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SUMMARY

The Earth is anisotropic at all scales, and models and interpretations of electrical anisotropy
from observations are becoming more common. The magnetotelluric (MT) impedance tensor
from an arbitrary 1-D anisotropic layered Earth admits an unusual form of six parameters
(three complex impedances) with diagonal terms that are equal but of opposite sign. This
particular form, somewhat unappreciated and neglected to date, can be exploited to deal with
regional MT data that are distorted by galvanic effects of near-surface scatterers. Following
prior distortion decomposition approaches, a method is proposed that statistically tests for
its validity and solves for the determinable parts of the galvanic distortion and recovers the
regional 1-D anisotropic responses. The method is demonstrated on synthetic data and real
MT data from two different locations.
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1 INTRODUCTION

Anisotropy—the directional dependence of material properties—is an important manifestation of penetrative tectonic fabrics (e.g. Eaton
& Jones 2006). Rock fabrics induced by tectonic processes, particularly, but not exclusively, by lateral plate tectonic translations, provide
important clues about the petrogenesis and the deformation history of a region (e.g. Tommasi ef al. 1999). Unfortunately, our direct knowledge
of particularly subcontinental lithospheric fabrics is severely limited by the scarcity and bias of mantle samples, which leaves a significant
observational gap in our understanding of dynamics of tectonic processes—in particular, how continents formed and interacted with underlying
mantle regions in the past, and how they do so today. This gap can be filled by appropriate geophysical observations of lithospheric anisotropy,
and thus geophysical observations of anisotropy, particularly seismic and electrical anisotropy, are providing essential data of lithospheric
fabrics and key constraints for geodynamic models of the Earth (e.g. Becker ef al. 2006).

Continental seismic anisotropy has been studied for well over two decades, with shear wave splitting analyses of core-traversing
teleseismic waves (SKS and SKKS arrivals) providing the most comprehensive observational data set (Silver 1996; Savage 1999; Park &
Levin 2002). More recently, seismic anisotropy deduced from surface wave studies and receiver functions are also providing important insights
(e.g. Gung et al. 2003; Endrun et al. 2011).

Electromagnetic observations of long-period magnetotelluric (MT) signals provide the best available method to measure electrical
anisotropy of the lithospheric and sublithospheric (asthenospheric) mantle. Electrical anisotropy has been interpreted in MT observations,
from Mareschal et al.’s (1995) key contribution and that of Kurtz et al. (1993) to more recent studies (Boerner et al. 2000; Simpson 2001; Bahr
& Simpson 2002; Leibecker et al. 2002; Gatzemeier & Moorkamp 2005; Hamilton ez al. 2006; Padilha et al. 2006). Electrical anisotropy has
also been observed in the crust, with the most convincing and compelling example being that of Heise & Pous (2003) in which the anisotropic
nature of the lower crust was magnified by the near-surface, fault-generated anisotropy. Miensopust & Jones (2011) discuss the consequences
of crustal anisotropic fabrics that align at an angle to regional geoelectrical strike and are not appropriately taken into account. Wannamaker
(2005) gives an excellent review of the topic of manifestations of electrical anisotropy and the problem of differentiating between fabric and
structural anisotropy.

A caution though was expressed by Jones (2006) that MT practitioners cannot, without care, simply adopt prevailing methods in
seismology, especially SKS, and display supposed electrical anisotropy information at a particular period over a large region. The one or more
orders of magnitude variation in conductivity that is possible in the presence of either structural or fabric anisotropy, in contrast to a few per
cent in velocity, means that penetration depths can vary significantly over large regions, and indeed in the two orthogonal directions at a single
site. Maps of geoelectric strike at even the longest periods can be misleading because of crustal effects. Mareschal et al. (1995) recognized
this problem and plotted their anisotropy information (most conducting azimuths and phase differences between orthogonal directions) at two
different periods (42 and 113 s), depending on site location on either side of 81° W. This penetration depth ‘problem’ (it is only a problem if it
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is ignored) was brought into sharp focus more recently by Lahti et al. (2005) who demonstrated that crustal effects observed in Fennoscandia
can account for observed strike directions deduced from phase differences at even very long (presumed mantle penetrating) periods. Lahti
et al.’s (2005) observation called into question Bahr & Simpson’s (2002) purported mapping of asthenospheric flow beneath Scandinavia,
based on Bahr and Simpson’s geoelectric strikes observed at 2049 s. More recent studies, such as Hamilton ez al. (2006); Padilha et al. (2006);
Jones et al. (2009) and Miensopust et al. (2011) compensated for varying depth penetration laterally in their studies.

Of course, when the MT data are formally modelled anisotropically, rather than displayed and qualitatively interpreted, these issues do
not exist, and 1-D, 2-D and 3-D forward approaches and algorithms have been published (1-D: Sinha 1969; Loewenthal & Landisman 1973;
Shoham & Loewenthal 1975; Dekker & Hastie 1980; Li & Pedersen 1992; Yin & Maurer 2001; Pek & Santos 2002, 2-D: Osella & Martinelli
1993; Pek & Verner 1997; Li 2002, 3-D: Martinelli & Osella 1997; Weiss & Newman 2002). Anisotropic 1-D inversion codes have been
published (Abramovici & Shoham 1977; Pek & Santos 2006), with the restriction that the axes of anisotropy are horizontal and vertical to
avoid non-uniqueness problems (Yin 2003), and that of Pek and Santos, which is based on the Occam approach (Constable et al. 1987), is
publicly available. A limited anisotropic 2-D inversion code is restrictedly available (Baba et al. 2006), extending the isotropic 2-D non-linear
conjugate gradient algorithm of Rodi & Mackie (2001), where the limitation is that the anisotropy directions are parallel and perpendicular
to regional electrical structural strike. Miensopust & Jones (2011) raise a caution about this assumption in the general case. A generalized
2-D anisotropic inversion does not exist, although J. Pek et al. are completing one (Pek ez al. 2011).

Intriguing correlations between seismic and electrical anisotropy directions have been reported since the seminal work of Ji e al. (1996)
across the Grenville Front (Canada) demonstrating the remarkably consistent obliquity between the seismic (SKS defined) and electrical (MT
defined) horizontal anisotropy directions interpreted in terms of fossil flow processes. Eaton et al. (2004) studied the Great Slave Lake shear
zone (GSLsz) where no such seismic—electrical obliquity was found; the seismic and electrical directions were parallel. The explanation for
this difference between the Grenville Front and GSLsz anisotropy observations comes from the discussion by Tommasi et al. (1999) that
obliquity between the LPO direction (presumed seismic anisotropy axis) and the foliation direction (presumed electrical anisotropy axis) in
olivine will be zero in regions of very low or high shear strain (where the GSLsz falls into the latter category).

A technique for formal joint inversion of seismic (surface wave) and electromagnetic (MT) data for 1-D anisotropy in the crust,
lithospheric mantle and sublithospheric (asthenospheric) mantle was presented recently by Roux et al. (2011), and there are exciting and
interesting problems still to be solved relating seismic and electrical anisotropy together.

MT studies are clearly increasing making insights into Earth processes in terms of anisotropic interpretations. However, galvanic
distortion effects, which can plague MT data and are routinely treated in isotropic modelling and inversion in 1-D and 2-D, have not been
taken into account in any of the studies to date except that of Hamilton et al. (2006) who used a 2-D distortion decomposition in pseudo-depth
mode to derive anisotropic information. Hamilton ef al.’s (2006) approach is only valid though in the case of a layered Earth with a single
anisotropic layer within it, as discussed below.

The phase tensor method of Caldwell et al. (2004), which avoids the problem of galvanic distortion completely through constructing a
tensor based on phases alone, is equally applicable in the case of anisotropic media as it is for isotropic media (Heise et al. 2006). However,
lost in the phase tensor approach is direct knowledge of bulk conductivity as a direct consequence of discarding half of the information in
the MT impedance tensor, namely that half that contains the amplitude information. It is far better to have a technique that retains as much
information as possible for accurate and reliable resolution of Earth structure.

Given the availability and use of 3-D inversion codes, one may question the utility of undertaking 1-D anisotropic inversion of data.
However, 3-D inversions are currently rather coarse, given the high computational requirements, and also appropriate galvanic distortion
identification and removal approaches are, as yet, undeveloped (Jones 2011). Thus approximate methods can have value. Recently, comparative
modelling studies by Schmoldt and Jones (Schmoldt 2011; Schmoldt & Jones 2011) demonstrate the utility of anisotropic 1-D modelling of
3-D structures; one can obtain approximate models that contain the dominant features of the 3-D Earth.

Herein I present a technique, based on MT tensor decomposition, for testing whether the regional response can be characterized as
that from an arbitrary 1-D anisotropic Earth structure, and for identifying and removing the effects of galvanic distortion from the observed
impedance tensors to yield regional MT impedances consistent with the model assumptions. The technique is applied to both synthetic and
real data, and its advantages and shortcomings are demonstrated.

2 THEORY

2.1 Forms of the MT impedance tensor

The MT impedance tensor relates the orthogonal horizontal components of the electric and magnetic fields through a 2 x 2 complex tensor,
viz.,

E =

IIN

-H (M

(dependence on frequency assumed). The impedance tensor assumes three well-known forms depending on the dimensionality of the
subsurface.
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2.1.1 One-dimensional impedance tensor

In 1-D, that is, a stack of isotropic layers, the impedance tensor becomes

0 Zyy
Z1D=|:_Z 0 i|’ &)

xy
where the diagonals are zero and the off-diagonals are equal but of opposite sign (to ensure consistency with the right-hand rule in
electromagnetic induction). There are two parameters per frequency, which are the real and imaginary parts of the complex impedance Z,,.

2.1.2 Two-dimensional impedance tensor

In 2-D, that is, with resistivity constant along one axis (usually x) in the direction of geoelectric strike of the 2-D structures, the tensor becomes

0 Zyy
ész: 7 0 ’ 3)

X

comprizing four parameters (two complex impedances) per frequency. The observed coordinate system is often not aligned to structural
strike, so a fifth, frequency-independent parameter, namely the obliquity between the observation reference system and geoelectric strike, 6,
needs to be defined, where

Z, ,)=R-Z, ,(0-R

cos(9) sin(0) 0 Z,,(0) cos(9) —sin(f)
—sin(@) cos(0) Z,.(0) 0 sin(@) cos(6)
cos(0)sin(0) [ Z.,(0) + Z,,(0)]  c0s?(6)Z.,(0) — sin®(6)Z,.(0) )
c0s*(0)Z,,(0) — sin®(0)Z,,(0)  — cos(9) sin(0) [ny(O) + Zyx(O)] .
Note that Z,,(8) = —Z,.(0), so that
Z(0) Z.()
AROE : 6)
Z,w(0) —Z.(0)
2.1.3 Three-dimensional impedance tensor
In 3-D the impedance tensor is full,
Zxx ny
L=\, _, ©)

and there are eight parameters (four complex impedances) per frequency.

2.1.4 One-dimensional anisotropic impedance tensor

Far less known and appreciated, even within the MT community, is a fourth form of the impedance tensor, and that is the one that the tensor
assumes over a general 1-D anisotropic Earth in which there are multiple anisotropic layers with differing anisotropy directions. This form is
given by

Zee  Zy
él —Da & ’ (7)
Zy —Z,

and comprises six parameters (three complex impedances) per frequency, where the diagonal terms are equal but of opposite sign. Vozoff
(1972), in his definitive review paper that established the MT method in the early-1970s, presents this form (his eq. 9) as found through
computation, and Shoham & Loewenthal (1975) state that it is a consequence of the symmetry of the layer conductivity tensors. This form
was shown to be valid in the general case in the theoretical development of Kovacikova & Pek (2002), given in their Appendix A, and also in
eqs (30a) and (30d) of Pek & Santos (2002).

The general form of éH)a (eq. 7), of six parameters, should not be confused with the rotated form of éz b (eq. 3) given by éz,D(Q)Of
eq. (5), of five parameters, even though the two appear similar. It is always possible in the 2-D case to find a real-valued rotation angle 6 that
rotates éziD(Q) such that it can be anti-diagonalized. This is not possible in the general case of layered anisotropic media.

In their book on magnetotellurics, Simpson and Bahr state ‘Mathematically, a 1-D anisotropic Earth is equivalent to a 2-D Earth’
(Simpson & Bahr 2005, p. 35). This is not true in the general case, only in the limited case where there exists only one anisotropic layer within
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the stack of 1-D layers, with all others being isotropic, or in the case where there are multiple anisotropic layers within the stack but they all
have the same anisotropy axes. In both of these, then the general form of éliDa(eq. 7) reduces to the 2-D form ézfn (eq. 3) when the axes
are aligned parallel to one of the anisotropy directions.

In the general 2-D or 3-D anisotropic Earth case there is no specific form of the MT impedance tensor; it adopts the full form expressed
by eq. (6). For the restricted case of anisotropy in 2-D with the anisotropy directions all parallel to structural strike, as used by Baba et al.
(2006), then again when the observational coordinate system is aligned with structural/anisotropy strike, the MT tensor adopts the 2-D form
ofeq. (3).

2.2 Differentiating between one-dimensional anisotropy and two-dimensional structure

Given that the forms of the 1-D anisotropy and 2-D impedance tensors are similar, how does one differentiate between the two and recognize
the existence of 1-D anisotropy over 2-D structure? There are essentially three ways:

(1) The vertical magnetic field transfer function is zero over a 1-D anisotropic Earth, but is non-zero over a 2-D Earth.

(2) The horizontal magnetic field transfer functions are unity over a 1-D anisotropic Earth, but are complex and differ from unity over a
2-D Earth.

(3) There is a constant phase difference over a large region for a 1-D anisotropic Earth, whereas a 2-D Earth has maxima in phase difference
at lateral discontinuities in conductivity.

The first and third of these were the bases for Mareschal et al.’s (1995) interpretation of the existence of anisotropy in the deep crust and
upper mantle of the lithosphere of the eastern Superior craton, Canada. Mareschal et al.’s paper was the first convincing case for electrical
anisotropy made.

If one only has MT data from a single site, then one must determine if there exists an angle 6 that antidiagonalizes the impedance tensor
over all frequencies. In that case, then either the Earth is anisotropic 1-D with one layer of anisotropy, or multiple anisotropic layers but
with the same anisotropy axes, or is 2-D. If no frequency-independent angle 6 can be found, then one can ask whether a model of the Earth
comprizing 1-D anisotropic layers is appropriate. These questions have to be posed within a statistical framework, taking galvanic distortion
into account.

2.3 Galvanic distortion of the MT impedance tensor

Measurement of the regional horizontal electric fields is notoriously difficult because local, near-surface variations, where ‘local’ and
‘near-surface’ are functions of both experimental scale and inductive scale, can distort them through scattering by the effects of charges
on conductivity gradients. This distortion is the bane of the MT method, and was first studied in detail by the Russian school under M.
Berdichevsky (Berdichevsky & Dmitriev 1976). At sufficiently long periods (low frequencies) where the inductive response of the scatterers
can be neglected and the magnetic effects of the charges on the conductivity gradients and boundaries are also negligible, then only the electric
field components are affected and the distortion can be described by a real, frequency-independent, 2 x 2 scattering tensor C. The treatise of
Chave & Smith (1994) mathematically establishes this particularly well and discuss the conditions for applicability of the agsumptions.

Larsen (1977) was the first to propose this approach for dealing with effects on Hawaii because of ocean currents, where he was trying
to recover the regional 1-D response affected by distortion, viz.,

Z =CZ (8)

=obs ==I1-D’

an equation now in six unknowns at a single period, the four real values of C plus the two values of the impedance tensor element Z,,. Over n

periods, there are 8n knowns (the observed data) and 4 + 2r unknowns (the model parameters), as the elements of C are frequency-independent.
Richards et al. (1982) were the first to describe local distortion of electric fields from a 2-D regional Earth, and thus extended a distortion

description to

Z =CLZ ©)

—obs —==2-D’
which, in an arbitrary observation coordinate system, is

Z(O)ws =ROICZ,__R'(®), (10)

where 6 is the direction between 2-D regional strike and the observation axes, R(#) denotes the Cartesian rotation tensor and superscript T
denotes transpose. At a single frequency, this is an equation of nine unknowns and eight knowns, but over n frequencies it is 5 + 4n unknowns
(as the strike direction € and the galvanic distortion parameters are all frequency-independent) and 8z knowns. In the strike coordinate system,
the off-diagonal terms have the correct phase, but are static shifted (Jones 1988), so the main emphasis of many approaches has been to devise
methods to determine the regional strike in some optimum manner.

Bahr (1984, 1988) used the rotational properties of eq. (10) and proposed that the angle be sought in which the two elements in each
column have the same phase, that is, ¢, = ¢, and ¢, = ¢,,. Many others have proposed schemes for determining the strike direction and
recovering the 2-D regional impedances, including Zhang ef al. (1987), Groom & Bailey (1989), Chave & Smith (1994) and Smith (1995).
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In the general 3-D case, then

=CZ (11)

Aobs ==3-D’
which will always be underdetermined as there are for n frequencies 4 + 8n unknowns and only 8z knowns. Garcia & Jones (2002) proposed
that this problem can be addressed when there are pairs of sites for periods where the two sites should be seeing the same regional 3-D
structure. Thus, there are 8 + 8n unknowns and 16 knowns at n frequencies at the two sites.

For the case of 1-D anisotropic Earth, then the distortion is

Z =CZ (12)

—obs —==1-Da
which comprises 4 + 6n unknowns for 8# knowns at n frequencies. Thus a minimum of two frequencies are required. This paper describes a
method to solve for the unknown parameters in eq. (12).

2.4 Distortion decomposition of the MT impedance tensor over a one-dimensional anisotropic Earth

Of the various approaches suggested to determine regional strike and recover the regional 2-D impedances in the case of distortion of a
2-D Earth (eq. (3)), that of Groom and Bailey (Bailey & Groom 1987; Groom & Bailey 1989, 1991; Groom et al. 1993) offers the most
advantages, particularly the extended multisite, multifrequency implementation of McNeice & Jones (1996, 2001) that is in widespread
use. Justifiably, the Groom & Bailey (1989) paper is one of the top most cited in magnetotellurics. Besides posing the problem as one of
statistical model-fitting and thereby hypothesis testing as to whether the assumed model is appropriate and of demonstrating the uniqueness
of their decomposition, Groom and Bailey proposed a tensor decomposition that separates the scattering tensor C into determinable and
indeterminable parts; essentially those that are determinable affect phases and amplitudes, whereas those that are indeterminable affect
amplitudes only, so cannot be uniquely recovered. The Groom—Bailey decomposition is in terms of a scaling factor and three matrices, given
by

C=gIS

[

1 —t 1 s 14+a 0 (13)

t 1 s 1 0 1—a

where g is site gain, ¢ is a rotation tensor called twist, s (e in the original paper of Groom & Bailey 1989) is an ellipticity or shearing tensor
called shear and « (s in the original paper of Groom & Bailey 1989) is a splitting or anisotropy tensor called anisotropy (herein referred to as
distortion anisotropy to differentiate it from model anisotropy). The twist and shear parameters are usually displayed as angles, given by their
arctangents.

The two factors g and A only affect amplitudes, and a scaled version of Zz given by Z = =gAZ Z _, cannot be differentiated from
the true Z ,as the phases are correct and only amplitudes are shifted. This is the classic statlc shift problem in MT (Jones 1988). Thus, for
a2-D reglonal Earth then

Z6) =REOCZ, R'()
= RO)ZTSAZ, R'()
~ROITSAZ R'0). (14)

which is an equation of seven unknowns (6, ¢ and s and the two regional impedances, Z,, and Z,) and eight knows at one frequency and
3 4 4n unknowns and 8z knowns at n frequencies. A methodology for applying this approach was given by Groom et al. (1993) and working
tool for applying it to a regional data set by McNeice & Jones (2001).

For solving the problem of galvanic distortion of electric fields over a 3-D regional Earth (eq. 11), Garcia & Jones (2002) also adopted
the same tensor decomposition. However, their approach worked well for synthetic data, but the results indicated that the problem was more
intractable and highlighted the difficulties that resulted as a consequence of inherent parameter-resolution instabilities.

In the case of a regional 1-D anisotropic Earth, then the distortion can be described by

V4 Cz
—obs —==1-Da
=¢gISAZ ,
=TSAZ
—=—=—=—1-Da

1 —t 1 s l+a 0
Z/
t 1 s 1 0 1 —a | =1-Da’ )

where Z .y is a scaled version of the true anisotropic 1-D impedance given by Z Z = gZ pa? 38 only the site gain can be absorbed into

—Da
the scaled regional impedance as an indeterminable parameter. Any distortion anlsotropy a Wlll result in the mixing of the impedance tensor

© 2012 The Author, GJI
Geophysical Journal International © 2012 RAS




6 A G Jones

elements, viz.,

Z =CZ
—obs —=I-Da
=AZ
==I1-Da
l+a 0 Zyx Zyy (14 a)Z,, (1+a)Z,, 6)
0 d-al||Zn —Za A —a)Zy —(—a)Zy

(for distortion with s and # = 0 and g = 1) and the diagonal terms are no longer the same magnitude but of opposite sign, as required by eq. (5)
and anisotropy can be recognized. Thus, at a single frequency there are nine unknowns (%, s, a and the three complex regional impedances,
Zy, Zyy, and Z,), but only eight knowns. However, at n frequencies there are 3 4 6n unknowns (as ¢, s and a are all frequency-independent)
and 8n knowns, thus even for a pair of frequencies there is one degree of freedom and solutions can be sought.

Note that in the case of strong distortion such that the shear value is unity (s = 1, i.e. a shear of +45°), then

Z =CZ

—obs —=1-Da

Z
==I1-Da

i Zyx + Z.r.r ny - Zxx
Zyx + Zxx ny - Zxx

11 0 Zey = Zns
T || Z+ Za 0
=82, , (17)

(for distortion with @ =t = 0 and g = 1). Thus, with s = 1 the shear tensor is singular, and the product with the regional impedance tensor
is singular so its form is inherently non-unique. This means that in the case of strong shear anisotropy, a distorted impedance tensor from an
anisotropic 1-D Earth cannot be differentiated from an equivalent distorted impedance tensor from an isotropic 2-D Earth.

2.5 Implementation of the one-dimensional anisotropic Earth distortion decomposition of the MT impedance tensor

Choice of parametrization is crucial for developing a numerically stable and useful tool for distortion decomposition of MT impedance tensors
over a 1-D anisotropic Earth, just as it was for 2-D and 3-D regional Earths. Groom & Bailey (1989) chose a parametrization in terms of sums
and differences of the diagonal and off-diagonal elements (their eqs 33). For the 1-D anisotropic Earth, such a parametrization would result
in mixing of all three impedances. Following the work of Garcia & Jones (2002) for the 3-D regional Earth case, the parametrization adopted
is one of the complex sums and differences of the columns of the MT impedance tensor, namely,

oy = Zxx,obs - Zyx,ost o = Zxx,obs + Zyx.ost

Q = ny,obs - Zyy,obsa a3 = ny.obs - Zyy,obsa
(18)

(dependence on frequency assumed). From eq. (15), these parameters are, in terms of their solutions,
aw)=A+a)l —s—t—ts)Z(w)+ (1 —a)(—=1+s —t —t5)Z,(®) + go(w)
ajf(@) =1 +a)l+s+1t—1t5)Z(0)+ (1 —a)+1+s5 -t +15)Z, () + &1(w)
@ =>04+a)l—s—t—ts)Z,(0)+ (1 —a)+1 -5+t +15)Z,(0) + &2(w)
a3 (@) = (1 +a)(1 45 +1 — 1) Zy(@) + (1 — a)(=1 = s + 1 — 15) Zr (@) + &3() (19)
where ¢; are the (complex) errors of misfit of the model parameters (7, s, @ and the three complex regional impedances, Z,,, Z,, and Z,,) to the
observations. Equations (16) are a system of 8z non-linear equations (one for the real and imaginary parts for each ) with 3 + 6n unknowns
at n frequencies w.

To ensure stability and that the solutions are not dominated by the high frequency data, given the natural decrease in impedance with

decreasing frequency (increasing period), the alphas at each frequency are normalized by the largest real or imaginary alpha at that frequency.
A solution is sought that minimizes the sum of squares of the misfits over »n frequencies, namely

n 3
=225 20)
i=1 j=0
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using a bounded, quasi-Newton algorithm. The hard bounds that can be applied are to the shear parameter s; it must lie in the range £1. Loose
bounds are applied to the other parameters.
The x? misfit of the determined distortion and anisotropy parameters are in the usual manner from

Ziiobs — Ziim
X2 — Z | ij,obs 02 ij, odl (21)

ij
for i,j = x,y. From this the standard root mean square (rms) is derived by dividing x> by 8n (number of data) and taking the square root and
the reduced rms (rrms) from dividing x? by [8z — (3 + 6n)]; number of degrees of freedom in the model fitting, given by 8z minus (3 + 6n)
model parameters] and taking the square root.

Errors on the parameters are derived robustly using a bootstrap, resampling approach (Efron 1979) with typically 100 realizations created

randomly from the observed values and their given errors.

3 SYNTHETIC EXAMPLE

The synthetic example chosen to demonstrate the algorithm is one discussed in Jones (2006) to describe the MT responses observed over the
GSLsz in northwestern Canada. The model comprises four layers, with an isotropic upper crust, an anisotropic lower crust and anisotropic
lithospheric mantle, with different anisotropy directions and an isotropic asthenosphere (Table 1). The MT responses of this model were
derived over six decades of period, from 0.01 to 10 000 s with 10 estimates per decade, using the forward code of Pek & Santos (2002) based
on the algorithm of Kovacikova & Pek (2002) and are shown in Fig. 1.

To these 61 model data are added Gaussian scatter and noise (with noise added to the error estimates) at the 3.5 per cent in impedance
level (approx. 7 per cent in apparent resistivity and 2° in phase) and distortion given by a of the form

[ 1.26 0.532}
C= , (22)

0.558  0.760

which is a gain g of 1.0, a distortion anisotropy (a) of 0.20, a twist () of —0.0875 (twist angle of —5°) and a shear (s) of 0.577 (shear angle of
+30°). These synthetic data are shown in Fig. 2. Note that the distortion destroys the form of the MT impedance tensor from that in eq. (7);

Table 1. Model values of synthetic 1-D anisotropic GSLsz.

Layer Thickness (km)  Rho-x (2m) Rho-y (2m) Rho-z (2m) 6 of Rho-x

Upper crust 10 10 000 10 000 10 000 N/A

Lower crust 30 300 10 000 300 30

Lithospheric mantle 160 30 1000 30 60

Asthenosphere N/A 30 30 30 N/A
10° T T T T T

10° 10" 10° 10
Period (sec)

Figure 1. MT forward response of the synthetic 1-D anisotropic GSLsz model given in Table 1.
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Figure 2. Synthetic data created from the model data in Fig. 1 after adding scatter, noise and distortion.

the diagonal impedances are not the same amplitudes with a phase difference of 180°. One could not confidently conclude that these data
result from a 1-D anisotropic Earth.

Applying Occam’s Razor, one must determine the simplest possible model that fits these data to within their statistical limits. Clearly,
there is either 3-D structure or distortion (or both) present, so neither the undistorted 1-D (eq. 2), 1-D with anisotropy (eq. (7)) nor 2-D (eq. (5))
forms are appropriate. Next must be to determine if a model of 3-D galvanic distortion of 2-D regional Earth is acceptable. To ascertain this,
the 3-D/2-D multifrequency galvanic tensor distortion removal method of McNeice & Jones (2001) is first applied to these data, which yields
the strike, shear and twist shown in Fig. 3, together with the plotted rms misfit. The galvanic distortion parameters derived are:

strike = +77.33°(77.44° — 77.22°)
= +2.40°(2.36° — 2.44°)

s = 423.25°(23.22° — 23.28°).

The shear and twist estimates are somewhat close to their correct values of +30° and —5°, respectively, but the strike direction is not
consistent with either the lower crust direction (+30°) or the upper mantle direction (+60°). The model, of 3-D galvanic distortion of data
from a 2-D regional Earth, does not though fit the data statistically. The average and median rms are 1.52 and 1.40 respectively, which may
be thought acceptable, but only 22 of the 61 estimates (36 per cent) are below 1.0, rather than 68 per cent (one sigma) and only 40 of the 61
estimates (66 per cent) are below 2.0, rather than 95 per cent (two sigma). In addition, when judging whether a model fits the data, one should
not be solely guided by rms misfit however, but consider higher order measures of model fit to the data. Particularly indicative of the poor fit
is the ‘colour’ of the misfit; all data at periods <3 s have misfits greater than 2.0. The Durbin—Watson statistic (Durbin & Watson, 1950) for
serial correlations yields a value of 0.37 for the residual rms values, well outside the 5 per cent significance level for uncorrelated residuals
of 1.97-2.03.

Applying the galvanic distortion scheme described above for 3-D distortion of data from a 1-D anisotropic regional Earth, to these data
analysis yields estimates of the distortion parameters as follows:

t = —4.49°[—4.53° — (—4.46°)]
s = +28.78°(28.7° — 28.9°)

a =0.19(0.187 — 0.192)

and the recovered regional impedances as shown in Fig. 4. The 488 model data (8 data at 61 periods) fit the observations with an acceptable
average and median rms of 1.21 and 1.02 respectively, with 50 per cent (30 of 61) below 1.0, and 83 per cent (51 of 61) below 2.0 and without
any significant serial correlations in the residuals (Durbin—Watson statistic of 1.37). The algorithm is able to recover successfully the regional
impedances and also the distortion parameters.

© 2012 The Author, GJI
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Figure 3. Recovered distortion parameters (strike, shear, twist), phase differences and rms misfit for the data from Fig. 2 applying a model of 3-D galvanic
distortion of a 2-D regional Earth.

4 APPLICATION TO REAL DATA

4.1 Site DIE

Site DIE lies in central Germany, and was examined in detail in the recent publication of Roux ef al. (2011). The data from site DIE comprise
MT responses at 18 periods from 10 to 3000 s, and are representative of the anisotropic structure of the crust and upper mantle beneath central
Germany (Leibecker et al. 2002; Gatzemeier & Moorkamp 2005). The situation in central Germany is the same as central Superior Province,
where the results of Mareschal ez al. (1995) demonstrated the regional extent of the lithospheric anisotropy, that is, the third type of evidence
for differentiating between 2-D structure and anisotropic 1-D. The data are shown in Fig. 5, and the necessary requirement of the form of the
impedance tensor for Z,, = —Z,, is clearly not obeyed, raising the question about the appropriateness of interpreting the data as resulting from
a 1-D anisotropic Earth.

For model fitting, an error floor of 3.5 per cent in impedance (equal to 7 per cent in apparent resistivity and 2° in phase) was used. Errors
smaller than this were increased to 3.5 per cent, whereas errors that were larger were unaltered.

A model of 3-D galvanic distortion of a 2-D regional Earth best fits the data with the parameters shown in Fig. 6. The strike and galvanic
distortion parameters twist and shear are

strike = £43.67°[(—42.90%) — (—44.44°)]
t = —4.95°[(—4.90°) — (—4.99%)]

s = —3.34°[(—3.14°) — (—3.54%)].

These are low values of distortion. However, the averaged rms error is relatively high, at 1.35, with only 22 per cent below 1.0 and 68
per cent below 2.0 and the Durbin—Watson statistic of 0.76 is indicative of correlated residuals. This 3-D/2-D model does not statistically fit
the data to within the errors.

Allowing unconstrained 1-D anisotropic models fit over pairs of data at neighbouring periods yields parameters shown in Fig. 7(a) with
an overall rms of 0.51 (Table 2). Statistically, these models fit the data well as the overall rms is acceptable and there are no strong individual
rms values above 2.0, but clearly the distortion parameters twist, shear and anisotropy are not frequency-independent, so the models are not
an acceptable description of 3-D/1-Da distortion.

© 2012 The Author, GJI
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Figure 5. MT data from site DIE in central Germany.

The parameters of the best-fitting model with frequency-independent distortion parameters are given in Table 2. The overall rms is
acceptable at 0.73, although there are strong rms values at some periods (Fig. 7b). However, the distortion anisotropy value of —0.4 is a
problem as that would result in significant splitting of the off-diagonal apparent resistivities. Given that at short periods the p, and py,
resistivities are close to one another, this implies that distortion anisotropy is low to negligible and solutions must be sought with a = 0.0.

The best-fitting model with only twist and shear free (but frequency-independent) and distortion anisotropy fixed to 0.0 yields a large
overall rms misfit of 1.66, but more than half of the misfit comes from the data at the 3rd, 4th and 5th periods (Fig. 7c). Removing these
points and fitting the data at the remaining 15 periods yields an acceptable model with an rms of 0.99 (Table 2), although there is bias in that
the short period data are poorly fit. Fitting the data in two bands on either side of 300 s yields the parameters of the best-fitting models listed
in Table 2. Note that small variations in the distortion parameters can result in large misfit errors.

© 2012 The Author, GJI
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Figure 6. Recovered distortion parameters parameters (strike, shear, twist), phase differences and rms misfit for the data from DIE (Fig. 5) applying a model
of 3-D galvanic distortion of a 2-D regional Earth.

Averaging the distortion parameters of the two period bands yields a distortion model adopted, with twist = —8.0°, shear = —5.3° and
distortion anisotropy = 0.0, which fits acceptably (rms = 1.01). These values give the regional MT estimates shown in Fig. 8 (symbols),
compared with the original distorted estimates (solid lines). Thus, a valid model of distortion can be found that fits the observations, and the
recovered regional impedances can be validly interpreted in terms of resulting from an anisotropic 1-D Earth. These data are now suitable for
1-D anisotropic modelling and inversion.

4.2 Site snol56

Site sno156 lies on top of the GSLsz. The MT data have been modelled and interpreted by Wu et al. (2005) and Eaton ef al. (2004) and
formed part of the analysis of Jones (2006) for electromagnetic field penetration problems in orthogonal directions. The data are shown in
Fig. 9, and, although Z,, and Z,, share a similar shape for some of the period range, particularly between 0.1 and 10 s, they are clearly not
equal in magnitude at all periods. Again, for model fitting an error floor of 3.5 per cent in impedance was set.

A model of 3-D galvanic distortion of a 2-D regional Earth best fits the data with the parameters shown in Fig. 10. The strike and galvanic
distortion parameters twist and shear are

strike = +44.99°[(—44.93%) — (—45.04%)]
t = —2.33°[(—2.30°) — (=2.36")]

s = —6.20°[(—6.15%) — (—6.25%)].

Galvanic distortion is very low, but the 3-D/2-D model does not fit the data. The average and median rms are 2.36 and 2.08 respectively,
with none below rms = 1.0 and only 37 per cent below rms = 2.0. In addition, the very low Durbin—Watson statistic of 0.48 attests to the
high serial correlation of the residuals.

© 2012 The Author, GJI
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Figure 7. Fit of anisotropic 1-D distortion models to data from site DIE data (Fig. 5). (a): Unconstrained model fitting frequency pairs (shown are the rms
values and twist, shear and distortion anisotropy); (b): rms values of model fitting all frequencies; (c¢): rms values of model fitting all frequencies with distortion
anisotropy fixed to 0.0; (d): rms values of model fitting all frequencies but the 3rd, 4th and 5th and with distortion anisotropy fixed to 0.0.

Table 2. Distortion parameters fitting site DIE for various assumptions and data

combinations.

Model Twist (°) Shear (°) Anisotropy ~ rms
Unconstrained Varying Varying Varying 0.19
All periods -3.6 -0.3 —0.4 0.72
All periods, a = 0.0 -5.6 -3.6 0.0 (fixed) 1.66
All periods except 3rd, 4th —6.6 -84 0.0 (fixed)  0.99

and 5th, a = 0.0

Periods < 300 s —-8.2 —4.8 0.0 (fixed)  0.59
Periods > 300 s —-7.8 —-5.8 0.0 (fixed) 043

Adopted distortion model for —8.0 (fixed) —5.3 (fixed) 0.0 (fixed) 1.01
all periods

An unconstrained 3-D/1-Da model fitting over data from pairs of periods yields an rms of 0.23 (Table 3), indicative that it may be
possible to find an acceptable model. Fitting a model over all periods however yields a large overall rms misfit of 1.40 (Table 3). This may be
thought to be acceptable, except that only 12 of the data at 46 periods have an individual rms below 1, instead of 32 (68 per cent) as required
statistically and 28 of them lie between 1.0 and 2.0.

Again though, the high frequency asymptotes of the off-diagonal apparent resistivities, R,, and Ry, indicate that distortion anisotropy is
small to negligible, requiring models to be sought with a = 0.0. A frequency-independent model with @ = 0.0 has a much higher overall rms
misfit of 5.18 that is certainly not acceptable.

Inspecting the data, there is equivalence in the p.. and p,, curves in the period band 0.1-10 s. The distortion model for the data in this
band, with a = 0.0 fixed, fits acceptably with an rms of 1.02 and low distortion; twist = 2.1° and shear = 17.5°. Broadening the band out to
higher frequencies (0.005-10 s) yields a model with low distortion and an acceptable misfit (Table 3). The regional curves recovered from
the distortion decomposition are plotted in Fig. 11 (curves to 10 s period). These can be validly modelled for anisotropic structure to depths
of approx. 4050 km, that is, the base of the crust.

At longer periods, >20 s, a different model of distortion is found, with an acceptable rms but very high distortion; twist = —14.6°
and shear = —44.7°. The distortion here is essentially crustal heterogeneity that has only a galvanic expression at long periods. This strong
distortion means that one cannot conclude that the regional MT responses are indicative of a 1-D anisotropic Earth, but could come from a
2-D isotropic Earth. Indeed, an acceptable 3-D/2-D model of distortion can be found to fit these data at these periods that is statistically an
equally valid model with an rms = 1.05 and twist = —7.6° and shear = —33.3°.

Applying these distortions independently below (short period) and above (long period) 10 s, plus applying a gain factor g of 1/21 to the
long period impedance magnitudes, yields the regional MT responses shown in Fig. 11. These curves cannot be modelled together as is, but
are indicative of regional conductivity variation. Thus, one can conclude that one can determine models that fit the data, but that the models
have limited depth validity.

© 2012 The Author, GJI
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Figure 9. MT data from site sno156 in northern Canada on the Great Slave Lake shear zone.

5 CONCLUSIONS

Distortion of MT data can make valid modelling and interpretation difficult to impossible, and, if ignored, can lead to erroneous conclusions.
Techniques for identifying and partially removing the effects of galvanic distortion on the regional horizontal electric field were proposed for
regional 1-D structure in the mid-1970s (Larsen 1977), regional 2-D structures in the 1980s (Richards et al. 1982; Bahr 1984, 1988; Zhang
et al. 1987; Bailey & Groom 1987; Groom & Bailey 1989; 1991) and regional 3-D structures in the late-1990s (Garcia & Jones 1999, 2002,
Utada & Munekane 2000). With tools such as the multisite, multifrequency distortion decomposition of McNeice and Jones (McNeice &
Jones 1996, 2001), MT data are now routinely analysed for distortion effects and the recovered regional impedances modelled.

This paper describes an approach for identifying and removing the effects of distortion where the regional conductivity structure can be
validly described by a stack of 1-D anisotropic layers. The approach follows that of Groom & Bailey (1989), but with the parametrization of
Garcia & Jones (2002). Synthetic data, constructed from a model response with noise, scatter and distortion added, were analysed with the
new tool and the correct distortion factors and regional impedance tensor elements recovered.

MT data from two sites, one in central Germany and the other in northern Canada, were analysed to demonstrate the utility of the
approach. In the former case, the data successfully fit a model of distortion over the whole period range, whereas in the latter case the data
must be divided into two sets—one for the crust and one for the upper mantle.

© 2012 The Author, GJI
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Figure 10. Recovered distortion parameters parameters (strike, shear, twist), phase differences and rms misfit for the data from sno156 (Fig. 9) applying a
model of 3-D galvanic distortion of a 2-D regional Earth.

Table 3. Distortion parameters fitting site sno156 for various assumptions and
data combinations.

Model Twist (°)  Shear (°)  Anisotropy  rms
Unconstrained Varying Varying Varying 0.23
All periods —17.1 —41.9 —0.44 1.40
All periods, a = 0.0 —6.2 —43.7 0.0 (fixed)  5.18
Periods 0.1-10 s 28.5 41.3 —0.52 0.75
Periods 0.1-10's,a = 0.0 2.6 17.5 0.0 (fixed)  1.02
Periods 0.005-10 s, a = 0.0 2.1 15.0 0.0 (fixed)  0.93
Periods > 20's,a = 0.0 —14.6 —44.7 0.0 (fixed) 1.16
3-D/2-D distortion periods —-7.6 —333 N/A 1.05

>20 s Strike = —12.3°
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