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In this paper we apply 3D inversion to MT data collected in the Northwestern United States as a part of the
EarthScope project. By the end of 2009 MT data had been collected from 262 stations located throughout
Oregon, Washington, Idaho, and most of Montana and Wyoming. We used data from 139 MT stations in this
analysis. We developed fully parallelized rigorous 3D MT inversion software based on the integral equation
method with variable background conductivity. We also implemented a receiver footprint approach which
considerably reduced the computational resources needed to invert the large volumes of data covering vast ar-
eas. The data set used in the inversion was obtained through the Incorporated Research Institutions for Seis-
mology (IRIS). The inversion domain was divided into 2.7 M cells. The inverted electrical conductivity dis-

tribution agrees reasonably well with geological features of the region.

INTRODUCTION

EarthScope is the United States Earth Science Pro-
gram to explore the structure and evolution of the North
American continent and understand processes control-
ling earthquakes and volcanoes. A major part of the
EarthScope project is the Transportable Array which
will be deployed over the next decade over the entire
continental United States. This Transportable Array
will provide an unparalleled means to study the geology

WA
PABo7. L WABOS
WAB04 AR §
WACO4\WACOS WACO06
WAC03 & . - d . ‘
< 7 WAC08 ‘

WADO3
WABOS {"..V LDOG

WADO4

WAEO3 ’
WAE0S ‘ & WAEos 3
WAE06 WAECO I

W.‘A'FOS ‘ WAFQf ‘

ORGO3
op.gm :
ORHO2 :

4
SP301 QRHO I
ORHO3,

ORI04
0504 omcsl

9
ORHO6 Gl

ORHO":
ORII07, ‘ 9

OR108
ORJO“‘ T ORAO7

ORLD4I DRL.OS I

r‘RLOS

CAMO1

Wb : WADO9 & WAoo

WAE10

Q;.HUE'_,: & ioH1o :

ofthe United States. through seismology and other geo-
physical data. EMScope is the magnetotelluric compo-
nent of the National Science Foundation’s EarthScope
USArray program. The MT Transportable Array com-
prises shorter-period investigations at hundreds of sites
in the continental United States. By the end of 2009
MT data had been collected from 262 stations located
throughout Oregon, Washington, Idaho, and most of
Montana and Wyoming, 139 of which were used in this
analysis (Fig. 1).
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Fig. 1. The map of the Northwestern United States with the locations of the EarthScope MT stations shown by yellow pins.
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The unique geological structure of the Northwestern
United States is very important both for the study of its
geodynamical history and for understanding the physical
processes controlling earthquakes and volcanic eruptions
[Bishop, 2003]. For such a complex region, definitive
structural interpretations based purely on seismological
observations may not be sufficient for reliable study of the
deep earth interior. Conductivity in the subsurface plays a
significant role in determining subsurface tectonic activ-
ities because of its sensitivity to temperature, the presence
of interstitial fluids, melts, volatiles, and bulk composi-
tion. For example, many geological provinces merge in
Oregon from the Columbia River basalts in the north to
the Basin and Range in the south [Baldwin, 1981]. Itisa
tectonically active region with the subducting Juan de
Fuca plate and volcanically interesting from the effects of
the North American Plate traveling over the potential
plume currently located beneath Yellowstone.

During recent years, magnetotelluric (MT) methods
have experienced a rapid development. Significant im-
provements have been made both in MT data acquisition
systems and in the quality of processing and analyzing
this data. Modern MT surveys provide high quality data
from an array of densely distributed MT stations, which
contain unique information about the geoelectrical
structure of geological formations. However, develop-
ment of a truly three-dimensional (3D) inversion meth-
od still represents a very challenging numerical and prac-
tical problem. The reasons are twofold. First, 3D for-
ward modeling is a highly complicated and time-
consuming mathematical problem itself, especially for
large-scale geoelectrical models. Second, the inversion
of MT data is an unstable and nonunique problem. One
should use regularization methods and physical con-
straints to obtain a stable and geologically meaningful
solution of the inverse problem. There are several algo-
rithms available now for 3D MT inversion. Some of
these algorithms are based on rigorous forward modeling
[Newman and Alumbaugh, 1997; Sasaki, 2004; Mackie
and Watts, 2004; Siripunvaraporn 2005, Gribenko and
Zhdanoyv, 2007; Zhdanov, 2009], while the others use ap-
proximate forward modeling operators [Zhdanov and
Fang, 1996; Golubeyv et al., 1999; Zhdanov, 2000].

In this paper we introduce a method of rigorous 3D
inversion of MT data, based on the integral equation (I1E)
method. We use the re-weighted regularized conjugate
gradient method (RRCG) for nonlinear MT inversion
[Zhdanov, 2002]. The main distinguishing feature of the
RRCG algorithm is application of the special stabiliza-
tion functionals which allow construction of both
smooth images of the underground geoelectrical struc-
tures and models with sharp geoelectrical boundaries.

Besides the already complicated problem of non-
linear 3D EM inversion, there are computational dif-
ficulties associated with the vast inversion domains of
regional MT surveys as well as the large amount of data.
The so-called receiver “footprint” approach has been
applied in airborne EM data inversion [Reid et al.,

2006; Cox and Zhdanov, 2007] in an effort to reduce the
computer resources required for 3D inversion of the real
data sets. In this paper, we develop the footprint ap-
proach for MT data inversion. In the framework of this
technique we use data from a receiver to recover con-
ductivity structures only within a certain horizontal dis-
tance from this receiver. However, the entire anomalous
domain is included in the computation of the predicted
fields in the receivers. A footprint approach allows us to
reduce dramatically computer memory requirements
without loss of accuracy.

Another well known problem in 3D MT data inver-
sion is the removal of static shift. The effect of static shift
is due to the presence of small-scale, near-surface inho-
mogeneities. It manifests itself as a vertical shifting of
the apparent resistivity curve by a frequency-indepen-
dent factor, without any corresponding change in the
phase curve. The amount of static shift varies from site
to site, and differs depending on the source polariza-
tion. Thus, the interpretation of static-shifted M T data
will obviously lead to erroneous results unless static
shifts are correctly taken into account. Smith [1996]
proposed static divergence correction for static shift.
Another approach is to solve simultaneously for both
resistivities and static shift parameters during 3D inver-
sion [Sasaki, 2004]. We apply a static shift correction on
the first stage of interpretation and then run 3D inver-
sion of the corrected data.

In this paper we present the results of the 3D inversion
of principal MT impedances from 139 MT stations col-
lected at 28 frequencies ranging from 0.00006 to 0.3 Hz.
As the forward modeling engine, we use the integral
equation (IE) method [Hursan and Zhdanov, 2002]. We
use the quasi-Born (QB) approximation for the Fréchet
derivative calculation. This approximation is a reduction
of the more general quasi-analytical approximation with
variable background (QAVB) and possesses all of its qual-
ities. QAVB is an effective and accurate technique for EM
data inversion [Gribenko and Zhdanov, 2007; Zhdanov,
2009]. As a result of QB application, the IE-based meth-
od of MT inversion requires just one forward modeling in
every iteration step, which results in a relatively fast but
rigorous inversion method.

The major geoelectrical features recovered by the in-
version agree well with the existing global geoelectrical
models of the lithosphere. The 3D conductivity struc-
tures can be attributed to the specifics of the regional ge-
ology. Our inversion results show similar conductivity
trends compared to other published works.

3D INVERSION OF THE MT DATA
IE method for 3D EM modeling

The integral equation (IE) method represents a
powerful tool for electromagnetic (EM) numerical
modeling and inversion [Weidelt, 1975; Hohmann,
1975; Wannamaker, 1991; Zhdanov, 2002; 2009]. This
method is based on the reduction of the system of
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Maxwell’s equations to a system of integral equations
with respect to the electric field within the inhomoge-
neity. The IE equation method can be effectively used
for forward modeling the MT data.

Fig. 2 represents a sketch of a geoelectrical model
used in the IE method. It is well known that the EM
field in this model can be presented as a sum of the
background (normal) {E’, H?} and anomalous {E¢
H¢} fields:

E=E’+E‘, H=H’+H¢ (1)
where the background field is a field generated by the
given sources in the model with a background distribu-
tion of conductivity ¢,, and the anomalous field is pro-
duced by the anomalous conductivity distribution
Ac{r}, r € V < R3(see Fig. 2). Then, the electric and
magnetic fields can be obtained by the following inte-
gral expressions:

E(r) = I I IGE(r', r)AGE(r)dv + E'(r), )

H(r') = j j jGH(r', r)AcE(r)dv+H'(r),  (3)

where r € V< R3, and Gand G, are electric and mag-
netic Green’s tensors.

These expressions become equations when +' € V.
A solution of each of these equations exists and is
unique, as a solution of Fredholm equations of the
second kind.

The process of solving the forward electromagnetic
problem according to equations (2) and (3) consists of
two parts. First, it is necessary to find the electric and
magnetic fields inside the domain V (where Ac # 0),
which requires the solution of an integral equation
(domain equation) (2) for ¥ € V. Second, using the
data equations, (2) and (3) with ¥ € P, we calculate the
EM field in the receiver domain P. Usually, the first
part is more complicated and requires most of the
computational time, because it consists of solving a
large system of linear equations. We use a contraction
form of the integral equation method [Hursdn and Zh-
danov, 2002; Zhdanov, 2009], which ensures a fast so-
lution of the 1E problem.

Magnetotelluric inverse problem

In MT methods, the earth’s natural electromagnet-
ic field is used as a source field. The mutually orthog-
onal horizontal components of electric and magnetic
fields are recorded on the earth’s surface. The inter-
pretation of magnetotelluric data is based on the cal-
culation of the transfer functions between the horizon-
tal components of the electric and magnetic fields,
which form the magnetotelluric impedance tensor
[Berdichevsky and Dmitriev, 2002; 2008]:
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Fig. 2. Sketch of a geoelectrical model used in the 1E
method.
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The expressions for the components of the full imped-
ance tensor are [Berdichevsky and Zhdanov, 1984]:
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where £V and H correspond to the nominal transverse
magnetic (TM) mode, and E® and H® correspond to
the nominal transverse electric (TE) mode. The concept
of two modes of EM field (TM and TE modes) is widely
used in MT. These ideas arose from one- and two-dimen-
sional interpretation of MT data. In a 3D case we do not
have true TE and/or TM modes. However, we can as-
sume that in the nominal TE mode the direction of the
electrical field E coincides with the direction of elonga-
tion of the anomalous structure in the Earth, while in the
nominal TM mode those directions are perpendicular.
For three-dimensional interpretation the TE and TM
mode concept is used only as a convention.

We can describe the forward MT problem by an op-
erator equation:

&7 = AMT(Ao), )
where dM7 stands for a data vector formed by the com-
ponents of the MT impedance, and A7 is the nonlin-
ear forward operator symbolizing the governing equa-
tions of the MT modeling problem. We call equat-
ion (7) an impedance equation. The impedance equa-
tion is ill posed, i.e., the solution can be nonunique
and unstable. The conventional way of solving ill-
posed inverse problems, according to regularization
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theory [Tikhonov and Arsenin, 1977; Zhdanov, 2002],
is based on minimization of the Tikhonov parametric
functional:

PMT(m) = $M7(m) + ouS(m) = min, (8)

where ¢M"(m) = ||AMT(m) - deﬂg is the misfit func-
tional between the predicted data A¥"(m) and the ob-
served data dM” s(m) is a stabilizing functional, and o
is a regularization parameter. The optimal value of o
is determined from the misfit condition,

0" (my, ) = 8, ©)

opt
where 9, is the noise level of the data.

The minimization problem (8) can be solved using
any gradient-type technique. We use the re-weighted
regularized conjugate-gradient (RRCG) method. Im-
plementation details of this algorithm are specified in
Zhdanov and Hursan (2000) and Zhdanov (2002).

MT Fréchet derivative calculation

In order to apply a gradient-type minimization
technique, one need to be able to compute the Fréchet
derivative of the forward operator A7, Applying a
variational operator to expressions (5) and (6), the fol-
lowing expression can be obtained:

0Z,, =

xy

oz, Y4
= (—"_F J[6Ac] + xy
Z oE? £ a;yaHﬁ)

i=1,2.

(10)

FHg)[SAG]).

Here i means the mode, i = 1 for the TM mode, and
i =2 for the TE mode. Now the expressions for the
partial derivatives of the impedance with respect to the
field components, necessary for the computation of
(10), take the following forms:

2)
07, _ H. ’ an
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The final expression for the Fréchet derivative of
impedance tensor component Z,, may be obtained by
combining expressions (10)—(16) and taking into ac-
count the mode of the background field. The deriva-
tive of Z,, with respect to Ac will take a similar form:

oz, Y
- (—?‘F J[5AG] + i
2 oEV B azzx,yayy

i=1,2

17)

Fw[aAc]).

The following expressions describe the partial de-
rivatives of the impedance with respect to the field
components:

2)
0Z,, _ H ’ (18)
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The final expression for the Fréchet derivative of im-
pedance tensor component Z, may be obtained by
combining expressions (17)—(23) and taking into ac-
count the corresponding mode of the background field.
We show Fréchet derivatives for the Z,,, and Z,imped-
ance components only, since they were used in the Ore-
gon data inversion. The remaining derivatives can be
obtained similarly.

In order to compute the Fréchet derivatives of the
impedance components, we need to know Fréchet de-

rivatives F(E’) and Fﬁ? of the field components them-
selves. We use the quasi-Born Fréchet derivative ex-

pressions to compute F(Ei) and F%):
Fp y(r|r) = I I IG(rj|r) - E”(r)dv,

where G(r;|r) and Ga(ry|r) are the electric and mag-
netic Green’s tensors defined for an unbounded con-
ductive medium with a normal (horizontally layered)
conductivity, domain D represents a volume with the
anomalous conductivity distribution o(r) = oo, +
+ Ac(r), and r € D. The domain electric field E® is
found at inversion iteration number # for the current
conductivity model. Note that, the electric field E® is
computed, using the rigorous IE forward modeling

(24)
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Fig. 3. A plan view of the location of MT stations with corresponding footprints. The stars show the positions of the stations. As
an example, the footprint boundaries for several MT stations are shown by the black circles. The bright red color shows the area
of overlap of the footprints for several closely located MT stations. One can see that in this case we have a complete continuous
coverage of the entire area of observation with the overlapping footprints.

method. This field has to be found anyway in order to
compute the predicted field in the receivers at each in-
version iteration. Therefore, no extra computation is re-
quired to find the background field for the Fréchet de-
rivative calculation.

The Fréchet derivative is the most expensive item
in the inversion not only in terms of the computation
time, but also in the computer memory required for its
storage. The number of entries in the Fréchet deriva-
tive matrix is equal to the number of data points times
the number of cells in the inversion domain. With large
amounts of data and vast inversion regions, the com-
puter memory requirements may become prohibitive.
To reduce the storage requirements, we introduce the
footprint approach in our MT inversion. In the frame-
work of the footprint approach for a given receiver, we
compute and store the Fréchet derivative inside the in-
version cells only within a predetermined horizontal
distance from this receiver. Fig. 3 shows a plan view of
the location of the MT stations (receivers) with the
corresponding footprints. The footprint area for every
receiver is shown by a semitransparent red circle. The
radius of the footprint was selected based on the rate of
the corresponding Green’s tensor attenuation. The
bright red color shows the area of the overlap of the
footprints for several closely located MT stations. The
computer memory requirements are reduced dramat-
ically by using the receiver footprint approach. Anoth-
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er advantage of this method is that the conductivities
of the inversion cells are affected by the more depend-
able data from the nearby receivers only. Note that the
entire domain of inversion is accounted for in the pre-
dicted field computations, thus keeping the 3D inver-
sion accurate.

INTERPRETATION
OF THE EARTHSCOPE MT DATA

Static shift correction

In the first stage of the interpretation, the Earth-
Scope MT data set was corrected for static shift. The
low frequency MT data can be adversely affected by
near-surface conductivity anomalies, which leads to
erroneous interpretation [Smith, 1996]. We developed
a simplistic method for static shift correction, which is
however very efficient in practical applications. The
method is based on several assumptions. We assume
that the static shift is random and is close to zero on
average for all of the receivers (MT stations) and po-
larizations. Another assumption is that the regional
horizontally layered one-dimensional (1D) earth
structure changes slowly at great depths. Keeping
these in mind, we inverted low frequency data for both
the Z,, and Z,, components from all of the 139 avail-
able MT stations to recover a common 1D model. We
used frequencies between 0.0001 and 0.00001 Hz,
which approximately correspond to skin depths be-
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Fig. 4. An example of the observed and predicted apparent
resistivity and phase curves after low frequency 1D inver-
sion.
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tween 150 and 400 km. We assumed that the discrep-
ancies between the observed and predicted apparent
resistivity curves at these frequencies were caused by
the static shift primarily. The static shift was then com-
puted as the ratio of the observed and predicted appar-
ent resistivity curves. These ratios were averaged over
nine frequencies used in 1D inversion.

Fig. 4 shows the plots of the observed and predicted
TE apparent resistivity and phase for the receiver 16.
One can see that the phase data fits well, while there is
almost constant static shift between the observed and
predicted apparent resistivity curves.

In order to check the proposed method of static
shift correction, we performed 1D inversion on data
from each receiver and polarization separately. We
plotted the results of separate 1D inversions in 2D
east-west and north-south profiles, combining several
receivers. Fig. 5, left panel, shows an example of the
south-north profile of TE and TM data inversion re-
sults for 11 receivers, including receiver #68. We cor-
rected this data for static shift using the technique de-

Un-shifted Shifted s/
Z, km snde Profile TE m
1’02 42 35 28 21 16 72 68 63 59 54 48 snde Profile TE 1
42 35 28 21 16 72 68 63 59 54 P4

10

¥y, km x103

Z, km snde Profile TE
102 @233, 28 2116 72 68 63 50 5448

103

10*

0.5
0.25
0.13
0.063
0.032
0.016
0.0079
0.004
0.002
0.001

sn4e Profile TE S/ m

68 59
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! 0.016
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¥y, km x103
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0.001
1 2 3 4 5 6 7
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Fig. 5. The images on the left show 1D inversion results for a south-to-north profile prior to static shift correction. The images on
the right show 1D inversion results for the same south-to-north profile after static shift correction. Station numbers are shown at

the top.
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Fig. 6. A north-south vertical resistivity section at X = 700 km through the inverse geoelectrical model.

scribed above, and re-run 1D inversion for receiver 68,
using corrected data. Fig. 5, right panel, shows the
same south- north profile, as above, after the static
shift correction. Note that, after static shift correc-
tions, the 1D inversion result for receiver 68 shows re-
sistivities in the same range as in the other receivers.
This example demonstrates that the proposed tech-
nique for static shift correction can be effectively ap-
plied to EarthScope MT data.

Analysis of the results of 3D inversion

After completing a static shift correction, we applied
our 3D IE based inversion to the Z,, and Z,, data from all
139 receivers at 12 frequencies distributed logarithmically
between 0.05 and 0.0002 Hz. Fig. 3 shows the positions of
the MT stations (the receivers). The inversion domain is
spanned in the Xand Y directions from —150 to 1050 km,
and from 4600 to 5500 km, respectively. The depth of the
inversion domain was selected at 700 km. We used dis-
cretization cells with a horizontal size of 5 km by 5 km,
and vertical cell sizes ranging from 0.5 km at the top of the
inversion domain to 50 km at the very bottom, increasing
with depth logarithmically. The total number of cells in
the inversion domain was around 2,764,800. The initial
model was selected as an 80 Ohm m half-space. Inversion
was run for 28 smooth iterations, and the normalized
misfit decreased from 27% to 8%.

We present here, as an example, a vertical section of
the inversion. Fig. 6 represents a north-south vertical re-
sistivity section at X = 700 km through the inverse geo-

3 OU3BUKA BEMJIIM Ne 8 2010

electrical model. We attribute the most visible conductive
anomaly at depths between 200—300 km to the conduc-
tive astenosphere. The thickness of the astenosphere is
overestimated because of low vertical resolution of low
frequency data. We can see that the astenosphere appears
shallower and more conductive in the northern part of
the profile. Another conductive anomaly is visible at a
depth of approximately 50 km, and can be attributed to
the conductive lower crust [Jones, 1999].

Fig. 7 shows a 3D geoelectrical model obtained by
the inversion of the EarthScope MT data in the form
of combined vertical resistivity sections. The geoelec-
trical model of the Northwestern U.S. deep interior
produced by 3D inversion indicates several electrical
conductivity anomalies in the lithosphere including a
linear zone marked by low-to-high conductivity tran-
sition along the Klamath Blue Mountain Lineament
associated with a linear trend of gravity minima. High
electrical conductivity values occur in the upper crust
under the accreted terrains in the Blue Mountains re-
gion.

Fig. 8 represents a 3D view of a geoelectrical model
obtained by inversion of the EarthScope MT data with
a conductive astenosphere shown as a massive 3D
structure. Note in conclusion, that our inverse model
correlates well with the published Patro and Egbert
(2008) results obtained for EarthScope data collected
in the state of Oregon only.
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Fig. 7. A 3D geoelectrical model obtained by the inversion of EarthScope MT data in the form of vertical resistivity sections.

Conclusions and future research

We have applied a 3D MT inversion algorithm to
the MT data from 139 Northwestern U.S. MT stations
available through the EarthScope project. The ob-
served data were corrected for static shift using a newly
developed method based on 1D low-frequency data

inversion. Our study demonstrates that the integral
equation based inversion method can be successfully
applied to real data sets on a regional scale with large
data volume. The geoelectrical model obtained as a re-
sult of this inversion correlates reasonably well with
the available seismic information.

Ohm m
— 500
4230

4 106

Fig. 8. 3D view of the resistivity model obtained from the inversion of EarthScope MT data with a conductive astenosphere

shown.
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The scope for joint 3D inversion of both seismic
and MT data offers the opportunity to improve geo-
logical interpretations developed by either method
alone. Such 3D interpretation requires fast and accu-
rate methods of modeling large-scale problems. A
family of 3D MT modeling algorithms has been devel-
oped by the CEMI consortium based on integral equa-
tion and finite-difference methods. The codes have
been partially adapted for parallel computing and are
available for large-scale modeling and interpretation
of regional-scale MT data observations. Though the
joint inversion of seismic and MT data are currently
not available, such a project would provide a very in-
teresting avenue for future research.
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