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Abstract. Electrical anisotropy, the effect of current density in a medium being a function of

the orientation of the electric field, is being recognized increasingly as an important effect in
explaining Earth electromagnetic observations. A consideration of anisotropy, however, in
most cases is an admission of spatial aliasing in earth structure, wherein the averaging volume
of diffusive EM fields may be greater than the characteristic dimensions of a family of oriented

structures, thus leading to a response which is equivalent to a bulk anisotropic medium. Even
for two-dimensional geometries, there can be strong non-parallelism of principal axes of
vertical magnetic field relative to the impedance over broad areas, as well as impedance phase

variations which leave normal quadrants, if there are multiple directions of anisotropy or
anisotropy strike distinct from bulk geometric (2D) strike. This paper concentrates on expe-
rience with regional field studies in continental settings where bulk anisotropy is apparent.

Upper crustal anisotropy may result from preferred orientations of fracture porosity, or
lithologic layering, or oriented heterogeneity. Lower crustal anisotropy may result from
preferred orientations of fluidized/melt-bearing or graphitized shear zones, but does not

necessarily reflect current state of stress per se. In the upper mantle, the prior causes all may
act in pertinent domains, but added to these is the possibility of strong electrical anisotropy
due to hydrous defects within shear-aligned olivine crystals (solid-state conduction). Several
field examples from continental MT investigations will be discussed, which roughly fall into

active transpressional, active transtensional, and fossil transpressional regimes. A general
challenge in interpreting data with apparent anisotropic effects is to establish the tradeoff
between heterogeneity and anisotropy in the inversion of EM responses.
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1. Introduction

With electrical anisotropy, current density depends on the direction of the
electric (E) field, and the direction of current is not necessarily parallel to the
E-field direction (e.g., Edwards et al., 1984; Weidelt, 1999; Wang and Fang,
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2001). Understanding this property has large implications for economic
resource evaluation, interpretation of hydrological flows, and models of
material composition and transport in the deep crust and upper mantle. To a
large extent, consideration of anisotropy reflects the inability to resolve ori-
ented heterogeneity below a certain spatial limit. Given that the resolving
power of diffusive EM methods like magnetotellurics (MT) diminishes with
depth to target, the spatial limit below which only equivalent anisotropy is
resolvable becomes increasingly broad with depth. Elucidation of mixing
laws for multicomponent media to determine bulk electrical properties has
been a constant challenge.

In this paper, I consider mainly experience with electrical anisotropy
apparent in MT data from regional electromagnetic surveys, particularly
for the plane-wave source of MT. After a brief introduction to the prop-
erty, an overview of the state of modeling of MT responses over anisotropic
media is presented. A few fundamental characteristics of such responses are
highlighted. Subsequently, the bulk of the presentation pertains to observed
apparent anisotropic responses and their implications for physical state of
the deep crust and upper mantle in various continental tectonic regimes.
Oceanic conductivity and its anisotropy are addressed in the companion
review paper by Baba (2005). The paper closes with a list of challenges
remaining in the interpretation of anisotropy in multidimensional
environments.

2. Basic Characteristics of Anisotropy

In anisotropic problems, the conductivity is considered to be a tensor (e.g.,
Weidelt, 1999, and many others). Generally, it is of rank 3 but symmetric for
purely ohmic conduction, and non-negative definite (Figure 1). With the
exception of microscopic intracrystalline anisotropy which we will consider
later, bulk anisotropy at the resolving scales of diffusive EM measurements is
typically the result of mixing in a preferred orientation of two or more media
types of differing conductivities. A very simple view of this appears in
Figure 1 with adjacent media of two differing conductivities being subject to
an oblique applied electric field. For this laminar geometry, the average
current density over both objects is canted toward the ‘strike’ direction rel-
ative to the average electric field. However, for a non-negative conductivity
tensor, the angle between average electric field and current density remains
acute (Weidelt, 1999).

For a simple laminar geometry, the bulk resistivities normal (n) and
parallel (p) to the laminae are (e.g., Heise and Pous, 2001; Wang and Fang,
2001):
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Rn ¼ ð1� V1ÞR2 þ V1R2 ð1aÞ

and

1=Rp ¼ ð1� V1Þ=R2 þ V1=R2 ð1bÞ

where V1 is the volume fraction of material 1. Analogous relations in terms of
dike widths are given by Eisel and Haak (1999) and similar relations can be
derived for infinite orthogonal thin rod-like geometries. Weidelt (1999)
derives semi-quantitative bounds on anisotropy for two-dimensional (2D)
media with two embedded phases using a homogenization theory.

Real-world bulk anisotropies more often may reflect oriented conducting
elements, which are imperfectly connected over larger scales. An interesting
approach to quantifying this situation has been pursued using embedded
fractal random resistor networks (Bahr, 1997, 2000; Bahr et al., 2002)
(Figure 2). To a large degree, it proceeds from analogous study of fluid flow

Figure 1. Example representations of anisotropy in earth materials. Anisotropy often is rep-
resented in terms of minute alternating planes of different conductivity with strike (sometimes

also called azimuth) and dip which may be non-parallel to geometric strike. In anisotropic
media, electric field and current vectors are not necessarily parallel. Figures from Heise and
Pous (2001) and Weidelt (1999), with permissions from the authors.
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in fractal networks by Gueguen et al. (1991). The analysis points out that the
highest degrees of bulk anisotropy may result from slight changes in con-
nection of the higher-conducting phase if it remains close to its percolation
threshold. This in fact represents a situation where most of the conducting
phases have a rather low degree of long-range electrical connectivity. The
range of possible anisotropy tends to increase with the order of fractal
embedding. In the field MT and geological studies reviewed, conducting
elements in nature are argued to be disposed under petrological and struc-
tural/rheological controls. The fractal model example just described can then
be compared to other scenarios of establishing preferred directions of
conduction.

3. State of Numerical Simulation of Anisotropic MT Responses

Excellent discussions of the history and state of anisotropic modeling for
plane wave and finite sources over 1D earth models has been given by Josef

Figure 2. Anisotropy of electrical conductivity found by numerical random resistor experi-
ments for simple network (I), embedded network (II), and twice-embedded network (III). The
probabilities px and py that bonds oriented in the two perpendicular directions x and y are not

blocked differ by only 20%. In region III, each lowest-level cluster is assumed to have random
distribution similar to I. Redrawn from Bahr (1997), with permission of the author.
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Pek and coworkers (Pek and Santos, 2002; Pek, 2002; Kovacikova and Pek,
2002a, b). Pek and Santos (2002) show that the governing equations for the
horizontal electric fields in each layer of the 1D earth can be expressed in
terms of reduced aggregate conductivities Aij, according to:

@2Ex

@z2
þ ixl0ðAxxEx þ AxyEyÞ ¼ 0; ð2aÞ

@2Ey

@z2
þ ixl0ðAyxEx þ AyyEyÞ ¼ 0; ð2bÞ

where

Axx ¼ rxx �
rxzrzx

rzz
; Axy ¼ rxy �

rxzrzy

rzz
; ð3aÞ

Ayx ¼ ryx �
ryzrzx

rzz
; Ayy ¼ ryy �

ryzrzy

rzz
ð3bÞ

and Axy=Ayx from symmetry. Thus, plane–wave EM field responses do not
allow reconstruction of the full conductivity tensor of a layer (or even a half-
space), and in principle an unlimited number of tensors could possess the
same aggregate conductivities. The 1D MT problem for a generally aniso-
tropic layered medium can always be set up as an equivalent azimuthally
anisotropic structure incorporating the elements of the rank-3 layer tensors.
Finite source fields in principle have some sensitivity to anisotropy dip, but
this was judged to be weak for realistic anisotropy contrasts (Pek, 2002).

Perhaps the best-known algorithm for MT responses over 2D structures
with generally oriented anisotropy is that of Pek and Verner (1997), building
on the work of Reddy and Rankin (1975). One motivation for this devel-
opment was the observation in field data (to which we will return later) that
sometimes there is a systematic discrepancy between the MT impedance
principal directions and those implied by the vertical magnetic field (Hz)
induction arrows. The algorithm has been extended to include topography
and bathymetry by Pek and Toh (2001). An extension of the Rodi and
Mackie (2001) 2D MT inversion program to include a diagonalized con-
ductivity tensor has been created for application to seafloor MT data (Baba
et al., 2005). This approach yields separate images for along-strike, cross-
strike, and vertical resistivity components. It achieves stability by damping
the departures of the three principal resistivities from each other. However, it
does assume that the axes of anisotropy are known, i.e., coincide with the
Cartesian axes of the 2D model framework. Inversion for 2D structure with
more arbitrary anisotropy orientations was presented by Li et al. (2004).
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The Pek andVerner 2D algorithmwas used byHeise and Pous (2001) to test
the effect of anisotropy strike orientations on equivalent isotropic 2D inver-
sions. The example of Figure 3 considers two levels of isotropic media over an
anisotropic basal half-space having a 20:1000 resistivity contrast, with variable
anisotropy strikes tested. Impedance principal axes determined the imposed
anisotropy strike angle, and joint TE–TMmode inversions with strike defined
at the anisotropy angle recovered much of the true structure. Below a depth of
about 20 km in the inversion model, the anisotropy of the basal medium is
represented by alternating conductive and resistive dike-like media, whose
integrated lateral average conductivities (across and along strike) reproduce
those of the anisotropic medium reasonably well. An alternative type of
inversion in this author’s view is to initially perform a single mode inversion
(e.g., TM only), or possibly combine modes for the period range where uni-
form strike angle is apparent. A subsequent inversion of the other mode’s data,
subject to keeping the conductivity variations close to the initial inversion,
could yield a smoother estimate of the deep anisotropic conductivities.

The effect of anisotropy in the basement upon the induction arrow
direction at various periods, and the effect of anisotropy strike on arrow
direction at a fixed period, was also studied by Heise and Pous (2001)
(Figure 4). The induction arrows tend to be deflected from being normal to
the overlying 2D isotropic structure, towards the anisotropy strike. Currents
perpendicular to the strike of the overlying isotropic structures, induced by
the magnetic field parallel to strike, are deflected in the direction of pre-
ferred current flow in the anisotropic medium below, thus rotating the
induction arrows (Pek and Verner, 1997). Dramatic effects upon impedance
phase behavior also are possible when anisotropy strikes of upper and lower
structures differ greatly and are substantially non-parallel to the geometric
strikes of the 2D bodies (Pek and Verner, 1997). In particular, phase values

Figure 3. Left: 2D model with contacting isotropic slab having a 1:100 resistivity contrast

beneath resistive overlying layer, placed on anisotropic basement with anisotropy strike not
necessarily parallel to geometric strike. Right: isotropic 2D inversion model for data rotated
clockwise 30� to the anisotropy strike of this particular model. The 20:1000 anisotropy factor

in the basement is replicated by alternating conductive and resistive dike-like media. Replotted
from Heise and Pous (2001).
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out of their natural quadrants can occur where locally the projection of the
electric field along a particular cartesian component becomes reversed from
the direction of the component current density. This was verified and
explored further by Heise and Pous (2003), who noted that the effect was
limited to the domain of the shallower, smaller scale structure and that the
regional structure could be recovered. Pek and Verner stress, however, that
the total vector current density and electric field cannot be anti-parallel due
to the non-negativity of the conductivity tensor in the Earth.

For the fully 3D anisotropic problem, several forward problems have
emerged involving either plane wave or EM finite sources (Weidelt, 1999;
Davydycheva and Drushkin, 1999; Wang and Fang, 2001; Weiss and
Newman, 2002). Deflection of induction vectors away from symmetry axes
by anisotropic current flow is confirmed in model studies by Weidelt, who
also emphasized that anisotropic models cannot explain responses that are
not interpretable by isotropic 3D models of arbitrary complexity. To quote,
‘all anisotropy can be explained by structural anisotropy resulting from
spatial averages over isotropic structures with a preferred orientation’. To
this author’s knowledge, no explicit 3D inversion algorithm including both
anisotropy and heterogeneity has yet emerged. Challenges can be anticipated
in jointly solving for optimal values of anisotropic conductivity and anisot-
ropy orientations, unless the latter can confidently be assumed. With incor-
rectly assumed orientations, equivalent alternating elongate structures
analogous to those of Figure 3 in the 2D case (lumped isotropic structures)
seem likely to arise to some extent.

4. Field Surveys Exhibiting Apparent Anisotropy, and Physical Implications

Sufficient experience with field data has built up for the community to realize
that it is very common for the interpreted conductivity in one horizontal

Figure 4. Orientation of induction arrows for 2D model of Figure 3 and an anisotropy strike

of 30� at various periods (a) and various anisotropy strikes at T=100 s (b). Replotted from
Heise and Pous (2001).
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direction to differ significantly from that of the orthogonal direction, even
for situations that seem well approximated by 2D geometries. A fortunate
aspect of straightforward 2D anisotropy is the greater confidence one may
have with 2D isotropic inversions if properly constructed and interpreted.
Hence, we may be on firmer ground in making tectonic or petrological
inferences from those conductivity models. As introduced, however, a con-
sistent obliquity between impedance principal axes and strike based on
vertical magnetic field, extremes in response behavior often with high local
variability, and rotations of principal directions at longer periods from
apparent geological trends at the surface, have been seen in several field
surveys and have motivated modeling developments (e.g., Pek and Verner,
1997).

In this section, I summarize several MT transect interpretations on the
continents which exemplify apparent bulk anisotropic behavior in certain
instances and discuss what they suggest about conductivity mechanisms.
These areas cover regimes of active transpression, active transtension, and
fossil transpression. The laboratory-based understanding of anisotropy
controls is worked in during the discussion of causes of the anisotropy in the
field models. Laboratory here is taken to include not only small-scale P–T
experiments or calculations with Earth materials per se, but also large scale
inferences on geochemical or structural state from field geological studies.
The review is by no means exhaustive, but is meant to represent at least some
important orogenic processes which manifest well-developed anisotropic
conductivity structures.

4.1 Active Transpressional Regimes

As one example of this regime, the New Zealand Southern Alps is a highly
oblique compressional regime exhibiting high rates of mountain uplift and a
well-developed crustal root zone (Wannamaker et al., 2002). A low resistivity
zone in the lower crust developed in and over the crustal root is interpreted
to reflect fluids generated through prograde metamorphism, and intercon-
nected in ductile shear zones (lower crust) and stockwork fracture zones
(upper crust) (Figure 5). The structure is accompanied by a seismic low-
velocity anomaly. Impedance decomposition indicated a strike direction of
N40�E, or �15� ccw from the strike of the Alpine Fault, over the period
range most affected by the deep conductor, a deviation which is resolvable
but otherwise not considered troublesome. The nominal TE mode impedance
and Hz-field data imply significantly greater conductivity in the lower crust
along electrical strike than across it. The TE image shown in Figure 5 was
derived by keeping the model as close as possible to the TM image, and thus
exhibits a relatively simple lateral character. Joint TE–TM inversion yields a
model much ‘clumpier’ in texture (Wannamaker et al., 2002, not shown
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here), similar to the joint images of Heise and Pous (2001), which preserves
significant current flow along strike but restricts current flow across strike in
order to fit the two modes at once.

Electrical anisotropy is not unexpected in transpressional regimes due to
formation of shear zones with preferred orientation. Shear zone elements fall
into three categories: isolated, dangling, and backbone (Cox et al., 2001)
(Figure 6). Over time, fault zones initiate across a broad span of anasto-
mozing faults, with narrower, through-going faults becoming the product of
increased strike-slip displacement (e.g., Sibson, 2000). In other words, the
degree of long-range fluid interconnection represented by the throughgoing
backbone structures increases with degree of shearing. Note that just above
the percolation threshold of backbone formation, the long-range backbone
structures constitute only a small fraction of the total fault population which
can access fluids. However, the percolation threshold for backbone elements
is interpreted to be reached for 3D fault arrays at bulk strains of only a few
percent (Cox et al., 2001). Thus, in terms of the previously introduced per-
colation theory of Figure 2, substantial anisotropy could occur in the early
stages of transpression. Degree of anisotropy could increase with progressive

Figure 5. Coast-to-coast, 2D resistivity cross sections from inversion of TM mode (cross-
strike) impedance data (top) and of TM+Hz data (bottom) (replotted from Wannamaker et
al., 2002). Physiographic features include Alpine Fault (AF), Main Divide (MD), and Forest

Creek fault zone (FC). Section runs northwest (NW) to southeast (SE). Granularity of model
with increasing depth reflects growth in regularization parameters.
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shearing because degree of interconnection along strike should increase, and
there may be a tendency for shears to further ‘self-organize’ into backbone
elements through fluid-driven weakening and growth (Cox et al., 2001).
Alternately, conduction may be limited if fluid flow is episodic and spatially
limited along the backbones.

MT profiling in the southern Chilean Andes described by Brasse and Soyer
(2001) detected strong conductive anomalies in the lower crust under the
volcanic arc, correlated with high-temperature fluids and melting. Impedance
principal directions were nearly N–S for the profiling, close to paralleling the
volcanic chain and the subduction trench, motivating a 2D interpretation.
However, further analysis revealed that the magnetic induction (Hz) strikes in
the survey showed a consistent tilt nearly 45� East of North (Figure 7). A
forward model incorporating anisotropy in the lower crust reproduces this
feature reasonably well, requiring an anisotropy strike of 45� and along-strike
conductivities several times greater than those across strike (Li, Brasse, and
Soyer, unpublished data). Nevertheless, the basic features of lower crustal
conductivity structure remain in accord with the original 2D inversion of
Brasse and Soyer, similar to the experience of Heise and Pous (2001).
Pre-subduction fault trends in the area are observed which also trend to the
northeast (H. Brasse, personal communication), suggesting that ancestral
structures exert an important control on present conductivity. However, an
interesting implication of this is that the new N–S tectonic grain did not
make significant use of pre-existing structural orientations for its tectonic
development.

Figure 6. (a) Schematic 2D depiction of a fault network consisting of isolated elements,
dangling elements, and backbone elements. Most flow occurs in the backbone, while fluid is

fed to and discharged from the backbone via dangling elements. (b) Fraction of total fault
element population occupied by each element type subsequent to strain reaching a critical
degree ec (percolation threshold). At this degree, essentially all faults are isolated, but dangling

and backbone elements begin to form. At very high strain degrees, the great majority of faults
have become throughgoing backbone elements. Modified from graphic provided by S. Cox.
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4.2 Active Transtension

Dense MT profiling was carried out in the active extensional Great Basin
province of north-central Nevada, western United States, by Wannamaker
and Doerner (2002) in a study of metamorphic core complex development
and thermal processes. It is a complex area experiencing Phanerozoic con-
tinental margin sedimentation, two major compressional orogenies, two
extensive plutonic suites, and two major episodes of extension. While current
surface Basin–Range morphology trends are NNE, the initial direction of
extension was NNW, possibly influenced by ancestral trends of the early
Paleozoic continental margin (Zoback et al., 1994). The earlier direction
exerted control on world-class Carlin-trend gold deposits and on the earliest
basaltic magmatism (Wannamaker and Doerner, 2002).

Decomposed impedance strike estimates based on the method of Bahr
(1988) for long periods (20 < T < 1000 s) showed that lower crustal elec-
trical strike lay �N20�W (Sodergren, 2002), similar to the pre-Basin and
Range structures. Tipper element values were small (<0.1) in this period
range. To assess bulk lower crustal anisotropy at the broadest scales, the

Figure 7. Observed and computed magnetic induction strikes for profile of MT stations across
the southern Chilean Andes and the corresponding 2D anisotropic model (H. Brasse, pers.
comm.). Resistivity values in the model correspond to along-strike, across-strike, and vertical

directions respectively. Results computed with program developed by Y. Li.

ANISOTROPY VERSUS HETEROGENITY IN CONTINENTAL SOLID EARTH 743



off-diagonal impedance elements in the x=N20�W coordinate frame were
integrated over the profiling to obtain a single average tensor sounding
(Figure 8). For the nominal TM(yx) mode at least, this is approximately
equivalent to laying a single measurement bipole over the entire profile
(�80 km), and suppresses the effects of lateral heterogeneity (Torres-Verdin
and Bostick, 1992). Intriguingly, both the TE and the TM apparent resis-
tivities and phases approach common values for periods shorter than about
3 s (Figure 8), and they are similarly common values as seen for other pro-
filing in the eastern Great Basin described by Wannamaker et al., (1997).
Thus, despite the extensive tectonism producing a visible NNE grain to the
morphology today, no longer-wavelength anisotropy in the upper crust has
developed. Bulk apparent resistivities for T < 10 s appear to reflect mainly
the original Paleozoic margin sedimentary section dominating the lithologies
of the central and eastern Great Basin. That the TE graben responses also
have effectively been averaged out is interpreted to reflect that, in this case,
substantial bodies of alluvium lie off-profile as well as along it. Of course,
individual soundings can show marked apparent anisotropy due to individual
horst-graben structures, as seen also in the study of Adam (1996) of the
extensional Pannonian Basin.

However, for a NNW orientation of the x-axis, the nominal TE(xy) data
imply that bulk resistivities of the lower crust in the area are 3–4 times lower
than for the TM mode. A view of the lower crustal anisotropy for current
flow in the NNW and ENE directions is given in Figure 9, derived from

Figure 8. Integrated impedance soundings for MT data rotated to N20W with fit of smooth
1D inversion. Both TE and TM mode data are shown. Error bars are smaller than the plotting

symbols. Layered earth inversion also was performed, and layering parameters (R=resistivity
in Wm, D=depth in km) are tabulated in the figure. Modified from Sodergren (2002).
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smoothed and layered 1D inversion (Sodergren, 2002). Lower crustal con-
ductance in the NNW direction is 3–4 times greater than for the ENE
direction.

The cause of the lower crustal conductor in the Great Basin is believed to
be hypersaline fluids and water-undersaturated partial melts, because vol-
canic products imply that oxygen fugacity is too high to support graphite
(Wannamaker et al., 1997; 2001). Hence, the question arises as to whether the
anisotropy is the result of the present day stress regime, or of existing fabric
in the rock controlling fluid distribution. Current strain directions are
directly E–W or perhaps even ESE–WNW, consistent with horst-graben
directions, based on precise geodetic surveying (Hammond and Thatcher,
2004) which does not support current stress as the cause. Moreover, in
feldspathic lithologies, stress is shown to improve the degree of fluid inter-
connection but the connection is not anisotropic (Tullis et al., 1996). Thus,
existing fabric in the high-grade Proterozoic metaigneous basement to the
region is favored as the cause of the anisotropy through controls on the
orientation of the fluid or melt. A picture of how this exists may be that of
Sawyer (2001), based on field interpretations in migmatitic terranes
(Figure 10). Sites of formation or resorption of partial melt are concentrated
along foliations of hydrous minerals which are essential components of melt
reactions, and we presume that disposition of saline fluids at somewhat lower

Figure 9. Smooth (left) and layered (right) 1D inversion models of the TE (NNW) and TM

(ENE) integrated impedance responses of Figure 8. The smooth inversion is an a priori
adherence algorithm written by the author follow Tarantola (1987), using a 100 Wm half-space
as the reference model. Sensitivity tests in Sodergren (2002) for the layered inversion showed

that the bottom of the conductive layer for both modes can reside at a common depth of
�39 km (near Moho) and still fit the data.
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temperatures involving hydrate reactions can occur similarly. Hence, ancient
fabric controls modern fluid orientation and resistivity anisotropy. That the
bottoms of such conductive layers lie near the Moho may reflect the greater
ease of fluid interconnection in crustal mineralogies relative to those of the
upper mantle (e.g., Watson and Brenan, 1988).

Western and central Europe is under a moderate state of extensional stress
as evident from existence of the Rhine graben and Tertiary volcanism
(Blundell et al., 1992). Crustal and upper mantle scale resistivity structures of
the region have been modeled and described by Bahr and Duba (2000),
Leibecker et al. (2002), and Gatzemeier and Moorkamp (2005). Leibecker’s
3D forward model for the crust is shown in the upper part of Figure 11. A
conductive (0.5 Wm) body in the upper crust was interpreted as hot,
hypersaline fluids, although it is tempting with such low values to consider a
cryptic graphitic body. Anisotropy in the middle crust is oriented in a broadly
NE–SW direction, and is correlated with graphitic conducting elements in
fossil trends of the Hercynian orogenic belt of north central Europe. No clear
evidence of the current N–S oriented Rhine graben structures occurs in the
data.

In the upper mantle in the 100–150 km depth range, long period imped-
ance phase splits over the region imply that the resistivity at such depths is
highly anisotropic. Bulk resistivity in the E–W direction is 1–2 Wm while that
in the N–S is �250X m (Gatzemeier and Moorkamp, 2005). The resistivity in
the more conductive direction would require �10% of aligned melt, the
mechanical stability of which is questionable. Gatzemeier and Moorkamp

Figure 10. Schematic development of melt pools along foliation planes, based on outcrop
mapping in migmatitic terranes (Sawyer, 2001, reproduced with permission). Foliation is

defined by biotite (striped pattern) in a matrix of quartz and feldspar (white). Melt is black and
dotted minerals are melt-produced pyroxene.
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(2005), based on an expanded array compared to the earlier work of
Leibecker et al. (2002), argue that the E–W resistivity is non-uniform areally,
being the lower to the North, and also is terminated to the East and South.
These authors, and Bahr and Duba (2000), suggested that the highly direc-
tional conductivity may be due to aligned olivine crystals which contain a
significant volume of hydrous defects in the solid state. This follows the initial
suggestion of Karato (1990).

An idealized illustration of the possible influence of hydrous defects
appears in Figure 12 following Karato (1990) and Lizzaralde et al. (1995),
but using newer estimates of solubility and anisotropic defect diffusivities
(Kohlstedt and Mackwell, 1998; Simpson, 2002; Bell et al., 2003; Zhao et al.,
2004; Simpson and Tommasi, 2005). In the plot are hypothetical resistivity
profiles for two geotherms: a high-temperature regime (90 mWm)2) such as
the northern Basin and Range (BR), and a stable geotherm (45 mWm)2) (ST)
(Lachenbruch et al., 1978). The stable geotherm follows the global average
current mantle adiabat (ACMA) (Thompson, 1992) below �180 km depth.

Figure 11. A 3D model of the resistivity below the Rhenish shield area. Upper left and middle:

Plan view of two inhomogeneous layers at 6 and 14 km depth. Upper right: Vertical section
through the same model (from Leibecker et al., 2002). Lower: Updated models of mid-crustal
and upper mantle anisotropy from Gatzemeier and Moorkamp (2005). Leibecker et al. sites lie

in lower left corner of Gatzemeier and Moorkamp array. Reproduced with authors’ permis-
sions.
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Conductivity profiles were derived for temperatures up to dry peridotite
melting (Takahashi, 1986). Curves include saturated olivine along its most
conductive a-axis (001), 3.5% saturated a-axis olivine (dmp), and dry olivine
(lherzolite) after Duba and Constable (1993). For the 180–400 km depth
range, saturated H+/Si values are approximately 20000–70000 ppm with
these coefficients, while in the 25–50 km depths of the high temperature
profiles, H+/Si is in the �2000–4500 ppm range. The ‘damp’ concentrations
thus would be �30 times less than those.

Since solubility of hydrous defects in olivine in this model is pressure
dependent, the enhancement over dry conductivity is more pronounced for
cooler geotherms and greater depths (Figure 12). Below �180 km, the dif-
ference in conductivity between an H-saturated a-axis of olivine, and dry
olivine, is the equivalent of >700 K temperature change. Since the lattice
conductivities in the b and c directions are �30 times less than for the a-axis
(Kohlstedt and Mackwell, 1998), the H+

a-dmp curve in Figure 12 would
serve as the saturated curve for the b–c axes as well. At 3.5% saturation, b–c
axial conductivities differ negligibly from the dry curve. Hence, for greater
degrees of saturation, one would expect a near-constant ratio of �30 between

Figure 12. Predicted solid-state electrical conductivity profiles assuming high (BR, solid

curves) and stable (ST, dashed curves) regime geotherms, and various states of olivine
hydration. Hydration states include H2O saturation (H+ sat) for crystal a-axis, ‘damp’ a-axis
olivine (dmp), and dry lherzolite (dry).
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the a-axis conductivity and the b–c axial conductivities, regardless of degree
of saturation. Nominally, this factor represents the maximal conductivity
anisotropy which could be expected for aligned, hydrated olivine with these
nominal experimental coefficients. Resistivities as low as 1 Wm such as the
more conductive direction seen by Gatzemeier and Moorkamp (2005) in
principle are achievable at average mantle temperatures even for only par-
tially saturated states.

However, to be sure, the degree of possible anisotropy and reduction in a-
axis resistivity depicted in Figure 12 is an idealization. Solubility estimates
for H+ likely will continue to be refined, which to first order will be multi-
pliers on the hydrous curves in the figure. The model assumes also that H+

ion diffusivities can be used to predict conductivity accurately through the
Nernst–Einstein equation (cf., Karato, 1990), and it is not clear that all
hydrogen defects participate equally in conduction (Huang et al., 2005).
Direct measurements of olivine conductivity due to hydrogen defects at best
are very sparse. Shankland and Duba (1997) and Shankland et al. (1997)
report on olivine a-axis conductivity measurements under controlled, albeit
low, f(H2). They did observe a nearly linear dependence of conductivity on
H2 fugacity, confirming ionic conduction in the defect model, though again
absolute density of H+/Si remains uncertain. The prior uncertainties make
difficult the prospect of quantifying degree of hydration of the upper mantle
through electrical conductivity estimates.

The simple alignment of olivine represented in Figure 12 also is idealized
when the diluting effects of other mantle minerals such as orthopyroxene,
and especially finite development of crystal alignment, are considered
(Simpson, 2002; Simpson and Tommasi, 2005). These effects may reduce
likely natural anisotropies to well below the �30:1 in the prior hypothetical
discussion. Moreover, recent high-pressure experiments and simulations
indicate that the olivine a-axis may not align with the shear direction below
�250 km depth (Mainprice et al., 2005), thus hypothetically limiting the
electrical anisotropy too. Presuming that the �100:1 upper mantle anisot-
ropy in the model of Gatzemeier and Moorkamp (2005) is not affected by
still unrecognized lateral heterogeneity or coupled multi-level anisotropy
(Pek and Verner, 1997; Heise and Pous, 2001, 2003), mechanisms other than
aligned hydrated olivine would appear to be acting, as recognized by Gat-
zemeier and Moorkamp. For example, the 100–150 km depth range still is
within the nominal stability regime of graphite (cf. Jones et al., 2003). Melt in
horizontally sheared upper mantle does not appear to contribute much to
anisotropy; melt therein tends to segregate into sheets with shallow dip, and
alignment of olivine may be suppressed or may form normal to the shear
direction (Holtzman et al., 2003a, 2003b). Nevertheless, the E–W low-resis-
tivity direction is compatible with seismic shear wave splitting reviewed by
the authors, and is approximately parallel to the ENE–WSW direction of
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plate motion for western Europe (Prawirodirjdo and Bock, 2004). The degree
of coupling between upper mantle processes and the active rifting of the
Rhine graben is unclear in the electrical conductivity structure.

4.3 Fossil Transpressional Regimes

Studies in the Canadian Precambrian Shield terranes have been some of the
most prominent with regards to deep electrical anisotropy, especially those of
the Abitibi-Grenville provinces in the East (Jones, 1992; Kellett et al., 1992;
Kurtz et al., 1993; Mareschal et al., 1994, 1995; Boerner et al., 2000). There, a
pervasive resistivity anisotropy in the lowermost crust or uppermost mantle
exists over a transect length of >300 km, with the more conducting direction
�N55�E parallel to observed Archean tectonic patterns. Given this length
and consistency, and lack of vertical magnetic field anomalies, an equivalent
causative lateral eterogeneity at depth is deemed less likely. Boerner et al.
interpret the conducting element to be graphite precipitated from mantle CO2

fluxes along crustal scale fault zones, due to lack of obvious crustal sedi-
mentary sources. In contrast, reconnaissance isotope studies described by
Mareschal et al. (1994) indicate a biogenic component dominates. Ji et al.
(1996) interpreted a possible modest (20–25�) obliquity between electrical and
SKS-type seismic anisotropy in the region as due to a finite degree of strain
having different effects on degree of crystalline alignment versus structural
macro-rotations. However, determining the exact depth interval of seismic
anisotropy from SKS is notoriously difficult (e.g., Savage, 1999), and the MT
phase data only were interpreted, so it is not clear to this author that the two
anisotropies necessarily originate from the same depth interval.

The situation may be clearer for the Great Slave Lake shear zone where
seismic backscattering analysis suggested two levels of distinct S-wave
anisotropy nearly paralleling similar anisotropic trends emerging from the
MT data (Eaton et al., 2004). This correspondence lead the authors to sug-
gest that parallel seismic and MT anisotropies originated from common
depth intervals, although the seismic depth intervals remain poorly con-
strained. Graphitic films along shear zones and hydrous defect in olivine were
offered as possible mechanisms for the electrical anisotropy. Nevertheless,
establishing correspondence between electrical and SKS-type seismic
anisotropy remains challenging; S-wave tomography may address this
problem as it has better capability for resolving depths of anisotropic S
velocity, but the array requirements are more stringent (e.g., Simons and
vander Hilst, 2003).

Currently, the world’s longest deep crustal conductivity anomaly is that of
the North American Central Plains (NACP) within the Proterozoic Trans
Hudson orogen (Camfield et al., 1970; Camfield and Gough, 1977; Wu et al.,
1993; Jones et al., 1993, 1997, 2005). Massive amounts of conducting material
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were implied by 2D modeling and inversion of several profiles, with a greatly
preferred direction of conduction along strike. In the central domain of the
province in Saskatchewan, sulphides remobilized into fold hinges during
deformation following original sedimentary deposition are observed to be a
possible strong cause of the anisotropy (Figure 13). Further South in the
Black Hills region of the northwestern US, an outcropping belt of graphitic
metasediments appears to be a likely cause. Recent surveying of the probable
extension of the NACP northward through Baffin Island suggests graphite as
the principal cause as well (Evans et al., 2005). Graphite is also suggested as a
contributor to mantle lithosphere level conductors, possibly existing as dee-
ply down a suspected fossil suture zone as the transition to diamond at
>150 km depth (Jones et al., 2003). Sulphides and graphite often are closely
associated genetically and so both materials could act in different parts of the
orogen.

Due to the very high conductivities of these minerals, resistivity aniso-
tropies in the 100s or 1000s are possible if sulphides or graphite are finely
interbedded with intervening silicate mineralogies, either as near-original
bedding or concentrated by metamorphic remobilization (e.g., Katsube et al.,

Figure 13. Left: Electrical model of carbonaceous sulphidic schist collected in central Trans
Hudson Orogen MT project area, showing concentrated sulphides in folded hinges (graphic

provided by Jones, further description in Jones et al., 1997). Cartesian axes show anisotropic
bulk resistivities typical of different sulphide textural domains. Right: Vein of fluid deposited
graphite from assimilation of organic sediments in igneous melt with subsequent slow cooling

and hydrothermal circulation (graphic reproduced by permission of J. Luque; further
description in Luque et al., 1998; Gervilla et al., 2002). Field of view is �3 mm across.
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1996, 2003; Connell-Madore et al., 2004). Strictly speaking, neither folding
nor segregation demand translational deformation along strike, even though
some component of along-strike motion naturally occurs. This mechanism
nevertheless contrasts with the fractal percolation or evolutionary fault ele-
ment models of Figures 2 and 6 which require at least some shearing, and
points out that several ways may exist to create electrical anisotropy in the
Earth.

The apparent resistivities of the NACP anomaly are their most anisotropic
in North Dakota (Jones et al., 2005), but perhaps this is due partly to
regional current-channeling affects along strike (Camfield et al., 1970) or to
obliquity between geometric strike and anisotropy strike (Pek and Verner,
1997; Heise and Pous, 2003). Indeed, phases exceeding 90� plus very steeply
descending or cusplike apparent resistivities were observed by Weckmann
et al. (2003) in their survey of the Namibian Damara Belt. These were
modeled by an anisotropic fault zone in the upper crust (Waterberg Fault)
over an anisotropic lower crust of oblique orientation. Weckmann et al. were
able to fit all four elements of the impedance tensor reasonably well with this
model.

The role of graphite as a cause of lower crustal conductivity has not been
without controversy (Yardley and Valley, 1997; Wannamaker, 2000). In
high-grade metamorphic terranes, graphite tends to form flake-like textures
without the long-range interconnection needed for a sizeable MT response
(Jödicke, 1988; Yardley and Valley, 1997). However, results from the Ger-
man KTB drilling project and observations worldwide show that subsequent
retrograde metamorphism can remobilize graphite during fluid-based leach-
ing and redeposit it in veinlike or tabular textures which appear likelier to
interconnect (ELEKTB Group, 1997; Luque et al., 1998; Eisel and Haak,
1999; Wannamaker, 2000; Eisel et al., 2001; Gervilla et al., 2002) (Figure 13).
This process hypothetically may establish high deep crustal conductivity, and
it may also explain the strong anisotropy often inferred to the conductors,
since fluid remobilization and shear deformation along the conductive axis is
likely to be greater than across the axis, bringing interconnection to the
percolation threshold and beyond (Bahr, 1997; Cox et al., 2001).

Extensive broadband MT soundings have been carried out in the Fen-
noscandian Shield to establish electrical properties of the deep crust and
upper mantle, and estimate depth to the lithosphere-asthenosphere boundary
(Korja and Koivukoski, 1994; Korsman et al., 1999; Korja et al., 2002a;
2002b; Pajunpaa et al., 2002; Varentsov et al., 2002; Lahti et al., 2005). Some
very strong deep crustal conductors are evident from extensive MT coverage
of the region, and the BEAR working group has made considerable efforts to
quantify the integrated crustal conductance as a prelude to modeling the
upper mantle (Figure 14). These conductors, where possible to follow to
surface, appear to be caused by major belts of graphitized biogenic material
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in metasediments now deeply underthrust in Proterozoic suture zones. Strong
regional conductors like these and that of the NACP are globally significant
phenomena (Boerner et al., 1996; Wannamaker, 2000).

Decomposed impedance strikes with a NE–SW trend to periods of
�10,000 s lead Bahr and Simpson (2002) to suggest that the olivine in the
upper mantle below southern Fennoscandia was strongly aligned despite the
slow movement of the plate, thus inferring convective processes or fossil
anisotropy were also contributing. However, forward modeling of the
regional conductance map shows that crustal structure at least in the central-
southern portion of the project area was sufficient to explain the great
majority of the strikes and apparent anisotropy (Korja et al., 2002b; Lahti
et al., 2005) (Figure 14). Some conductance in the upper mantle is still
required to explain the longest period data, but it is unclear presently whether
the variations are isotropic or anisotropic. Lahti et al. found too that MT
strikes grouped into subregions over the total Fennoscandian array, also
suggesting there were important lithospheric contributions.

Australia, on the other hand, is part of a fast-moving, thick coherent plate
headed NNE-ward at >8 cm/year for the past 40 Myear, and at a somewhat
slower rate for the previous 40 Myear (Betts et al., 2002; Prawirodirjdo and
Bock, 2004). A nearly uniform orientation to S-wave fast directions, just East
of North, over most of the continent for depths >200 km accompanies this
motion and has been interpreted to result from shear-induced, aligned olivine
(see Simons and van der Hilst, 2003, for most recent discussions). In this
setting, Simpson (2001) acquired four long period soundings separated by
�200 km over Proterozoic terranes of central Australia to test for coincident
electrical anisotropy. Approximately uniform axial directions of the
decomposed impedances were observed at all four sites (Figure 15), with
apparent anisotropy developing most strongly for periods T > 300 s. The
inference that anisotropy lies somewhere in the upper mantle should be
stronger than the case for Fennoscandia because there appeared to be neg-
ligible influence of large scale lower crustal conductors. Those appear
restricted mainly to the transition (suture) to Paleozoic basement nearly
1000 km to the East (Lilley et al., 2003).

It is difficult to ensure that influence of lateral lithospheric conductivity
variations is accounted for with such limited spatial sampling of sites, and so
the precise depth domain and degree of the apparent anisotropy is uncertain.
Also, exact depth corresponding to a strike estimate at a certain period can
be clouded by the anisotropy itself due to differing penetration depths for the
two modes (Jones, 2002). Nevertheless, resistor network modeling of natu-
rally deformed peridotite with large degrees of total strain by Simpson and
Tommasi (2005) suggested that sublithospheric resistivity anisotropies of 2–3
inferred for Australia (Figure 15; Simpson, 2002) were near the upper limit of
what should be expected. Additional, anisotropically oriented material such

ANISOTROPY VERSUS HETEROGENITY IN CONTINENTAL SOLID EARTH 753



754 PHILIP E. WANNAMAKER



as graphite, or banding of olivine-rich and Fe-poor orthopyroxene, both
macroscale effects, were suggested as possible supplements to the hydration
for cases of high horizontal anisotropy (e.g., Gatzemeier and Moorkamp,
2005). A problem with these choices is the apparent need for vertical shearing
to create horizontal anisotropy, whereas this is not obviously achieved
through horizontal plate motions and shearing (Simpson and Tommasi,
2005). Experiments of very large aperature with 3D modeling are highly
desirable to optimally resolve heterogeneous and anisotropic effects and their
spatial extents.

The final study area considered is the Southern Appalachians fossil
compressional belt of the southeastern United States. It experienced closure
of two major ocean basins, one in the late Proterozoic (Grenville orogeny)

Figure 14. Upper left: Conductance map of Fennoscandian shield from 5�5 km binning of
compiled crustal EM transects (mostly MT). Upper right: Impedance strike directions using
both decomposed impedances and traditional Swift-type analysis generally agree well. Middle:

Observed Groom–Bailey type regional strikes in south central shield (left), compared to
computed Groom–Bailey strikes from the conductance model (right). Lower left and right:
upper mantle conductance maps showing remaining conductivity in upper mantle needed for

approximate modeling of long period data in addition to the contribution from the conduc-
tance map. All from Korja et al. (2002b) and Lahti et al. (2005), provided by T. Korja.

b

Figure 15. Left: Locations of four long period MT stations deployed in north-central Aus-
tralia by Simpson (2001). Histograms at sites denote MT strikes in the period range 1000–
10,000 s, interpreted by author to correspond to upper mantle depths >150 km. Grey bars are

vertical magnetic field induction arrows at various periods, indicating degree of lateral het-
erogeneity in the area. Solid black arrow is apparent plate motion vector in no-net-rotation
(NNR) reference frame. Right: Layered resistivity-depth models for EM strike (NNE) and

cross EM strike (ESE) directions at MT station DOR (Simpson, 2002), showing higher upper
mantle conductivity in the former direction. Static levels in the apparent resistivity were
estimated from Sq variations.
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and one in the early-middle Paleozoic (Taconic), with final collision and
plutonism in the Late Paleozoic (Alleghanian) (Hatcher, 1989; van Schmus
et al., 1993; Rankin, 1994; Hibbard et al., 2002). Tectonic setting and
problems, MT data collection, and basic response trends were discussed by
Wannamaker et al. (1996), and a 2D isotropic inversion model using just the
sparser long period soundings was derived by Ogawa et al. (1996). Merged
wideband and long period data were inverted by Wannamaker et al. (2004)
and Wannamaker (2005). Sections appear in Figure 16 incorporating (a) just
the TM mode apparent resistivity and impedance phase, b) joint inversion of
aforesaid TM, TE and vertical field data, and (c) vertical magnetic field and
long period TE phase adhering to the TM model.

Section (a) shows two lower crustal conductive regions of modest ampli-
tude, one near the northwest end of the line, and one near its middle. A third
one may exist near the coast to the southeast but this is at the very edge of the
coverage. Section (b) is a classic example of clumping of conductive material
in the model when an isotropic model is forced to fit data over anisotropic
structure, in particular where the TE data imply higher conductivity along
the strike direction. Such clumping, seen also with the New Zealand results
(Wannamaker et al., 2002), restricts current flow across strike while still
permitting it along strike. It was exemplified in the synthetic results of Heise
and Pous (2001) already discussed, but does not require obliquity of
anisotropy strike. The preferred model section is (c), where anomalous model
structure occurs in the same general locations as the TM-only model but is of
higher amplitude to represent the anisotropy.

The two conductive zones near the Moho or uppermost mantle noted
above are correlated with the Grenville and Taconic sutures with deep
underthrusting of organic graphite-bearing metasediments down the suture
zones. The collisional events exhibited strong degrees of strike slip motion,
presumably promoting greater interconnection along strike. It is thus a fossil
analogue to the current situation under the South Island of New Zealand,

Figure 16. Three inversion cross sections derived from MT transect across southern Appa-

lachians compressional orogenic belt (site map and data in Wannamaker et al., 1996). Top
section is TM mode only, middle section is joint TM–TE phase-vertical H-field model, and
bottom is TE impedance phase and vertical magnetic field with model adherence to the TM

mode section. Note clumping of lower crustal conductivity in central panel. For both (a) and
(c), inversion normalized RMS misfit was �4.5, while for b) it climbed to �7.2. Column Apr is
1D a priori and starting model derived from integration of TM mode impedance across the

transect. Main physiographic features include Cumberland Plateau (CP), Valley and Ridge
(VR), Blue Ridge (BR), Inner Piedmont (IP), Charlotte terrane (CH), and Spring Hope ter-
rane (SH). Geological features include New York-Alabama lineament (nyal), Pulaski fault

(pl), Holston Mtn fault (hl), Grandfather Mtn window (gr), Brevard fault zone (br), Central
Piedmont suture (cps), and Augusta fault zone (af).

c
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though at a larger scale. With graphite remobilization and deposition
however, episodic fluid flow could steadily build up conductive element
interconnection along strike, more so perhaps than the case with purely fluid
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conductivity. Upper mantle under the Paleozoic terranes of the southeast half
of the transect is much more resistive than that under the Laurentian Pre-
cambrian terranes of the northwest half (Figure 16). For the cool probable
geotherm under the orogen (Goes and vander Lee, 2002), the Paleozoic
mantle properties are consistent with those of pure dry olivine.

Temperatures of the Laurentian upper mantle are not expected to be
higher than the Paleozoic, so the lower resistivity there suggests a greater
degree of hydration is possible. A delamination or slab breakoff event at the
close of the Alleghanian thought to cause an extensive suite of alkalic plutons
in the southeast region (Samson et al., 1995; Bonin, 2004) may have purged
the upper mantle there of volatile and low melting temperature phases, thus
increasing resistivity. Null S-wave splitting occurs in the shear-wave data
from the southeast (Barruol et al., 1997), which may reflect erasure of prior
lithospheric fabric with the delamination. Splitting is strike-parallel (NE–
SW) under the northwestern area, comparable to other compressional
regimes, although the results are very sparse and the causative depth is not
determined. Some contribution to S-wave splitting by the Grenville crustal
suture zone structure seems possible.

5. Conclusions

Electrical conductivity anisotropy provides unique information content
regarding geochemical and structural processes in the crust and upper
mantle. MT data can be highly reactive to anisotropic structures and their
variations with distance and depth, which in turn could represent a challenge
for inversion techniques with regard to finding appropriate minima in data
misfit. With the possible exception of hydrated mantle mineralogy, often it
may be difficult to assume the physical scale of the oriented conducting
elements causing the anisotropy due to the diminished resolving power of
diffusive EM methods versus depth. Hence, an interpretation within com-
positional and tectonic context is necessary in order to illuminate geological
causes. In the crust at least, most anisotropy identified so far appears to result
from macro-scale elements such as fluidized or graphitized shear zones or
deformed metasedimentary belt units, which tend to create higher conduc-
tivity along the strike of the structure. The concept of percolation threshold
can be useful in that it allows small changes in regional interconnection to
greatly affect bulk conductivity and thus promote anisotropy, and the theory
can be physically tied to processes controlling intermittent fluid flow and
deposition of conducting elements. The strong anisotropy of olivine con-
ductivity in a hydrated solid state has potential for assessing water activity of
the upper mantle, with implications for rheology and fertility to melting, but
paucity of experimental work on hydrogen-induced conductivities and
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uncertainty about alternate mechanisms limits quantification of hydration
state at present. However, confident assessment of upper mantle anisotropy
itself requires close attention to the distorting effects of lithospheric structure
through appropriately comprehensive MT data modeling.
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