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Electromagnetic interrogation of the anisotropic Earth:
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bstract

Electrical conductivity of common Earth materials ranges over many orders of magnitude, from >106 S/m (sulphides, graphite)
o <10−6 S/m (competent shield rocks). Such a large range of the physical parameter being sensed facilitates high resolution of
onducting structures, but an important consequence is that over a large region electromagnetic fields can have vastly different
enetration depths from site to site. Thus, adopting interpretation methods used in seismology without appropriate adaptation is
nappropriate. In particular, geoelectrically determined strike arrows at a given period should not be portrayed as equivalent to maps
f SKS arrows with the same inherent depth information. In addition, there are structures for which depth penetration is radically
ifferent for the two modes of propagation (TE and TM) in 2D structures. An extreme example, but encountered in the real Earth, is
class of structures with significant responses in the MT mode with electric field parallel to structures (TE mode) to the presence of

nomalous conductivity, but for which the responses in the mode with the electric field perpendicular to structures (TM mode) are
egligible. In this case, the upper anisotropic layer acts as a polarizing filter, and only TM mode fields penetrate through it. Thus no
ensor information is available for the lower layers, and variation in structural strike directions with increasing depth is irresolvable.

2006 Elsevier B.V. All rights reserved.
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. Introduction

There are two means of interrogating the Earth
irectly for its current in situ physical properties, namely
bserving the transmission of either seismic or electro-
agnetic waves. Whereas seismic methods commonly

ive bulk property information of the rock matrix,
.e., compressional and shear velocities, electromagnetic

nduction methods inherently sense the presence of a
artially interconnected conducting phase, yielding bulk
lectrical conductivity (e.g., Everett, 2005). In the vast
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majority of cases, the two together provide enhanced
constraints not afforded by either alone (examples dis-
cussed in Jones, 1998, 1999). As a caution though,
one must be assured that the surface seismological and
electromagnetic observations are phenomenologically
related and can be validly interpreted as resulting from
the same behaviour of the Earth, and not due to a problem
of resolution from surface observations (see e.g., Cook
and Jones, 1995).

Seismological methods have provided by far most
of the physical property information about the Earth’s

lithosphere. Recently though, with the advent of high-
quality, low-frequency magnetometers (e.g., Narod and
Bennest, 1990), electromagnetic (EM) surveys, using
the natural-source magnetotelluric (MT) method, have
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been contributing to knowledge of lithospheric geome-
tries (e.g., Jones, 1999), and thereby aiding in advancing
theories about formation and evolution processes. One
prime example is the Archean Slave craton in northwest-
ern Canada. Seismological teleseismic investigations
determined the detailed seismic stratigraphy beneath the
southeastern part of the craton (Bostock and Cassidy,
1997; Bostock, 1998), and regional-scale lateral vari-
ation across the craton (Bank et al., 2000; Snyder et
al., 2003, 2004). MT surveys across the Slave craton
also yielded craton-scale variation in the sub-continental
lithospheric mantle (SCLM), with the serendipitous dis-
covery of an upper mantle conductor beneath the central
part of the craton, named the Central Slave Mantle Con-
ductor (Jones et al., 2001a,b, 2003). The seismic and EM
results, taken together with geological and geochemical
observations, suggest a tectonic history for the Slave’s
SCLM that post-dates initial formation (Davis et al.,
2003).

Over the last decade, observations of shear wave split-
ting from subvertical rays passing through the Earth’s
core (the SKS and SKKS phases) have predominantly
been interpreted either in terms of fossilized strain-
induced fabric (Silver and Chan, 1988, 1991; Silver,
1996), or in terms of basal drag of the lower litho-
sphere from present-day plate movements (Vinnik et
al., 1984, 1992). For both of these interpretations, the
determined SKS delay times have a ready explanation,
given the intrinsic seismic velocity anisotropy of olivine
as observed in the laboratory, in terms of preferen-
tially aligned olivine crystals; although the interpreta-
tions sometimes test the bounds of credulity by assuming
that continental mantle lithosphere is ordered at a very
high level. However, the SKS method does suffer from
an intrinsic lack of depth resolution; the anisotropy can
occur anywhere on the path of the teleseismic arrival
from the core–mantle boundary to the surface.

The existence of electrical anisotropy, especially in
crustal rocks, rather than heterogeneity is becoming
more appreciated by the EM community, and an excel-
lent recent review by Wannamaker (2005) describes the
phenomenon and some field observations. Deep-probing
EM studies began to report observations of electri-
cal anisotropy in the deep crust and upper lithospheric
mantle in the eastern part of the Superior Province in
early-1990s (Kellett et al., 1992; Kurtz et al., 1993;
Mareschal et al., 1995). The anisotropy detected is of
two orders of magnitude, rather than a few percent as in

the seismic case. Such large mantle anisotropy cannot
be explained in terms of intrinsic crystal or grain elec-
trical anisotropy: dry olivine at lithospheric conditions
displays comparatively little electrical anisotropy in the
tary Interiors 158 (2006) 281–291

laboratory (anisotropy factor of <2.5, Du Frane et al.,
2005). It is only when hydrogen diffusion is considered
that large anisotropies may result, because diffusion on
the [1, 0, 0] axis is 20 times greater than on the [0, 1,
0] axis, and 40 times greater than on the [0, 0, 1] axis
(Kohlstedt and Mackwell, 1998). However, numerical
studies by Simpson and Tommasi (2005), with random
resistor networks, suggest that in the real Earth diffu-
sion will account for an anisotropy factor of 3 at best.
Everett (2005) though does raise a valid point about the
applicability of such network approaches, initiated with
Madden (1976, 1983) and more recently advocated by
Bahr (1997), Bahr et al. (2002) and Bigalke (1999, 2003),
for simulating EM induction in rocks.

The observed obliquity between seismic SKS fast
directions and the electrical most conductive directions
for collocated sites in the eastern Superior Province was
interpreted by Ji et al. (1996) in terms of an Archean shear
sense indicator. Tommasi et al. (1999) discuss this pro-
posal, and conclude that obliquity should not be observed
in regions that have experienced very low or high shear
strains. In the former case, both directions should be
oblique to the shear zone, and in the latter both should be
parallel to the shear zone. Confirmation of this latter high
strain case came recently from Eaton et al. (2004), who
compared the results from teleseismic (Eaton and Hope,
2003) and MT (Wu et al., 2002) experiments across the
Great Slave Lake shear zone in northern Canada, and
showed that the MT and SKS directions for mantle litho-
spheric depths were within error of each other. Padilha
et al. (2005) also observe parallel SKS and electrical
strike directions. In stark contrast, Hamilton et al. (2006)
present evidence that SKS observations on the Kaapvaal
craton are not parallel, and in fact are almost exactly
90◦ different, with observations of the most conductive
direction within the mantle cratonic lithosphere.

Given the apparent success with which SKS obser-
vations have been interpreted in terms of tectonic pro-
cesses, and the possible link between seismic and elec-
trical anisotropy directions, there has been an enthu-
siasm by some within the EM community for por-
traying geoelectric strike information, gleaned primar-
ily from the phase difference in two orthogonal direc-
tions, at a given frequency as also qualitatively inter-
pretable in terms of tectonics (e.g., Boerner et al.,
2000; Simpson, 2001, 2002; Bahr and Simpson, 2002;
Gatzemeier and Moorkamp, 2005). The purpose of this
paper is to emphasize that such an approach is poten-

tially fraught with difficulty, and may, in circumstances
not that unusual, lead to inappropriate inferences. This
caution has been expressed by Jones et al. (2005a,b) for
two regions of Canada, whereas herein the problem is
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hown for three regions known to exhibit high crustal
nisotropy.

The problem for estimating electrical anisotropy,
specially its variation with depth, is due to the vast range
f the parameter that EM measurements are primar-
ly sensitive to, namely electrical conductivity. Seismic
elocities vary laterally by less than 10%, so that when
ne considers the propagation characteristics of Love
nd Rayleigh surface waves in different directions at var-
ous frequencies (e.g., Debayle and Kennett, 2000a,b),
ne can be assured that they are representative of approx-
mately the same depth ranges. In contrast, electrical
onductivity varies by many orders of magnitude, which
aises two problems: there can be significant variations
n the depth of penetration between sites in a large-scale
egional survey, and at a single site there can be a signif-
cant difference in the depth of penetration in orthogonal
irections.

Estimates for the Superior craton suggest two orders
f magnitude difference between the most conducting
nd least conducting directions (Mareschal et al., 1995).
hese anisotropy estimates come from full 2D mod-
lling of the responses, not merely from consideration
f the magnitude of the observed phase differences. EM
ave propagation is more attenuated when the electric
eld is parallel to the conducting direction (typically the
o-called transverse electric, TE, mode of propagation,
lso called E-polarization or E-parallel), than when it
s oriented perpendicular to it (the transverse magnetic,
M, mode of propagation, also called B-polarization,
-polarization, or E-perpendicular). The consequence is

hat the conducting (TE) mode requires longer periods to
enetrate to the same depths as does the resistive (TM)
ode. Ferguson and Edwards (1994) previously high-

ighted that the two modes sense different depth ranges
n the presence of surface conductors.

Below I present three cases that illustrate that one
ust interpret geoelectric strike directions at a particu-

ar period with care. The first case presents an extreme,
ut not uncommon, example, which is a class of Earth
tructures with a significant TE response, but for which
he TM response is negligible. Geologically, these are
ften en-echelon, sub-vertical conducting structures that
ave been observed in a number of regions, including
he North American Central Plains anomaly within the
aleoproterozoic Trans-Hudson Orogen. In such cases,

he TE mode signals are almost completely attenuated
ithin the crust, even to very long periods, whereas
he TM mode data at the same periods are sensitive
o electric conductivity to deep within the lithosphere
100+ km). Thus, the crust acts as a polarizing filter, only
ermitting penetration by the TM mode EM waves and
tary Interiors 158 (2006) 281–291 283

arresting penetration by TE mode waves. An important
consequence for the mantle is that one can only obtain
information in the direction that is the crustal TM direc-
tion, which may not accord with mantle strike at all; one
cannot obtain any tensor information.

The second example is when the crust and mantle
have known different geoelectric and SKS directions,
and comes from the Great Slave Lake shear zone in north-
ern Canada. As the anisotropy is not strong within the
crust (less than an order of magnitude), it is possible to
obtain the correct lithospheric mantle geoelectric strike
direction. However, if the anisotropy were stronger then
it would be impossible to obtain the lithospheric mantle
geoelectric strike direction, and erroneous conclusions
would be drawn.

The third case is an examination of the expected result
for central Australia, based on the results of Debayle
and Kennett (2000a). Given the expected high electri-
cal anisotropy inferred from the observed high seismic
anisotropy, MT data within the 1000–10,000 s band of
periods result from very different depth penetration.

These problems, of comparing data with different
depth penetration, require some form of first-order depth
normalization prior to interpretation. Recent examples of
such an approach are from Jones et al. (2005a,b), who
convert the MT data from period to depth prior to deriv-
ing and mapping anisotropy coefficients, and Hamilton et
al. (2006) and Padilha et al. (2006), who derive the depth
penetration along a profile and plot anisotropy informa-
tion within given depth ranges.

2. North American central plains anomaly:
strong single-layer anisotropy

The North American central plains (NACP) conduc-
tivity anomaly, in central North America, is possibly
the longest crustal conductivity anomaly on Earth. It
has been mapped over a distance of >3000 km, from
southern South Dakota to western Hudson Bay (Jones
and Craven, 1990; Jones et al., 2005b, and references
therein), and possibly extends across Greenland to Scan-
dinavia (Jones, 1993a). It has been shown to lie wholly
within the Paleoproterozoic Trans Hudson Orogen,
the orogen that closed the >5000 km-wide Manikewan
ocean (Stauffer, 1984) and welded together the Supe-
rior Province to the east with the Wyoming/Churchill
(Rae-Hearne) Provinces to the west (Hoffman, 1988).
For much of its length, particularly beneath the Willis-

ton Basin in southern Saskatchewan and North Dakota,
the NACP has an unusual response: it has a very strong
TE response but virtually no TM response (Jones, 1993b;
Jones et al., 1993, 2005b). The conductive bodies have an
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Fig. 1. Observed MT data at a site on top of the NACP anomaly (site
PC5014 of Jones et al., 1993). The along-strike data (TE mode) are
shown as full circles, and the across-strike data (TM mode) as open
circles.

along-strike resistivity of the order of 1–3 � m, and an
across-strike resistivity of >300 � m. Laboratory stud-
ies on rock samples from exposures of the anomaly
showed greater than two orders of magnitude in elec-
trical anisotropy at the hand-sample scale (Jones et al.,
1997), and that this could be attributed to sulphides that
migrated to fold hinges during orogenic compression,
with pyrite grains connected along strike but discon-
nected across strike. The MT data from a site on top of the
NACP are shown in Fig. 1 (site PC5014 of Jones, 1993b).

Fig. 2A shows a model of the NACP anomaly devel-
oped by Jones and Craven (1990). It is representative
of the suite of acceptable models derived from the MT
data recorded along a profile in southern Saskatchewan
(Jones, 1993b). The isotropic conductive blocks cannot
be connected, or a TM response would be generated that
is not observed (Jones, 1993b).
Another way of representing the anomalous region
is as an anisotropic body. Fig. 2B shows a schematic
representation of such a body, and its forward response
was calculated using the 2D anisotropy code of Pek and

Fig. 2. Two 2D models of the NACP crustal anomaly. (A) Model presented by
of 0.5 � m. (B) Model that yields the same responses with an anisotropic re
across strike resistivity (both laterally and vertically, ρx and ρz) of 1000 � m.
Fig. 3. Comparison of observed data (open symbols—TE: circles;
TM: squares) with the theoretical response from the anisotropic model
shown in Fig. 2B (full symbols—TE: circles; TM: squares).

Verner (1997). The anomalous body has an along strike
(ρx) resistivity of 0.5 � m, and an across strike resistivity
(both laterally and vertically, ρy and ρz) of 1000 � m.
The lithosphere is modelled as 100 km thick, with a
basal conducting layer below of 10 � m. The forward
responses observed at the centre site for these two mod-
els (Fig. 2A and B) are shown in Fig. 3, together with
the observations from the central site (Fig. 1).

One consequence of the existence and nature of the
NACP conductor is that the TE EM fields are strongly
attenuated by the conductor, whereas the TM fields are
not. This is shown by EM attenuation with depth for
1D models with and without the conductor, representing
the TE and TM modes, respectively. The E- and H-field

attenuation at a period of 300 s for the 1D model with the
conductor is shown in Fig. 4. In this model, the Phanero-
zoic sediments are represented by a 2 km thick layer of
2.5 � m, below which is a crustal and upper mantle layer

Jones and Craven (1990) of separate conducting blocks of resistivity
gion (boxed) with an along strike (ρx) resistivity of 0.5 � m, and an
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Fig. 4. 1D electromagnetic field attenuation with depth at a period
of 300 s for a site on top of the NACP conductor. Solid line: electric
field attenuation. Dashed line: magnetic field attenuation. The model
comprises a top layer, representing the Phanerozoic sediments, of 2 km
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hickness and 2.5 � m, below which is a crustal and upper mantle layer
f 200 � m underlain by an asthenosphere of 10 � m at a depth of
00 km. Within the crust is an anomalous conducting layer between
3 and 15 km of 0.5 � m representing the NACP conductor.

f 200 � m underlain by an asthenosphere of 10 � m at a
epth of 100 km. Within the crust is an anomalous con-
ucting layer between 13 and 15 km of 0.5 � m (total
onductance of 4000 S) representing the NACP conduc-
or. Note the severe magnetic field attenuation as soon
s the conductor is sensed.

The total EM amplitude is calculated from the square
oot of the energy in the Poynting vector, given by E-
eld amplitude times the H-field amplitude at the same
epth. In a half-space these two would be the same, but in
layered Earth they are very different due to the physical
ifferences in penetration (see e.g., Jones, 1983a).

It should be appreciated that using the EM field
mplitude as a representation of sensitivity to structure
s only approximate. The formal sensitivity is given by
he Frechet derivative of the off-diagonal components
f the impedance tensor, which, for the 1D isotropic
ayered Earth case, has been shown to be proportional
o the square of the electric field at depth normalized
y the surface electric field, i.e. (Ex(z)/Ex(0))2 (e.g.,
ldenburg, 1979; Gómez-Trevino, 1987) for the Zxy

omponent. However, this electric field expression
elies the fact that sensitivity must also be a function of
he magnetic field at depth, Hy(z); if the magnetic field

s vanishingly small, then there will be no electric field
nduced. Given the 1D relationship Ex(z) = Zxy(z)Hy(z),
hen we can recast the Frechet derivative in terms of
Ex(z)Hy(z)/(Ex(0)Hy(0)), scaled by the ratio of the
tary Interiors 158 (2006) 281–291 285

impedance at depth divided by the surface impedance.
This EM field term is the energy of the normalized
Poynting vector, whereas I use its amplitude. For
non-1D isotropic layered Earth cases, such as 1D with
anisotropic layers, 2D, 2D with 3D distortion, or full
3D, then the Frechet derivative is far more complex (see
e.g., Pek and Santos, 2002, for the anisotropic 1D case),
but whatever the complexity, the attenuation of the EM
fields will be indicative of sensitivity.

EM attenuation for the two 1D models, which rep-
resent the two 2D modes, over a range of periods is
contoured in Fig. 5, where Fig. 5A represents the TE
mode and Fig. 5B represents the TM mode. The black
line represents the 1/e (0.37) amplitude level, i.e., equiv-
alent to the skin depth for a uniform half space. The
attenuation of the EM fields within the 13–15 km depth
range, where the anomaly lies, is apparent in Fig. 5A. At
the base of the crust (40 km) EM fields have an ampli-
tude of 1/e of the surface value at a period of 200 s for
TM mode propagation (Fig. 5B), but at a much longer
period of 1000 s for TE mode propagation (Fig. 5A).
Indeed, the TE field amplitude is not greater than 1/3
below the body until periods >850 s have been reached.
At longer periods the TE field attenuation gradient is less
than that for the TM fields, such that TE field penetration
increases rapidly with period to approach that of the TM
field (compare the solid lines on Fig. 5), but even for the
longest realistic periods (100,000 s) the two do not have
the same depth penetration.

One interesting effect is also apparent in Fig. 5. Atten-
uation of EM fields depends in part on the conductivity
structure below the depth of interest, as well as that over-
lying it. This can be seen by the period at which the skin
depth attenuation exceeds the thickness of the Phanero-
zoic sediments. For the model without the NACP con-
ductor, this period is approx. 30 s (black line on Fig. 5B).
In contrast, for the model with the conductor, this period
is slightly greater than 10 s (black line on Fig. 5A).

To compensate to first order for this phenomenon
of varying penetration depths with differing polariza-
tion, the apparent resistivity and phase data can be
transformed from period to approximate depth using
the Niblett–Bostick transformation (Niblett and Sayn-
Wittgenstein, 1960; Bostick, 1977; Jones, 1983b). The
formula for the depth, h, is:

h (m) =
√

ρa(T )T
.

0

Note that this penetration depth is for an attenuation
factor of approximately 1/2 instead of the more usual
skin depth attenuation of 1/e.
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s at the
onducto
f space
Fig. 5. EM attenuation, with period and depth, for the two 1D model
equivalent to 2D TE mode data. (B) Attenuation for model without c
1/e amplitude level, i.e., equivalent to the skin depth for a uniform hal

For the data from above the NACP anomaly, when
transformed into the approximate depth domain the
responses more correctly display penetration depth
(Fig. 6). Even the longest period TE mode data (1000 s)

are not sensing below the crust. Clearly, for such a
situation when determining anisotropy the 1000 s TE
responses, which penetrate to ∼30 km, should be com-

Fig. 6. MT data of Fig. 1 represented in terms of approximate depth
rather than period, using the Niblett-Bostick depth transformation.
site above the NACP. (A) Attenuation for model with conductor, i.e.,
r, i.e., equivalent to 2D TM mode data. The black line represents the
.

pared with the 200 s TM responses, not with the 1000 s
TM responses. Of particular concern is that there is
no tensor information possible for the mantle: the only
information is in the crustal TM mode direction, which
may or may not be the TM mode in the mantle.

It must be appreciated that this approach is a
first-order approximation of the true physics. The
Niblett–Bostick transformation from period to depth
is not a rigorous depth conversion, and is only for-
mally applicable in 1D situations or situations where
the responses act as 1D. In this case, the effect of the
NACP conductor is so strong in one 2D mode (TE mode),
and not the other, that the two modes can be treated as
two independent 1D models. In general situations this
may not hold, however applying the transformation and
considering the MT parameters in approximate depth is
far superior to merely comparing responses in the two
orthogonal directions at the same frequency.

3. Great Slave Lake shear zone: weak two-layer
anisotropy

The Great Slave Lake shear zone (GSLsz) has been
studied both electrically and seismically in two consec-
utive geophysical experiments. Wu et al. (2002) provide
an electrical resistivity model of the region from MT data

acquired as part of the Lithoprobe SNORCLE transect
investigations (Cook and Erdmer, 2005), whereas Eaton
and Hope (2003) provide an SKS analysis of teleseismic
observations along the same profile (but not at collocated
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ites). Eaton et al. (2004) demonstrate that both respond
o two-layer anisotropy.

The crust (to approx. 40 km) shows an electrical strike
f ∼N30◦E, and a lithospheric mantle strike of ∼N60◦E
see Wu et al., 2002; Eaton et al., 2004). Seismically, the
ites within the shear zone exhibit an upper layer strike
f ∼N20◦E, and a lower layer of ∼N66◦E (see Eaton
nd Hope, 2003; Eaton et al., 2004). Taken together, the
lear inference is that the crust and mantle are decoupled
nd have different intrinsic strike directions, and that the
lectrical and seismic strikes are parallel, to within error.
hus, one important conclusion from this work is that

he inherent depth ambiguity in SKS observations can
e addressed through collocated MT measurements.

In order to determine the representative effect (not
o model the actual responses observed), the forward
esponses of a 1D four-layer Earth containing two
nisotropic layers with parameters of:
layer 1 (upper crust): ρx = ρy = ρz = 10,000 � m,
h = 10 km;
layer 2 (lower crust): ρ30 = ρz = 100 � m,
ρ120 = 1000 � m, h = 30 km;

ig. 7. (A) Strike directions observed for sites across the Great Slave Lake sh
our-layer model with two anisotropic layers for the shear zone. (C) Theoretic
ut with enhanced crustal anisotropy (factor of 10 greater than (B).
tary Interiors 158 (2006) 281–291 287

• layer 3 (mantle lithosphere): ρ60 = ρz = 30 � m,
ρ150 = 1000 � m, h = 160 km;

• layer 4 (asthenosphere): ρx = ρy = ρz = 30 � m, half
space;

where h denotes layer thickness, ρx, ρy and ρz denote
the north, east and vertical resistivity, respectively, and
ρnn denotes the resistivity in a horizontal direction
NN degrees clockwise from north (i.e., ρx = ρ0, and
ρy = ρ90), were derived using the approach and code
of Pek and Santos (2002). The parameters were taken
from the 2D resistivity model of Wu et al. (2002) as
representative of the electrical structure in the vicin-
ity of the GSLsz. Note that anisotropic mantle litho-
sphere abuts directly against anisotropic lower crust.
Geoelectric strike was determined from these responses,
using the Groom and Bailey (1989) tensor decomposi-
tion approach extended by McNeice and Jones (2001),
and the derived strike directions, with an averaging
frequency window of 1/3 of a decade, are shown in

Fig. 7B.

These synthetic strikes are to be compared with those
observed experimentally. Fig. 7A shows the strike direc-
tions observed for the sites across the GSLsz, and there

ear zone (from Wu et al., 2002). (B) Theoretical strike directions for a
al strike directions for a four-layer model with two anisotropic layers
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is good comparison between the observed strikes and the
ones computed from the above model.

The question arises about how effectively these strike
determination methods operate in the presence of larger
upper layer anisotropy, such as observed for the NACP.
To replicate this effect the forward responses were
derived for the model above, except with a lower crustal
layer of ρ30 = ρz = 10 � m, i.e., two orders of magnitude
anisotropy not one as observed. The strike determina-
tions are shown in Fig. 7C, and it is clear that even at
the longest periods used (10,000 s), the actual anisotropy
direction of the lithospheric mantle cannot be deter-
mined. Indeed, taking the data from the longest period
decade, of 1000–10,000 s, one obtains a best-fit strike
direction to all of the data of 32◦, i.e., the crustal strike
direction.

4. Australasia: strong two-layer anisotropy

The results of Debayle and Kennett (2000a,b) for
central Australia are remarkable in that they demon-
strate unequivocal evidence for two-layer azimuthal
anisotropy in SV within the lithosphere, and with virtu-
ally a 90◦ change in orientation of the fast propagation
direction and up to 9% variation in wavespeed in orthog-
onal directions. These observations agree qualitatively
with those of Simons and van der Hilst (2003). The
upper layer in central Australia, above 150 km, has a
fast polarization direction of approximately east–west,
and is concluded to be a fossilized anisotropy formed
at creation, whereas the lower layer, to approx. 250 km,
has a north–south fast polarization direction, and is con-
cluded to be a consequence of modern plate movement
(Debayle and Kennett, 2000b). Intriguingly, and beyond
the scope of this paper, there is significant complexity
in SKS determinations at the same stations (Heintz and
Kennett, 2005), from which one does not draw the same
conclusions as for the surface wave studies.

Assuming that the crust is isotropic, and that the large
scale of anisotropy observed seismically translates into
a correspondingly large change in electrical anisotropy,
a possible equivalent electrical model for central
Australia is:

• layer 1 (crust): ρx = ρy = ρz = 10,000 � m, h = 40 km;
• layer 2 (upper mantle lith.): ρ90 = ρz = 30 � m,

ρ0 = 1000 � m, h = 110 km;

• layer 3 (lower mantle lith.): ρ0 = ρz = 30 � m,

ρ90 = 1000 � m, h = 100 km;
• layer 4 (asthenosphere): ρx = ρy = ρz = 30 � m, half

space.
Fig. 8. EM attenuation at 1000 s for a site in the centre of Australia
based on an expected theoretical Anisotropic model. Solid line: atten-
uation for EW currents. Dashed line: attenuation for NS currents.

Because of the nature of the anisotropy, in that the
two anisotropic layers are orthogonal to each other, the
responses observed on the surface are those of two inde-
pendent 1D models, with a three-layer model for N–S
currents of 10,000/1000/30 � m with interfaces at 40
and 150 km, and a four-layer model for E–W currents
of 10,000/30/1000/30 � m with interfaces at 40, 150 and
250 km.

For these two models, the penetration depths (given
by the depth at which the EM field amplitude is 0.37
of the surface value) at a period of 1000 are 185 and
105 km for the N–S and E–W models, respectively. EM
attenuation with depth for the two models at 1000 s
period shows the different penetration, with the E–W cur-
rents (Fig. 8, solid line) much more strongly attenuated
in the upper mantle lithosphere, and the N–S currents
(Fig. 8, dashed line) more strongly attenuated in the
lower lithosphere. However, the two virtually coalesce
at the base of the lithosphere (250 km) as both the TE
and TM data have, by then, passed through almost the
same total depth-integrated conductance. At 10,000 s
the penetration depths are virtually the same, namely
355 and 350 km. Thus, in the period band studied by
Simpson (2001), of 1000–10,000 s, the MT data from
the orthogonal observations are, most likely, sensitive to
very different depths.

5. Discussion and conclusions
Determining the anisotropy of the lithosphere poten-
tially holds the key to understanding its formation
and deformation processes. Observations of seismic
anisotropy, led by SKS analyses but increasingly of
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urface wave anisotropy, have made significant con-
ributions to those debates. Similarly, observations of
lectrical anisotropy, initiated with the seminal contri-
ution by Mareschal et al. (1995), are attempting to
rovide further constraints. However, caution must be
xercised with electrical anisotropy studies due to the
ast range possible for electrical conductivity resulting
n greatly differing penetration depths at different sites,
nd between the two modes at the same sites.

Hamilton et al. (2006) demonstrate that EM fields at
ites acquired along the same profile have vastly different
enetration depths for the same periods. Sites on conduc-
ive crustal features are only penetrating 20 km at periods
f 1000 s or greater, whereas on highly resistive regions
his depth penetration is reached by 1 s. They compen-
ate for this by determining the depth penetration at each
ite, and portraying the strike arrows in terms of depth
ands.

For the NACP anomaly there is significantly different
epth penetration for the two orthogonal modes of pene-
ration in the crust. The same situation exists for MT data
cquired in Alberta by Boerner et al. (1999, 2000). The
E data do not sense below the crust, i.e., the long period
E data only have a depth penetration of crustal dimen-
ions, due to the presence of highly anisotropic crustal
tructures, whereas the TM data pass through the crust
irtually without attenuation. Thus, the only information
hat can be obtained about the mantle is in a single direc-
ion that is the crustal TM mode direction; there is no
ensor information possible at mantle depths. The prob-
em is that whereas one is assured of mode identification
ithin the crust, below the crust there is only informa-

ion from a single direction, which is the TM direction
n the crust, and thus there is no knowledge of struc-
ural or intrinsic anisotropy. Thus on modelling of the
ata Boerner et al. (1999) had to make the assumption
hat the TM mode in the crust is valid in the lithospheric

antle, and model the MT data accordingly. As shown
or quite a number of studies, such as the Great Slave
ake shear zone (above) and the study across the Snow-
ird Tectonic Zone (Jones et al., 2002), the crust and
antle are often decoupled, so assumptions about verti-

al continuity of geoelectric strike direction are highly
uestionable.

Clearly, maps of geoelectric strike at even the longest
eriods can be misleading because of crustal effects. This
rgument was raised by Korja et al. (2002, 2003) and
ahti et al. (2005), who demonstrated that crustal effects

bserved in Fennoscandia can account for observed
trike directions at even very long periods, and thus
ispute the conclusions of Bahr and Simpson (2002)
ased on geoelectric strikes observed at 2049 s. In their
tary Interiors 158 (2006) 281–291 289

work, Hamilton et al. (2006) and Padilha et al. (2006)
compensate for this problem by converting the data to
approximate depth, and presenting maps for varying
depths rather than varying periods. However, compen-
sation must be undertaken for the two modes, as well as
between sites.

It should be appreciated that these concerns extend
also to galvanic tensor decomposition approaches to
determine the dominant 2D strike direction, and to
extract the 2D regional impedances (e.g., Zhang et al.,
1987; Bahr, 1988; Groom and Bailey, 1989; Chakridi et
al., 1992; Chave and Smith, 1994; Smith, 1995, 1997;
Chave and Jones, 1997; McNeice and Jones, 2001).
Clearly if geoelectric strike varies with depth, then there
is the potential for mixing modes when there is strong
anisotropy, and erroneous conclusions will result.
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