
bars in real data and discuss the circumstances in which it is appropriate to use Cartesian coordinates for
continental-scale magnetotelluric inversion.
Keywords: Magnetotelluric, large-scale, spherical coordinates
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SUMMARY
Earlier, the authors found out that by using the singular points on the cross-section of magnetovariational (MVP)
data, it is possible to quickly determine the parameters of the 2D anomalous object (Ingerov and Ermolin 2010).
The depth of the geometric center of the object (H) is defined as H = α • D + с (1). The relative conductivity of
the cross section (G) is defined as G = γ • Textr (2). In these two linear relations, D is the distance between the
singular points on the tipper magnitude pseudo-sections. Textr is the value of the period of singular points. It is
known that the host medium influences the morphology of the MVP anomalies. In this paper, we propose a
method for taking the influence of the host medium into account. The task is solved by determining the
coefficients α, c and γ. The determination of the values of the coefficients is carried out in two stages. At the first
stage, based on the results of the 1D inversion of the TM mode of magnetotelluric data, a horizontally layered
host medium is determined. The second stage involves 2D modeling of the magnetovariational response
functions. To determine the coefficients α and c, the calculation is performed for 2 models with two different
depths (H). G remains constant. To determine the coefficient γ, the calculation is carried out for two models with
different G (the depth H remains constant). Since dependencies (1) and (2) are linear, four calculations are
sufficient to determine the coefficients.
Keywords: magnetovariational method (MVP), express-interpretation, influence accounting for the host
medium
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custEM: an open-source toolbox for customizable finite-element modeling of
complex 3D controlled-source electromagnetic data
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S UMMARY
We present the open-source toolbox custEM (customizable Electromagnetic Modeling) for the simulation of
complex three-dimensional controlled-source electromagnetic (CSEM) setups. The toolbox is based on the
open-source finite-element library FEniCS (Python, C++), which supports tetrahedral meshes, multiprocessing,
various element types, higher order polynomials, and anisotropy.
We implemented available finite-element formulations for the time-harmonic Maxwell equations, in particular,
total or secondary electric-field and gauged-potential approaches. In addition, we derived and implemented a
secondary magnetic-field formulation which shows superior performance if only magnetic fields are required,
e.g., in airborne or nuclear magnetic resonance applications. We provided semi-analytical 1D layered-earth
solutions for secondary field calculations, supporting arbitrary configurations of line or loop CSEM transmitters.
Secondary field formulations can be utilized for any flat surface model. They usually show higher accuracy
and can lead to significantly better performance for repeated modeling varying anomalies placed within a 1D
background conductivity distribution. Realistic geometries, including topography and transmitters, which can
be incorporated in the complete modeling domain, are preferably handled with total field formulations as the
CSEM transmitter usually comprises height undulations. We applied a technique of implementing the source
current density directly on edges of the mesh corresponding to degrees of freedom of the curl-conforming
Nédélec basis functions. All system matrices were modified to be symmetric and solved in parallel with the
direct solver MUMPS. Alternative direct solutions approaches are supported as well. The implementation of
iterative solvers is work in progress.
Aside from the finite-element kernel, mesh generation, interpolation, and visualization modules were implemented to simplify and automatize the modeling workflow. Three examples prove the capability of custEM,
including validation against analytic solutions, cross-validation of all implemented approaches, and results for
a model with 3D topography. Using second-order polynomials significantly increases the accuracy of the results compared to calculations with first-order polynomials with identical computational effort. This is especially
an advantage for the total field formulations.
The object-oriented implementation allows for customizable modifications and additions or to use only submodules designed for special tasks such as mesh generation or assembling the system matrix for one of the
approaches. In addition, an extension for magnetotelluric or in general, multi-geophysics modeling, is possible.
Overall, the toolbox can be efficiently used for systematic modeling studies and experimental design, but also
as a basis for developing 3D inversion routines.
Keywords: electromagnetic theory, 3D modeling, finite element method, software
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DC electrical responses of complex fracture networks in 3D conducting media
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SUMMARY
One of the major challenges in the realm of electromagnetic modeling is to simulate geoelectrical models which
possess electrical properties over a wide range of spatial scales that result in far-reaching responses. The
challenge arises from the explosive computational cost due to the explicit discretization of geologic details at
tiny scales in comparison to the field of interest. One good example for such models is electrically conductive
fracture networks coupled to the surrounding host rock. The geometric and hydraulic fracture properties exhibit
variability and heterogeneity at multiple length scales and control the mechanical and hydrological behavior of
geological media. Detecting and controlling the fracture properties play a key role in many engineering
applications such as groundwater and solute transport management, geothermal system enhancement,
economic resource extraction, storage of nuclear wastes and dissolved CO2. Several studies have suggested
that electrical conductivity has a strong relationship to fracture properties; however, a detailed understanding
of the relationship between the geometric and hydraulic properties of complex fracture networks and the
resultant DC electrostatic responses has not been enabled owing to aforementioned computational challenges
that enforce either the lack of realism in fracture modelling or the reduction of the dimension of modelling
domain.
We here model the DC electrostatic responses due to realistically-complex, stochastic fracture networks in 3D
conducting media by using hierarchical finite element method (Hi-FEM; Weiss, 2017). The Hi-FEM method
employs a hierarchy in material property within an unstructured tetrahedral mesh by composing the local
electrical conductivities of 1D edges, 2D facets and 3D tetrahedral finite elements into one unified electrical
conductivity function. By doing so, without a computational overburden, plane-like structures such as fractures
and linear geologic details as well as manmade structures can be efficiently represented by connected facets
or edges in the finite element analysis. We focus here on the influence of the network-scale fracture
characteristics on the behavior of the resultant DC electrostatic responses. We perform the DC resistivity
simulations for discrete complex fracture networks with different length and aperture distributions in 3D
homogeneous media, and present the analyses of the resultant azimuthal apparent resistivity profiles. Our
numerical results suggest that the increase in network connectivity results in anomalously lower and stronger
azimuth-dependent apparent resistivity profiles, and imposes a higher sensitivity to fracture size-aperture
correlation. In addition to the analyses of the influence of fracture properties, we also consider the effect of the
source-receiver configurations on the resolution capability in fractured media.

Keywords: DC resistivity, fracture network, modeling, finite element analysis
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SUMMARY
While the development of high-performance computation technology has released the parallel power of
millions of CPU cores nowadays, many of the current 3D EM codes still cannot effectively utilize more than
tens of them, which could severely limit the computation efficiency and grid size of EM problems. This is mainly
due to the relatively coarse-grained parallel scheme used by these codes (e.g. solve independent frequencies
and source polarization simultaneously on different processors/CPUs), adding the difficulty to effectively
improve the performance once the number of CPUs surpasses the independent forward problems. To address
this problem, here we present a new scalable general parallel framework for large scale EM problems, which
is recently implemented and tested in the ModEM software. A two-layer finer-grain MPI-PETSc parallelization
scheme is developed to exploit more CPU cores in computation. The introduction of PETSc allows utilizing its
standard distributed data structure, which can be effectively implemented for fine grained partitioning as well
as GPU acceleration. To further extend the performance of the new framework, a dynamic load balance
scheme is also designed by dynamically assessing the individual task complexity and distributing the
computation resource accordingly. The scalability and versatility of the new strategy is demonstrated through
the implementation of 3D magnetotelluric (MT) inversion. The parallel performance with various Krylov
Subspace solver and preconditioner combinations, as well as external parallel direct solvers like MUMPs, is
also explored and discussed with both synthetic and real-world examples.

Keywords: fine-grain parallelization, scalable, inversion, PETSc, load-balancing
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SUMMARY
We present our findings from Conway, D., Simpson, J., Didana, Y., Rugari, J., & Heinson, G. (2018).
Probabilistic Magnetotelluric Inversion with Adaptive Regularisation Using the No-U-Turns Sampler. Pure
and Applied Geophysics, 1-14, as well as new work investigating the fast approximation of the
magnetotelluric forward function using artificial neural networks.
The inversion of MT data is an underdetermined problem which leads to an ensemble of feasible models for
a given dataset. A standard approach in MT inversion is to perform a deterministic search for the single
solution which is maximally smooth for a given data-fit threshold. An alternative approach is to use Markov
Chain Monte Carlo (MCMC) methods, which have been used in MT inversion to explore the entire solution
space and produce a suite of likely models. This approach has the advantage of assigning confidence to
resistivity models, leading to better geological interpretations. Recent advances in MCMC techniques include
the No-U-Turns Sampler (NUTS), an efficient and rapidly converging method which is based on Hamiltonian
Monte Carlo. We have implemented a 1D MT inversion which uses the NUTS algorithm. Our model includes
a fixed number of layers of variable thickness and resistivity, as well as probabilistic smoothing constraints
which allow sharp and smooth transitions. We present the results of a synthetic study and show the accuracy
of the technique, as well as the fast convergence, independence of starting models, and sampling efficiency.
Another possibility to speed up the search process is to use approximations to the MT forward function which
may be rapidly evaluated. In other geophysical techniques, such as Ground Penetrating Radar, expensive
forward functions have been approximated using Artificial Neural Networks (ANNs). We apply this same
methodology to approximate the 3D MT forward function for a limited subset of resistivity models created
using a compact parameterisation. The trained ANN is able to reproduce forward responses with a high
degree of accuracy, and we show that these forward responses may be used to invert MT data using an
evolutionary framework. Examples are shown in both synthetic and real-world scenarios, and results are
compared with those from traditional inversion algorithms. We conclude that the ANN inversion has a fraction
of the run-time of a traditional inversion, and is highly successful at modelling simple 3D structures.
Keywords: Magnetotellurics – Bayesian inversion – Neural networks – Monte Carlo
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Electromagnetic imaging of subsurface fluid flow
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S UMMARY
This work focusses on combining electromagnetic modelling with fluid flow simulations. It can be used to
monitor subsurface fluid flow as needed for groundwater management and enhanced oil recovery.
To couple both models we take a structural similarity approach assuming that local changes in the hydrological
model are linked to changes in the same region of the electrical conductivity model. This is an alternative
strategy to the use of a petrophysical relationship for coupling flow and geophysical models which can be
deployed only with limitations.
To show the feasibility of our approach we set up a numerical experiment. We model fluid flow over thirty
days but stop the simulations several times to compute electromagnetic responses. Imaginary parts of the
electric fields on the surface exhibit changes due to fluid movement. Thus, the monitoring experiment shows
that electromagnetic measurements on the surface are capable of tracking subsurface fluid flow.
Keywords: EM imaging, subsurface flow
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Estimating the poroelastic parameters and permeability of the subsurface structure
from the electrokinetically-driven electric field arising due to the lunar/solar tides in
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SUMMARY
We discuss the possibility of deriving the elastic properties and permeability of geologic formations from the
observations of the electric field measured inside the medium and at the earth's surface, which arises due to
the earth tides through electrokinetic mechanism. 1-D and 2-D forward problem formulations in terms of pore
pressure are given and their numerical solutions are obtained assuming Biot poroelasticity model. We analyze
the behavior of the electric field and propose an approach to derive the elastic and permeability coefficients
from its variations related to the lunar/solar tides.
Keywords: Biot poroelasticity, tides, permeability, electric field, electrokinetic phenomena
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Experience in the application of three-dimensional inversion of magnetotelluric data
with the use of supercomputer complex «Lomonosov»
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SUMMARY
In most cases 2D inversion is used in commercial projects, because of its effectiveness and great experience.
Whereas in the case of 3D inversion is not such a great experience and there are a number of global
problems. When switching to 3D inversion of MT data, the requirement for computer technology is
significantly increased. In this paper we tried to find the way out of the situation using supercomputer complex
«Lomonosov», located in Moscow State University. We will discuss a few examples of three-dimensional
inversion of MTS real data and compare it with 2D inversion in terms of time and result interpretation. Each
solves a variety of problems: from Ore shallow search to Regional Oil&Gas studies. But all these objects unite
a large volume of stations and the presence of three-dimensional distortions. The main task is to compare 2D
inversion for those areas with 3D results and shows that the use of three-dimensional inversion with a
high-performance computational complex makes it possible to obtain a qualitative result of solving a wide
range of problems.
Keywords: Magnetotelluric, three-dimensional inversion, supercomputer

INTRODUCTION
In most cases, two-dimensional inversion of
magnetotelluric data is used to solve practical
problems and 3D inversion is not frequently uses in
commercial projects. This is due to the fact that
most of the commercial studies is done on single
profiles, as well as with an already seriously
developed 2D inversion algorithms that allows you
to get results on a grid with a very small partition.
But the widespread use of two-dimensional
inversion is often unjustified (Ledo, J., 2005).
Three-dimensional distortions can be caused by
bodies both near the work area, and directly on it.
In this case, each volume requires careful analysis
to select an inversion strategy that allows you to
obtain the result with the least distortion. Of course,
it is possible to use 3D inversion for a single profile
(Ledo 2005; Ivanov and Pushkarev 2010) to
exclude this kind of distortion, but this approach will
not be considered. Another problem is the possible
underestimation of the relief in the mountain
regions, since the behavior of the MTS curves in
2D and 3D relief differs. This can make it difficult to
obtain qualitative results at acceptable times, as
well as the process of correction of the statics of
MT data. The way out of this situation is the use of
a three-dimensional inversion with a small cell size
and a complete set of data (full impedance on wide
period grid). There is some skepticism in
commercial companies associated with the use of
3D inversion on real objects. Is it possible to get a
good resolution of the resulting model, which would
suit interpreters? Is the time spent on 3D inversion

comparable with the time for which the 2D
inversion will be executed? Where are the limits of
the applicability of the three-dimensional inversion,
in terms of solved problems? To answer these
questions, it is necessary to accumulate a base for
solving the inverse problem on real objects, which
would demonstrate the effectiveness of the
three-dimensional inversion and its capabilities.
When selecting such objects, several rules should
be considered:
1) The ability to check the results and
compare them with other methods or
geology;
2) The objects should be aimed at solving
various problems for understanding the
possible limitations of the applied
technology;
For the study, three objects were selected that
satisfy these conditions: region ore study
(Baryatino anomaly), AMTS shallow ore deposits
(Bistrynskiy area) and Oil&Gas project in Bolivia.
They were chosen from different areas and aimed
at solving various problems. We will try to show the
effectiveness and possibilities of applying
three-dimensional inversion.
Methods
In this work we use ModEM (Kelbert, A. et al., 2014)
to provide 3D inversion. The great advantage of the
ModEM program is the ability to use parallel
approaches to the calculation of direct and inverse
problems using the Massage Passing Interface
(MPI) technology, which significantly reduces the
1/4
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time spent on finding the solution to the inverse and
direct problem, since the direct problem for each
period is calculated independently.
Another important component of the study is the
supercomputer complex of “Lomonosov”. Its peak
performance is 2,962.3 TFlop / s which are the No.
1 of Russia for today (www.top500.org). A more
important parameter for computing on a
supercomputer for us is the number of CPUs used
and the amount of memory per compute node.
Since on all investigated objects the number of
periods did not exceed more than 30, all
calculations were performed on 64 CPUs with 1 GB
of memory for each node, which allowed solving
the inverse problem up to the acceptable level of
nRMS less than 72 hours each. For the analysis of
the dimensionality of the medium, the phase tensor
method was used.
The standard approach for determining the weights
of data under inversion was used: percentage of
√𝑍𝑥𝑦 ∗ 𝑍𝑦𝑥 . Therefore, in the description below, the
method for determining the weights will be omitted.
Following article (Marion P. Miensopust, 2017) the
smoothing determined in the ModEM as the
covariance matrix selected in the directions
X=Y=0.3 and Z = 0.4. All models started from
homogeneous half space but resistivity changes
depend on prior information. In this paper, only the
final results are demonstrated. Of course, the
choice of the "most successful" result depends only
on the experience of geophysicist. We tried
different approaches and find as we think the best
result.
Baryatino crustal anomaly, Russia
This study presents the results of 3D inversion of
MT data acquired on north-west slope of Voronezh
craton. It is a part of KIROVOGRAD project.
Resistivity image of lithosphere for area more than
2
100 000 km obtained from ModEM inversion in 71
hours with 4.2 nRMS (51 iterations). A
three-dimensional inversion of MT data was
performed in the ModEM program for real and
imaginary parts of a full impedance tensor with a
weight of 5% and a Wiese matrix with an error of
-3
3
2%. The range of periods is from 4.6*10 to 10 s
(3 points per decade).
Figure 1 shows the resistivity model from the
results of 3D inversion. Boundaries of the Baryatino
and Kursk crustal high-conductive anomalies, their
deep resistivity structure and their connection with
well-known boundaries of high-conductive area of
Ukraine craton (Kulikov, V. et al., 2017).

Figure 1. Resistivity model from 3D inversion for
different deeps; profiles shown as black lines,
several points in Ukraine shows as pink points
The inversion was carried out for 160 stations. The
horizontal grid of the partition was used 8х5 km,
which allowed placing 3-4 cells between profiles
and stations. The vertical grid of the partition was
chosen in a tricky way. At depths of interest (from
10 to 40 km), the cell size is not higher than 1 km.
That allowed achieving a good vertical resolution.
The overall size of the model was 74x102x50 cells.
When carrying out 2D inversion, it was necessary
to strongly interpolate the profile among
themselves because of the large distance between
them. Also, three-dimensional effects had a strong
effect on the results of 2D inversion.
Bistrinskaya skarn Cu-Fe ore deposit, Russia
Another example is the use of a three-dimensional
inversion for a shallow ore problem in the
Bystrinskoye field. This area was chosen for
research, since it is well known for its geological
structure, which allows evaluating the quality of the
results obtained. The Bystrinskoye deposit is
located in the Zabaikalsk region. The geologic map
of the Bystrinsky area is shown in Figure 2. Large
Bystrinsky diorite body (red) is located among the
different formations of sedimentary rocks. Skarn
ore bodies are situated proximately to the boundary
between large diorite intrusions (Bistrinsky massive)
and carbonate sediments and are substantially
related with regional faults (Kulikov V., Yakovlev A.,
2011).
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Figure 2. Resistivity map-slice for deeps 200m
obtained by AMT 3D inversion; AMT profile №1 are
marked by dashed; mineralized zones highlight by
net-filling
The inversion was carried out for 546 stations. In
-4
total, 14 periods (4 periods per decade) from 10 to
0
10 seconds were included. Unfortunately, AMTS
data was old and their quality leaves much to be
desired. Therefore, only the main components of
the impedance tensor were inverted. The weights
of the main components were chosen as 5%. The
horizontal size of the grid was 50x50 m, which
allows obtaining a good horizontal resolution. Since
the task consisted in detecting bodies at depths of
the first hundreds of meters, the vertical partition
was as follows: the size of the first cell was 10
meters, then with a coefficient of 1.1 to 1.5 km, then
to 40 km with a division step of 2. Total size of the
grid is 60x85x40 cells. It took 46 hours to calculate
51 iterations with misfit (nRMS) 1.87. This result is
much better than the 2D inversion, since we get the
picture at once over the entire area, and do not
inverse by separate profiles.
The comparison of the resistivity models (fig. 3)
obtained on the MT inversion and drilling results
indicate that ore boundaries can be determined
with high resolution right up to a depth of
800-1000m but on 2D inversion result we can’t
successful determine ore body. Successful
application of AMT methods potentially may reduce
the amount of closely spaced expensive drilling.

Figure 3. Comparison of SMT inversion result and
borehole data along the AMTS Line № 1.
A. Resistivity model based on AMT 3D inversion;
B. Resistivity model based on AMT 2D inversion
C. Geological borehole cross-section
Oil & Gas regional studies, Bolivia
The most difficult of the examples we have
examined. The goal is regional research aimed at
finding oil and gas traps in the mountainous region,
as well as clarifying the deep geological structure.
On MT inversion result we have to see high
resistive anticlines forms and faults on the deep
and bottom part. From the analysis of the phase
tensor on most profiles, the presence of a
three-dimensional distortion (| |
in range of
1
3
periods from 10 to 10 seconds, which introduces
a restriction on the application of a two-dimensional
inversion. Another difficulty for 2D inversion is the
presence of a twisted relief. As mentioned above,
the influence of the three-dimensional relief and the
two-dimensional one differs: in the first case only
one mode is distorted, in the second case both. By
the way, the greatest distortions are exposed to
-2
small periods up to 10 . Because of this, the set of
periods used in 2D and in 3D inversion differed: for
-2
3D, the data were determined at periods from 10
3
to 10 seconds, while in 2D there were periods
-2
below 10 . For inversion used full Z matrix: 4% for
main components and 10 % for additional.
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The figure 4 shows a comparison of the results of
three-dimensional inversion and two-dimensional
inversion in the region of the profile with strong
three-dimensional distortions in the deeper part. At
depths greater than 4 km, it can be seen that the
2D inversion "drags" the conductor to a depth,
whereas the 3d inversion clearly restores the
position of the conducting syncline. To obtain a
qualitative result (nRMS <1.8) of a 3D inversion on
360 stations in 21 periods, 49 hours of calculations
were required. While 2D inversion was performed
in several stages for each profile to eliminate 3D
distortions and took more than a few days.

Figure 4. Comparison 2D bi-model inversion result
(A) and 3D (B); zone with maximum 3D distortion
effect highlighted with gray dash line
CONCLUSIONS
The objects investigated by us shows that with the
use of modern 3D inversion algorithms and
high-performance computing system, it is possible
for a short period of time achieve acceptable
results for a huge amount of stations. We tried to
find the universal parameters of 3D inversion for
each object. There is a good correlation with a
geological priori data for different types of projects.
The effectiveness of using 3D inversion was
demonstrated on real examples: good coherency

with geology and sufficient resolving power of the
resulting models, rapid in comparison with 2D
execution time, three-dimensional distortion
accounting.
ACKNOWLEDGEMENTS
I express my gratitude to the staff of the company
Nord-West for the data provided. The research is
carried out using the equipment of the shared
research facilities of HPC computing resources at
Lomonosov Moscow State University. We used a
licensed copy of the program Modem provided by
North-West LLC.
REFERENCES
Ivanov P, Pushkarev P (2010) Possibilities of
interpretation of the magnetotelluric data,
obtained on a single profile over 3D resistivity
structures. Izv Phys Solid Earth 46(9):727–734
Kelbert A, et al.,(2014) ModEM: A modular system
for inversion of electromagnetic geophysical
data, Computers & Geosciences.66:40-53
doi:10.1016/j.cageo.2014.01.010
Kulikov V et al., Results electrical exploration work
to study the Baryatinskaya crust anomaly
electrical conductivity. Proceedings of the
All-Russian Conference with international
participation "Deep Structure and Geodynamics
of Lake Ladoga" (2017), KarRC RAS
Petrozavodsk, pp. 115-124.
Kulikov V, Yakovlev A (2011). Practical application
of magnetotelluric methods in ore geophysics.
Exploration and conservation of mineral
resources, (3): 26-33
Ledo J. (2006) 2-D Versus 3-D Magnetotelluric
Data Interpretation Surv Geophys 27:111-148
doi: 10.1007/s10712-006-0002-4
Marion P. Miensopust (2017) Application of 3-D
Electromagnetic Inversion in Practice:
Challenges, Pitfalls and Solution Approaches.
Surv Geophys 38:869–933
doi:10.1007/s10712-017-9435-1
Sadovnichy V, Tikhonravov A, Voevodin V,
Opanasenko V (2013). "lomonosov":
Supercomputing at Moscow state university.
Contemporary High Performance Computing:
From Petascale toward Exascale, Chapman &
Hall/CRC Computational Science: pp. 283–307
TOP500 supercomputers list,
https://www.top500.org/lists/2017/06/

Abstract, 24 EM Induction Workshop, Helsingør, Denmark, August 12-19, 2018
th

4/4

Abstract, 24th EM Induction Workshop, Helsingør, Denmark, August 12-19, 2018

Exploring magnetotelluric model space in sequential inversion
J.M. Simpson1,2 and G.S. Heinson1
of Earth Sciences, School of Physical Sciences, University of Adelaide, Adelaide SA 5005,
Australia, graham.heinson@adelaide.edu.au
2 Geological Survey of Queensland, Department of Natural Resources, Mines and Energy, Queensland
Government, PO Box 15216 City East, Queensland Australia 4002, janelle.simpson@dnrm.qld.gov.au

1 Department

SUMMARY
The non-unique nature of geophysical inversion is a perennial challenge. Three-dimensional inversion of MT
data poses additional challenges due to its high computational requirement. Sequential inversion is a
methodology which can reduce computational timeframes for 3D MT inversion. The flaw with current sequential
inversions workflows is they are unable to explore the range of models which fit a dataset. In this paper, we
proposed an expansion of an existing workflow to incorporate a qualitative exploration of model space during
the coarse stage of inversion.
Three different inversion parameterizations where used during the coarse stage of inversion. Two of the
starting model used a standard half space with the input data varied: one inversion using the un-rotated full
tensor and tipper data and one inversion using only the tipper data. In addition to these half-space models, an
inversion was run using a starting model with four geologically defined domains with roughness penalties
turned off between units.
The revised workflow produces a significant degree of model variability with a modest increase in overall
inversion timeframes. Incorporating the results from both coarse and fines stages of the presented workflow
into the interpretation process offers the opportunity to differentiate between robust and model specific features
and reduces the requirement for sensitivity analysis.
Keywords: Magnetotelluric inversion, sequential inversion, model space
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SUMMARY
We report on several advancements of using direct multifrontal solvers for linear systems arising in
3D controlled-source electromagnetic (CSEM) problems. Direct solvers are especially attractive for problems
with large number of right-hand-sides (RHSs) since a computationally expensive factorization of a system
matrix needs be performed only once, independently of the RHS number. CSEM problems with thousands of
RHSs often arise when CSEM data are inverted using the computationally demanding but very powerful
Gauss-Newton algorithm.
Large-scale applications of marine CSEM lead to large linear systems with tens of millions of unknowns. Such
systems are challenging for factorization since the required flop count scales as a square of the matrix size for
multifrontal solvers. However, it was demonstrated recently that a Block Low-Rank (BLR) approximation allows
significant savings in flops (up to a factor of 10 or more) and memory thanks to the reduced complexity of the
factorization problem (Shantsev et al. 2017). Benchmarking against existing iterative solvers shows that the
direct BLR solver can win due to fast factorization, but still suffers from relatively slow solve phase. The present
work therefore focuses on speeding up the solve phase by utilizing the sparsity of RHSs.
In marine CSEM surveys the source is usually an electric dipole with a length of a few hundred meters, hence
the RHSs in the corresponding forward problems are always very sparse. Besides, the source is usually towed
in a water layer within a few tens of meters above the seabed, which constitutes a small fraction of the whole
computational domain. Utilizing these geometrical considerations as well as algebraic properties of CSEM
system matrix, one can improve performance of the solve phase consisting in sparse triangular solves
operating on blocks of sparse RHS vectors.
In this work, we first analyse why the sparsity of the right-hand sides conflicts with the amount of available
parallelism. Next, we explain how to choose columns composing the blocks of columns and how to order them
within the blocks to reduce the complexity while preserving parallelism. We also adapt the load balancing
algorithms that were designed for the factorization to solve-oriented algorithms and describe performance
optimizations particularly relevant for the very large numbers of right-hand sides of the CSEM application. As
a consequence, the operation count and the elapsed time for the solution phase are reduced dramatically,
leading to a reduction of the total time of CSEM simulation by a factor more than three on the largest problems
from our set (30 million unknowns). To conclude, we show that the direct solver based approach to solve
CSEM is very competitive with respect to a multigrid preconditioned iterative solver.
REFERENCES
Shantsev DV, Jaysaval P, de la Kethulle de Ryhove S, Amestoy PR, Buttari A, L’Excellent JY, Mary T (2017)
Large-scale 3-D EM modelling with a Block Low-Rank multifrontal direct solver. Geophys. J. Intl. 209:
1558-1571
Keywords: CSEM, direct solver, sparsity, BLR, MUMPS

Feasibility study of inversion using Tipper data for analysis
of resistivity structure in geothermal field
Yuji Yamada*,Tada-nori Goto(Graduate School of Engineering, Kyoto Univ.)
In the geothermal exploration, spatial resolution of subsurface resistivity structure obtained by
Magnetotelluric (MT) method is limited due to the limited number of observation sites. It is mainly caused
by the steep topographic relief in geothermal field interrupting the installation of long cables for
electric-field measurements. For solving this problem, we focus on the Geomagnetic Depth Sounding
(GDS) method. GDS data are Tipper that defines the relationship among the three components of the
magnetic field so that it is easy to increase the observation points even in steep terrain. We propose an
analysis based on effective combination of MT and GDS surveys. We carried out the numerical
simulation; 2D inversion using synthetic MT and GDS data on the hypothetical 2D and 3D models. We
varied conditions of observation such as the number and position of observation sites for MT and GDS
surveys. Our simulation results showed that the inversion result using GDS data only could not recover the
assumed true models. However, by adding a few MT sites to GDS data, it is possible to sufficiently
estimate the reliable subsurface structure, even if 2D inversion is applied to the 3D synthetic responses. In
the future, we will discuss the subsurface structure and presence of fracture zones in the geothermal area
based on 2D and 3D inversion. how to estimate between 2 dimensional inversion results with a view of 3
dimensional inversion is there
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Finite element approximation of Maxwell’s equations in an exterior calculus
formulation
J. Kamm and M. Becken
University of Münster, kammj@uni-muenster.de

S UMMARY
We explore the utility of an exterior calculus formulation of Maxwell’s equations in the context of finite element
modelling. Such a formulation is independent of any particular coordinate system. The construction of a finite
element discretization involves a number of tedious and not immediately intuitive steps, such as the choice of
elements that fulfill appropriate continuity conditions (e.g., Nédélec elements) and coordinate transformations
from and to the reference element that preserve these. In the discussed formulation, the only necessity is to
identify the correct type of differential forms to represent the involved quantities, and the mentioned details
are direct consequences of exterior calculus. Moreover, the exterior derivative unifies the gradient, curl and
divergence operators, so that curl-curl equations and div-grad equations can be treated by the same implementation.
In our particular code, Earth is discretized with hexahedral elements that can be deformed to, e.g., represent
topography. The finite elements function spaces are constructed from tensor products of appropriate Lagrange
polynomials of arbitrary order. We have experimented with electric, magnetic, total and secondary field approaches and with magnetotelluric as well as dipole sources in two and three dimensions. Good modelling
accuracy was confirmed in comparisons with reference solutions.
Keywords: finite elements, differential forms
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SUMMARY
As part of the Smart Exploration project funded by H2020, a new approach for 3D controlled-source
electromagnetic modeling in frequency domain using unstructured tetrahedral meshes is under development.
The modeling code will work for onshore controlled-source electromagnetic problems. It will account for
electrical conductivity as well as magnetic permeability variations in the subsurface.
The aim of the Smart Exploration project is to develop tools for geophysical exploration of challenging
geological targets in a time- and cost-effective, as well as an environmentally-friendly way. Therefore, we
design a controlled-source electromagnetic modeling code that resolves the conductivity and permeability
structure of geological exploration targets as accurately as possible.
Our approach for controlled-source electromagnetic modeling will be based on the following key features: The
3D modeling domain will be discretized with an unstructured tetrahedral mesh. The electromagnetic diffusion
equations for the quasi-static approximation will be solved for the electric field with a total field formulation on
the edges of the tetrahedrons. At the boundaries of the modeling domain, Dirichlet boundary conditions will be
implemented at first. Later on, boundary conditions will be improved, e.g. a perfectly matched layer approach
will handle the scattered field in the air for damping the reflections effectively and reducing the size of the
computational domain. The modeling code will be able to model the isotropic conductivity and permeability for
onshore field setups with source and receiver locations at the surface and in boreholes. It will be implemented
in an object oriented environment. At the moment we are focusing on the setup and the solving of the finite
element global equation system.
In cooperation with at Aarhus University, where a modeling code for time-domain electromagnetic data is
developed, we are on our way to design a tool for modeling & inversion of a variety of controlled-source
electromagnetic data types.

Keywords: controlled-source electromagnetics, finite element modeling, 3D, Smart Exploration
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SUMMARY
We present a general framework for two-dimensional finite difference modeling of magnetotelluric data in the
presence of general anisotropy. Our approach is modular, allowing differential operators for a range of
formulations of the governing equations, defined on several possible discrete grids, to be constructed from a
basic set of first difference and averaging operators. We specifically consider two formulations of the
two-dimensional anisotropic problem, one with Maxwell’s equations reduced to a second order system in
terms of three coupled electric components, and one in terms of coupled electric and magnetic x-components.
Both formulations are discretized on a staggered grid; the second (coupled electric and magnetic) system is
also implemented on a grid with fixed nodes (i.e., not staggered). The three implementations are validated
and compared using a range of test models, including a half-space with general anisotropy, an infinite fault
with axial anisotropy and a simple dyke model. Comparisons to analytic results (for half-space and fault
models), and to results from other anisotropic codes, combined with grid-refinement convergence tests,
demonstrate that our algorithms are accurate and capable of routine modeling of two-dimensional general
anisotropy. These finite difference codes, demonstrating the flexibility of our numerical discretization approach,
can be readily applied to other problems. The open source software package is publicly available at
https://github.com/Zeqiu/AnisoMT.
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Forward Electromagnetic Simulation in 3D using Gauge Potential Scheme.
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SUMMARY
The challenges attributed to the discretization of total formulation of Helmholtz electric field using Maxwell’s
equation in frequency domain is as a result of improvement in the convergence and stability of the linear
system of equation. To unravel the effect, we transform Maxwell’s equation in terms of potential using the
Columb gauge potential technique. A finite-volume approach is utilized for discretizing the system of equations
on structured meshes wherein the vector potential is situated at the face center while the scalar potential
placed at the cell center. The system of equations is studied using different iterative solvers. We implemented
the approach to simulate a marine magnetotelluric hydrocarbon model settings. To test the efficacy of our
approach, we presented a comparative analysis of the stability and convergence of these iterative solvers with
the gauge potential approach and the direct total electric field formulation. It is observed that our approach
converges better than the direct total electric field approach. From the analyzed plot it is observed that the
multigrid technique of our method is the most suitable.
Keywords: Magnetotelluric, Maxwell’s Equation

INTRODUCTION
Numerical simulation has been a typical approach
for modeling and analyzing electromagnetic data
(EM) obtained for the study of hydrocarbon
exploration. Marine magnetotelluric (MT) has
become a paired technique with seismic
investigation for the exploration of petroleum
reservoir in a complex deep offshore environment.
The efficacy and the precision of the
electromagnetic responses in heterogeneous
media is vital for exploration and delineation of the
geological formation (Zhdanov 2010). Inversion of
magnetotelluric data involves a number of
recurrence solution of the numerical simulation in an
iteration routine. Development of a fast and
accurate forward model solutions are essential for
the model response for solving the inversion
problem of the magnetotelluric data (Haber and
Ascher 2001). The efficacy of the forward solver will
have a great influence on the efficient computation
of the inversion process. Different solver type has
been adopted for numerical models such as integral
equation, finite difference, finite element, finite
volume and hybrid methods have been applied. The
different types of techniques have different
computational benefits and drawbacks (Avdeev
2005). In the forward model of the magnetotelluric
data numerically, some solvers are implemented to
solve the anomalous domain by splitting the total
field into the primary and secondary field. This as a
result to reduce the numerical error attributed by
utilizing total field formulation (Lowry et al. 1989).

The separation technique tends to have better
solution stability and optimized results in
comparison to the total field implementation
(Newman and Alumbaugh 1995). However, the
solution of the separated techniques will be to apply
primary background model regarding the analytical
form. In the presence of topographic structures
present in the background simulation, this limit the
use of analytical solution since they can be used
only for uncomplicated earth models (Mitsuhata
2000). In this recent paper, based on this limitation
of the separation techniques to topographic
structures, we adopt the use of total field formulation
of the gauge potential finite volume approach.
Formulation
of
the
electromagnetic model

Gauge

Potential

In this work, we utilized the gauge potential
formulation of the finite volume technique to
compute the electromagnetic (EM) fields from the
Maxwell’s equation. The electric field is transformed
into the scalar and vector potentials as shown in
equation 4 and also it was also applied to the
conservation of charges as well. The quasi-static
formulation of Maxwell’s equation is shown in
Equation 1 and 2. where 𝑩 = 𝝁𝐻, magnetic
induction ( 𝑩) , magnetic permeability ( 𝝁), and
conductivity of the complex value (𝝈
̅ = 𝝈 + 𝒊𝝎𝝐).
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(1)

𝛁 × 𝑬 = −𝒊𝝎𝑩

(2)

𝛁×𝑯−𝝈
̅𝑬 = 𝟎

The total formulation of the electromagnetic
equation of the electric field in frequency domain is
obtain in Equation 3.
𝛁 × 𝛁 × 𝑬 + 𝒊𝝎𝝁𝝈
̅𝑬 = 𝟎

𝑬 = −(𝒊𝝎𝑨 + 𝛁𝝋)
𝛁 × 𝑨 = 𝝁𝑯

in Ω

(3)
(4)
(5)

Transformation of Equation 3 with the gauge based
potential approach from Equation 4 and 5 to obtain
Equation 6 with the use of Coulomb gauge condition
(𝛁. 𝑨).

𝛁 𝟐 𝑨 − 𝒊𝝎𝝁𝝈
̅𝑨 − 𝝁𝝈
̅𝛁𝝋 = 𝟎

(6)

𝒊𝝎𝛁. 𝝈
̅ 𝑨 + 𝛁. 𝝈
̅ 𝛁𝝋 = 𝟎

(7)

The conservation of charge is derived from the
divergence of the Ampere’s Law shown in Equation
7.

In order to solve the system of equation, the
Dirichlet boundary condition is applied on the vector
potential (𝑨) and scalar potential (𝝋). We solve the
system by decomposing the vector potential ( 𝑨)
and scalar potential ( 𝝋) into imaginary and real
component respectively.
Result and discussion
In order to examine the adopted approach, we test
the algorithm by concentrating on a particular
example where a resistive hydrocarbon reservoir
buried in an otherwise conductive layered
background model. Figure 1 shows the vertical
tomographic view of the forward simulated
magnetotelluric case in the yz plane. The
operational frequency used was 0.05 Hz. The
observed magnetotelluric response of the model at
the receivers situated at every 300 m in the y
direction and 400 m in the x direction with a
computational irregular grid of 40 × 35 × 25 and
quasi-homogenous grid 64 × 64 × 35 along the x-,
y- and z-directions respectively was carried out.

Figure 1. The vertical cross sectional view of the
three dimensional petroleum reservoir of the
magnetotelluric forward simulation.
In order to validate the efficiency of our approach, a
comparative analysis was conducted with the direct
electric field finite volume Yee scheme for solving
the discretized system of equation. In this paper,
different iterative solvers are implemented to solve
the system of equation. The iterative solver such as
generalized minimum residual approach (GMRES)
(Saad, 1990), Bi conjugate gradient stabilizer
(BICGSTAB) method (Van der vorst, 1992), Quasi
minimum residual stabilizer (QMRSTAB) and the
Multigrid (Hiptmair, 1998) technique was utilized.
Figures 2 and 3 represent the imaginary component
of the electric fields and magnetic fields for Hpolarization, computed using two different
approach. The profile is along the y axis. The green
square shows the result of the direct total electric
field formulation while the light brown plus denote
the gauge potential technique. From the observed
result one can see consistency between two
numerical technique utilized.

Figure 2. The y-directed profile plot of the imaginary
part of the x component electric field for both the
Gauge A-𝛗 and the Direct E technique.
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Figure 3. The y-directed profile plot of the imaginary
part of the y component of the magnetic field for
both the Gauge A-𝛗 and the Direct E approach.

Figure 4 and 5 indicate the comparative analysis of
the gauge potential approach and the direct electric
field formulation respectively using an irregular grid
of 40 × 35 × 25 implementing the use of different
iterative solvers. It can be observed that despite the
use of divergence correction for the direct electric
field formulation, our technique implemented
converge within minimum number of iteration in
relation to the direct electric field method. And from
the plot it is observed that the multigrid approach of
our technique is the most suitable.

Figure 4. The convergence pattern for different
iterative solvers using irregular grid implemented
with the Direct E formulation of the finite-volume
technique.

Figure 5. The convergence sequence of different
iterative solvers using irregular grid used with the
gauge potential (A-𝛗) formulation of the finitevolume technique.
Figure 5 and 6 denote the analyzed compared
technique between the gauge potential approach
and the direct electric field formulation respectively
using a quasi-homogenous grid of 64 × 64 × 35
utilizing the adoption of different iterative solvers. It
can be observed that with the use of divergence
correction for the direct electric field formulation, our
technique used converge within least number of
iteration when associated with the direct electric
field approach. And from the plot it is observed that
the multigrid approach of our scheme is the most
appropriate.

Figure 6. The convergence plot for different
iterative solvers using quasi-homogenous grid
utilised with the Direct E formulation of the finitevolume technique.
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Figure 7. The convergence pattern for different
iterative solvers using quasi-homogenous grid
carried out with the gauge potential (A-𝛗)
formulation of the finite-volume technique.
Conclusions
We have presented a concept of three dimensional
magnetotelluric model in a gauge potential
formulation using finite volume technique. The
electric field is disintegrated into vector and scalar
potentials and was implemented in the total field
Helmholtz electric field equation and also in the
conservation of charge. The approach was used to
model a marine magnetotelluric petroleum reservoir
model. We compared our technique with the direct
total electric field formulation. It was observed that
the convergence and stability of our approach is
better than the direct total electric field formulation.
And from the analyzed plot it is observed that the
multigrid approach of our method is the most
appropriate.
References
Avdeev DB (2005) Three-dimensional
electromagnetic modeling and inversion from
theory to application: Surveys in Geophysics
26: 767–799. doi: 10.1007/s10712-005-1836x.
Haber E, Ascher U (2001) Fast finite volume
simulation of 3D electromagnetic problems
with highly discontinuous coefficients. SIAM J.
Sci. Comput. 22(6): 1943–1961. doi:
10.1137/S1064827599360741.
Hiptmair R (1998) Multigrid Method for Maxwell’s
Equations. SIAM J. Numer. Anal. 36(1): 204–
225. doi: 10.1137/S0036142997326203.
Lowry T, Allen MB, Shive PN (1989) Singularity
removal; A refinement of resistivity modeling
techniques. Geophysics 56: 766–774.
Mitsuhata Y, Uchida T (2004) 3D magnetotelluric
Abstract, 24th EM Induction Workshop, Helsingør, Denmark, August 12-19, 2018

4/4

Title: Fractional Helmholtz to Help Detect Fine Scale Features
Authors: Bart van Bloemen Waanders, Harbir Antil, and Chester Weiss.
Fine scale features in the subsurface are notoriously difficult to detect
and characterize using electromagnetic source and sensor systems. One
approach is to make use of large scale inversion in which the target
inversion parameters are material properties. The technique consists of
a least squares objective function that attempts to reconcile the
difference between numerical predictions and experimental
observations. Based on several simplifying assumptions, we
concentrate on the Helmholtz equation as a constraint to our
optimization formulation. Because this is a large scale, nonlinear
optimization problem, we make use of adjoints and Newton-Krylov
based solvers with trust-region globalization. However, a material
inversion with the standard Helmholtz equation does not provide any
ﬁne scale characterization without a series of ﬁne scale discretizations,
which is especially complicated in the case of fractures. To that end, we
consider the use of fractional exponents on the differential operators for
the Helmholtz equation to help characterize ﬁne scale features in the
subsurface. This super-diffusion approach has been known to achieve
non-local phenomena. Our solution technique involves the
decomposition of Helmholtz with boundary conditions into four (two real
and two imaginary) equations and a decomposition of the boundary
conditions with the intent of assigning simple boundary conditions to
the fractional operator-based equations and the remaining boundary
conditions to the non-fractional operator-based equations. All four
equations are discretized with ﬁnite elements. The fractional-operators
are replaced with a summation of standard differential operators
according to the Dunford-Taylor approach. We demonstrate our
approach on a prototype with "truth measurements" from a synthetically
generated ﬁne scale system.
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S UMMARY
A long–standing problem in computational electromagnetics is the search for efficient methods to minimize
the resource burden in modeling scenarios where volumetrically insignificant scatterers, whether natural or
anthropogenic, have a measureable and spatially extensive signature over length scales many times larger
than the size of the scatterer itself. The problem is particularly acute when the scatterer is large in one (or
more) physical dimension in comparison to the other(s). That is, the scatterer is either long and slender or
wide and thin. Examples include conductive infrastructure (pipes, rails, cables), fractures, laminations, spatially
extensive textural lineaments. Brute force three–dimensional modeling of these targets can be computationally
explosive because they typically consume a disproportionately large number of elements in a given numerical
discretization when compared to the elements required for the surrounding Earth model. In many cases,
simulation of “real world” geoscenarios is simply intractable without significant and potentially compromising
assumptions.
We review here a recently proposed (Weiss, 2017) mathematical architecture for meeting this computational
challenge – the hierarchical material properties representation – and discuss its implementation for finite element analysis of Maxwell’s equations. Briefly stated, the representation decomposes the electrical conductivity
model into discrete elements which reside over the volumes, facets and edges of an unstructured discretization. Hence, long slender features are economically represented by sets of connected edges throughout the
mesh whereas thin sheets are done by connected facets, thus providing a flexible structure for arbitrary model
representation without an excessive number of very small volume elements to define the scatterer. This representation offers an intriguing approach toward quantification of the electromagnetic character of both singular
scatterers and composites of many, and could provide a means for clarifying the mesoscale where various
upscaling theories (homogenization, fractional calculus, etc.) meet their discrete many-body counterparts.
Keywords: Modeling, sub-grid, anisotropy, finite element, fracture, infrastructure
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SUMMARY
In this paper the authors consider the influence of the host medium on the morphology of the
magnetovariational (MVP) anomaly of a local object with a relative conductivity of the section 10,000 Sm·m
and 500 m depth. Conclusions are based on mathematical modeling. The results have shown that the covered
rocks are the main cause of a local anomaly distortion. The presence of large regional structures and resistivity
changing of bottom layers have a weak effect on local anomaly disturbing. The anomaly of a local object can
be isolated as a result of subtracting a regional component from the Wiese matrix of the original field. The
express-interpretation of MVP data and inversion codes can be applied for the described anomaly.
Keywords: Magnetovariational method (MVP), induction vector, tipper, regional effect, local anomalies

INTRODUCTION
Two groups of methods are based on measuring the
natural alternative electromagnetic (EM) field of the
Earth: magnetotelluric (MT) (Berdichevsky and
Dmitriev 2009) and magnetovariational (MVP)
(Rokityansky 1982). In the MT sounding method, 4
horizontal components (Ex, Ey, Hx, Hy) are
measured. In the MVP method, 3 orthogonal
magnetic components (Hx, Hy, Hz) are studied.
Both methods can be operated independently, but it
is more expedient to use them together. This
5-component EM method is an effective tool for
solving a wide range of geological exploration tasks.
The response functions in the MVP method are the
induction vector and the tipper (Rokityansky 1982).
Earlier it was shown that by means of using the
singular points on the pseudo-sections of the tipper,
it is possible to quickly estimate the parameters of
2D and 3D anomalous objects of a simple
geometric shape (Ingerov and Ermolin 2010,
Ermolin et al. 2014). The algorithms developed by
the authors can be called "the method of
express-interpretation of magnetovariational data".
This technique has been developed for a
homogeneous half-space. But in real conditions we
deal with a complex environment and the responses
of various geological objects are superimposed on
each other. Large lateral inhomogeneities of the
Earth's crust and the upper mantle create
anomalies. The MVP method can find these
anomalies at a distance of up to several hundred
kilometers. As a result, the response from the local
searched object is considerably distorted, and it
becomes impossible to apply the express
interpretation methods. At the same time, it is
interesting to separate the local component from the
regional influence. The current state of this problem

is described by (Berdichevsky and Dmitriev 2009).
On the qualitative level, the first division of the
regional and local components of the real part of the
induction vector was shown in the work (Lozovoy et
al. 2018). The quantitative interpretation of the
separated local component is an unresolved issue
nowadays. The purpose of this work is to estimate
the influence of different variants of the horizontal
layered host medium and regional 2D conductors
on the parameters of the anomaly created by a local
body of a simple geometric shape. The most
important goal is the answer to the question: is it
possible to use the separated local part for further
quantitative interpretation?
METHODS and MODELING RESULTS
We have performed mathematical modeling by
means of the WinGLink software. 2D anomalous
body of a regular geometric shape is taken as a
basic geoelectrical model. This local object was
described in the authors' previous work (Ingerov
and Ermolin 2010). Within the framework of this
paper the parameters of the anomalous local object
are (the cross section of the body (200x200 meters),
the resistivity (4 Ohm-m), the depth to the upper
edge (500 meters)) have not been changed. The
object was placed in a horizontally layered medium,
shown in figure 1. The model consists of several key
elements: a sedimentary cover with the thickness of
200 m and the resistivity of 20 Ohm-m (total
longitudinal conductivity of 10 Sm), a regional
conductive layer, the boundary of the earth's crust
(M) and the boundary of the lithosphere sole (L).
The studies were divided into 3 stages.
At the first stage the most significant
pseudo-sections of the MT and MVP responses,
calculated from the basic model (Figure 1-a) were
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analyzed. The object clearly appears in the MT and
MVP response in spite of the presence of an
overlapping cover. In the impedance phase of the
TE-mode, the object is displayed on 2 period ranges
(Figure 1c). The first range is around 0.02 seconds
(the amplitude of the anomaly is 6 degrees). The
second range is around 2 seconds (the amplitude of
the anomaly is 3 degrees). On the section of
induction vectors (Figure 1d), the anomalous body
appears at a period of 0.25 seconds. In case of
using both MT and MVP methods, the object
appears over a wide range of periods (3 decades).
In practice, you can use the range where the data
quality is better. It should be noted that using the
data of induction vectors in Parkinson convection
(pointed to the conductor), the presence of an
anomalous body and the direction to it can be
detected at a distance of 2 km (Figure 1d). The TEmode anomaly attenuates at a distance of 0.7 km.

On the tipper pseudo-section (Figure 1b), the object
appears as a paired anomaly having 2 maxima (2
singular points) with the amplitude of 0.1 at the
period Textr = 0.25 seconds. The authors gave a
formula for an operative estimation of the
anomalous conductivity of the cross section G. It is
determined as the multiplication of the cross
sectional area and the anomalous electrical
conductivity (Ingerov and Ermolin 2010). Using this
formula, the G value of the illustrated in figure 1a
object is increased by 67%. The authors think it
occurs because according to (Ingerov and Ermolin
2010) the object was placed in a homogeneous
half-space with a resistivity of 3000 Ohm-m. At the
top, the object was covered by a 25 m thick cover
with the resistivity of 100 Ohm-m (total longitudinal
conductivity is 0.25 Sm) Obviously, the difference is
caused by the difference in the host medium.
At the second stage of the study, the thickness
and resisitivity of the covered rocks and the
resisitivity of the asthenosphere changed.
In
addition, for different host mediums, the influence of
a regional conductor located at a distance of 40 km
was estimated. The model of the suture zone was
taken as a regional conductor. The authors
compared the parameters of singular points on the
tipper cross-sections (period – Textr, maxima
amplitude - Aextr and at the distance between the
maxima - D). The results of the comparison are
shown in Table 1. It can be seen that if total
conductivity of overlapping rocks changes, the
parameters of the singular points (Textr, D, Aextr)
on the tipper cross-section alter considerably
(Table 1a). There are no fundamental changes of
singular points parameters in case the
asthenosphere resistivity changes. It is more
important that there is no change in case of adding
the suture zone, situated 40 km away from the local
object, in the cross-section (Table 1b). This fact
significantly expands the applicability of the
methods of MVP data express-interpretation in
practice and provides opportunities for dividing the
response into the local and regional components.
Table 1

Figure 1. Geoelectrical basic model (a),
Pseudo-sections of the response functions (b).
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At the third stage, the influence of the regional
conductor on the local anomaly was estimated. The
suture zone was located at a different distance from
the local anomaly. The geoelectrical models for the
distances of 40, 7.5 and 0.4 km are shown in Figure
2a. The tipper magnitude pseudo-sections
calculated from the models are shown in figure 2b.
The parts of the tipper magnitude pseudo-sections
where the local anomaly appears are shown in
figure 2d. The white isolines illustrate the response
of the local anomalous body without the suture zone
presence. The results of the calculation in case of
the local body absence are shown in figure 2c. If
the regional structure is located at a distance of 40
km from the local anomalous object (Figure 2a-1),
the anomaly morphology from the local object is
practically not distorted. This can be seen from a
detailed examination of the pseudo-section of the
tipper (Figure 2d-1). White isolines closely parallel
the anomaly morphology. Therefore, we can use
express-interpretation methods.
When an anomalous object is located at a distance
of 7.5 km from the suture zone (Figure 2a-2), the
low-period part of the anomaly of the local object is
distorted (Figure 2d-2). We cannot determine the
parameters of singular points. But the presence of a
local object can be assessed at a qualitative level by
the presence of a less distorted high-frequency part
of the anomaly. Figure 2 in section e-2 shows the
projections of the real and imaginary parts of
induction vectors calculated for the model shown in
Figure 2a-2. Curves R+L correspond to the models
where both a regional conductor and a local object
are present. The R curves are calculated only for
the regional conductor (there is no local object). The
curve L (Figure 2e-4) is calculated only for a local
object (there is no regional structure). It can be seen
that the local object on the R+L curve is clearly
visible for a period of 0.25 seconds. Moreover, the
value of the maximum period and the amplitude of
the vectors coincide with the curve L. The authors
performed a subtraction of the values of the
components of the matrix R from the components of
the Wiese matrix R+L. The final curve is presented
in the same section in figure 2e. This is the curve of
the vectors (R+L)-R. If the curves of the induction
vectors (R+L)-R and L have to be compared, it is
difficult to visually distinguish them. Consequently,
after dividing the regional and local parts by
subtracting the components of the Wiese matrix, we
can apply the express-interpretation or inversion
technique to the magnetovariational data.
If the regional object is located from a local object at
a distance less than the depth of the latter (Figure
2a-3), it is practically impossible to determine the
presence of a local object even at a qualitative level.
Nevertheless, with the formal subtraction (R + L)-R,
we obtain a curve of the vectors that does not

fundamentally differ from the vectors of the local
object (L). A more detailed comparison of the real
part of induction arrows between L and (R+L)-R
curve for 7.5 and 0.4 km separation of the local
body and the suture zone are shown in figure 3.

Figure 3. Comparison of induction arrows.
If the distance of the regional structure and the local
object is less than the depth up to upper edge, the
difference of (R+L) and L curve of induction arrows
is greater than the field measurement error.
CONCLUSIONS
The modeling results have shown that for the local
anomalous object with a relative conductivity of the
cross section of 104 Sm-m and a depth of the upper
edge of 500 m, the following conclusions are valid:
1. The host medium affects the morphology of the
magnetovariational anomaly. The morphology of
the anomaly is primarily related to the parameters of
the sedimentary cover.
2. If the local and regional anomaly can be visually
separated, the presence of large remote regional
conductors in the studied area has a very weak
effect on the shape of the anomaly from the local 2D
object.
3. The local magnetovariational anomaly, distorted
by regional anomalies, can be isolated by simple
subtracting the regional constituent of the
components of the Wiese matrix from the original
field. The local component determination is most
correct when the anomalous object is removed from
the regional conductor at a distance greater than
the depth up to upper edge of the anomalous object.
4. If the regional component is correctly taken into
account, the methods of express interpretation of
magnetovariational data and inversion can be
applied to the isolated anomalies. At the same time,
it is necessary to determine the parameters of the
horizontally layered host medium and take the
influence of the host medium into account.
5. The local body appears on the AMT and MVP
responses in different frequency bands.
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SUMMARY
By rearranging staggered-grid finite difference system matrix of three-dimensional MT forward problem, a
pseudo-triangle form of linear system was created by introducing Neumann boundary condition on mesh sides
and mixed boundary condition on the bottom, which let to easier solving either under transposed or nontransposed situation. Since the right term of forward linear system is not related to model resistivities, both the
gradient and Jacobian related calculating precision was highly improved. An adaptive regularized limited
memory BFGS quasi-newton inversion (AR-LBFGS) was developed based on the forward algorithm
improvements, which can give very stable and reliable results on synthetical and real data inversion tests.
Keywords: staggered-grid finite difference, quasi-newton, 3D magnetotelluric inversion
INTRODUCTION
Modern 3D MT forward modeling and inversion
algorithms have been successfully tried in many
cases, but there is still some more improvements
need to be done such as: 1) many 3D MT inversion
based on the forward codes considering only the 2D
TE mode boundary or even 1D boundary condition,
which may cause unreliable result on low
frequencies; 2) many inversion implements do not
have a good strategy to adjust the regularization
parameter and often give very strange and unreliable model when the sites distribution was very
sparse.
Our goal is to build a more advanced staggered-grid
finite difference forward code which can keep the
calculated 3D MT response on high accuracy when
resistivities changed during the inversion iteration,
and to develop a more efficient inversion code which
only need the gradient information but with good
stability close to OCCAM inversion at the same time.
FORWARD MODELING IMPROVEMENTS
By using most sparse and fast forward staggeredgrid finite difference method (e.g., Mackie et al,
1993) to solve total electrical frequency domain
vector Helmholtz equation


    E  i0 E  0

(1)

, which is free of background resistivity selection
and more adaptive for inversion algorithms, the side
boundary and bottom boundary conditions had
been reconsidered. Since on MT assumption we
have an infinite primary plane field, the side
boundary condition behaves more like 2D TM mode

problem, which means Ez do not change along the
normal direction instead of equals to zero nor
delayed on the side of mesh, while the horizontal
field Ex and E y would be similar with 1D situation
on the bottom field. It is not a good idea to use PML
absorb condtion nor to solve the secondary field by
assuming they are zero on the mesh side during the
3D inversion. Our imporved boundary conditons are
(take the primary field is Ex for instance)
(2)

E x  1; E y  0; E z  0

on top, and

2 Ey
xz

 0;

E y, z

East &West

0

(3)

North & South

on East and West side boundary, while the 1st-order
mur absorb condtion liked mix boundary condtion is
applied on the bottom.

 Ex
 z  i0 x E y  0

 E y  i  E  0
0 y y
 z

(4)

Above boundary condtions would break the
symmetry of system matrix, so we need to re-order
the rows of linear system to make it as a triangle
form as following:

K ew
 A


0   e ew   b ew 


K inner  einner  binner 

(5)
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where K ew can be considered as 2D MT forward
TM mode system matrices on East and West side
including bottom boundaries, K inner is typical 3D
finite difference system matrix with bottom boundary
condition, bew and binner are right terms related
with only top boundary field value. Solve transposed
and non-transposed equation (4) can simply follow
the forward and backward substitution procedure,
and a standard static divergence of current dencity
correction (smith, 1996a) was carried out after every
few solving iterations.
A vertically splited 2D model (Figure 1) which have
analytic solutions was test by our 3D new modeling
code with a very same coarse mesh, and our
solution gives better response (Figure 2) than
another famous code (Figure 3).

LBFGS can be solved by a Gauss-Newton like
equation:

Figure 3. another famous 3D code result at a
period of 10000 second (blue: TE-3D; black: TM3D; cycle: TM-analytic)

(B k  k WT W )m k  (g d , k  k g m, k )

(6)

where g d , k is data misfit function gradient vector on
kth iteration, g m , k

Figure 1. 2D model to test 3D code

is model roughness function

gradient,
B k is Hessian postive defined
approximation using LBFGS formular based on
model change and data misfit gradient only (not the
total gradient), which is used to replace J Tk C d1 J k in
Gauss-newton or OCCAM inversion. Moreover, we
need not to explicitly form the B k but using a fast
B x calcualtion funtion to iteratively solve m
k

k

by linear CG method.

This new approach have two adventages compared
to classical NLCG and LBFGS 3D MT inversion
which approimate the newton step by total gradient
of previous iterations: 1) the model roughness term
is percisly considered without weaken the
smoothing ability; 2) appromiation of data misfit
Hessian is indepent with regularation parameter on
previous iterations so that it can be adaptive
changed like OCCAM method without break the
minimization procedure.
Figure 2. our 3D code result at a period of 10000
second (blue: TE-3D; black: TM-3D; cycle: TManalytic)
AR-LBFGS Inversion
Unlike the conventional NLCG or LBFGS inversion,
our new inversion scheme reconsiderd the
Tikhonov regularized 3D MT inversion objective
functional as two part: 1) the non-linear least square
problem of datamisfit functional which need to be
linearized and Hessian approimated; 2) the positvedefined linear least square problem of model
roughness functional which have persice Newton
iterational expression. The decent direction of AR-

Since our Hessian approimation is weaker than
Jacobian based OCCAM, the linear search of
suitable k is not used in our inversion implements
but to simply keep balance of L-2 norms of two part
of the equation (6) right term, which requires:

k 

g d ,k
g m, k +

(7)

To prevent violent change of k when the data is
very noisy, we change it as following formula:
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k  min(k 1 ,

k 1  k
2

)

(8)

A model with 59 sparse MT sites and two cubic
abnormality (1Ω.m and 1000 Ω.m) buried in 100Ω.m
homogeneous half-space (Figure 4) was designed
to test our inversion code. Synthetized four
frequencies main impedance (100Hz, 1Hz, 0.1Hz
and 0.0001Hz) data was inverted to simulate a very
undetermined situation. Additionally, no random
noise is added, but we set a floor variance by
assuming 5% error of every data’s absolute value.
Because of the difficulty to estimate true forward
response calculation error, RMS smaller than one
now is acceptable which is often considered as over
fit for measured noise in real data inversion.

results for geological interpretations.

Figure 5. Results of 50th iteration, the dashed
rectangle shows inner dense mesh, solid rectangle
indicates true abnormality locations

Figure 4. Designed model for synthetic data
inversion, black dots are MT sites, (a) slice map on
elevation=-5km, (b) NS profile section on EW=0km
Four different inversions were launched with initial
models as 10 Ω.m, 100Ω.m, 10000Ω.m half-space
and a random resistivity model. All inversions were
set to be terminated after 50 iterations and give
almost the same good results (Figure 5). RMS,
normalized R-1 model roughness, along with
regularization parameter changing are shown on
Figure 6.
Another oil and gas exploration project dataset were
tested by AR-LBFGS recently, the input data was all
measured impedance tensor and tippers. We adjust
the tipper noise floor to keep the tipper misfit to be
1/4 of impedance on the 1st iteration. We first run
AR-LBFGS 100 iterations to get a reliable smooth
model (Figure 7), then fixed the regularization
parameter to do 100 iterations more to get a detailed
model (Figure 8). The RMS, model roughness and
regularization parameter changes were shown on
Figure 9&10, which proves that we can use this
method to invert the real dataset and get acceptable

Figure 6. Data misfit RMS, model roughness, and
regularization parameters change, (a) 10Ω.m halfspace, (b) 100Ω.m half-space, (c) 10000Ω.m halfspace, (d) random resistivity model

Figure 7. real oil&gas dataset AR-LBFGS
inversion result, the regularization parameter is
adaptive updated every iteration
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CONCLUSIONS
An adaptive regularized 3D MT inversion code was
developed based on improved forward modeling
algorithm with more practical accurate boundary
conditions and the LBFGS quasi-newton Hessian
matrix approximation form data misfit gradient. Both
the synthetic and real dataset inversion gives
acceptable and stable sound result.
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S UMMARY
To simplify and accelerate the numerical solution process of the 3D time-harmonic controlled-source electromagnetic (CSEM) forward response or to enable the solution in general, it is mostly valid to make simplifying
assumptions, for instance: flat topography, infinitely small transmitters, isotropic conductivities, or no anomalies beneath transmitters. However, such simplifying assumptions can lead to model responses that do not
simulate the real world and ultimately, can result in misinterpretations.
We present selected forward models addressing these topics. The results were calculated with our new opensource toolbox custEM for customizable finite element modeling of realistic CSEM problems. As custEM is able
to handle both, total and secondary, field computations, airborne, marine or land-based setups, anisotropy and
topography, it is very suitable for studying the significance of effects arising from the mentioned assumptions.
For CSEM setups such as in the semi-airborne project DESMEX (Deep Electromagnetic Sounding for Mineral
EXploration), accurate electric and magnetic fields are required for large observation areas on the surface
and in the air. Dipole and loop CSEM sources with an extension > 1 km were installed in the test flight area,
which comprises significant lateral conductivity variations, possible anisotropy and topography undulations
of > 200 m. We investigate the reasonable usage of either total or secondary field approaches in terms of
accuracy and performance for lateral conductivity changes beneath CSEM transmitters. The model study is
going to be extended with including anisotropy and topography.
Keywords: CSEM, 3D modeling, finite element method, software

I NTRODUCTION
For the time-harmonic 3D controlled-source electromagnetic (CSEM) forward modeling problem, the
interactions between CSEM transmitter (Tx) size
and shape, conductivity changes in the vicinity of
Tx, frequency variations, or topographic effects are
poorly known. There is a limited number of studies investigating corresponding issues: Mitsuhata
(2000) and Stalnaker (2005) compare flat models
with ones including topography and state that the
field changes due to surface height variations can
be significant. Streich and Becken (2011) investigate effects of approximating finite-length transmitters with point sources and show that there is a
great dependency on the frequencies and subsurface conductivities. Lehmann-Horn (2011) uses a

model with topographic variations and conductivity
changes beneath a loop Tx for cross-validation of
two independent solutions.
Studying such effects to derive more generally valid
statements requires significant computational effort,
as the combination of various modeling parameters
(frequencies, Tx shapes & sizes, conductivity contrasts & anisotropy, topography) leads to thousands
of forward problems that need to be solved. Moreover, the accuracy of the solutions is dependent
on the applied numerical methods (integral equation; finite difference, volume or element), underlying equations (total or secondary field or gaugedpotential formulations) and the solvers (direct, iterative). There are only few codes that can handle all
these effects and the reliability of the obtained solutions can be only proven by cross-validation.
1/4
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The finite element (FE) toolbox custEM for
controlled-source electromagnetic data was designed to enable such studies. The work-flow from
mesh generation to visualization is automated to
a great extend and arbitrary Tx, topography and
anisotropy can be considered (Rochlitz et al, under
review). We compare calculated forward responses
and mismatches obtained with total field (TF) and
secondary field (SF) formulations (Li et al, 2016;
Grayver and Bürg, 2014). The underlying model
variations comprise an anomaly at surface and 50 m
depth which leads to a lateral conductivity contrast
beneath a 1 × 1 km Tx loop.

in the vicinity of Tx. We show an example which
gives first insights about artifacts which can appear
if (E0 ) was calculated with an insufficient number of
HEDs.

M ETHODOLOGY
In CSEM forward modeling, the quasi-static approximation can be applied to Maxwell’s equations. Combining Ampere’s and Faraday’s law, we yield the
Helmholtz equation:
∇×

1
∇ × E + iωσE = −iωje
µ

(1)

E denotes the total electric field, ω the angular
frequency, σ the electric conductivity, µ the magnetic permeability, and je the source current density.
Since superposition is valid for E, it can be split into
a primary (background) field E0 and a secondary
(anomalous) field Es , corresponding to a split of the
conductivity σ = σ0 + ∆σ (Schwarzbach, 2009). Incorporating these terms into equation 1 yields:
∇×

1
∇ × Es + iωσEs = −iω∆σE0
µ

(2)

FE solution strategies using the Galerkin method
are derived by, e.g., Li et al (2016) and Grayver
and Bürg (2014) for TF and SF, respectively. We
implemented according approaches on the basis of
the open-source finite element library FEniCS (Logg
et al, 2012) in custEM (Rochlitz et al, under review).
For SF and calculating E0 , finite-length Tx are simulated by a superposition of infinite-length horizontal
electric dipoles (HED). Therefore, the accuracy of
E0 in the vicinity of Tx is heavily dependent on the
number of HEDs utilized to approximate the Tx.

M ODEL

SETUP

In theory, E is identical for both, the TF or SF
(summed up E) formulation. In practice, the obtained results always differ in the vicinity of the Tx.
Modeling accurately the singularity and the rapid total field decrease is challenging with TF. In contrast,
the semi-analytical (E0 ) solution usually gives advantages to SF if there are no conductivity changes

Figure 1: Model setup in a): 1 × 1 km loop transmitter, one half is located over a 100 m thick
conductive area with top at z = -50 m (M1) or
z = 0 m (M2 & M3), b) and c) show corresponding vertical profiles (white line in a).
The investigated model, presented in Figure 1, consists of a 1 × 1 km Tx loop located on a halfspace
with 1000 Ωm and over a conductive area (10 Ωm)
with each one half. There are two model variations: First, the top of the 100 m thick conductive
anomaly was located at 50 m depth. Second, the
anomaly was shifted to the surface directly beneath
the Tx loop. The mesh consists of approximately
200 k nodes. All results were interpolated on a regular 4 × 4 km grid on the surface.

R ESULTS
We present forward responses for a frequency of
10 Hz in Figure 2. Three different model setups (M1,
M2 & M3) are depicted consecutively in every third
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row from top to bottom for the three dominant field
components Ex , Ey & Hz . We compare TF and SF
solutions in columns a) & b) or d) & e) for real (ℜ) or
imaginary (ℑ) parts, respectively and corresponding
relative mismatches (%) in columns c) & f). For the
SF computations of M1, M2 & M3, we approximated
the Tx loop by summing up 40, 200, & 400 HEDs, respectively. Computation times for all main problems
were ≈ 2.5 min for SF and ≈ 3.0 min for TF with
30 parallel processes. However, the E0 computation for SF (30 processes) required additional <1,
≈ 3 & ≈6 min for the 40, 200 & 400 HEDs in M1, M2
& M3. The memory requirements were almost equal
with ≈100 GB.
The overall mismatch of < 5 % between the TF and
SF for M1 in Figure 2 (rows 1, 4 & 7) shows that
a ’coarse’ approximation with 10 HEDs per Tx loop
edge for SF leads to comparable results if the top
of the conductive anomaly is placed at 50 m depth.
In contrast, even with a five times higher discretization of HEDs (50 per Tx edge), the results obtained
with the SF approach show asymmetrical artifacts
in the vicinity of Tx and the relative mismatches exceed 100 % (rows 2, 5 & 8 in Figure 2) in M2, where
the conductive anomaly is shifted to the surface. If
the number of HEDs is doubled (M3, 100 HEDs per
edge), the artifacts in the SF computations disappear and misfits are only slightly higher than for M1
with <10 % (rows 3, 6 & 9 in Figure 2).
Comparable effects were observed for frequencies
between 1 & 1000 Hz and for changing the setup to
a conductive halfspace (10 Ωm) with a resistive plate
(1000 Ωm). In addition, we found that the artifacts in
the SF computations seem to be mostly dependent
on the HED discretization, as neither using secondorder polynomials nor decreasing or increasing the
discretization in the observation area had a major
influence on the results.

C ONCLUSIONS
The secondary electric field approach produced significant artifacts when the conductive anomaly was
shifted directly beneath the CSEM transmitter loop
and when the background fields were not calculated
accurately enough by approximating the loop with
a sufficient number of horizontal electric dipoles.
Such artifacts could not be observed using the total
electric field formulation. The latter showed superior performance in a setup with lateral conductivity
changes beneath the transmitter because of the effort for calculating sufficiently accurate background
fields. The model study is going to be extended with
including anisotropy and topography.
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Figure 2: Absolute values of Ex , Ey & Hz at surface (z=0) based on computations of M1, M2 & M3 using
either the secondary (a & d) or total (b & e) electric field formulation, relative mismatches between both
approaches for the real and imaginary parts are shown in c) & f), respectively, observation area: 4 × 4 km
centered around the 1 × 1 km CSEM transmitter loop, conductive anomaly: 100 m thick with top at z=50 m (M1) or z=0 m (M2, M3), extension [-1, 1] km in x-direction and [-1, 0] km in y-direction.
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The objective of the BMBF funded DESMEX (Deep Electromagnetic Soundings for Mineral Exploration)
project is the development of an electromagnetic exploration system which can be used for the exploration of
mineral resources for depths down to 1000 m. In order to obtain a high data coverage as well as a high
resolution, airborne and ground based methods are combined. In the framework of DESMEX, the University
of Cologne performed ground based (long offset) transient-electromagnetic (LOTEM) measurements in an
old mining area in eastern Thuringia, Germany. Within the LOTEM validation study, an independent
multidimensional resistivity model of the survey area will be derived, which serves as a reference model for
the semi-airborne concept and will eventually be integrated in a final mineral deposition model.

Over 170 E-Field datasets were recorded during two large scale DESMEX LOTEM surveys in 2016 and
2017. Additional information about the magnetic field was acquired by SQUID measurements conducted by
the IPHT Jena. The achieved dataset exhibits a high data quality over the complete time range and the
electrical field transients are well fitted using a conventional 1D inversion approach. However, the obtained
subsurface models indicate a strong multidimensional subsurface with rather large variations in resistivity.

For a further interpretation, the LOTEM data is transferred into frequency domain. Obtained 1D inversion
models of the LOTEM data in frequency domain are well comparable with the time domain results and
suggest that the dataset is suitable for frequency domain evaluation. In order to compare and improve the
time domain inversion model and utilizing the advantage of freely available frequency domain inversion
codes, a multidimensional inversion of the dataset in frequency domain was carried out. Here, we want to
give an overview over the large scale LOTEM field survey, the applied processing schemes and the obtained
inversion models of the dataset in both, frequency and time domain.
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jMT3DAni: An open-source package for 3-D magnetotelluric forward modeling with
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SUMMARY
We present an open-source package, jMT3DAni, for 3-D magnetotelluric (MT) forward modeling with arbitrary
anisotropy. The solution is based on a finite volume (FV) discretization of the Maxwell’s equations, in which
the electric and magnetic fields are discretized on a conventional staggered grid, which cannot directly address
the full-tensor conductivity. To overcome this difficulty, an interpolation scheme is employed to average different
components of the electric field to the same position. We formulate the algorithm in pure matrix form and
implement it in the Julia language, making the programming process highly efficient and leading to a code with
excellent readability, maintainability and extendability. The validity of the FV Julia code is demonstrated using
a layered 1-D anisotropic model. For this model, the FV code provides accurate results, and the computational
cost is reasonable. The iterative solvers quasi minimal residual (QMR) and biconjugate gradient stabilized
(BiCGStab) preconditioned with the electromagnetic potential (A-Φ) system exhibit a good convergence rate
for a wide range of periods. The direct solvers MUMPS and PARDISO are highly efficient for small model sizes.
For a relatively large model size with 2.18 millions unknowns, the linear system of one period can be solved
by MUMPS within 360 seconds with multiple threads involved in the computation, and the memory usage is
only 11.6 GB in the "Out-of-Core" mode. We further calculate MT responses of a 3-D model with dipping and
horizontal anisotropy, respectively. The results suggest that electrical anisotropy can have significant influence
on the MT response.

Keywords: magnetotelluric, electrical anisotropy, 3-D conductivity structures, Julia
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Magnetotelluric 3-D inversion to understand the Hangai Mountains uplift in Mongolia,
using a high-order FEM code and adaptive meshes
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S UMMARY
The Hangai is an intra-continental mountain range in central Mongolia with unknown orogenesis. Previous
seismic and gravitational studies discovered a low velocity/low density anomaly. However, important elements
for the understanding of the Hangai Mountain uplift, detailed 2-D and 3-D conductivity models beneath the
Hangai and surrounding areas, are still missing. To obtain such models, we conducted a magnetotelluric
survey in the Hangai region (cf. Comeau et al., 2018, this abstract volume). In 2016 and 2017 a total of 294
stations were installed on a regular 50 × 50 km grid and along several profiles with a finer spacing of 5 to
10 km, covering a total area of 360 × 610 km. The estimated transfer functions (impedance, tipper, and phase
tensor, as well as intersite impedance/phase tensor) span a wide frequency range (from 0.008 s to 3000 s at
most and up to 10000 s at some stations) and are of high quality due to low electromagnetic noise. However,
impedances are severely affected by galvanic distortions. Impedances for stations on the Hangai dome and
to the north show a similar frequency dependence, indicating a predominant regional conductivity structure.
1-D inversions of regionally averaged impedances reveal, that the subsurface to a depth of 200 km consists of
five major layers. The region south of the Hangai has stronger lateral variations and the conductivity structure
seems overall more complicated. A 2-D inversion of a subset of the data along a 610 km profile imaged shallow
crustal structures as well as an anomalous conductor at a depth of 80 to 120 km below the Hangai (Comeau et
al., 2018, EPSL). Further investigations on a smaller crustal scale focus on the Bulnay and the South Hangai
fault zones (cf. Becken et al., 2018 and Comeau et al., 2018; this abstract volume).
Here, we discuss a 3-D inversion of the entire dataset. To this end, we use a novel 3-D FEM code (GOFEM),
which allows us to jointly invert impedance or phase tensors with tippers. Second order Nédélec elements and
locally refined unstructured meshes are used to ensure numerical accuracy and a sufficiently fine discretisation
of the inversion domain, while keeping the computational cost feasible. Additionally, locally refined meshes
facilitate the inversion of the entire grid on multiple scales to resolve regional conductivity variations and deep
structures in the upper mantle together with small crustal structures along the denser profiles in the same
model. Progress and preliminary results of the 3-D inversion are presented.
Keywords: Magnetotellurics, 3-D Inversion, electrical conductivity, Mongolia, Hangai
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MATLAB based code for 3D joint inversion of Magnetotelluric and Direct Current
resistivity imaging data
1

1
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SUMMARY
A new code, AP3DMT_DC, for joint inversion of 3D Radio Magnetotelluric (RMT) and Direct Current
Resistivity (DCR) data is developed and tested over synthetic model. The code is an extension of our recently
developed MATLAB based code (AP3DMT) developed for 3D inversion of MT data. Motivation for this
problem came from the fact that the numerical solution of a DCR problem in AP3DMT is an integral part of MT
problem. 3D DCR problem has been solved in implementing divergence correction numerical solution of 3D
MT problem. In the present paper we extended AP3DMT code for the solution of DCR problem individually
and jointly and named the new code as AP3DMT_DC. In this code we have implemented 3D DCR inversion
independently and jointly with MT. As the sensitivities of MT and DCR data are different for resistive and
conductive structures, therefore, the joint inversion of MT and DCR data has strengthen the weakness of
individual method. We have found through synthetic examples that by using optimally discretization, model
scaling and error floor joint inversion produced better resolved model for conducting and resistive features in
comparison to the individual inversion. The performance of the code has been demonstrated over a synthetic
example.
Keywords: DCR inversion, 3D joint inversion of MT and DCR, Divergence correction

INTRODUCTION
MT and DCR methods are normally used to
determine the subsurface conductivity/ resistivity
distribution from the limited set of measurements
carried over the earth’s surface. However, physical
principal and thus sensitivities of these methods
are different for conductive and/or resistive
structure. Thus it is expected that the joint inversion
will improve the resolution of the model for
conductive and resistive structure where individual
method are generating poorly resolved model. The
joint inversion may be performed either by inverting
independently each data set and integrating the
results manually or two different data sets are
inverted together to constrain the interpretation
(Bastani et al. 2012; Candansayar and Tezkan
2008; Kalscheuer et al. 2013; Seher and Tezkan
2007b; Sasaki 1989). 2D joint inversion were
performed by Sasaki (Sasaki 1989) followed by
various authors (e.g. Candansayar and Tezkan
2008; Seher and Tezkan 2007b; Shan et al 2014).
Recently, (Amatyakulet al. 2017) presented
WSJointInv 2D-MT-DCR a joint inversion program
for 2D MT and DCR data based on Occam’s data
space technique. If the data is of 3D nature, 2D
inversion algorithm may not be an accurate choice
(Sasaki 1989). In such situation 3D inversion is a
better choice. We have recently developed 3D MT
inversion code (Singh et al. 2017) and also
implementing divergence corrections in 3D MT
computation. Thus in divergence correction we

have solved DCR problem. We are motivated to
extend AP3DMT code for the solution of DCR
problem individually and jointly.
JOINT INVERSION OF MT AND DCR DATA
We have extended AP3DMT (Singh et al. 2017)
code to the implement individual and joint inversion
of MT and DCR data and rename it as AP3DMT-DC
code. The assemblage of data sets of MT and DCR
and Jacobian are discussed here. Three crucial
aspects, model discretization, data scaling and
error ﬂoor, are crucial aspect and need to be done
optimally. Finally individual and joint inversion of
one synthetic test example is presented.
The penalty function for the joint inversion of MT
and DCR data after transformation can be written
as:
φ(m,d

obs

)=(d

obs

− F(m)) (d
T

obs

− F(m)) + λm m (1)
T

obs

Where d are MT, DCR data, F(m) is the forward
response of model m and λ is the regularization
parameter. For implementation of joint inversion,
different data sets of MT and DCR must be
combined as
d=

=

;

(2)
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with, DCR apparent resistivity,
and
magnetotelluric data,
, could be impedance
tensor or apparent resistivity and phase response
defined as:

(3)

points for MT and DCR respectively. Two percent
random noise was added to both data. The error
ﬂoor for MT and DCR were then set at 2% of the
absolute values of the responses. For all the
inversion runs, a homogeneous model of 100 Ω-m,
was used as apriori and initial model. The initial
model was discretized into same number of cells as
the synthetic model.

(4)

The total number of the data Nd for the joint
inversion is the sum of the number of both data
types, Nd= NMT+ NDCR.
The data covariance matrix, diagonal matrix, is also
written such that its size is same as the number of
both data types written as,
(5)
Special care must be taken for model discretization,
data scaling, error ﬂoor etc.
EXAMPLE OF MT AND DCR JOINT INVERSION
We have selected modiﬁed version of 3D
checkerboard pattern model (Egbert and Kelbert
2012) to demonstrate the performance of 3D MT
and DCR joint inversion. The model consists of a
100 m thick top layer with resistivity 100 Ω-m and
bottom layer resistivity of 10 Ω-m. The top layer,
Figure 1, consists of nine conductive and nine
resistive blocks (10 and 1000 Ω-m respectively).
The top nine blocks are lying in the depth between
0−20 m while lower 9 blocks are between 40−70 m
depths. These two sections (0−20 m and 40−70 m)
are named as L1 and L2 and are likely sensed by
both the method (MT and DCR). For synthetic data
generation, the model was discretized into 61 × 71
× 23 cells (excluding cells in air for MT case), with
nominal resolution of 10 m in horizontal direction.
For the DCR data, 10 proﬁles were placed, with
inter-proﬁle spacing 50−60 m, covering a length of
480 m (Figure 1). In each proﬁle DCR data was
generated for 31 electrodes with a spacing of 20 m.
Apparent resistivity data were computed for
dipole-dipole conﬁguration with dipole length of 20
m and separation factor n = 1−10. For MT data,
stations were placed 40 m apart between ±240 m
on each proﬁle (130 total stations). Data (off
diagonal impedance tensor) was generated for 10
−5
−1
periods, logarithmically spaced between 10 −10
s. The combined data set has 5200 and 2350 data
th

Figure 1. (a) Plan view of resistivity model of 3D
test, with circles (red) representing electrodes and
circles (blue) representing MT station, and (b) cross
–section view of the model at x=0 profile.
Three inversions were performed. First we invert
the MT data only. In 51 NLCG iterations the nRMS
error reduced from 58.4 to 1.24. The inverted
model thus obtained is shown in Figures 2b. Next,
we invert the DCR data only. In 34 NLCG iterations
the nRMS error reduced from 101.5 to 1.22
resulting in inverted model shown in Figure 3a.
Finally, MT and DCR data set were inverted jointly.
Before inversion, the DCR data set was
up-weighted based on the number of data points in
each set. In 52 NLCG iterations the nRMS error
reduced from 97.2 to 1.45.
(a)
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result as compared to MT. For the shallow features
there seems to be no superiority of joint inversion
over individual inversion as DCR inversion alone
gives result similar to MT-DCR inversion.

(b)

CONCLUSIONS

Figure 2: (a) Resistivity model used to generate
synthetic data for 3D MT test, and (b) Inverse
model obtained after 51 NLCG iterations with
MTdata only.
The inverted model thus obtained is shown in
Figure 3b. The inverted model for MT inversion,
DCR inversion and MT−DCR joint inversion will be
called as M1, M2 and M3 respectively.
(a)

A new MATLAB based code, referred as
AP3DMT_DC, for the individual or joint inversion of
MT and DCR data is developed and tested over a
synthetic model. Through synthetic experiment it is
demonstrated that joint inversion results in better
inverse models as compared to individual inversion.
It is observed that data scaling proves to be very
crucial. Here, we have presented synthetic
examples case. However, the code need to
extensively tested and validated over a variety of
field examples in future.
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MT joint inversion of temperature and resistivity in a synthetic geothermal field
A. Ardid1, D. Dempsey1 and R. A. Archer1
of Engineering Science, University of Auckland,
Auckland, New Zealand, aard708@aucklanduni.ac.nz

1Department

SUMMARY
The magnetotelluric (MT) method has been used for some decades in geothermal exploration. Nevertheless,
there remain deficiencies in integrating resistivity data with other relevant variables and information, e.g.,
contemporary reservoir temperature, clay alteration, lithology, and porosity. Specifically, we are interested in
modifying MT inversion methods so they may be constrained by temperature and other data from geothermal
wells. We develop a methodology to extrapolate temperature away from wells using MT inversions. We build
this relationship using multiple wells from a cross validation approach, e.g., studying how a random half of the
temperature data predicts the other half of the temperature data. The study presented looks to improve our
understanding of the relationship between resistivity and temperature in the clay cap, greater knowledge of
the temperature distribution away from boreholes, and further opportunities to inform and validate reservoir
models.
Keywords: Joint inversion, magnetotelluric, clay alteration, geothermal reservoir simulations.
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On the Influences of Random Starting/Prior Models in
Three-Dimensional Magnetotelluric Inversion
H. Dong1, A. G. Jones12
1China

2Dublin

University of Geosciences, Beijing, 100083, China, donghao@cugb.edu.cn
Institute for Advanced Studies, Dublin 2, Ireland, alan.jones.geophysics@gmail.com

SUMMARY
In three-dimensional electromagnetic inversions, most algorithms utilize iterative optimization methods that
evaluate Hessians or Jacobians (or their approximations). Comparing with global optimization methods like
Monte-Carlo and genetic algorithms, which search the whole model domain, a typical iterative optimization
method starts with an initial guess of the model and searches for a far smaller fraction of the model domain.
Hence the global convergence of the iterative methods could strongly depend on the initial guess (and prior
model) of the optimization. However, most of inversions in practice just use a homogeneous half space for the
starting/prior model, which limits the exploration of model space and may lead to convergence into a local
minimum. In this study, we test the influence of different types of starting/prior models in a series of MT
inversion tests using both a synthetic (DSM1) and a real-world dataset. A fully random (Monte-Carlo style)
model type and a 1D (stitched Bostick resistivity-depth model) model type are tested against the homogeneous
half space. While inversions with different starting/prior models can all archive a reasonably good data fitting,
an inappropriate prior/starting model may bring confusing features to the result. An “averaged random
inversions” model is also tested to provide a way to investigate the model space without arbitrarily assuming
a prior underground structure. The common feature in different random models could suggest the “robust”
structures that should appear in the global optimal solution.

Keywords: magnetotellurics, inversion, starting model, prior model, random model
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Optimization of conductivity inversion with multi-frequency,
multi-elevation electromagnetic induction acquisition
Rongyi Qian1, Lanbo Liu2
1School

of Geophysics & Information Technology, China University of Geosciences, Beijing, China
of Connecticut, Storrs, CT 06269, USA

2Center for Integrative Geosciences, University

ABSTRACT
Frequency-domain electromagnetic (FDEM) method is one of the most widely used geophysical
electromagnetic induction (EMI) techniques for geophysical exploration. FDEM survey instrument
configuration comes a long way to reach the current status, starting from single frequency, single
elevation, and fixed offset (e.g., Geonics EM-31), to single frequency, single elevation, and
multiple offset (e.g., Geonics EM-34), then single frequency, (can-be) multiple elevation, and
fixed offset (e.g., Geonics EM-38), with the latest multi-frequency, (can-be) multiple elevation,
and fixed offset (e. g, Geophex GEM-2). However, for reaching a reasonable conductivity
inversion to image subsurface conductivity structure the existing survey configuration still cannot
meet the requirement to reduce non-uniqueness and ill-posedness of the inversion. The
dramatically rapid development of unmanned aerial vehicle (UAV) enables us to conduct
electromagnetic induction surveys with an unprecedentedly efficiency. In this paper we present
an optimized inversion algorithm using multi-frequency, multi-elevation and multi-offset (MFME)
configuration in view of the feasibility for using UAV technique to acquire MFME data in the near
future. Technical details and justification will be discussed at the workshop.
Keywords: Frequency domain electromagnetic, Multi-frequency, Multi-elevation, Inversion
Corresponding author: Lanbo Liu (Lanbo.Liu@UConn.edu)
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Probabilistic 2-D inversion of controlled-source electromagnetic data: a CO2
sequestration case
F. Macchioli Grande1 , M. Rosas-Carbajal2 and F. Zyserman3
Universidad Nacional de La Plata (UNLP)- Comisión Nacional de Investigaciones Científicas (CONICET),
fmacchio@fcaglp.unlp.edu.ar
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Universidad Nacional de La Plata (UNLP)- Comisión Nacional de Investigaciones Científicas (CONICET),
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1

S UMMARY
The controlled-source electromagnetic (CSEM) method has become a valuable tool for mapping the subsurface
electrical conductivity configuration. This has encouraged feasibility studies on land, related to CO2 sequestration and geothermal systems, for instance. The present work consists on the development of CSEM forward
modelling and inversion, oriented to a case of CO2 sequestration monitoring. The forward solver computes the
total electromagnetic (EM) fields due to an electrical conductivity anomaly inside a stratified medium. Within
the algorithm the EM fields are split into a primary component, calculated pseudo-analytically, and a secondary
component, which is obtained numerically by solving Maxwell’s equations using the Finite Element method.
This step implies the resolution of a sparse linear system of equations with a complex valued indefinite coefficient matrix, in charge of the solver PARDISO. The CSEM solver can calculate the EM fields in the TE and TM
modes and for different frequencies within a few seconds. This is thoroughly important due to the large amount
of iterations inherent to the inversion algorithm, implying large computational times. Inversion is performed
employing a Markov chain Monte Carlo (MCMC) algorithm, which looks for the posterior density function of
the parameters that are desired to invert. The MCMC method has the advantage of dealing properly with the
non-linearity inherent to the inverse problem resolution and the estimation of the uncertainty of the inverted
parameters. The MCMC method is implemented by the DREAMZS libraries, designed to overcome the slow
convergence problem that arises in highly-dimensioned cases. This feature combined with the very short computational times of our forward solution results in an important improvement for the subsurface characterization
using CSEM.
Keywords: Controlled-source electromagnetics, Probabilistic inversion, Finite Element method, Markov chain
Monte Carlo
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Q uasi-3D inversion of MV array data
at the western slope of the Voronez h Massive
Iv.M. Varentsov1, S. Kovacikova2, I.N. Lozovsky1, O.Yu. Tikhomirova1 and KIROVOGRAD WG
Research Center, Institute of Physics of the Earth, Russian Academy of Sciences,
Moscow, Troitsk, Russia, ivan_ varentsov@mail.ru
2Geophysical Institute, Czech Academy of Sciences, Prague, Czech Republic, svk@ig.cas.cz

1Geoelectromagnetic

SUMMARY
We continue developments of the quasi-3D inversion method for magnetovariational (MV) data, and at this
stage, present a new scheme to invert jointly the tipper and the horizontal magnetic response data. Both
responses are considered at independent arbitrary grids. Moreover, it is possible to combine horizontal MV
data arrays defined relative to different base sites.
The geoelectric model includes a p ri o ri defined 1D normal section and two thin sheets with inhomogeneous
conductance distribution. The upper sheet conductance is also a p ri o ri defined, while the lower sheet
conductance is optimized. The inversion algorithm implements the improved stabilization strategy with the
decrease of Tikhonov’s regularization parameter, the increased accuracy in the Jacobian calculations, and the
enhanced criteria for the selection of quasi-optimal inversion iterations. These criteria are based both on
“ complexity” measures of the optimized conductance distribution, expressed by numbers of its extrema
exceeding in absolute amplitude values several conductance levels, and a wide set of data misfit estimates in
partial and joint, absolute and relative, least square and robust norms.
The improved quasi-3D inversion code was investigated in many aspects using the data of the KIROVOGRAD
MT/MV sounding array at the western slope of the Voronezh Massive, which was further extended in 2016-18
years. The number of sites with horizontal MV data (8 real components) exceeds 220 and the number of sites
with tipper data (4 real components) approaches 450. The upper sheet conductance (at 2.5 km depth)
represents sedimentary structures. It was defined from effective impedance estimates at KIROVOGRAD array
sites and from a number of regional databases integrating results of different subsurface EM soundings. The
lower sheet conductance (at 20.5 km depth) represents investigated crustal structures.
We got and compared inversion solutions for single horizontal MV data and for their combination with tippers;
for single and multiple periods in the range of 200-4800 s; at different spatial grids with equidistant
discretization ranging 6-20 km; and for a sequence of extending inversion regions reaching S-N and E-W sizes
of 1000 and 1070 km, respectively. The best results were obtained from the inversion of joint tipper and
horizontal MV data arrays at multiple period sets within 400-3600 s in widest inversion regions (including
sedimentary basins surrounding the Voronezh Massive) with medium cell subdivision. The absolute misfit
norms of all data components were at and below 0.1 level. A prominent stability of solutions for a number of
grids and period selections was demonstrated.
The main contribution from the horizontal MV data at simultaneous sounding sites was the mapping of
conducting bodies and the estimation of their conductivity contrasts. The important role of the tipper data
consisted in the extension of observation data sites resulting from the use of additional local MV soundings
and their better sensitivity for the background crustal conductance at a distance from dominant conductors.
However, these tipper data contributions appears only at wide enough inversion grids taking into account the
structure of peripheral sedimentary basins and properly imitating currents in these structures.
New inversion models give better focusing in the plan view of three quasi-linear crustal conducting anomalies,
having junction south from Briansk, namely, Kirovograd going to SSW, Kursk to SE and Kirov-Bariatino to the
north, and more realistic conductance levels for these anomalies and peripheral zones. Two additional crustal
conducting anomalies at the Ukrainian Shield in SW model corner and within the Orsha Basin at its western
edge were revealed using additional tipper observations located away from the horizontal MV data grid.
The research was partly supported with the RFBR grant 16-05-00791_ a.
Keywords: conductivity anomalies, magnetovariational data, thin sheet models, quasi-3D inversion
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Smite transform for calculation 2D models containing non- and polarizable S-planes
for TEM soundings
Hallbauer-Zadorozhnaya V
Tshwane University of Technology, Pretoria, South Africa valeriya.hallbauer@gmail.com

SUMMARY
However a real geological section can be represented by a set of non- and polarizing S planes. Advantages
using these models are:-. Relative simplicity, moreover the solution for set of non-polarized S-planes can be
described by only one definite integral which removes the questions of the accuracy of calculations; -. each
part of 2D model can be polarized; use the definite integral for calculations horizontal components for
non-horizontal 2D S-planes models; application for interpretation of TEM data collected in high resistive areas
even if top layer is thick and non-conductive. Models can consist of numerous S-planes and emf calculated
using method of successive approximations. Numbers of approximations are four which allows calculated TEM
signals with an accuracy of 1% at all times. For calculation of EM field distributed in the 2D models the method
of imaginary currents has been used. Algorithms for calculations were created. Calculations have been
performed for loop in-loop configuration for different 2D models with contrasted and smoothed conductivity.
The simple procedure of placing imaginary sources on any contacts of S-planes allowing calculate emf for 2D
models containing numerous inserts polarizing and non-polarizing.
Keywords: S-planes, electromagnetic, 2D modeling, polarization, conductivity,

INTRODUCTION

METHOD

The problems of transient electromagnetic field in
two-dimensional layered sections have been solved
in the middle of eighties. Now researchers are
presenting different algorithms for numerical
calculations of 2D (and 3D) models. However a real
geological section can be represented by a set of
non and polarizing S planes. Advantages using
these models are 1. Relative simplicity, moreover
the solution for set of non-polarized S-planes can be
described by An one definite integral which
removes the questions of the accuracy of
calculations; 2. Each part of 2D model can be
polarized; 3. Use the definite integral for
⁄
calculations horizontal components
and
⁄ for non-horizontal 2D S-planes models; 4.
Application for interpretation of TEM data collected
in high resistive areas even if top layer is thick and
non-conductive.
Several researchers presented solutions for
S-planes models (Smyth, 1950, Sheinman, 1947,
and several Russians researchers).The method of
imaginary sources and the solution for EM
distribution in to a set of horizontal non- and
polarizable S-planes have been described by
Zadorozhnaya and Lepyoshkin (1998).
After electrical current is switch-off induced in
S-plane eddy currents are interacting with other
S-planes. The interaction between S-planes
allowing successfully present each S-plane as a
(
)
source of eddy current as a function
(Smite, 1952)

Single S-plane. According to Smite (1952) a vector
potential for S-plane model can be presented as
𝑡

( 𝑦 −| | −

𝐴 = −∫
0

2𝜏
𝜇

𝜏) 𝑑

(1)

where
𝑦
are coordinates of a point of
observation whose 𝑦 coordinate plane coincides
whith S-palne, 𝜏 is variable of integraton. The
current source is given by the step function:
0 when > 0
𝐼= {
𝐼0 when ≤ 0

(2)

For horizontal S-plane the vector-potential has only
one component 𝐴 and for configuration electrical
line 𝐴 –vertical magnetic dipole (VMD, loop) is
equal to:
𝐴 =

1
𝐽𝜇
4𝜋 [𝑟 2
+

1.
2 ]2

(3)

where 𝐽 = 𝐼0 ∙ 𝐴 . 𝜇 = 4 𝜋10−7 H/m is magnetic
permittivity. Shifting the center of coordinates into
S-plane and applying Smite transformation
(changing z to (−| | − 2 /𝜇 ) we obtain the first
approximation, i.e. the vector potential of eddy
current arising in our S-plane:.
𝐴 ( )=

𝐼𝜇
4𝜋

1

.
(4)
1/2
2 2
+ (−| | − ) ]
𝜇
If model contains two S-planes with conductivity
1 and 2 then eddy currents arising in 1 induces
[𝑟 2
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eddy currents in the 2 (second approximation),
then attenuated current in 2 interact with 1 (third
approximation, etc. For calculations of each
approximations we successfully shifting the center
of coordinates into each S-plane and applying
Smite transformation and the integral (1) we obtain
all approximations (not less than four), i.e. the
vector potential of eddy current arising in our model.
Note numbers of approximations are (𝑚 − 1)𝑛 ,
where m is number of S-planes and n is a number
of approximation. Thus if 𝑚 = 2, numbers of each
approximations is equal 1, if m = 3 we will have one
term of first approximation, two, four and eight terms
for second, third and fourth approximations
accordingly. The total vector- potential 𝐴 ( ) in
S-plane model is a sum of approximations:
𝐴 ( ) = 𝐴 1( ) + 𝐴

12 (

)+𝐴

121 (

)+𝐴

Vertical components of magnetic field
𝑒( )can be found as
𝑧(

)=

𝐴 ( ) 𝑟
𝑟
𝑦

𝑒( ) = −𝑄

𝑧

1212 (
𝑧

).

(5)

and emf

.

(6)

Half S-planes. The model and system coordinates
is presented in the Figure 1.

+

𝐽1 𝐴 𝜇
4𝜋

𝐴

2

𝐽2 𝐴 𝜇
4𝜋

=

𝐴

1

= 𝐴

1 𝑧1

𝑘1 =

1

=

𝐽0 𝐴 𝜇
4𝜋

[𝑟12
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) ]
+ (−| 1 | − ℎ1 −
𝜇 1

+

[𝑟22

1
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2 2
) ]
+ (−| 1 | − ℎ1 −
𝜇 2

=

(9)

2

2 𝑧1 .

(10)

Than using (6) the imaginary current can be equal
to:

where

𝐴

(7)

where is a distance between center of the electrical
line and point 𝑀2 . The boundary conditions
(𝑟1 = 𝑟2 = 𝑑) can be found as:

𝐽2 = 𝐽0

That simple model allows us to describe boundary
conditions in the boundaries of two S-planes must be
defined. The imaginary sources widely use on
methods based on direct currents (VES). The basis
of the method of imaginary sources is as follow. Let
us assume that an electrical line locates in the plane
S-plane 1 .(Figure 1). If point of observation 𝑀1 is
also in the left side we are reflecting the left halfspace with 1 to right side Now our model will
contain one 1 plane and an imaginary source 𝐽1′ .
The vector-potential in the point 𝑀1 can be given as:

1.

2 2 2
) ]
[(2𝑑 − 𝑟1 )2 + (−| 1 | − ℎ1 −
𝜇 1

where 𝑑 is the distance between the center of
electrical line and contact, ℎ1 is the depth to the
S-plane (Figure 1). If point of observation is 𝑀2
(locates in the half-space containing 2 ), we have to
reflect half-space with to left side. Than we will
have a model containing and an imaginary source
𝐽2′ . The vector-potential in the point 𝑀2 can be
given as:

𝐽1 = 𝐽0

Figure 1. Model of half-S planes.

1

𝑘1 − 𝑘2
= 𝐾𝑟𝑒𝑓𝑙 𝐽0
𝑘1 + 𝑘2

(11)

2𝑘1
𝑘 = 𝐽0 𝐾𝑟𝑒𝑓𝑟 𝑘0
𝑘1 + 𝑘2 0

3/2 1/2
1𝑑 2𝑑 1
1𝑑

=

𝑘2 =

1
2 ]
[1 + 4𝑚
̃ 1𝑑

𝑚
̃ 1𝑑 =

ℎ1
+
𝑑 𝜇 1𝑑

(12)

1/2 3/2
2
1𝑑 2𝑑
2𝑑

=

𝑘0 =

3/2
3/2
1𝑑 / 1𝑑

1
2 ]
[1 + 4𝑚
̃ 2𝑑

𝑚
̃ 2𝑑 =

ℎ1
+
𝑑 𝜇 2𝑑

𝐾𝑟𝑒𝑓𝑙 and 𝐾𝑟𝑒𝑓𝑟 are coefficients of reflection and
refraction accordingly. Shapes of the imaginary
currents are presented in the Figure 2 for 1 = 5,
and 2 = 1, 4.99 and 10 Siemens, (it meansь 1 / 2
= 0/2, 1, 2), ℎ1 = 1 = 20 m, d = 30 м (𝑑/ℎ1 = 1.5).
Amplitude of 𝐽1 varies from -1 to +1. It is clear
that 1 ≅ 2 than 𝐽1 → 0 and 𝐽2 → 𝐽0 . It means the
process of the EM field distribution in the model is
determined by the 𝐽0 .
Vertical component of magnetic induction 𝑧 ( )
and emf 𝑒( ) can be determined using (6). If
1 > 2 and point of observation 𝑀1 is located in
the left side than a reversal signal always observed
(Figure 3). If 1 < 2 than an anomalies increasing
of emf occurs. Note than we use a square
transmitter loop one of the side of loop BA is
oriented opposite to the line AB and after calculating
emf (eq.6) the second part of (7) will be positive and
signal.

Abstract, 24 EM Induction Workshop, Helsingør, Denmark, August 12-19, 2018

2/4

Hallbauer-Zadorozhnaya V, 2018, Smite transform for calculation 2D models

a

b
Figure 3. TEM signals for AB-loop configuration. a
- 1 / 2 = 5, б - 1 / 2 = 0.2, Index of curves –
distance between AB to contact. Reciever loop ps
locates between AB and contact.
Half S-planes covered by S-plane (Model 2,
Figure 4). For this model is necessary to calculate
imaginary currents for second, third and fourth
approximations. The boundary conditions for each
approximations can be found as (9) and (10), the
imaginary currents 𝐽21 and 𝐽22 can be written as
(11) and (12) but the functions 1𝑑 and 2𝑑 will be
different.

b
Figure 2. Amplitude of the imaginary currents
(normalized). a - 𝐽1 /𝐽0, b - 𝐽2 /𝐽0 , In square box is a
ratio 2 / 1 .

Figure 4. Model containing two half S-planes
and 22 covered by S-plane 1 .

21

Calculated apparent resistivity for the model 2 is
shown in the Figure 5. Effect of contacted
22 decreasing with distance.
a
th
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a

Figure 7. Models contains smoothly changing
conductivity.
Emf in contrasted conductivity models can
produced reversal sign signals. When transient EM
field distributed in smoothed models (as example,
Figure 7), than the point of observation is always
located in another side of contact and reversal sign
is not occurred. Boundary conditions for polarizing
half S-planes and inserts calculated exactly as for
non-polarizing parts using (6) and (7).
b
Figure 5. Apparent resistivity for model 2 Point of
observation locates a- close to contact and b – far
from contact.
More complicated models. Model can contain
contrast inserts (Figure 5) or conductivity changing
smoothly (Figure 6).

CONCLUSIONS

A real geological section can be represented by a
set of non- and polarizing S planes. Models can
consist of numerous S-planes and emf calculated
using method of successive approximations.
Numbers of approximations are four which allows
calculated TEM signals with an accuracy of 1% at
all times. For calculation of EM field distributed in
the 2D models the method of imaginary currents
has been used. Algorithms for calculations were
created. Calculations have been performed for
different 2D models with contrasted and smoothed
conductivity. The simple procedure of placing
imaginary sources on any contacts of S-planes
allowing calculate emf for 2D models containing
numerous inserts polarizing and non-polarizing.
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Figure 6. Model contains an insert.
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SUMMARY
Regularization theory is a key tool for a geophysical inversion, and regularization parameter plays an
important role in the regularized geophysical inversion. Besides, nonlinear global optimization method is a
hotspot in the geophysical inversion research. Up to now, there are many papers which focus on the choice of
regularization parameter and the improvement of nonlinear optimization method. Nevertheless, in former
researches of selection of an attenuating regularization parameter, little consideration has been focused on a
characteristic of nonlinear optimization methods which requires a lot of iterations, leading to too quick
attenuation of the regularization parameter in global optimization process.In view of these problems, based on
differential evolution algorithm (DE), we take magnetotelluric(MT) inversion for example to develop a new
algorithm to determinate regularization parameter adaptively, which is called as “ Staged Adaptive” . Quite
different from previous adaptive algorithms which adjust the regularization parameter iteratively, we set
several adjacent generations in the DE method as a stage, then, we calculate an average iterative efficiency
in this stage, which is helpful for us to determine the regularization parameter in the next stage. In simple
terms, the regularization parameter changes in stages in this new algorithm.
We design some model tests for different regularized projects. Compared with the inversed result of project
without consideration of regularization theory, the inversed results of regularized projects are closer to the fact.
Compared with the inversed result of project in which regularization parameter adjusted iteratively, the
inversed result of project using the new algorithm is closer to the fact, and this phenomenon are more obvious
with increasing of iteration number. Below two points should be noted. Frist, although there are different
determination basis to set “ stage” for different nonlinear optimization methods, the new algorithm can be
extended to other nonlinear global optimization methods. Second, this algorithm can provide a reference for
the choice of other parameters (for example, weight coefficients for coupling terms of a joint inversion) during
a nonlinear optimization process.
Keywords:

staged adaptive, regularization parameter, magnetotelluric,differential evolution,nonlinear
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SUMMARY
Previous studies have used downhole resistivity either as a direct constraint during magnetotelluric (MT)
inversion or as a qualitative validation of inversion accuracy. These methods require the drilling data to be
coincident with the MT array. Where this condition is not satisfied, other approaches to understanding and
improving inversion accuracy must be employed. This study uses synthetic MT data based on downhole
resistivity to select ideal inversion parameters and guide interpretation of basin morphology.
Approximately 1,600 MT stations are available in the study area. A total of 809 broadband MT (BBMT) stations
were collected at 2 km station spacing along 5 km spaced profiles. The BBMT dataset was complemented by
the collection of 855 audiomagnetotelluric (AMT) stations at 500 m spacing, co-located along nine of the BBMT
profiles. The higher resolution AMT collected information from approximately 0.5 Hz to 10 4 Hz and the BBMT
stations collected data from 2.2 x 10-4 Hz to 3 x 102 Hz. Data analysis based on the phase tensor method was
used to establish data dimensionality and strike before inversion.
In addition to the MT data, downhole resistivity logs were obtained from three petroleum wells adjacent to the
study area. One-dimensional resistivity models were generated directly from the downhole data. A suite of
inversion codes were tested using synthetic data generated from the 1D models. This testing demonstrated
the usefulness of a range of inversion techniques in modelling the expected geology of the study area and
established ideal inversion parameters for the local geology. SimPEG MT1D and 2D Occam were the most
effective combination of techniques to resolve both basin morphology and depth to basement. Synthetic
modelling also produced an interpretation workflow.
Keywords: Magnetotelluric inversion, synthetic modelling, basin interpretation
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Testing a new TDEM data inversion software:
paleovalley exploration case study
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SUMMARY
Interpretation of the time-domain electromagnetic sounding (TDEM) data suggests using different types of
inverse problem. In most cases, it is one-dimensional (1D) inversion. There is a lot of software, based on
1D inversion, which can be divided into two groups: 1) automatic Occam’s inversion, where multilayered
model is formed with or without using a-priori information and 2) inversion based on thick-layered model
mostly using a-priori information. There is much less software for 3D inversion, because it is more
time-consuming.
In some cases, such as paleovalley exploration, where lateral variations of resistivity are intensive (so, the
media is not horizontally layered), but the anomalies are elongated in one direction, 2D inversion could be
very useful. Another advantage is that 2D inversion uses the data along profiles, when using 3D inversion
requires areal survey.
The features and benefits of the two-dimensional inversion algorithm implemented in the program
ZondTEM2D are presented. Synthetic TDEM data was calculated for models, based on the results of joint
inversion EM (VES, TDEM and AMT) data along two profiles across paleovalley in Kaluga region (Russia)
using 3D forward procedure in GeoEM software (Maria Persova, Novosibirsk, Russia).
Field TDEM data was acquired by students of Moscow State University during their summer field courses
using TEMFast-48 equipment (AEMR Ltd.). Both transmitter and receiver loops were square (50 m x 50 m),
time range was from 0.01 to 1 msec, the distance between sites was 35 or 70 m, the length of profiles was
6 and 7.5 km, the distance between profiles was 3 – 4 km.
Both synthetic and field data inversion showed the possibility of reconstruction of the resistivity for models
containing the objects of “paleovalley type” ‒ high-resistivity lenses within the horizontally layered host
medium.

Keywords: TDEM, 2D inversion, ZondTEM2D, paleovalley

th

Abstract, 24 EM Induction Workshop, Helsingør, Denmark, August 12-19, 2018

The A-φ formula for geo-electromagnetic induction problems
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SUMMARY
Three types of formula is derived to easily deal with complicated topography by the finite-element
methods cooperating with unstructured grids to numerically solve the geo-electromagnetic induction problems.
The A-φ formula can be solved by node finite-element method or by vector finite-element method. As for
ill-posed models with high conductivity contrasts and low frequencies, repalceing the electric-field system with
the A-φ system is void the possible null space which is originated from the curl-curl operator in the
electric-field system, thus it is natural to seek help from the A-φ formula based on node finite-element method
versus the A-φ formula and the E-field based on vector finite-element. In this study, measured by accuracies
and speed(in terms of convergence rates for the same iterative solvers), we systemically compared these
Three approaches’ performances on the state-of-art unstructured grids. Numerical experiments show that the
nodal finite-element approach not only offers accurate solutions but more importantly offers faster
convergence rates than the vector finite-element approach. Therefore, it suggests that for low frequency
magnetotelluric and controlled source electromagnetic induction problems, we should insist to use
nodal-shape function based A-φ formula.
Keywords: Geo-electromagnetic; Three-dimensional; Finite-element; Unstructured grid; A-φ
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SUMMARY
Forward and inverse problems of magnetotellurics are traditionally solved using the free space magnetic
permeability assumed for the whole medium without considering its changes. However, in the vicinity of
intensive magnetic anomalies magnetotelluric (MT) and magnetovariational (MV) responses can get
distortions leading to misinterpretation of electromagnetic (EM) data.
The effect of the anomalous magnetic permeability on KIROVOGRAD project MT/MV data collected at the
northwestern slope of the Voronezh Massive was studied by means of 2D forward modeling. Modelling results
are presented in pseudo sections of EM field magnetic components and MT/MV transfer functions.
Keywords: magnetotellurics, crustal conductors, magnetic field and permeability, modelling
INTRODUCTION
To study the crustal geoelectric structure at the
northwestern slope of the Voronezh Massive (4955°N, 31-37°E) the international KIROVOGRAD
project was set up and more than 200 simultaneous
long-period MT/MV soundings were collected
(Varentsov et al. 2012; Varentsov 2015). The set of
MT/MV transfer operators including impedance,
tipper and horizontal MV response was interpreted
by 2D+, quasi-3D and 3D inversion (Varentsov 2015;
Kulikov et al. 2018). MT/MV data inversion results
outlined bright crustal conductive quasi-linear
structures well correlated in plan with intensive
Kursk
and Bariatino magnetic anomalies
(Aleksanova et al. 2013; Kulikov et al. 2018). The
nature of these magnetic anomalies relates to upper
crustal ferrous quartzite formations with sufficiently
increased magnetic permeability.

(Figure 1) responsible for strong magnetic
anomalies observed along the ZHIZDRA profile
(Figure 2a). Calculations were performed for
different values of magnetic permeability in these
blocks, namely, 1, 1.5, 3 and 5·times μ0.
RESULTS
Modelling results show insignificant influence of the
considered magnetic permeability anomalies on
electrical EM field components and TM mode
impedance (Figure 3). At the same time, TE mode
apparent resistivity noticeably increases below
these anomalies (Figure 4) due to significantly
weakened horizontal magnetic field (Figure 5). In
tipper data, false anomalies appear splitting
horizontally the response of the deep crustal
conducting structure (Figure 6). All distortions grow
with the increase of magnetic permeability.

METHODS

CONCLUSIONS

2D modelling study of the influence of anomalous
magnetic permeability on MT/MV data was
performed with the use of the finite element forward
operator on adaptive unstructured triangular grid
(Franke et al. 2007). Each grid element was
characterized with resistivity and magnetic
permeability values (Figure 1). The resistivity model
simplifies the result of 2D+ joint MT/MV data
inversion (Varentsov et al. 2012; Varentsov 2015)
along the ZHIZDRA profile (Figure 2b). Magnetic
permeability values were set to the free space value
μ0 everywhere except of two anomalous blocks
10x5 km size imitating ferrous quartzite bodies

The inversion of imitated TM mode data with the
free space magnetic permeability assumed in the
whole medium cause almost no distortion to
resulting models, while TE mode data give
overestimated resistivity below bodies with the
increased magnetic permeability. This effect can
broke the horizontal integrity of the revealed crustal
conductive structures or at least locally decrease
their conductance. To minimize such distortions in
2D+ KIROVOGRAD-style joint MT/MV data
inversions (Varentsov 2015) the weight of TM mode
impedance phase data should be increased in the
vicinity of permanent magnetic field anomalies.
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The 3D imitation of the magnetic permeability
effects most probably will show similar resistivity
increase effects along the strike of crustal
conductors revealed in the KIROVOGRAD region.
The analysis of more detailed resistivity and
magnetic permeability models resulting from real
data inversions, both MT/MV and permanent
magnetic, may enhance the presented study. The
application of joint MT/MV and permanent magnetic
data inversion schemes will be useful in such areas.
ACKNOWLEDGEMENTS
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Figure 1. Apparent resistivity model with anomalous magnetic permeability sections highlighted.

Figure 2. The ZHIZDRA profile: a – permanent magnetic field (EMAG2 data, nT); b – resistivity section (Ωm,
lg-scale) from 8-component 2D+ joint MT/MV data inversion.
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Figure 3. TM mode. Apparent resistivity (amplitude and phase) pseudo sections calculated for different
magnetic permeability values (1, 1.5, 3·and 5·times μ0).

Figure 4. TE mode apparent resistivity (amplitude and phase) pseudo sections calculated for different
magnetic permeability values (1, 1.5, 3·and 5·times μ0).
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Figure 5. TE mode horizontal MV response (amplitude and phase) pseudo sections calculated for different
magnetic permeability values (1, 1.5, 3 and 5·times μ0).

Figure 6. TE mode tipper (Re and Im) pseudo sections calculated for different magnetic permeability values
(1, 1.5, 3·and 5·times μ0).
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SUMMARY
The magnetotelluric (MT) method has a long application history in the regional- and local-scale surveys in oil
and gas provinces. However, in the most cases, these studies were limited to the analysis of the impedance
data. Quite rarely, these data were combined with magnetovariational (MV) tipper responses. The modern
trend in the development of MT technologies assumes simultaneous multi-site field observations and
integrated study of a number of MT/МV transfer functions, namely, impedance, tipper, horizontal inter-site MV
response, etc., both at data processing, analysis and interpretation stages. Such a trend is effectively
implemented in the deep lithospheric and mining experiments. This research aims to outline advantages of
these developments at the data inversion stage investigating 2D synthetic datasets for some typical,
complicated enough models in oil and gas applications.
Synthetic MT/MV data were obtained with sufficient period ranges and profile site densities for a number of
models imitating structures imaged in field MT surveys in Russia and Kazakhstan. These data sets were further
inverted in different ensembles of data components investigating the resolution achieved in inversions of single
MT data and demonstrating advances in joint MT/MV inversions combining impedance, tipper and horizontal
MV responses.
The 2D inversion technique applied in this analysis was enhanced with additional criteria to select quasioptimal inversion iterations. These criteria are based both on “ complexity” measures of the optimized logresistivity distribution, expressed by numbers of extrema exceeding in absolute amplitude values several a
p ri o ri levels, and a wide set of data misfit estimates in partial and joint, absolute and relative, least square and
robust norms.
The research was partly supported with the RFBR grant 16-05-00791_a.
Keywords: magnetotelluric and magnetovariational soundings, oil and gas structures, imitation, inversion
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S UMMARY
The numerical solution of inverse problems arising in the context of time-domain geoelectromagnetic prospection is a computationally challenging task. One of the key issues is the accurate calculation of the Jacobian
of the forward solution or at least the accurate evaluation of matrix-vector products with the Jacobian and its
transposed. We address recent advances in how such Jacobians can be obtained. Since the efficiency and
feasibility of these computations strongly depend on the chosen forward problem implementation, we present
several such strategies and discuss their benefits and disadvantages. More precisely, we consider inversion
schemes based on the implicit Euler method, rational Arnoldi approximations, and rational best approximations.
We illustrate the performance of our algorithm on some numerical examples.
Keywords: Inversion, Jacobian, Time-domain, 3-D
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Equation Method
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S UMMARY
We present the first-ever “high-order” solver for the volumetric integral equations (IE) of electrodynamics. In
contrast to existing IE solvers based on piece-wise constant (PWC) approximation of the fields inside anomaly,
the novel solver is based on the piece-wise polynomial (up to fifth order) representation. Utilization of Galerkin
method for constructing the system of linear equations provides not only guaranteed convergence of the iterative numerical solution of this system, but also ensures that the system matrix is well-conditioned irrespective
of the polynomials order.
The numerical experiments demonstrate that novel solver outperforms IE solvers based on a conventional
PWC basis in terms of both memory savings and acceleration of computations, due to a decrease in the number of unknowns by one to several orders of magnitude. The gain depends on model and period. In the best
scenario presented in this work, the gain is four orders of magnitude. Such extreme reduction in numbers of
unknowns opens an avenue for using nonuniform grids in lateral direction which were computationally forbidden in PWC IE solvers. It will allow, in particular, to use IE approach for large scale regional modelling where
local 3-D effects from topography and bathymetry are to be accounted for with sufficient accuracy and detail.
Keywords: 3D Forward modeling, Integral equations, Galerkin method, High-order basis
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SUMMARY
We present a global optimization algorithm–Truncated Gauss-Newton Method (TRGN) that is based on the
combination of global trusted-domain algorithm and Gauss-Newton method. Firstly, I establish 3D FDEM
objective functional, covariance matrix of the model and the expression of data covariance according to the
optimization and regularization theory. Then, I derivative the FDEM gradients for different data types, and the
general expressions and calculation methods of Hessian and Jacobi matrix. The theory and key techniques
(step-length searching, adaptive truncation error and annealing regularization factor) of TRGN and the
conventional optimization algorithms (steepest descent method/STD, non-linear conjugate gradient/NLCG,
Gauss-Newton-conjugate gradient/GNCG and limited-memory BFGS) are also studied. Finally, based on the
module concept and MPI parallel technique, I accomplish the 3D ground FDEM inversion with different
methods.
By taking MT inversion as an example, I design two models (combination of poor and good conductors and an
arch bridge model) and compare the inversion results calculated with different inversion methods. The results
show that we can obtain good results with all these inversion methods (TRGN, STD, NLCG, L-BFGS, and
GNCG) and they have a good consistency. Also, the results with TRN perform similar with those of ModEM
that is a widely-used in MT data processing. The proposed TRGN that is a global optimization algorithm has
quick convergence and few iterations. It inverts the data as well as the GNCG algorithm, better than gradientbased algorithm (STD, NLCG, L-BFGS and ModEM) and it improves the efficiency and local optimization of
GNCG. Then, I take for instance the underground conductive ore and discuss the influence of inversion
parameters (regularization factors, initial truncation error, initial model and grids) and the observed data (noise
level, data type, number of frequencies and survey stations) on algorithms. The results show that TRGN has
less dependence on the initial model and has stronger anti-interference ability. Finally, this algorithm is used
to process the MT survey data in Mongolia. By comparing the results with 2D inversion and the seismic profile,
it is seen that the results with TRN inversion reveal the topographic basement well. It solves the problem that
2D inversion has distortion caused by 3D abnormal body, which further demonstrates the efficiency of TRGN
algorithm.
Keywords: FDEM, 3D inversion, Truncated Gauss-Newton Method
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SUMMARY
A finite element modeling algorithm of calculating the electromagnetic responses of a 3-D conductivity earth
model for dipole sources, which enables the modeling of land_based controlled source electromagnetic
(CSEM) responses, is presented. The curl-curl equation derived from the Maxwell’s equations is implemented
to directly compute the electric field. In order to eliminate the source singularity caused by compact sources,
the secondary electric field is directly solved with the primary electric field is predetermined based on a
half-space model. To properly address the boundary conditions across the conductivity discontinuities, the
edge-based element is used to solve the resulting boundary-value problem. The resulting linear system of
equations is solved by a quasi-minimal residual method. Although the divergence-free condition for the
current density is enforced within each edge-based element, this condition is struggled to be satisfied as in
the iterative process. This greatly slow down the iterative process especially at low frequencies. To accelerate
the process for solving the linear system, a divergence-correction equation for the secondary electric field is
derived and a corresponding correction procedure is proposed. The algorithm is verified based on the
modeling of a horizontal three-layered model. To further test the algorithm, the secondary field response for a
3-D model is compared with that obtained based a coupled-potential formulation. The modeling results
demonstrate that the proposed method is able to calculate the 3D electromagnetic responses accurately and
efficiently.

Keywords: 3-D modeling, Land_based CSEM, edge-based element, divergence correction
INTRODUCTION
Three-dimensional (3-D) modeling plays a great
role in better understanding the electromagnetic
responses of the increasing complex geological
setting, both for feasibility study and 3-D inversion.
An intensive studies have been carried out
regarding the 3-D CSEM modeling problem, with
some of the work are based on the field formulation
and others are usually based on the coupledpotential formulation (Haber et al., 2000).
While both methods have their advantages and
disadvantages, we revisit the land_based CSEM
modeling problem based on the field formulation.
The edge-based element is used to solve this
problem to avoid spurious mode (Jin, 2002). As a
initial test, only rectilinear grid is implemented. It
can be trivially extended to unstructured mesh to
better model the undulated topography and
complex geological targets. The resulting linear
system is solved by the quasi-minimal residual
method (Freund et al., 1994) .

A main drawback of the field formulation is the
increasing computation time as frequency
decreases
when
iterative
methods
are
implemented. This problem can be addressed by a
divergence correction, first proposed in the finite
difference modeling of magnetotellurics (MT) by
Smith (1996). The iterative solution can be
drastically accelerated by alternatively applying the
divergence correction. Liu et al. (2013) applied the
divergence correction to 3-D anisotropic EM
modeling in their finite difference scheme.
Farquharson et al. (2011) incorporated the
divergence correction technique, where the
divergence correction term is obtained by nodal
elements, to the 3-D MT forward modeling based
on edge elements. Here we expand their approach
of obtaining the divergence correction term in our
3-D land_based CSEM forward modeling to
accelerate the forward calculation, especially for
low frequencies.
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METHODS
The formulation used here is based on the curl-curl
equation for the secondary electric field. For
completeness, here we summarize the main points.
In the frequency-domain, a curl-curl equation for
the electric field is obtained as following by
manipulation of the Maxwell’s equations:
    E  i E  iJ c

(1)

Where a time harmonic of e it
is implicitly
assumed. E is the total electric field with a unit of
V/m,  is the angular frequency,  is the
conductivity with a unit of S/m, and  is the
magnetic permeability. In our modeling scheme, the
magnetic permeability is assumed to be the value
in the vacuum throughout the study region.
If the total electric field is separated into primary
（ E p ） and secondary （ E s ） parts, a similar
equation for the secondary part can be obtained：
    E s  iE s  i a E p

（2）

Where  a     p , and  p is the conductivity
distribution for the background model that used to
calculate the primary field.
Equation 2 is solved using edge-based element
with a simple Dirichlet boundary condition
implemented on the outer boundary.
Divergence correction technique
As first noted by Smith (1996), the iterative solution
process converges slower as frequency decreases.
Smith (1996) attributed it to the weak influence of
the conductivity term in equation 2. A divergence
correction procedure is applied to the finite
difference solution of the MT forward modeling
problem. Farquharson et al. (2011) implemented
the divergence correction procedure in their
edge-based element solution of the MT forward
modeling. Here we expand the latter approach in
our finite element scheme for 3-D land_based
CSEM modeling problem.
For the secondary field formulation used here, the
conservation of the current density is equivalent to
obey the following equation:
 （E s   a E p )  0

(3)

The divergence-free condition showed in equation
3 is satisfied within each cell because of the
divergence-free of the interpolation function.

However, it may not be satisfied across the
interfaces of adjacent cells. If we solve for the static
potential  arisen from these extra sources and
correct the approximate electric field by the static
potential, the corrected electric field would satisfy
the divergence-free condition strictly.
The static potential  is solved based on the
following boundary-value problem:
 （ )  0

within 

n （ 11 -  2  2）|s12 
n （ 1E s1 -  2 E s1   a1 E p1 -  a2 E p2）

(4)
(5)

Where  represents the study region, S12 denotes
the conductivity interface between two different
elements 1 and 2, thus the subscripts 1 and 2
denotes the corresponding physical quantities for
elements 1 and 2, respectively.
The above boundary-value problem can be easily
solved based on the nodal finite element method.
The corrected electric field is obtained by the
following equation:
E sc  E s  

(6)
RESULTS

In the following, a synthetic three-layered model is
used to verify the accuracy and effectiveness of the
proposed method. Afterwards, a 3-D model is used
for the comparison of the modeling results obtained
based on the proposed algorithm here with that
obtained
based
on
the
coupled-potential
formulation in Tang et al. (2015) . For both models,
a unit electric dipole polarized in the x direction is
used, and the origin of the coordinate system is set
at the source point. The divergence correction
procedure is applied alternatively after each 100
iterations.
Three-layered model
A horizontal three-layered model is used to verify
the accuracy of the method, with conductivity of
0.01, 0.1, and 0.01 S/m assigned from the top layer
to the bottom layer, and a thickness of 1 and 0.2
kilometer assigned for the first and second layer,
respectively. The mesh grid is 51  51  40 in x, y,
and z directions. The primary field is calculated
based on a half space model with its conductivity of
0.01 S/m. Figure 1 compares the secondary
electric field Exs obtained with its semi-analytic
solution at a frequency of 1 Hz. The left subfigure
shows that both the real and imaginary parts agree
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very well. The right figure shows the relative error.
We observed that the relative error for the real
parts mostly are below 3%, except the boundary
points displaying a large error. This is due to the
large mesh size used near these boundary points.
The relative error for the imaginary parts are
relatively high, with its value around 6%. One
possible explanation is that the amplitude of the
real part is almost one order larger than the
imaginary part.
Figure 2 shows the convergence curves at
frequency 1 and 4 Hz, with and without divergence
correction. It is obvious that the divergence
correction is able to accelerate the iterative process
drastically. Although the divergence correction
procedure should be applied alternatively, the size
of the problem for the calculation of the static
potential  is much smaller than the modeling of
the secondary electric field, thus it adds only a
small amount of time to the original modeling
scheme. Therefore, the forward modeling can be
accelerated greatly when the divergence correction
is applied especially at low frequencies.
Figure 3 plots the histogram of the ratio of the
normal electric field EZ across the conductivity
contrast at the depth of 1 and 1.2 km. These ratios
are calculated for the sample points of its
x-coordinate within -2000，2000 , and y-coordinate
within 2800，4800 . From the boundary condition
we know that the ratio should be 10. Figure 3a and
3b show the ratios without divergence correction,
and Figure 3c and 3d show the ratios after
divergence correction. It is clear that the
divergence correction procedure is guiding the
electric field to obey the boundary condition.

Figure 1 Comparison of Exs with the semi-analytic solution

Figure 3 Histogram of ratios of |Ez| across the conductivity
contrasts (a) At depth 1000 m without divergence correction; (b)
At depth 1200 m without divergence correction; (c) At depth
1000 m with divergence correction; (d) At depth 1200 m with
divergence correction

3-D model

Figure 4 Schematic map of the 3D model used for the
comparison. (a) xy cross-section of the model; (b) yz
cross-section of the model.

Figure 4 shows the 3-D model used. The red solid
circle marks the location of the unit electric dipole.
The target is the high-conductivity prism located
below a low-conductivity layer as depicted in the
schematic map. We compare the numerical
solution obtained here with the coupled-potential
formulation (Tang et al., 2015). In contrast, we refer
the proposed method in this paper as
secondary-field formulation.
A same and relative coarse mesh of 51  51  40 is
used for the modeling. Figure 5 shows the
corresponding modeling results of the Exs, with the
same color scales are used for the real and
imaginary parts, respectively. By observing Figure
5a and 5c, we found that although the distribution
of the real parts are not match perfectly, most of the
trends are very similar. By observing Figure 5b and
5d, the trends are almost indistinguishable as a
whole. Therefore, the proposed method here is
effectively to model 3D electromagnetic responses.
CONCLUSIONS

Figure 2 Convergence curves with and without divergence
correction

A 3D modeling algorithm based on the secondary
field formulation is developed that can be
effectively used to calculate the 3D electromagnetic
responses excited by dipole sources. Although a
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edge-based element is used to solve the modeling
problem, we find that the divergence-free condition
is not readily satisfied when a iterative solver is
used to solve the linear system. To address this
problem, a divergence correction procedure based
on the secondary electric field is proposed.
Through the modeling of a three-layered model, it
is clear that the divergence correction procedure is
able to guide the electric field to obey the
divergence-free condition, and thus accelerate the
iterative process drastically.
a)

The solution of the proposed method agree with the
numerical solution based on the coupled-potential
method very well by a modeling comparison for a
realistic 3D model, which further verifies the
effectiveness of the method. However, more
comprehensive modeling studies should be carried
out later before use it as an engine for the 3D
inversion scheme.
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Three-dimensional magnetotelluric modelling with an RBF-based meshfree method
and unstructured nodes
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S UMMARY
The investigation of using a novel radial basis function-based meshfree method in forward modelling magnetotelluric data is presented. The meshfree method, which can be termed radial basis function-based finite
difference (RBF-FD), uses a set of unconnected points for computing the numerical solution throughout the
computational domain. The Earth model under consideration can be parameterized separately by a mesh or
by just another cloud of points. Unlike mesh-based numerical methods (for example, finite difference, finite
volume and finite element), an important advantage of meshfree methods is that the conductivity model discretization can be different from that for meshfree computation. As a result, arbitrarily complicated geometries
such as topography and rock unit contacts from an Earth model can be easily represented. A major obstacle in
applying meshfree methods in modelling electromagnetic (EM) data for arbitrarily complicated Earth models is
the occurrence of spurious solutions if there are discontinuities of conductivity distribution in the model, as standard meshfree approximation is highly smooth by construction, and is incapable of reproducing discontinuous
EM fields.
In this study, Maxwell’s equations are formulated using A − φ potentials in conjuction with the Coulomb gauge
condition, and are solved numerically to obtain magnetotelluric impedance tensor components. To address the
spurious solution problem, we propose a mixed scheme of RBF-FD together with weak form finite element.
The RBF-FD was applied to uniform regions in the model in a strong form way, while the standard nodal finite
element was used for interfacial points only. Here, a new type of radial basis function is used. Also, unstructured
inhomogeneous point representation is used to deal with three-dimensional (3-D) forward modelling problems
for efficiency. The effectiveness of the meshfree method is demonstrated by modelling the magnetotelluric
responses of a homogeneous half space and a 3-D conductivity model.
Keywords: magnetotelluric, meshfree, 3-D, forward modelling
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Three-Dimensional Magnetotelluric Inversion including Topography using Adaptive
Finite Element Method
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S UMMARY
In this work, we developed a three-dimensional adaptive finite element forward modeling method of the magnetotelluric method. The computational domain is discretized by unstructured hexahedral element which can
easily simulate topography and complex abnormal bodies. In the process of forward modeling, the mesh is
adaptively refined according to the posterior error estimator. It is well known that the complex linear system
araising in the discretization of Maxwell’s equations is very difficult to solve. In order to solve this problem, we
transform it into into its equivalent real form and construct a block-diagonal preconditioner. The real linear system is then solved with FGMRES method. To further improve the efficiency of forward modeling, our forward
algorithm is parallelized using model decomposition technique.
By decoupling the forward mesh and inversion mesh, we apply the three-dimensional adaptive finite element
forward modeling method to three-dimensional inversion. The inversion method we used here is L-BFGS
method which has a smaller memory demand and faster convergence rate. We performed inversion of
topography-influenced data, numerical result shows that the topography problems can be effectively solved
by including topography in the initial model of inversion. We believe that this is the fundamental solution to the
topography problem of magnetotelluric.
Keywords: Magnetotellrics, Three-Dimensional, Finite Element Method, Inversion, Topography

3D

FINITE ELEMENT MODELING METHOD

Governing equations
For magnetotelluric problem, the electromagnetic
fields are governed by the Maxwell’s equations. In
frequency domain, assuming the time harmonic difference is eiωt and neglecting displacement currents, the second order vector Helmholtz equation
has the form of
∇ × ∇ × E + iωµσE = 0,

(1)

where ω is angular frequency, µ is the magnetic permeability, σ is the electric conductivity. To guarantee
that eq. (1) has unique solution, Dirichlet boundary conditions are used. In this case, the tangential
components of the electric fields are prescribed to
be some certain values at boundaries, i.e.,
n × E = n × E0 ,

(2)

where n is the outward pointing normal vector, E0 is
the plane wave solution of a layered model that can
be computed analytically.

Finite element discretization
Let V be a test function that belongs to save space
with E, i.e. V, E ∈ H(curl, Ω), H(curl, Ω) is defined
as H(curl, Ω) = {u ∈ L2 (Ω) : ∇ × u ∈ L2 (Ω)}. Taking the inner product of both side of eq. (1) with V
and integrating by parts, the equivalent weak form of
eqs (1) and (2) can be stated as find E ∈ H(curl, Ω)
such that
Z
Z
V·E=0
(3)
∇ × V · ∇ × E + iωµσ
Ω

Ω

for all V ∈ H(curl, Ω).
The computational domain, Ω, is discretized into a
set of unstructured hexahedra. For the discretiza1/4
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tion of this function space, we choose Nédélec element of lowest order. The 12 shape functions of
tetrahedral element, one for each edge, are continuous across cell boundaries in its tangential components, but discontinuous in its normal component,
therefore satisfy all continuity requirements of electric fields.

Linear solvers
Apply eq. (3) to each tetrahedron in Ω and assemble
them together, we get a linear system
Ke = s,

(4)

where K is a large complex symmetric matrix, its
condition number is large especially for low frequency. It is difficult to solve using iterative method
with generic pre-conditioners, and it need too much
memory to use a direct solver.
Here we introduce a optimal block pre-conditioner
by reformulating the complex linear system into its
equivalent real form. Let K = Kr +iKi , e = er +iei ,
s = sr + isi , eq. (4) can be written as

  

Kr −Ki er
sr
.
(5)
=
−Ki −Kr ei
−si
{z
}
|
Ax=b

We use a block-diagonal pre-conditioner


B 0
P=
,
0 B

(6)

where B = Kr + Ki . It can be proved that the con√
dition number of P−1 A has an upper bound of 2
(Grayver and Bürg, 2014), which indicate that using
P as pre-conditioner will get optimal convergence
rate independent of matrix size, frequency and conductivity. We use FGMRES (Saad, 1993) method
to solve eq. (5), our tests show that linear solver
converges in less than 25 iterations in all cases.

Goal-oriented error estimator
For magnetotelluric method, the electromagnetic
fields are only measured at receivers, therefore we
only need the accurate solution at some certain
points in the mesh. This is done by solving equation
on a series of subsequently locally refined meshes
of the initial coarse mesh. A posteriori error estimator was used to choose which cell need to be refined. Let E be a solution of eq. (1), error indicator
η 2 (E) is calculated as follows:
2
ηK
(E) =

f =1

(7)

which can be solved using CG method with Auxiliary Space Maxwell pre-conditioner (Hiptmair and
Xu, 2007). Once the linear system eq. (4) is solved,
the electromagnetic field can be computed, then we
can calculate the impedance tensor as well as apparent resistivity ans phase.

hf knf · σEk2 ,

(8)

where K is tetrahedral element, f is the face of K,
hf and nf are the diameter and normal vector of
the face f , respectively. This indicator measures the
jump of current density across the face and will vanish for the true solution, thus it turns out to be meaningful error indicator to guide mesh refinement.
In order to get accurate solution at receiver locations, a dual problem with fictitious sources at the
receiver locations is solved, and its solution ED is
2
used to calculate the dual error indicator ηK
(ED )
which can be used to weight the global error indicator. The weighted error indicator is expressed as
2
2
2
ηK
= ηK
(E)ηK
(ED ).

(9)

Our algorithm begins with a coarse mesh. We solve
the original problem and the dual problem and use
their solutions to calculate the weighted error indicator. A certain portion of the elements with the largest
errors are refined according to the weighted error
indicator. Equations are then solved on the refined
mesh and again the elements with largest errors are
refined. This procedure is repeated until the error
decreases to a certain level.

I NVERSION

Inside FGMRES, we need to calculate the product of
the inverse of P with an arbitrary vector. The product involves the solution of linear system
By = c,

6
X

METHOD

L-BFGS method
Here we briefly introduce the L-BFGS method. LBFGS is a kind of quasi-Newton method. It use
the solution and gradient of the object function in
the most recent l iterations to approxmate the hessian matrix. Comparing to Gauss-Newton or Occam
method, it does not need to compute and store the
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Jacobian matrix explicitly. Due to the step direction
obtained by L-BFGS method is more close to Newton direction, the step length is almost all 1.0, we
only need to compute the gradient once in each iteration. So the memory demand of L-BFGS is very
low while keep a relatively high convergence rate.
For more details of L-BFGS, the reader is refered to
Nocedal and Wright (2006).

program is used to perform the forward calculation
of this model, and the responses of 21 frequencies
ranged from 10 Hz to 0.001 Hz are calculated.

(a)

2 km

o

2.5 km

Decompling forward mesh and inversion mesh

5 km

10 Ωm
10 km

Inversion mesh

Forward mesh
Forward modeling

1000 Ωm
5 km

10 km

y

100 Ωm
z
(b)

Sensitivity calculation

o

Figure 1: Ilustration of decoupling forward mesh
and inversion mesh

In the process of forward modeling, the forward
mesh if adaptively refined. However, we want to
keep the inversion mesh fixed. The key technique
of appling adaptive finite element method to inversion is how to deal with this problem. The method
we used here is decompling forward mesh and inversion mesh.
Starting from the inversion mesh, the forward mesh
is adaptively refined based on the error estimators.
We compute the sensitivities (gradient of objective
function) on forward mesh. The sensitivities is then
mapped back to the inversion mesh. This approach
can be ilustrated by Figure 1. This approach has the
advantage of reducing the number of unknowns of
the inverse problem without compromising the accuracy of the forward solution.

N UMERICAL

EXAMPLES

In order to study the effect of topography on the
magnetotelluric inversion, we designed a topography model shown in Figure 2. The model contains
two platform-like topography with height of 2km. The
background resistivity is 100 Ω·m, and two abnormal
blocks with resistivity of 1 and 1000 Ω · m are under
the platform. The adaptive finite element forward

x
y

Figure 2: True model of the topography model

We add 2% random noise to the forward results, the
we run the inversion with and without topography,
respectively. The results of the two inversions are
shown in Figure 3 and Figure 4. From the figure we
can see that in the inversion results including topography the low and high resistivity blocks are well reflected. However, in the inversion results without topography and high resistivity block is widened. This
is because the convex topography shows a high apparent resistivity abnormal thus the high resitivity
block is obscured.
Figure 5 shows the forward mesh for frequency 0.1
Hz and 10 Hz in the last iteration in inversion with topography. Comparing with low frequency, the mesh
refinements at 10 Hz is mainly in the shallow region,
which is because that the mesh in the deep region
has little impact on the accuracy of the solution.
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C ONCLUSIONS

Nocedal J, Wright S (2006) Numerical Optimization.
Springer Science & Business Media

3D magnetotelluric inversion based on adaptive finite element method has been presented. The use
of unstructured hexahedral mesh can simulate topography effectively. Numerical example shows that
including topography in inversion can elimate the
influence of topography thus solve the topography
problem.

Saad Y (1993) A flexible inner-outer preconditioned
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Figure 4: Inversion result of topography model without topography

(a)

0.1 Hz

(b)

10 Hz

rho (ohm m)

Figure 3: Inversion result of topography model including topography
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SUMMARY
We present an algorithm of three-dimensional (3D) magnetotelluric (MT) inversion including topography using
a limited-memory quasi-Newton optimization based on Broyden-Fletcher-Goldfarb-Shanno (BFGS) formula in
this study. Firstly, we establish the approximate expression and calculation of Hessian matrix for 3D MT
inversion which is based on iterative minimization of a classical Tikhonov regularized penalty function. A
covariance matrix is designed to keeping the air resistivity constant and imposing on the constraint of model
smooth while implementing inversion including topography. In addition, a cooling method of regularization
factor and a step length search strategy based on Wolf condition is adopted in this algorithm to improve the
stability of the inversion. Secondly, we invert synthetic data which are generated utilizing a series of
conductivity structure models including topography by 3D inversion and compare the results with that of
international famous 3D MT inversion program (MODEM), the comparison results have verified the correctness
and reliability of the algorithm in this paper. Finally, we adopt the 3D inversion to invert MT observed data
including topography from a mountainous survey area in South China, the electrical structure model of survey
area was obtained, which can be roughly distinguished into three layers as basement of high-resistivity, middle
of a conductive unconformity surface and sedimentary cover of high-resistivity, the applicability of this algorithm
is verified.
Keywords: L-BFGS, Magnetotelluric, 3D inversion, Topography
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SUMMARY
In order to efficiently discretize the model, we use the unstructured hexahedral mesh of the total-field solution
to accommodate arbitrarily complex 3D conductivity variations. Accuracy of the finite element solution could
be achieved through adaptive mesh refinement that is performed iteratively until the solution converges to the
desired accuracy tolerance. Refinement is guided by a goal-oriented error estimator that uses a
dual-weighted residual method to optimize the mesh. To further improve the computational efficiency, our
algorithm is parallelized using model decomposition technique. For the large problem size, we employed the
iterative approach with a very efficient block-diagonal pre-conditioner for the large conductivity contrasts
system. In this paper, we validate the newly developed algorithm by comparison with controlled source
EM(CSEM) solutions for a 1D layered model. To test the efficient mesh partition, we have implemented the
dynamic load balancing algorithms used for parallel computations.
By decoupling the forward mesh and inversion mesh, we could accommodate the size of the inverse problem
without sacrificing the accuracy of the forward solution. The Broyden–Fletcher–Goldfarb–Shanno(L-BFGS)
inversion techniques could be very beneficial for large 3D problem .This methods has better memory
efficiency, which avoid the explicit storage of the Jacobian matrix in memory.
Keywords: Goal-Oriented, Iterative Method, Model decomposition, Dual Grid, MCSEM Inversion

INTRODUCTION
An important step in the creation of an inversion
engine is to develop a forward operator for
calculating the model response. In this paper, we
only focus on the total-field algorithm. Based on the
total field formula of the MCSEM field, the key issue
is how to accommodate highly complex geological
features with appropriate grids. We formulate the
forward problem by means of the goal-oriented
adaptive finite element method based on the
unstructured hexahedral mesh (Ren et al. 2013;
A.V.GRAYER. 2014). Due to the large amount of
memory required, the forward problem size of the
direct solvers is moderate. However, when the
problem size gets even larger, we use the iterative
approaches to relieve the memory request for

storing the factor of the entire system matrix.
In this paper, we introduce a 3-D inversion code
which has been implemented using L-BFGS
techniques. To avoid overparameterization of the
inverse problem, we use the dual grid strategy
(Commer and Newman 2008; V. Grayver and
Alexander 2015; Zhang & Key 2016) to decouple
the forward and inverse meshes.
1 3D FINITE ELEMENT MODELING METHOD
1.1 Governing equations
We start by presenting the coupled differential form
of Maxwell equations which describe the
electromagnetic phenomenon. Assuming the time
variation eit with frequency  and neglecting
displacement currents, the frequency domain
electromagnetic problem can be described by:
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1.3 Goal-oriented error estimator
For an error indicators
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(2)

where  is angular frequency,



is the magnetic

permeability,  is the electric conductivity.

J s  I  ( x  x0 ) ( y  y0 ) ( z  z0 ) x

(3)







 E  i E  i J s

(4)

Equation 3 describes that the imposed source J s
generates the frequency domain electric field E
inside of this bounded domain Ω. In order to
guarantee the uniqueness of the solution, the
Dirichlet boundary condition:
^
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Where residual-based and jump-based terms are
given by:
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Denoting the dual solution by E D , the error
indicator used to mark cells for refinement is given
by:

K2  K  E  *K  E D 
2

2

(12)

After a new refined mesh has been created,  K is

n is an outward-pointing normal vector.

1.2 Linear solvers
After assembling the local element matrices into a
global system, one can obtain a sparse linear
system of equations:
Ku  S

(6)

Inserting u = ur+iui into (6) and splitting the result,
yields a system of two coupled real-valued
equations:

K r
K
 i

K  F   R , K  F    J , K  F 

(5)

^

where

are calculated as

follows:

2

Where I indicates the source current magnitude, x0
is source position vector, x defines current direction
and δ is the Dirac delta function.
By taking the curl of (1), (2) and eliminate magnetic
field, the second order vector Helmholtz equation
has the form of:

K ( F )

K i   u r  S r 

K r   u i   Si 

(7)

We use FGMRES (Saad 1993) method to solve eq.
(7). We use a block-diagonal pre- conditioner:

B 0 
P= 

 0 B

(8)

Inside FGMRES, we need to calculate the product
of the inverse of P with an arbitrary vector. The
product involves the solution of linear system By =
c which can be solved using CG method with
Auxiliary Space Maxwell pre-conditioner (Hiptmair
and Xu 2007).
th

computed and again the g elements with largest
error estimates are marked for refinement. In this
paper, g is 10%. This process is repeated until the
functional error is less than some user-specified
tolerance.
1.4 Model
1.4.1 1D model with analytical solution
By comparing with the results from the open source
Dipole1D modeling code (Key 2009). Marine CSEM
responses for the 1-D layered reservoir model,
consisting of the air layer, 1000-m-thick sea water
−1
−6
and a 1 Sm sediments.The air conductivity is 10
−1
Sm . A reservoir is distributed from 3000 m to
3100 m in z direction and the reservoir conductivity
−1
are 0.1 Sm .The source is a x-oriented electric
dipole located 100m above the seafloor at (0, 0,
0)m with frequency of 0.25Hz. The receivers are
distributed on the earth's surface at where x=y with
0m intervals from 0 to 15 km range.There is a 45
azimuth angle between the orientation of
transmitter and the line of receivers. As shown in
Fig. 1.
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Figure 3. Mesh partitioning, make use of METIS.
Different color stands for various partition. Left:
A priori mesh partitioning was implemented.
Right: Refinement results at the 8th iteration;
2. INVERSION METHOD
2.1 L-BFGS method
L-BFGS inversion method seeks to minimize the
following unconstrained function:

 (m)   d (m)   m (m)
Figure 1. Red is for large error and dark blue
means less than 1% tolerance.
1.4.2 3D complex model
We consider a model with complex geometry. A
0.25Hz broadside transmitter is located 100m
above the seafloor, pointing to the y axis. As shown
in Fig. 2.
Table 1: Runtime and memory usage for each
iteration
Refinem

DOFS

ent step

Outer

Inner

Total

Memor

iterato

iterat

time(

y(GB)

ns

ons

s)

1

367747

18

5

110

1.89

5

2781661

18

5

939

26.37

8

13296108

18

7

4978

96.93

(13)

L-BFGS is a kind of quasi-Newton method. So, the
step direction obtained by L-BFGS method is more
close to Newton direction. Due to L-BFGS does not
need to compute and store the Jacobian matrix
explicitly, the memory demand of L-BFGS is very
low while keep a relatively high convergence rate.
2.2 Model Parameterization Using Dual Grid
Strategy
The dual grid method we used here is
decomposing forward mesh and inversion mesh.
As shown in Fig.4. First, the forward mesh is
adaptively refined based on the error estimators
during each step of the inversion, while the model
conductivity parameters change. Second, the
sensitivities (gradient of objective function) on
forward mesh are obtained. Finally, the sensitivities
of the forward mesh are then mapped back to the
inversion mesh.

Figure 2. View of the topography after removing
the seawater and air layers.
1.4.3 Model Domain Decomposition
For efficient massively parallel processing, mesh
partitioning makes use of Serial Graph Partition
-ing and Fill-reducing Matrix Ordering (METIS)can
increases the usability of the code for modeling a
typical marine CSEM survey. As shown in Fig. 3.

th

Figure 4. Illustration of dual grid strategy
2.3 Inversion Examples
As shown in Fig. 2. The model consists of an air
-7
layer of 10 S/m, a seawater column of 3.7037 S/m,
an undulating seafloor, a subsurface with a
conductivity of 1 S/m, and resistive anomaly of 0.01
S/m. The resistive oil reservoir at 1.5km depth. The
transmission frequencies were 0.25 Hz. We
consider a CSEM survey including three receiver
lines. The decreasing RMS misfit as a function of
L-BFGS iteration for model are shown in Fig 5. It
takes longer to reach the target RMS, but each
iteration could arrive at a lower misfit, compared
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with the previous iteration. The intermediate and
final model are shown in Fig 6.

Figure 5. RMS misfit shown as a function of
L-BFGS iteration

（a）Initial model

th

(b)10 iteration

th

(c)30 iteration

th

(d)60 iteration
Figure 6. Inverted result for each iteration from
iteration 1 to 60

This approach is applicable for inversion using the
dual grid strategy. In the inversion, we can use a
fixed size inversion grid and a set of variable size
forward simulation grids. In the inversion model,
our results shows the true values of conductivity
could be recovered.
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CONCLUSIONS
We have successfully developed an iterative solver
for goal-oriented adaptive finite-element scheme.
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SUMMARY
Due to low signal to noise ratios, structural mapping in a resistive environment using Time-Domain
Electromagnetic (TDEM) method is challenging. Our aim is to study field EM responses in order to develop
better understanding of the roughness of subsurface conductivity variations in a fractured, resistive
environment by combining field data with numerical modelling. The field transient controlled-source
electromagnetic (CSEM) responses in faulted, resistive terrains exhibit recognizable patterns. The profiling
survey that employs central-loop soundings displays an anomalous feature in the northern section of the
surface fault trace. Additionally, azimuthal survey suggests that an encouraging similarity exists between the
CSEM survey geometry and the fault lineation direction.

Keywords: TDEM; CSEM; Finite-element

INTRODUCTION
Time-Domain Electromagnetic (TDEM) methods of
geophysical exploration using a loop or grounded
dipole source have an outstanding depth-to-lateral
investigation ratio, and transient responses reflect
the
interaction
between
the
applied
electromagnetic field and the geoelectrical
structure beneath the transmitter. In order to
understand transient CSEM responses, the key
mechanism is the induction process that is
equivalent to the diffusion of an image of the
transmitter (TX) loop into a conducting medium.
The operating principles and fundamental
overviews of EM methods are given in Nabighian
and Macnae (1991) and there are several reviews
related to near-surface applications of EM
techniques (e.g. Everett 2011; Yogeshwa and
Tezken 2018). The TDEM method has been widely
used
for
groundwater
studies,
aquifer
characterization, shallow sedimentary basins and
paleovalley investigations. However, the TDEM
surveys are commonly associated with conductive
targets, whereas structural mapping in a resistive
environment is still challenging due to low signal to
noise ratios.
In this paper, we focus on studying field EM
responses in order to develop better understanding
of the roughness of subsurface conductivity
variations in a fractured, resistive environment. We
examine herein a qualitative rate of change of
decaying secondary magnetic fields observed by a
receiver along a transect aligned with a fault trace.

Moreover, we try to develop better insight into
structural mapping of complex fault zones by
combining field data with numerical modelling.
GEOLOGICAL SETTINGS AND FIELD LAYOUTS
The field site is located on the Edwards Plateau of
central Texas; specifically, at the western margin of
2
the Llano Uplift, a ∼9000 km geologic dome
comprised of exposed Precambrian granite, gneiss
and schist formations. The Llano uplift is believed
to have been caused by the Mesoproterozoic
Grenvillian collision 1.2 Ga between Laurentia and
a southern continent, possibly the Kalahari craton
(Dalziel et al. 2000) At 1.1 Ga, the syntectonic and
post-tectonic intrusion of granites into the folded
metamorphic terrain is thought to have been
initiated by breakoff of the subducting Laurentian
slab. The Hickory sandstones overlying the
Precambrian formations at the field site were later
deposited at ∼530Ma during the early part of the
widespread
Cambrian-Ordovician
marine
transgression. There are two hypotheses about
how the Hickory sandstones became pervasively
faulted. Firstly, the sandstones were fractured and
faulted in a predominantly NE–SW alignment due
to lithospheric plate flexure as a direct
consequence of the Ouachita orogeny (Becker
1985). According to the other hypothesis, the
steeply dipping Pennsylvanian-age faults are
predominantly strike-slip and caused by brief
episodes of north–south compression that sliced
the central Texas craton into blocks (Amsbury and
Haenggi 1993).
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The field site is located within the Mason Mountain
Wildlife Management Area (MMWMA) ∼8 km NE of
the town of Mason, Texas (Fig. 1). Linear transects
of central-loop transient electromagnetic responses
and azimuthal gathers of fixed-offset data around
the fractured zone were carried out using the
Geonics G-TEM instrument along a previous study
profile (Beskardes et al. 2017) that crosses a
NE-SW steeply dipping normal fault. The first EM
profile runs along A-A’ from north-south for ~111 m
(north of trail intersection) and, extends from 51 m
north of the fault zone (~15 m wide) to 60 m south
of it. The 38 soundings were acquired using 10x10
m, 4 turns of a rectangular transmitter loop at 3 m
station spacing with a central-loop configuration
(Figure 2a). The second EM survey runs
o
azimuthally at 10 station spacing about a central
point located on the fault zone, with the receiver at
a fixed offset of 10 m from the center of TX loop
(Figure 2b). The surface trace of the fault zone is
shown by the dotted lines and crosses both survey
o
layouts at approximately 45 ; it is well defined by
surface exposures of Precambrian marble.

Figure 1. Site map, showing the lithologic units in
the field and the locations of the EM surveys,
modified from Beskardes et al. 2017.
EM DATA
Herein, we present central-loop transient
responses along the north-south profile shown in
Figure 3. Signals at the first four time gates were
saturated, consequently, we examine the
amplitudes of gates 5, 6, 7 and 8 which have been
marked as blue, black, green and red, respectively.
A dominant trend is observed that the amplitudes of
all gates abruptly increase south of station 39 m
north, and then they fluctuate before dropping
th

southward of station 3 m north (the zone of
fluctuation is highlighted by light orange in the map
section in Figure 3). The responses suddenly return
to background values characteristic of the
northernmost four stations.
Based on the geological information, the dominant
lineation of the fracture in NE-SW direction should
play an important role in an azimuthal
controlled-source electromagnetic (CSEM) survey.
Figure 4 displays, as a blue dashed line, the gate 3
EM responses of fixed-TX loop with the RX loop
o
o
o
moving clockwise from 0 to 360 with 10
increment. The symmetry axis of the azimuthal
survey geometry about the NW-SE direction is
shown by the green dash line in circle plot of Figure
o
4, at 130 station. The corresponding symmetry of
the CSEM responses can be seen by replotting the
o
o
o
o
readings from 260 to 0 , 250 to 10 , and so on as
red circles. This geophysical symmetry implies that
the presence of normal fault with alignment in
NE-SW causes both sides of the shear zones
adjacent to slip-surface plane to generate similar
CSEM responses. The effect of the non-circular
TX-loop shape must be considered. By grouping
sets of data points from stations which have the
same distance away from the TX edge, it is
confirmed that the rectangular shape of transmitter
does not have the primary influence on the
azimuthal variations of the acquired data.

Figure 2. Enlarged survey layouts from Figure 1 of
(a) central-loop sounding method, (b) azimuthal
sounding around the surface fault trace.
CSEM RESPONSES
The computation of CSEM responses of fault-zone
conductivity models is performed using a
finite-element (FE) analysis of the governing
Maxwell equations. The FE analysis algorithm
(Badea et al. 2001) has the capability for local
mesh
refinement,
which
readily
permits
discretization of the subsurface into an
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unstructured grid, allowing element edges to
coincide with the boundaries of irregular
subsurface inhomogeneities, and finer mesh
discretizations in the vicinity of large electrical
conductivity contrasts. In our simulations, the
EM-34 transmitter in ‘vertical dipole’ mode is
approximated by a circular current loop of 0.57 m
radius lying 1 m above the air-earth interface at the
origin of the computational grid. Receiver locations
were assigned at 10–200 m in the x-direction and 1
m above the earth's surface. The loop is excited
with an alternating current of amplitude 1.0 A at
three frequencies 300, 3000 and 30,000 Hz. The
conductivity model is discretized using a 80 x 80 x
100 interior uniform mesh with cell-size 10 x 10 x 4
m, within the modeling-domain limits of [−400 m,
400 m], [−400 m, 400 m] and [-200 m, 200 m] in the
x, y and z directions, respectively. An initial test
model comprises 3 layers of conductivity 0.01 and
0.1 S/m stacked over a 0.001 S/m layer
background. The thickness of the modelling layers
increases from 10 to 20 m going downward. The
resulting CSEM responses (vertical secondary
magnetic fields Bz, herein reported in the form of
In-phase and Quadrature components) are
sampled at the nodes of the mesh along the
x-direction allowing for a comparison with the
results of Oh et al. (2016) (see Figure 5). Our
responses at the 3 frequencies compare favorably
with Oh et al. (2016) for the in-phase component,
although not as well at 30 kHz in the Imaginary
component.

feature in the northern section of the surface fault
trace. Moreover, our azimuthal survey suggests
that an encouraging similarity exists between the
CSEM survey geometry and the fault lineation
direction.

Figure 4. Symmetrical pattern along a strike of 40
fault.

o

FUTURE WORKS
Additional work needs to be completed regarding
the comparison of the field TDEM data with FE
forward modeling responses, as well as the further
CSEM data acquisition at this study area in order to
develop subsurface constraints on the regional
faulting pattern which could have important
implications for tectonic history of the Llano Uplift.
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S UMMARY
Temporal variations of the geomagnetic field are continuously recorded at a network of geomagnetic observatories. However, this data set is rarely used in studying the electrical conductivity at depths of < 200 km.
The reasoning for this is as follows. Given a single observatory, one can at best constrain the one-dimensional
(1-D) conductivity structure beneath it. The source of field variations at periods up to a few hours, corresponding to the aforementioned depths, is approximated by a plane wave, and the only responses which might be
estimated from single observatory geomagnetic data within the plane wave paradigm are tippers, which are
zero for any 1-D conductivity distribution.
In this study, we show that observatories on islands provide settings which alleviate these limitations. The
idea behind this is that the lateral conductivity contrast between resistive inland rocks and conductive sea
water leads to large “island” tippers, and these tippers appear to be sensitive to underlying 1-D conductivity
structures. We develop a methodology which allows for inverting island tippers in terms of a 1-D conductivity
distribution in the presence of a given three-dimensional (3-D) conductivity distribution due to bathymetry,
and eventually invert tippers measured at two remote island observatories encompassing different geological
settings: Tristan da Cunha (TDC) in the South Atlantic and Gan (GAN) in the Indian Ocean. To properly account
for the 3-D effects, we use a magnetotelluric forward solver based on an adaptive finite-element method that
incorporates available bathymetry and topography data. The obtained 1-D conductivity profiles suggest a
normal oceanic mantle below GAN and a more conductive mantle below TDC, which might be related to the
presence of a magmatic system below the island.
Keywords: Island tippers, Inversion, Ocean effect, Geomagnetic observatories, Gan and Tristan da Cunha
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toPeak: A GUI Client Software for Three-dimensional Magnetotelluric Inversion
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SUMMARY
toPeak is a graphical user interface(GUI) client for three-dimensional(3D) inversion of magnetotelluric(MT)
data. It is written in Delphi. toPeak contains two parts: one is the inversion programs distributed on Linux
calculation clusters, including ModEM and WSINV; the other one is Windows client managing data, building
topographic model and executing inversion command via SSH to clusters. This client runs without installation
and registry, it is a green software. By integrating the normal workflow of 3D inversion, the client has made the
3D inversion easier to most users.
Keywords: Geophysics, Magnetotellurics, Inversion, Graphical user interface, Object-oriented programming.

PREFACE
With the development of Computer Calculation and
the breakthrough on Inversion (Madden and Mackie
1989;
Newman
and
Alumbaugh
2000;
Siripunvaraporn et al. 2005), Magnetotelluric’s
(MT’s) 3D inversion has extended to practical use
recently. Two of the programs used widely—WSINV
(Siripunvaraporn and Egbert 2009) and ModEM
(Kelbert et al. 2014).
For the high calculation resource cost of 3D
inversion, both WSINV and ModEM have realized
parallel computing. To finish the 3D inversion
operation at fast with large-scale inversion data
(NSite >150, Nperiod>40, Grid>60X60X60), parallel
computing on calculation clusters is needed. With
the fact that most calculation clusters run on Linux
that work via terminal, it is unfriendly to most users.
In this paper, based on C/S architectural pattern, we
work out a GUI client that can finish the MT’s 3D
inversion operation quickly called toPeak. By
encapsulating
the
communication
between
Windows and Linux, and the Linux commands
relative to 3D inversion, toPeak has reduced MT’s
3D inversion’ complexity greatly and made users
able to finish inversion easily, which contains and
realizes all the 3D inversion workflow: data
preparation,
model
modification,
inversion
calculation and results manage.
FUNCTION INTRODUCTION
Constructs with OOP, toPeak manages all the data
via data project and display operations through GUI.
The software contains two main parts: one is the 3D
inversion programs distributed on Linux calculation
clusters, it includes two current most advanced

programs-ModEM and WSINV; the other one is
Windows client that executes command via SSH to
clusters as follows: cluster nodes selection,
calculation execution, data uploading and
downloading, etc. Figure 1 shows the whole
functions of toPeak.
Figure 2 shows the whole workflow of toPeak. After
finishing selecting data, building model, and setting
parameter on Windows, by pushing inversion start
button, all the inversion files uploads and inversion
starts on Linux. While calculating, the inversion
mission can be checked, stopped, deleted and
downloaded. While the inversion ends, one single
inversion operation completes. According to the
inversion result, the user can re-pick data, change
model, reset parameter and start a new inversion for
a better result. Thus repeat and finally get the
satisfied result.
INSTANCE
Figure 3a and Figure 3b show the distribution of the
sites under Geographic and relative Cartesian
coordinate system and the sites can be selected by
mouse to join the inversion or not. Meanwhile, the
sites and data coordinate can be rotated to make
appropriate model.
Figure 3c shows the model resistivity in model
building part. The model shows in calculation mode
(the model cells show in the same size) or in
physical mode (the model cells show in their original
size). There are several ways building and
modifying model: homogeneous half-space model,
pre-inversion-model
interpolation,
model
impression and manual modification.
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Figure 3d and Figure 3e shows the data curve and
residual fitting, which displays all the sites’ fitting
situatio. It would help choosing data for the next
inversion operation.
Figure 3f shows the cluster nodes selection
situation. Before the user start his inversion mission,
he should setup the number of cluster nodes and
CPUs he is willing to use. Two ways of setup are
available now: set the number of nodes and CPUs
directly (selected nodes have the same number of
CPU) or set the specified nodes and setup their
CPU count (selected nodes may have different
number of CPU).
Figure 3g shows the situation displaying any
project’s specified inversion status in specified
cluster. By clicking the inversion name on the left
listbox, the user can select the inversion status he
wants to view, which includes the basic inversion
parameters, the RMS curve, the Lambda curve and
inversion log.
Figure 3h shows the situation displaying current
project’s inversion status in specified cluster. By
clicking the combobox, the user can get the specific
inversion status he wants to view, and by clicking
the download button, the inversion results can be
downloaded to the local computer.
Figure 4 shows the result model. Figure 4a shows
the whole model, while Figure 4b shows the slice
along survey lines. Based on the results, relative
geological data etc., the user can do the later
explanations.
CONCLUSIONS
Firstly, data project as the core, GUI operation as
the packaging, toPeak realizes all the 3D inversion
workflow basically, which reduces the learning costs
of 3D inversion and promote its practical use.
Secondly, as a client coded in modularity, toPeak
has the potential becoming a platform containing
various inversion programs and connecting different
clusters by changing some codes. It has important
impact on the future cloud calculation.
Thirdly, despite the fact that all the software’s
functions has realized narrowly, toPeak still remains
some shortcomings and bugs due to the insufficient
understanding of MT, the rapid development of MT

and poor programing coding skill. Having the will of
making toPeak a useful tool of MT, the later updates
and bug fixes will last long.
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Figure 1 toPeaks's functions

Figure 2 toPeak's workflow
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Figure 3 part of toPeak's functions
(a) Sites distribution in Geographic coordinate system; (b) Sites distribution in relative Cartesian coordinate
system; (c) Model building part; (d) Curve fitting display; (e) Residual fitting display; (f) Calculation Cluster
nodes selection; (g) Any project’s specified inversion status in specified cluster; (h) Current project’s
inversion status in specified cluster.

Figure 4 result model display
(a) Model display (include sites, faults); (b) Model slice display along survey lines
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Topographic distortions of magnetotelluric transfer functions: a high resolution 3-D
modelling study using real elevation data
Johannes Käufl, Alexander Grayver, Alexey Kuvshinov
Institute of Geophysics, Swiss Federal Institute of Technology (ETH), Zürich, Switzerland

S UMMARY
This study aims at quantifying the influence of topographic distortions on magnetotelluric transfer functions,
including the impedance tensor, tipper and phase tensor. To this end, we performed a series of numerical
experiments using real topography. We utilized a high order 3-D finite element modelling code combined with
locally refined unstructured meshes to achieve an accurate representation of topography and low modelling
errors. We calculated electromagnetic fields for a region in the Hangai Mountains (Mongolia) for a wide period
range and showed that, depending on the period and size of topographic features, distortions of both galvanic
and inductive nature can occur. In addition, we quantify the effect of the vertical electric field component for
tilted electric dipoles located on slopes. For real topography examples considered here, we found that galvanic
distortions dominate at periods > 10 s, resulting in a static shift effect, whereas inductive distortions prevail at
periods < 1 s. The latter results in significant variations of the impedance, the phase tensor and the tipper at
shorter periods, that exceed commonly assumed error floors when doing inversion.
Keywords: Magnetotellurics, Numerical Modelling, Electrical Properties, Electromagnetic Theory
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Towards 3-D EM Modelling Using Integral Equations Approach and Curvilinear
Meshes

1

M. Kruglyakov1,2 , A. Kuvshinov2
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2
Institute of Geophysics, ETH Zurich, Zurich, Switzerland

S UMMARY
In this work we tackle a problem of accurate and efficient 3-D EM modelling of the effects arisen from topography or/and bathymetry. Apparently, the most consistent way to address the problem is to represent the
air-ground or/and seawater-ground boundaries by curvilinear meshes. We show that an integral equation approach is capable to work in an efficient way with such meshes. The main challenge here is an accurate
calculation of volumetric integrals of Green’s tensor over the domains (cells) with curvilinear boundaries. We
demonstrate that by approximating the domain boundaries via Bezier surfaces and using the expansion of
Green’s tensor via the piece-wise polynomial basis, one can calculate these integrals semi-analytically. Bearing in mind that the method for calculating the expansion coefficients has been already developed and successfully implemented (Kruglyakov and Kuvshinov, 2018; this abstract volume) the remaining task is to perform
semi-analytical integrations accurately and with minimum computational loads. We discuss possible ways to
do this.
Keywords: 3D Forward modeling, Integral equations, Curvilinear mesh, High-order basis
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Trans-dimensional Bayesian inversion of Magnetotelluric data based on a tree
structure parameterization
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2
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Changsha, China, 410083

1

SUMMARY
This paper develops an efficient trans-dimensional (trans-D) Bayesian algorithm to invert magnetotelluric (MT)
data for subsurface geo-electrical structure, with unknown geophysical model parameterization based on a
tree structure. In this scheme, the trans-D Bayesian algorithm samples over tree structures. The basis
functions used can be flexible, e.g., wavelet functions. The reversible-jump Markov-chain Monte Carlo
algorithm, which adds/removes tree nodes in birth/death steps, is applied to sample the trans-D posterior
probability density for model parameterization (tree node numbers), model parameters accounting for the
uncertainties of model dimension in the uncertainty estimates of the conductivity profile. The trans-D tree
inversion is applied in a simulation study to examine its correctness and efficiency by comparison with the
traditional partition method. The inversion is also applied to a measured MT data set from south-central
Australia。
.
Keywords: Bayesian inversion, Magnetotellurics, Model parameterization
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Understanding the BC87 dataset: Imaging the enigmatic Nelson Batholith
Conductor
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1

SUMMARY
The BC87 dataset has been a standard dataset within the MT community since the MT-DIW1 workshop in
1992 (Jones, 1994). The data were acquired in 1987 at 27 sites along a 150 km EW profile in SE British
Columbia straddling the boundary between ancestral North American rocks and those of the easternmost
accreted terranes. The equipment was Phoenix MT-16 systems, and the responses are generally of high quality.
These data display complex effects due to both 3D induction and galvanic scattering at virtually all scale sizes,
from that of the electrode array (100 m) to that of the large plutonic Nelson Batholith (150 km N-S x 50 km EW surface extent). The dataset was distributed to compare and contrast different schemes for extracting the
underlying predominant 2D structure, and to test differing interpretational algorithms on data from a complex
crystalline terrane.
A number of publications have resulted from analyses and modelling of the data, but none satisfactorily
explained the main anomalous feature of the dataset – that the quasi-TM PhaYX phases at all sites on the
batholith go out of quadrant at periods greater than 1 s. Such phase behaviour was also observed on EMAP
data acquired on and off the batholith in 1988. This phenomenon cannot be explained in terms of electric field
galvanic distortion caused by local inhomogeneities.
Three-dimensional inversion of the BC87 dataset was performed using ModEM, ignoring local distortion. To
our surprise, out of nine sites which show the anomalous phase, the responses in eight of them can be almost
completely described by the presence of a pattern at the base of the resistive Nelson Batholith: a small nearsurface conductor with a downward extending conductive channel connected to a large scale deep conductive
body. Following this pattern, a 3D synthetic structure was constructed with a combination of simple geometry
bodies, that can successfully reproduce the out of quadrant phase.
The geometry of the anomalous body is perplexing, as is the cause of its enhanced conductivity. There is no
obvious geological or tectonic process that explains its presence given the mapped geology and inferred
tectonic history of the region. Thus, its existence is suspect as it cannot readily be explained. This begs the
question as to whether the body actually exists, or whether it is a representation of large-scale distortion caused
by the presence of the resistive Nelson batholith over anisotropic stratigraphy that cannot be modelled by
isotropic inversion.
Jones, A.G., 1993. The BC87 dataset - tectonic setting, previous EM results, and recorded MT data, Journal
of Geomagnetism and Geoelectricity, 45, 1089-1105.
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Understanding the resolvability of mineral systems in MT data: an Australian
perspective

1

H. Seillé1 , G. Visser1
CSIRO Deep Earth Imaging, hoel.seille@csiro.au

S UMMARY
With Australia’s extensive cover requiring geophysical detection of mineral systems, magnetotellurics is applied to identify buried mineralised terranes. Many mineral systems are thought to evolve from limited partial
melting and metasomatism of the subcontinental lithospheric mantle (SCLM). Long period MT data, such as
acquired in the Australia-wide AusLAMP project, are key to detecting this underpinning source for mineral
deposit exploration in buried regions of the continent.
To understand the resolution and uncertainty on resolving such features, contribution from data processing,
inversion non-uniqueness and model limitations have been studied. We have implemented a robust processing
code that allows us to broadly sample the uncertainty, which is more suitable to include in stochastic inverse
frameworks. We then use these transfer functions, and their uncertainties, to model the data using both of the
following approaches: 1) Occam 1D inversions, performed on an ensemble of possible responses generated
from probabilistic sampling from the transfer function and its uncertainties 2) 1D probabilistic inversion using a
trans-dimensional Markov chain Monte Carlo algorithm.
We apply this workflow at a range of scales on some real and synthetic data to understand the lithosphericscale geological implications of these data and also quantify potential uncertainty in estimates of the depth of
cover.
Keywords: Magnetotellurics, Mineral systems
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Using boat-towed radio-magnetotelluric and controlled source audiomagnetotelluric data to resolve fracture zones at Äspö Hard Rock Laboratory site,
Sweden
Shunguo Wang1,2, Mehrdad Bastani3, Steven Constable1, Thomas Kalscheuer2, Alireza Malehmir2
1Scripps Institution of Oceanography, UC San Diego, La Jolla, CA, USA, s4wang@ucsd.edu,
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2Department of Earth Sciences, Uppsala University, Uppsala, Sweden, thomas.kalscheuer@geo.uu.se,
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SUMMARY
Boat-towed radio-magnetotelluric (RMT) sounding using signals between 14 and 250 kHz has gained
increasing attention in near-surface applications for shallow water and archipelago areas. Large-scale
underground infrastructures, such as the bypass in Stockholm, Sweden, are planned to pass underneath such
water zones. However, in cases with high water salinity RMT signals cannot penetrate saline water that are
thicker than a few metres and overlie the geological structures of interest in archipelagos. To solve this problem,
controlled source signals of 1 to 12.5 kHz can be added to improve the penetration depth and to enhance the
resolution for modelling underwater fracture zones. Joint boat-towed RMT and boat-towed controlled-source
audio-magnetotellurics (CSAMT) was tested for the first time at the Äspö Hard Rock Laboratory (HRL) site in
south-eastern Sweden to demonstrate acquisition efficiency and improved resolution to model fracture zones
along a 600-m-long profile. Two standard academic inversion codes, EMILIA (Kalscheuer et al., 2008) and
MARE2DEM (Key, 2016), were used to invert the RMT and CSAMT data. Pronounced galvanic distortion
effects observed in one-dimensional (1D) inversion models of the CSAMT data as well as the predominantly
two-dimensional (2D) geological structures at this site motivated us to interpret the field data using 2D inversion.
EMILIA was used to invert the RMT and CSAMT data separately and jointly using the plane-wave
approximation. MARE2DEM, a controlled source electromagnetic (CSEM) two-and-half-dimensional (2.5D)
code, was modified to allow for inversion of RMT and CSAMT data with source effects. Results of EMILIA and
MARE2DEM show the known fracture zones. The 2D integrated inversion of RMT and CSAMT data carried
out with EMILIA shows improvements of fracture delineation compared with separate inversions. The 2D joint
inversion of RMT and CSAMT data carried out with MARE2DEM shows improvement compared with 2D single
inversions as well as the 2D integrated inversions under the plane-wave approximation, especially for imaging
an uncertain fracture zone, analysed in our previous study. Boat-towed RMT and CSAMT data acquisition
systems can be utilized for detailed 2D or 3D surveys to characterize near-surface structures underneath
shallow water areas. Potential future applications may include geo-engineering, geohazard investigations and
mineral exploration.
Keywords: Radio-magnetotellurics; Controlled source audio-magnetotellurics; Marine electromagnetics; Joint
inversion; Fractures, faults, and high strain deformation zones
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Violation of dispersion relations in magnetotellurics
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SUMMARY
Kramers-Kronig (Bode) dispersion relations connect the real and imaginary (amplitude and phase) parts
of physically realizable transfer functions. These integral relations are the direct consequence of the principle
of causality and are widely used in many branches of Physics (including Electromagnetic Geophysics) to check
the consistency of measured data and increase their quality.
Transfer functions employed in magnetotelluric (MT) exploration connect various components of electric
and magnetic field on the Earth surface induced by remote natural sources and thus are not necessarily causal.
The causality of MT impedance function is rigorously proved only for 1D and some types of 2D models, so the
existence of the dispersion relations in 2D, 3D models and real geological conditions still remains to be one of
the most controversial subjects of modern magnetotellurics.
During the last 10 years in the MT community there were proposed several synthetic models and reported
numerous reliable field observations showing dramatic violation of dispersion relations between the spectral
components of MT impedance tensor.
In our recent work we have shown that theoretically, if the violation of the dispersion relations in a given
MT transfer function is caused by geoelectrical inhomogeneities of the medium, its frequency behavior yet has
to follow a certain set of rules. This allowed the prediction that in magnetotellurics there could generally be
encountered only 3 possible types of dispersion relations’ violation, which could be thus identified and taken
into account. In the present work we try to confirm the proposed theory by applying it to several synthetic and
real data examples.
Keywords: Dispersion relations, Kramers-Kronig, causality, magnetotellurics, minimum phase
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