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SUMMARY

Magnetotelluric (MT) resistivity imaging is increasingly dis-
torted by coherent noise as sources of cultural noise proliferate,
distorting interpretations when not recognized but potentially
benefiting imaging quality in some circumstances. The most
extreme distortion associated with the violation of the MT
plane-wave assumption by coherent cultural noise sources, like
regional power lines, is discussed in many publications and
commonly compared to the conceptually similar near-field dis-
tortion of controlled source audio magnetotellurics (CSAMT).
However, little attention has been given to intermediate cases
where both the natural MT signal and coherent cultural noise
are mixed. This initial study models the effect on MT apparent
resistivity and phase of interference between coherent noise
and natural signal at several distances from a discrete coherent
noise source, with a range of relative amplitudes of signal and
noise modelled at each distance. This is intended to be a first
step in a research plan to promote the recognition of coherent
noise distortion in MT interpretation. Our object is to investi-
gate options to improve imaging of resistivity in cases where
the natural signal is sufficiently strong that information about
the subsurface is not entirely lost at lower frequencies, as is the
case where coherent noise entirely predominates, and where
the coherent noise source mitigates incoherent noise scatter at
higher frequencies. For convenience we have named the MT
approach where natural and coherent noise sources are both
considered, coherent source interference MT, or CSIMT.

INTRODUCTION
In the context of CSIMT, a coherent noise source is a cultural
source of electromagnetic signal of sufficient amplitude that it
predominates over the natural MT signal for at least part of the
MT frequency band of interest, and it is located close enough
to the MT station so that the plane wave assumption is violated
over part of this band. The increasing prevalence of coherent
noise at frequencies extending far below the 50/60 Hz power
line noise detailed by Szarka (1987) is related to both the in-
crease in power production/distribution and to changes in the
design of electrical distribution systems. As pointed out by
many authors (e.g. Junge (1996)), when coherent noise domi-
nates an entire MT sounding, it can be recognized by a change
from a conventional MT response at higher frequency to a 45
degree slope in log apparent resistivity versus log period and
zero phase where the signal from the noise source is no longer
plane wave at lower frequency. This transition begins at a pe-
riod dependent on the conductance and squared distance from
the sounding location to the noise source, in a manner anal-
ogous to CSAMT near-field distortion (Zonge and Hughes,
1987; Unsworth et al., 2000)

COHERENT NOISE IN MT DATA
An example of CSIMT is shown in Figure 1. Here the MT
data were recorded within a few kilometers away from two
transmission lines, 150kV or larger. At periods over 1 s (fre-
quency less than 1 Hz), one component of the data exhibit the
45 degree ascending slope and phase approaching zero degrees
(label CSMT) that are characteristic of a strong coherent noise
that is inconsistent with the plane-wave assumption of MT. The
other component is likely affected by the transmission lines as
well (labeled CSIMT?) but it is not as clear.

Figure 1: Example of MT amplitude and phase distorted by
coherence noise source

Manifestations of mixed MT and coherent noise responses that
are commonly mistaken for MT indications of geological pat-
terns in interpretations include:

• shallowing of electrical basement (for example, shal-
lower resistive rock beneath geothermal clay caps or
beneath clastic sediments)

• false deep conductors (commonly interpreted as ore
bodies in mineral exploration or as magma in geother-
mal settings)

• distortion of commonly mapped indicators of resistiv-
ity geometry, including induction arrows, tipper, skew,
ellipticity, polarization ellipses and phase tensor ellipses
(although they may be useful for diagnosing the coher-
ent noise source)
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PREVIOUS WORK AND REMEDIES
Because the part of the coherent noise response that is plane
wave often mitigates the scattered results caused by incoher-
ent cultural noise, (Qian and Pedersen, 1991) proposed using
MT entirely dominated by coherent noise in a manner closely
analogous to CSAMT in a method they called industrial inter-
ference MT, or IIMT.

Neska (2006) reviews attempts to separate normal MT signal
from coherent noise, concluding that published options have
serious limitations. Remote reference approaches like that of
Egbert (1997) and Oettinger et al. (2001) are unlikely to effec-
tively eliminate the effect of coherent noise on MT impedance
estimates in cases where the coherent noise is regional in scale,
as it typically is for major power distribution systems. In cases
where natural fields predominate during identifiable time in-
tervals, (Weckmann et al., 2005) proposed spectral criteria to
identify such intervals and others have successfully resorted
to expedients like waiting for regional power lines to be shut
down for maintenance. However, this is often impractical and,
unless a noise source is shut down, even when more optimal
time intervals can be reliably identified, it is seldom possible
to separate frequencies over a wide band.

THE CSIMT APPROACH
Rather than focusing strictly on natural signals (MT) or co-
herent noise signal (IIMT), we propose to include both natural
and coherent noise signals sources in the CSIMT analysis.

In MT applications to mining, geothermal and petroleum tar-
gets limited to a few km depth, the range of frequencies of
interest is more limited than in deeper exploration and research
applications. For shallower exploration, the specific noise sources
that affect the relatively local target can often be identified, and
characterizing the MT imaging reliability can have almost as
much value as obtaining a more reliable image. In the CSIMT
approach, we attempt to take advantage of these characteristics
of MT applications to practical exploration targets.

As a first step in developing a CSIMT method, an approach to
modelling the interference of natural fields and a single coher-
ent noise source is outlined and the implications for observed
MT are demonstrated in a range of apparent resistivity and
phase responses that match the widely considered MT-only
and coherent-noise-only situations. This is extended to inter-
mediate cases that look more like the coherent noise responses
observed in practical applications like that of at a geothermal
field.

CSIMT MODELING

Our approach to model a CSIMT data requires solving both
a MT problem and a CSI source problem simultaneously and
combining the results together. Both problems are solved in
the frequency domain (FD) using an E-B field formulation of
Maxwell’s equations, linking the electric field and magnetic
flux density

∇×~E + iω~B = 0 (1)

∇× 1
µ
~B−σ~E =~se

where ω is the angular frequency, µ is the magnetic perme-
ability, σ is the electrical conductivity, and ~se is the source of
the signal.

For the MT problem, we use a primary/secondary approach
where fields, fluxes and the conductivity are separated into pri-
mary and secondary components.

~E = ~Ep +~Es, ~B = ~Bp +~Bs, σ = σp +σs (2)

The primary component captures the background of the model.
Using Maxwell’s equations and setting the source to satisfy

~se =

[
∇× 1

µ0
∇×+iωσp

]
Ep (3)

we arrive at the second order equation[
∇× 1

µ
∇×+iωσ

]
~Es =−iωσs~Ep (4)

where we can solve for the secondary electric fields given pri-
mary fields, that are commonly obtained via 1D modeling.

Figure 2: Overview of the test model, from (Unsworth et al.,
2000). The location of the 1300m long dipole source is shown
as a yellow star and the receiver location as green square.

To solve the CSI problem, Maxwell’s equations are used di-
rectly to obtain a solution for the electric fields[

∇× 1
µ

∇×+iωσ

]
~E =−iωσs~sCSI

e (5)

The source of the CSI signal is simulated using a source vec-
tor, that mimics the geometry of the source structure. Both of
the problems are solved using a finite volume approach, with
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a tensor grid. The electric fields, magnetic flux and conduc-
tivity are discretized on the edges, faces and cell centres, re-
spectively. To simulate the CSIMT effects, we solve both the
problems simultaneously and add the resulting fields

~ECSIMT = m∗~ECSI +~EMT (6)

where m is a multiplier to adjust the relative amplitudes be-
tween the CSI and MT electric fields. Setting the multiplier m,
is important and depends on the nature of the source signals
for the CSI and MT solutions. In both numerical approaches
a normalized source field is used but in the field there is a sig-
nificant amplitude difference between the CSI source and the
natural MT source.

The code used in this study is implemented in Python, leverag-
ing the open-source SIMPEG (Cockett et al., 2015) framework
for the discretization and numerical solution of the problem.

CSIMT SIMULATION TEST

To verify the CSI problem implementation, we use a CSMT
analytic code to reproduce CSMT response of the 1D model
reported by Unsworth at al. (2000). The model and the survey
is summarized in Figure 2.

Figure 3: Example of CSMT data at 2500m away from a 500m
long dipole.

Figure 3 shows the responses 2500m away from the centre of
a perpendicular dipole source. Both analytic and 3D CSMT
and MT responses are shown. At high frequencies, all the re-
sponses agree. The CSMT apparent resistivity and phase have
the characteristic transition from near-field to far-field CSMT
response (Unsworth et al., 2000) at 100 Hz. The 3D response
closely match the 1D analytic solution well at this location.
However, at distances over 3500m from the source, the ampli-
tude of the 3D responses are exaggerated at frequencies near
100 Hz. The cause for the exaggeration is unclear, but the geo-
metrical factors of the survey setup, implementation of the CSI
source or 3D numerical issues could be to blame.

CSIMT GEOTHERMAL MODEL TEST

As discussed above, an important component of the CSIMT
method that we propose is the multiplier in Equation 6 that
controls the relative weighting of the CSI and MT signals. A
value of m approaching 0 will make the CSIMT model only
MT whereas a high value will turn it to CSMT model. This
value will vary depending on the type of CSI source and could
have other dependencies, such as time or frequency. In the
study we use scalar values, that are constant for all frequencies
in the problem.

As a first order estimate of this multiplier, we consider the
common amplitude of MT electric fields to be at the order of
µV
m whereas an amplitude of the nearby radiated electric field

from a power transmission line is more typically of the order
of kV/m. The difference is at an order of 1× 109 and is a
reference value that we used for this study. To highlight the
difference that an order of magnitude makes, we calculate two
CSIMT responses with m equal to 5×108 and 5×109.

We illustrate the effect of a CSI line source on MT responses
using a layered geothermal model. The model consists of a
resistive unaltered surface layer, a conductive clay cap, a rela-
tively resistive reservoir that becomes more resistive at depth,
and a conductive magma body at 8500 m depth. This model is
representative of resistivity structures seen in geothermal fields
in Icelandic and East Africa.

Figure 4: Overview of a geothermal model used for this study,
corresponding to 1D models proposed for volcanic geothermal
systems, like in Iceland or East Africa.

A 2100m long electrical dipole is used as a CSI source, mim-
icking a power line segment. A set of measurements are col-
lected perpendicular to the centre of the source every 250m
along the line. The model and the survey setup are shown in
Figure 4.

Figure 5 compares CSMT and MT responses with two CSIMT
responses, with m multiplier set as 5×108 and 5×109, respec-
tively. The CSIMT response with m as 5×108 varies from the
MT response significantly from the MT response in frequency
range of 30 to 0.02 Hz. However, the response does not look
”unreasonable” and would likely not be identified as measure-
ment where the MT assumption doesn’t hold. The response of
the CSIMT with multiplier as 5× 109 is more obviously af-
fected by the CSI data, which most practitioners would be able
to identify as of being affected by noise.
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Figure 5: Example of CSIMT data at 6500m away from a
2100m long dipole.

The spatial effect of the source can be seen in Figure 6, show-
ing the percentile difference of the CSIMT response with m =
5×108 and the MT response. The log10 Zyx real and imagi-
nary components are shown, and within 1000m from the source
shows differences of greater then 100%. At frequencies above
10 Hz, the difference shows the real and imaginary CSIMT re-
sponses having higher amplitudes compared to the MT. At a
distance great then 5000m meters from the source, both com-
ponents have differences at minimal levels below 3%.

Figure 6: A pseudo section of the percentile difference of
the log10 Zyx real and imaginary components between the
CSIMT with m = 5 × 108 and the MT response. The con-
tour values are percentile difference of the CSIMT to the MT
response, with red highlighting small differences. The vertical
axis is frequency and the horizontal axis is distance from the
noise source.

At frequencies below 10 Hz, for the most part is both the real
and imaginary components of the CSIMT response becomes
smaller in comparison to the MT response, showing above
50% difference in places. This is a significant difference that
will lead to the geological misinterpretations discussed above.

This simple example illustrates the need influence of a simple
CSI source (such as high voltage power lines) to a MT survey.
The effects can be summarized

- High frequencies (> 10Hz). The MT assumption mostly
holds, where the CSI signal complements the natural
MT signal

- At lower frequencies, CSIMT responses look plausible
and are not likely to be recognized as ”noise” data

- The relative weight between CSI and MT signal in the
our approach greatly influences the signature of the re-
sponse

CONCLUSION
The simulations reproduce the conventional MT and CSMT
responses of published models and illustrate plausible mixed
CSIMT responses that are generally similar to responses re-
ported in published examples where both coherent noise and
natural field MT have been shown to interfere.

The simulations of MT apparent resistivity and phase produced
by mixed natural field and coherent noise signals show that the
effect of coherent noise is much less obvious in impedance
data than would be expected based on the standard near-field
distortion assumed for MT entirely dominated by coherent noise.
The CSIMT look much more like natural field MT than like
CSMT and yet would produce highly distorted earth resistivity
models if inverted without accounting for the coherent noise
effect.

To follow up this work, we plan to extend the current investi-
gation to better characterize uncertainty in earth model inver-
sions in cases where mixed natural field and coherent noise
responses are detected and a discrete source of the coherent
noise is known. Eventually we hope to build on the work sum-
marized by (Neska, 2006) on separation of natural signal and
coherent noise and to optimize the benefits of both in a more
general CSIMT method.
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