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Abstract

Electrical anisotropy in southern Africa, inferred from the analysis of magnetotelluric (MT) data recorded as part of the Southern
African MT Experiment (SAMTEX), is compared with seismic anisotropy inferred from an SKS shear-wave splitting study in the
same region. Given the vastly varying penetration depths in the survey area, electrical anisotropy is derived in terms of approximate
depth, rather than frequency. Electrical anisotropy directions for crustal depths (<35 km) show more distinct variability than those
for upper mantle depths, and, not surprisingly, appear to be strongly related to large-scale geological structures. Our results for upper
lithospheric mantle depths (>45 km) are not consistent with the fast-axis directions inferred from the SKS analyses. Upper mantle
electrical results appear to be mostly a consequence of the geometry of large-scale geological structures and provide evidence that
some crustal structures are distinct at depth, while others seem to be confined to the crust. Our results indicate that the causative
region for the seismic anisotropy in the lithospheric mantle has either a correspondingly weak electrical anisotropic signature, or is

more prominent at greater lithospheric depths than those we investigate here.
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1. Introduction

The Kaapvaal craton in southern Africa is one of
the most extensively studied Archean cratons in the

world, largely due to the vast economic resources of the
region (principally diamonds and gold), yet the forma-
tion mechanism, structure, and evolution of the craton
and its surrounding terranes have still not been con-
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ig. 1. Southern Africa with the Southern African Seismic Experim
agnetotelluric Experiment (SAMTEX) station locations from phas

iscussed in this paper. BOT: Botswana. MOZ: Mozambique. NAM: N

lusively resolved; basic, fundamental questions remain
nanswered. The Southern African Seismic Experiment
SASE), part of the Kaapvaal Craton Project (Carlson et
l., 1996, 2000), was conducted in southern Africa from
997 to 1999 (Fig. 1), with the aim of investigating the
eismic structure of the region. Broadband seismic sta-
ions were deployed on the Kaapvaal craton, part of the
imbabwe craton, and on the surrounding mobile belts,
nd the results have been widely reported (Carlson et al.,
000; James et al., 2001; James and Fouch, 2002; Silver
t al., 2001, 2004).

Initiated in 2003, the Southern African Magnetotel-
uric (MT) Experiment (SAMTEX) is being conducted
y a consortium comprising academic, industry and gov-
rnment partners representing five countries from around
he world (South Africa, Botswana, Namibia, Ireland and
he USA). When completed, it will be the most exten-
ive land-based MT study yet performed, and to date
ncludes the collection of MT sounding data with broad-
and (∼0.002 s to ∼6000 s) magnetotelluric (BBMT)
nstruments at more than 330 sites (Fig. 1), and long
eriod (20 s to ∼10,000 s) magnetotelluric (LMT) instru-

ents at approximately one-third of the BBMT sites to

nhance depth penetration. The total length of the pro-
les is well over 5000 km, with BBMT stations spaced
t nominally 20 km separation, and LMT stations spaced
SE) station locations represented by stars and the Southern African
II represented as circles. Open circles denote the SAMTEX profile
. RSA: Republic of South Africa. ZIM: Zimbabwe.

at 60 km (every third BBMT site), over a wide variety of
geological terranes (Fig. 2).

The survey is being conducted in order to gain insight
into the electrical structure of the crust and lithospheric
mantle beneath the cratons of southern Africa, and their
surrounding terranes, and, from that knowledge, to infer
Archean and Proterozoic processes of formation and
deformation. Unfortunately, due to logistical and secu-
rity concerns we have been unable to extend the MT
data acquisition into Zimbabwe, as originally planned,
for complete comparison with the SASE results, and
have instead expanded the experiment northwest into
Namibia and Botswana and to the southeast of the main
acquisition corridor (Fig. 1). As is the experience from
other cratonic studies (e.g., the Slave craton in north-
ern Canada, Davis et al., 2003, where electromagnetic,
geochemical, and seismic results combined to give new
insight into the understanding of the upper mantle of
the region), it is expected that the combined results of
SASE and SAMTEX, taken together with the superb
geochemical and geological information, will comple-
ment each other and add considerably to our inferences

of the tectonic history of southern Africa, and thereby to
our understanding of Archean tectonic processes.

One important component of the SASE data anal-
yses was the shear-wave splitting study conducted by



228 M.P. Hamilton et al. / Physics of the Earth and Planetary Interiors 158 (2006) 226–239

Fig. 2. Results from the shear-wave splitting measurements (fast polarisation directions) made by Silver et al. (2001), overlying a tectonic outline.
ith und
: the N–

to the w
High quality data are plotted in red, low quality in green, and stations w
as plotted by Silver et al. (2001), is represented as purple lines. Blue line
of the references to colour in this figure legend, the reader is referred

Silver et al. (2001), further discussed by Silver et al.
(2004). Derived SKS seismic anisotropy shows clear
differences in splitting parameters over the various cra-
tons and terranes, and was inferred to result from fossil
anisotropy in the lithospheric mantle. In this paper we
present electrical anisotropy results determined for the
same region, compare them with the seismic anisotropy
results of Silver et al. (2001, 2004), and consider what
further insights may be obtained using this facet of the
MT method.

2. Geological setting

The Archean Kaapvaal craton as a whole is com-
posed of various granite-greenstone terrains, and is
bounded to the south and west by Proterozoic mobile
belts (Namaqua-Natal mobile belt and the Kheis belt), to
the east by the Lebombo monocline (Jurassic in age), and
to the north by the Neoarchean Limpopo mobile belt (de
Wit et al., 1992). At its surface, the Kaapvaal craton can
be divided into Archean subdomains (de Wit et al., 1992),

and it has been suggested that some of these subdo-
mains are also distinct at upper mantle depths within the
deep lithospheric keel, or “tectosphere” (Jordan, 1975),
typically found beneath Archean cratons. In the SASE
etectable splitting in blue. Thabazimbi-Murchison Lineament (TML),
S trending Colesburg Magnetic Lineament (CML). (For interpretation
eb version of the article.)

data the Kaapvaal cratonic keel is in the form of a high
velocity mantle zone observed by James et al. (2001)
through tomographic analyses of P-wave and S-wave
delay times. The eastern part of the craton is host to the
oldest known sections (∼3.5 Gyr), some of which may
represent the remnants of ancient oceanic lithosphere,
whereas the more western sections of the craton are gen-
erally younger in age (de Wit et al., 1992). In contrast to
the general ENE-WSW trend in the east of the craton,
the western section of the Kaapvaal craton, to the west of
the Colesburg Magnetic lineament (CML, Fig. 2) shows
a distinctively N–S trend both geologically and geophys-
ically, e.g., the Amalia and Kraaipan greenstone belts as
well as the CML itself (Corner et al., 1990; de Wit et al.,
1992).

The Limpopo belt (late Archean in age), separates
the Kaapvaal and Zimbabwe cratons (Fig. 2), and can be
divided into three different zones; the northern marginal
zone, central zone, and southern marginal zone (de Wit et
al., 1992). There is a large system of roughly ENE-WSW
trending ductile shear zones that accommodated crustal

shortening during the Limpopo Orogeny (McCourt and
Vearncombe, 1992). The Thabazimbi-Murchison Linea-
ment (TML, Figs. 2, 6 and 7), a deformation belt with a
long-lived tectonic history, is one such feature roughly



th and P

2
a
T
t
l

3

s
m
s
a
d
s
v
e
w
t
s
(
s
p
d
d
m
1
h
r
a

n
o
c
1
u
i
t
d
a
o
t
i
t
c
T
S
a
i
l
t
r

M.P. Hamilton et al. / Physics of the Ear

5 km wide that stretches for approximately 500 km
cross the Kaapvaal craton (Good and de Wit, 1997).
he TML appears to be an important controlling struc-

ure for the SKS shear-wave splitting results and, to a
esser degree, for the MT results.

. Seismic anisotropy (shear-wave splitting)

The following is intended as a brief description of
hear-wave splitting; for more complete reviews of the
ethodology see Silver (1996) and Savage (1999). A

eismic shear wave that passes through a seismically
nisotropic medium is split into different polarisation
irections that have differing propagation velocities. The
o-called SKS shear-wave splitting studies utilise near-
ertical wave paths of seismic energy from teleseismic
vents that pass through the core, and they provide us
ith a means of indirectly measuring the deformation in

he crust and mantle. The method has been used in many
tudies worldwide, particularly since the early 1990s
see review by Savage, 1999). In shear-wave splitting
tudies the measured splitting parameters are the fast
olarisation direction (φS) indicating the orientation of
eformation, and the delay time (�t) between the perpen-
icularly polarised fast and slow arrivals, indicating the
agnitude of deformation in the horizontal plane (Silver,

996). This method provides good lateral resolution, but
as no intrinsic vertical resolution—the anisotropy could
eside anywhere on the path from the core-mantle bound-
ry to the surface.

Seismic anisotropy in the upper mantle is predomi-
antly interpreted to arise from the preferred orientation
f anisotropic crystals as result of mantle deformation
aused by past and present geological processes (Silver,
996). Olivine, being the most abundant phase in the
pper mantle, is an anisotropic crystal whose orientation
s strain dependent, known as lattice preferred orienta-
ion (LPO), and is expected therefore to reflect these
eformational processes. Vinnik et al. (1992) correlate
bsolute plate velocity directions with the fast direction
f seismic anisotropy in the upper mantle, and suggest
hat the dominant cause of the observed SKS anisotropy
s due to recent and present-day flow in the mantle,
hough this hypothesis does not always appear to be
onsistent with observations (e.g., Silver et al., 2001).
he diametrically opposed counter-hypothesis is that of
ilver and Chan (1988, 1991), who suggest that SKS
nisotropy is dominantly a response to fossil, or frozen-

n, crystal alignment created at the time of primary
ithospheric formation. There are further complexities
o these arguments that have been explored in more
ecent work (e.g., Jung and Karato, 2001; Holtzman et
lanetary Interiors 158 (2006) 226–239 229

al., 2003) and suggest that the alignment depends sig-
nificantly on the region being studied. Jung and Karato
(2001) show that the addition of large amounts of water to
olivine (e.g. in subduction zones) can change the relation
between flow geometry and seismic anisotropy. Addi-
tionally, Holtzman et al. (2003) demonstrate that the
presence of melt weakens the alignment of the olivine
fast axis (also know as the a axis, or [1 0 0] axis), and
where the melt segregates to form networks of shear
zones it may even cause the alignment to be at 90◦ to the
shear direction. Neither of these mechanisms, however,
is expected to be operative in Archean or Proterozoic-
aged lithosphere.

Silver et al. (2001) inferred single-layer seismic
anisotropy from shear-wave splitting at 79 sites in south-
ern Africa of the SASE deployment. They divided the
results from the analyses into three categories: well-
constrained stations that showed resolvable splitting,
stations that did not exhibit detectable splitting, and
stations that were poorly constrained (Fig. 2). Overall,
where splitting was observed, delay-times are small (typ-
ically 0.6 s) compared to world averages (1–2 s). Silver
et al. (2001, 2004) showed that the absolute plate motion
(APM) of southern Africa does not explain the polarisa-
tion directions (φ) that are derived, contrary to the Vinnik
et al. (1992) hypothesis, but rather that the orientation
direction of the anisotropy (fast polarisation direction) is
more closely aligned with the strike of known Archean-
aged deformational structures of the Kaapvaal craton.
The depth of the anisotropic region was concluded to
be confined to the lithospheric mantle, with (a) the lack
of correlation of the anisotropy directions with APM
models resulting in the asthenosphere being excluded
as a causative region and with (b) conversions at the
crust-mantle boundary being exploited to exclude crustal
effects. There appears to be strong differences in both
the splitting parameters between early and late Archean
regions of the craton, as well as between on and off craton
regions. These results provide support for the hypothesis
that mantle deformation is preserved from events as far
back as the age of the Earth’s earliest continental cratonic
fragments.

4. Electrical anisotropy

Gaining an understanding of the geoelectric dimen-
sionality and directionality in a dataset is the first step in
the analysis of MT data, and enhances our understand-

ing of the electrical anisotropy, in the broadest sense of
the term including micro and macro anisotropy as well
as lateral heterogeneity, of the survey region. In a simi-
lar manner to the SKS approach, electrical anisotropy
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is represented by the direction of maximum conduc-
tivity (φE), which is either parallel or perpendicular
to the regional strike direction (see below for discus-
sion). The processed MT responses are in the form of a
frequency-dependent 2 × 2 complex impedance tensor,
the elements of which can be transformed into mag-
nitudes, scaled as apparent resistivities, and phases. In
most situations, the most important tensor elements are
the off-diagonal ones which relate the horizontal mag-
netic field components to their perpendicular electric
field components. For a one-dimensional (1-D) Earth,
the diagonal terms are zero and the off-diagonal terms
are equal to each other (except for a sign difference). For
a two-dimensional (2-D) Earth, in strike coordinates the
diagonal terms are zero and the off-diagonal terms are
different from each other. When the impedance tensor
cannot be validly described by either of these, then the
Earth is three-dimensional (3-D), or is 1-D or 2-D but
with galvanic distortion effects (see below). In addition
to a magnitude relationship, akin to apparent resistivity
in DC methods, we derive the phase of an impedance
tensor element, which is the phase lead of the electric
field over the magnetic field. In 2-D when in strike coor-
dinates, where the phase difference (�θ) between the two
off-diagonal elements of the impedance tensor is small
it implies there is little lateral heterogeneity in the sub-
surface, i.e., almost 1-D, compared with a larger phase
difference, which is indicative of 2-D or 3-D regional
structures.

In MT soundings local, small-scale conductivity het-
erogeneities cause distortions of primarily the elec-
tric field, and deform the response produced by the
underlying, regional geoelectric structures. In the ideal,
distortion-free 2-D case the diagonal elements of the
impedance tensor would be zero when rotated to the
appropriate strike direction; though with experimental
data, this is rarely, if ever, the case. The distortions can
be practically (though not entirely separately) viewed as
inductive and galvanic effects. The inductive effect is
a result of the time-varying magnetic field that induces
currents, which, if flowing in closed loops, will in turn
result in a secondary magnetic field that adds to the pri-
mary magnetic field (Jones, 1988; Jiracek, 1990). Where
there are local conductivity heterogeneities in the subsur-
face, flux through the boundaries of these heterogeneities
by the regional current results in the build-up of charge at
these boundaries (Price, 1973, see also Jones, 1983a) as a
consequence of Ohm’s Law. These charges create a sec-

ondary electric field that distorts the regional current flow
in that area. Where the distorting inhomogeneity is small
relative to the scale size of the experiment, this effect is
known as galvanic distortion. Such distortion may also
lanetary Interiors 158 (2006) 226–239

be caused by topography near the measurement location
(Jiracek, 1990). Galvanic distortion effects persist to the
longest periods, whereas the effect of near-surface induc-
tive distortions decreases in proportion to the regional
inductive response with increasing period (Jones and
Groom, 1993; Chave and Smith, 1994; Chave and Jones,
1997; Smith, 1997; Agarwal and Weaver, 2000). At suffi-
ciently long periods, where “sufficient” is defined by the
inductive scale length of the distorting structures, except
for unusual cases of intense distortion to the regional cur-
rent density, the horizontal magnetic field components
are largely unaffected (Groom and Bailey, 1989; Chave
and Jones, 1997; Caldwell et al., 2004), and the distortion
effect is almost entirely limited to the electric field.

There are a number of methods that are used for gal-
vanic distortion analysis of MT data; accordingly there
are also a number of reviews on the subject of how to
address the problem (e.g., Jiracek, 1990; Groom and
Bahr, 1992; Groom et al., 1993; McNeice and Jones,
2001). Two of the more commonly used methods are
Bahr (1988), and Groom and Bailey (1989), both of
which are 2-D extensions of the 1-D approach of Larsen
(1977). Richards et al. (1982) were the first to pro-
pose this approach for handling galvanic distortions of
the electric field from 2-D regional structures. Unfortu-
nately, their paper is rather inaccessible, with the result
that those authors have not received the recognition due
for their insight.

Both the Bahr and Groom–Bailey (GB) methods
recover parameters from the magnetotelluric impedance
tensor, and assume that the regional conductivity struc-
ture that we are attempting to resolve is either 1-D
or 2-D, but not 3-D. Utada and Munekane (2000) and
Garcia and Jones (2001) considered 3-D galvanic dis-
tortion of EM fields from 3-D regional structures, and
proposed methods for its examination, but application
of these approaches is not yet routine. The parameters
that are obtained from the GB approach (the so-called
twist, shear, and anisotropy tensors) are a consequence
of a matrix factorisation of the distortion tensor and par-
tially describe the effects of distortion. The GB approach
has the distinct advantage over Bahr’s parameterisation,
and that of Smith (1995, 1997) and earlier factorisations
(Eggers, 1982; Spitz, 1985; LaTorraca et al., 1986), in
that the parameterisation is in terms of determinable and
indeterminable parts, rather than a complex (and, for
some factorisations, unknown) mix of the two. In our
analysis we use the extended GB approach of McNeice

and Jones (2001), where a minimum is sought in order to
find the appropriate regional geoelectric strike direction
and telluric distortion parameters for a range of frequen-
cies at each site.
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Phase tensor analysis is another, more recently devel-
ped, method of determining the dimensionality of the
ubsurface conductivity distribution (Caldwell et al.,
004). The phase relationships that are contained in the
mpedance tensor are shown by Caldwell et al. (2004)
o be a second-rank tensor. This second-rank phase
ensor, contained within the impedance tensor, is non-
ymmetric in the 3-D case and has a third coordinate
nvariant, which is a distortion-free measure of asym-

etry found in the regional magnetotelluric response.
e have used this method in order to compare with the

esults obtained through the GB approach.
There are a number of suggested causes for electri-

al anisotropy that gives rise to the regionally observed
ffect; however, as yet there is little consensus on the
ausative phenomenon. Hydrogen diffusion has been
roposed as a mechanism for reducing electrical resistiv-
ty of mantle materials (Karato, 1990; Hirth et al., 2000),
nd recent laboratory studies are showing that minor (a
ew hundred ppm) amounts of water are sufficient to raise
he electrical conductivity of olivine by several orders of

agnitude (Poe et al., 2005). Anisotropic hydrogen dif-
usivity in olivine crystals (the most abundant mineral
n the upper mantle) has been suggested as an expla-
ation for electrical anisotropy, with the [1 0 0] axis of
he olivine crystal having the highest rate of diffusion,
herefore being the more conductive (Schock et al., 1989;

ackwell and Kohlstedt, 1990); however, this effect is
hought to account for only about a third of the average

easured values at most (Simpson and Tommasi, 2005).
his indicates that there must be other factors, larger in
agnitude of effect compared with the olivine crystal

cale, which contribute to the overall electrical conduc-
ivity that we are observing. One such possibility would
e interconnectivity of a conductive mineral phase (e.g.,
raphite) along grain boundaries, and therefore along
oliations and lineations, referred to as shape-preferred
rientation (Mareschal et al., 1995; see Jones, 1992,
or a more complete discussion in this regard). Saline
uid-filled cracks are another possibility that has been
uggested and is one that would likely affect both seis-
ic and electrical anisotropy; however, this would most

ikely be a mechanism valid only in the crust.
It must be noted that from MT data alone it is virtually

mpossible to discriminate between the response to a 2-
structure (heterogeneity), such as a fault in the lower

rust, and the response due to 2-D anisotropy that is of
scale not resolvable by the technique. The difference
etween the two can however be observed in the response
f the vertical magnetic field (Cull, 1985; Mareschal et
l., 1995; Jones, 1999). More detailed discussions on the
opic of heterogeneity versus anisotropy and some of the
lanetary Interiors 158 (2006) 226–239 231

problems that anisotropy poses are described by Heise
and Pous (2001) and in the recent review by Wannamaker
(2005).

5. The symbiotic relationship

One of the most problematic areas for seismic SKS
analysis is vertical resolution, caused by the use of seis-
mic waves with near-vertical ray paths and long wave-
lengths for analysis. The advantage of using such ray
paths is that, depending on the quantity and quality of the
data that are collected, horizontal resolution within the
lithosphere can be exceptionally good (<50 km, Savage,
1999). However, without additional information verti-
cal resolution is extremely poor. Conversely, the mag-
netotelluric (MT) method has intrinsic vertical depen-
dency due to the skin depth phenomenon, which assures
penetration at any depth depending on the period and
resistivity (ρ) of the subsurface. In theory, to penetrate
deeper into the Earth, all one needs to do is to measure
at sufficiently longer periods, although at great depths
source field geometry needs to be taken into account
(e.g., Jones and Spratt, 2002), and the exponential sen-
sitivity of impedance skin depth results in a decrease
in resolution with depth, thereby also causing a loss of
vertical resolution with depth.

Although these two methods, SKS shear-wave split-
ting and MT, do not measure the same physical prop-
erties, in certain cases it may be the case that they are
essentially measuring a different response of the same
causative effect. As an example of this, Ji et al. (1995)
noted a directional obliquity between MT and seismic
anisotropy results, and suggested that the cause for this
was the differing directions of lattice-preferred (LPO)
and shape-preferred (SPO) orientations of mantle miner-
als. They used this obliquity result to suggest that a com-
bination of both MT and SKS results could be employed
to determine the sense of movement of transcurrent duc-
tile shear zones in the upper mantle. They concluded
that although the direct cause of the anisotropy was dif-
ferent for the two methods, they were a result of the same
tectonic feature. Following up on this hypothesis, Eaton
et al. (2004) conducted an experiment across a highly
sheared region, the Great Slave Lake shear zone of north-
ern Canada. They correlated MT anisotropy with seis-
mic (SKS and SKKS) anisotropy to constrain the depth
location of the seismic anisotropy using approximately
collocated teleseismic and magnetotelluric observations.

They noted that in their study region there was no sys-
tematic obliquity observed between the MT and seismic
results, but suggested that this may be because of the
intense deformation of the Great Slave Lake shear zone
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resulting in parallel axes for the C (shear band) and S
(foliation fabric) strain ellipses.

Another recent MT/SKS comparison study by Padilha
et al. (2006) has shown that in parts of the survey area
(central south-eastern Brazil) where there is significant
electrical anisotropy, a close correlation of shear-wave
splitting results and MT strike results can be made, also
without any systematic obliquity. They deduce from their
study that lithospheric and sublithospheric deformation
is vertically coherent with the surface tectonic trends in
this region, which requires strong crust-mantle coupling
across the Moho and is indicative of the lack of a lower
crustal rheologically weak layer. From these studies it is
clear that MT is indeed an exquisitely complementary
method to seismic methods for mantle imaging (Jones,
1999); however, the use of both methods together for
combined interpretations is still in its infancy, and cer-
tainly the implications of the correlations are immature.

There are a number of suggested causes for electri-
cal and seismic anisotropy, some of which have been
discussed earlier. The explanation most readily used
for upper mantle seismic anisotropy is strain-induced
LPO of olivine crystals (see reviews by Silver, 1996,
and Savage, 1999, and references therein). In the lower
crust, aligned saline fluid-filled cracks may account for
anisotropy, and would affect both seismic and electrical
results, but this does not readily explain observations of
lithospheric mantle anisotropy. There does not appear
to be a general consensus on the causes of electrical
anisotropy, largely because there are insufficient obser-
vations, and those made to date are highly area dependent
implying a combination of causes. For example, in a
highly ordered upper mantle it is possible that anisotropic
hydrogen diffusivity is a contributing factor, but this is
unlikely to be either the dominant factor or the sole cause.
Even when present it likely will result in an electrical
anisotropy factor no greater than about 3–4. Thus, to aid
us in the meaningful interpretation of seismic and MT
observations of anisotropy we must rely heavily on geo-
logical knowledge, such as geochemical and petrological
results.

6. MT data analysis

Data from the main SAMTEX Kaapvaal craton pro-
file, from Southerland in the southwest of South Africa to
Messina at the South Africa–Zimbabwe border (Fig. 1),
have been analysed for anisotropy using the McNeice

and Jones (2001) distortion decomposition code, and the
results compared with applying phase tensor analysis
(Caldwell et al., 2004). This survey line, the first to be
undertaken in the SAMTEX program, is almost 1500 km
lanetary Interiors 158 (2006) 226–239

in length and extends over important and diverse geolog-
ical terranes, including the Kaapvaal craton (mainly the
western section), the Limpopo belt, and the Namaqua-
Natal mobile belt. As could be expected due to the length
of the survey, data quality is variable, with the southwest
of the line producing the highest quality responses, while
sites near Kimberley were the lowest quality, being seri-
ously affected by DC train noise.

Due to the large scale of the survey it is necessary
to consider that penetration over the various regions will
differ significantly; for example depth penetration at long
periods on the Karoo Basin and on the Bushveld Com-
plex is highly attenuated due to their high upper crustal
conductivity compared with other regions. In order to
gain a quantitative understanding of this issue, we esti-
mated the frequency for penetration to given depths using
Niblett–Bostick (Niblett and Sayn-Wittgenstein, 1960;
Bostick, 1977; Jones, 1983b) depth estimates (Fig. 3) and
inductive response functions, also known as C response
functions (Schmucker, 1970; Jones, 1980). The real part
of the C response function, related to MT impedance by
a factor of 1/ωµ, was shown to be the depth of maximum
eddy current flow by Weidelt (1972), and is a measure
of the depth of investigation. Three-dimensional struc-
tures that may influence the C responses are assumed to
be sufficiently long at the depth of investigation such
that they may be interpreted as being 2-D; addition-
ally the decomposition analysis determines whether a
2-D assumption is valid. The penetration information in
Fig. 3 was calculated using Niblett–Bostick estimates
(which are almost identical to the C response function
estimates) on distortion-removed data in order to min-
imise the influence of distortion on the calculations.
Static shift effects are not corrected by distortion anal-
ysis and can influence depth estimates by the square
root of their value (e.g., Jones, 1988), definitely not as
severe as on apparent resistivity data. Notwithstanding
the possible presence of static shift effects, there are
clearly regional trends visible in the data. Note the sig-
nificance of this figure (Fig. 3); electromagnetic waves
penetrating to 35 km in the crust are at periods of 1000 s
or greater at the southern (stations 1–30 on the Karoo
Basin) and north-central (stations 46–56 on the conduc-
tive Bushveld Igneous Complex) sites, at periods of 2 s
or less in the centre (stations 30–45 in the centre of the
Kaapvaal craton) of the profile, and at periods of 30 s or
less at the northern end of the profile (stations 57–75,
NE Kaapvaal craton and Limpopo mobile belt). Clearly,

a map of geoelectric strikes from these stations at one
particular period would be meaningless, as depth pene-
tration varies significantly along the profile. The effect
is a direct consequence of the large variation of the



M.P. Hamilton et al. / Physics of the Earth and Planetary Interiors 158 (2006) 226–239 233

Fig. 3. The corresponding period (averaged between the two modes) for depths of 35 km and 45 km determined using Niblett–Bostick depth
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stimation on distortion-removed data. This gives an indication of th
enetration around station 48 as we move onto the very conductive Bus
ndicates the frequencies used to estimate the strike directions for cru
he frequencies used to estimate the strike directions for upper mantle

arameter that EM studies are sensing, namely electrical
esistivity, which ranges over many orders of magnitude
see, e.g., Jones, 1992), and contrasts sharply with the
mall (less than 10%) variations in seismic parameters.
rom these results it is clear that either the line must
e split into sections and analysed separately, or the
ata must be analysed for given depths, as opposed to
iven frequencies, in order to make interpretation of any
esulting strike map meaningful. Jones (2006) raises this
aution and shows examples from three other regions of
he world where one must give consideration to penetra-
ion depth.

Crustal thickness, as defined by the seismic results
Nguuri et al., 2001; Stankiewicz et al., 2002; James
t al., 2003), varies from ∼35–40 km below the craton,
o ∼45–50 km below the Proterozoic regions where the

oho is also more complex. In order to gain strike direc-
ions representative of the crust and upper mantle, while

voiding complex structures at the crust-mantle bound-
ry, we selected a one-decade wide period band for the
rust (between the two solid lines on Fig. 3) and the upper
antle (between the two dashed lines on Fig. 3). One-
tion in penetration depth along the profile. Note the sudden drop in
neous Complex (BIC). The period decade between the two solid lines
ths, while the period decade between the two dashed lines indicates

decade wide bands were selected so as not to bias any one
site with more or less data than another. These sites were
then each analysed twice (separately for each frequency
band) using the single site GB approach (Groom and
Bailey, 1989) for a range of frequencies, as implemented
by McNeice and Jones (2001), in order to determine two
regional geoelectric strike estimates for each site, one
representative of the crust and one representative of the
upper mantle. Data were analysed with an assumed error
floor of 2◦ for the phase and equivalent 7% for apparent
resistivity. The average calculated RMS values from the
unconstrained, one-decade wide GB decomposition for
most sites were in the range between one and three for
both the crustal and upper mantle analyses. The aver-
age twist values were mostly within the range ±30◦, and
the shear values were generally slightly higher falling
within the range ±40◦. Both the twist and shear values
were slightly higher at the longer periods (upper man-

tle band), where the signal to noise ratios are worse.
The average RMS, twist, and shear results for all the
sites, are displayed in Fig. 4 (crustal results on the left
and mantle results on the right), which shows that the
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mpositi
(positi

the righ
Fig. 4. Histograms displaying results from Groom–Bailey (GB) deco
average (positive or negative) twist (in degrees), and (e, f) the average
crustal band are on the left (a, c, e), and for the upper mantle band on

majority of the data have reasonably low distortion val-
ues compared to what can often be observed on shield
regions e.g., Fennoscandian Shield (Lahti et al., 2005).
For these data, the direction chosen to display as geoelec-

tric “strike” was taken as the more conductive direction
of the two. This direction was reasonably consistent with
that found using the phase tensor approach (Caldwell
et al., 2004), as is to be expected for high-quality, low
on analyses. Displayed are: (a, b) the average RMS values, (c, d) the
ve or negative) shear (in degrees), for all the sites. Histograms for the
t (b, d, f).

noise, low distortion data. The GB approach proves itself
superior in the presence of higher noise and/or higher
distortion, e.g., Jones and Groom (1993), McNeice and
Jones (2001).
However, the more conductive direction is not neces-
sarily the strike direction of 2-D structures. Consider the
TE and TM apparent resistivity curves for a simple two
quarter-space fault model (e.g., d’Erceville and Kunetz,
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Fig. 5. Schematic diagram portraying the MT response at one frequency to the two quarter-space fault model with the more conductive side shaded
grey. The variations of the TE and TM modes across the fault for a given frequency are shown. On the more conductive side of the fault, the TM
m tive side
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ode apparent resistivity is the more conductive, whereas on the resis
his results in the more conductive directions being parallel to the ge
n the other (the conductive side).

962; Weaver, 1963; Price, 1973), schematically drawn
n Fig. 5. On the resistive side of the fault the TE mode
pparent resistivity is the more conductive (lower resis-
ivity), so its direction is taken, which is correctly the
trike direction of the fault as the TE electric field is
arallel to strike. Conversely, on the conductive side of
he fault (shaded side in Fig. 5), the TM mode appar-
nt resistivity is the more conductive, so its direction is
aken, which is perpendicular to strike. Herein we are
oncerned only with the more conductive direction and
ts correlation with the faster shear velocity direction.
t is important to appreciate that we are not using these
onducting directions to define geological strike for a
-D interpretation.

The geoelectric strike directions for the crust
<35 km) and upper lithospheric mantle (>45 km) are
hown as red lines in Figs. 6 and 7, respectively, together
ith the terrane subdivision of southern Africa from
otential field data. The lines are scaled by the maxi-
um phase difference in the frequency band analysed,

s a proxy for the amplitude of anisotropy. Some sites
ere omitted from the plot if either there were no data

t sufficiently long periods, or if the data at the periods

nalysed were very poor (high noise content or large
rror bars). The geoelectric upper mantle strike results
Fig. 7) fall within the probable causative region of the
eismic anisotropy, which was confined through infer-
of the fault the TE mode apparent resistivity is the more conductive.
l strike on one side of the fault (the resistive side), and perpendicular

ences of the seismic results. On Fig. 7 are also plotted
the seismic anisotropy results of Silver et al. (2001) for
comparison.

7. Discussion

Bearing in mind the physics of the model described
in Fig. 5, the crustal MT results (Fig. 6) display some
interesting and satisfying, though obviously complex,
features. The more conductive directions at the south-
western craton boundary are parallel to the boundary on
the Namaqua-Natal mobile belt (NN), but upon mov-
ing onto the craton the directions change abruptly to
be nearly perpendicular to the NN. This behaviour is
consistent with Fig. 5, implying that the Kaapvaal cra-
ton crust is more conducting than the Namaqua-Natal
crust, and is what we would expect if large-scale 2-
D geologic features were responsible for the electrical
structure. Similar orthogonal relationship patterns can be
observed at the Colesburg Magnetic Lineament (CML,
blue line on Fig. 6), the Thabazimbi-Murchison Linea-
ment (TML, purple line on Fig. 6), as well as at the
Kaapvaal craton–Limpopo belt boundary. The results

to the immediate SW of the TML are complex, and
are probably a result of the influence of the conductive
Bushveld Igneous Complex (BIC). At first glance, the
result from the site on the end of the profile in the SW
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Fig. 6. Electrically more conductive directions (in red), scaled by
maximum phase difference, for the crust. ZC: Zimbabwe craton. KC:
Kaapvaal craton. LB: Limpopo belt. NN: Namaqua-Natal mobile belt.
CFB: Cape Fold belt. KB: Kheis and Proterozoic fold and thrust belt.
Purple lines: the E–W trending Thabazimbi-Murchison Lineament
(TML), as plotted by Silver et al. (2001). Blue line: the N–S trend-

Fig. 7. Electrical more conductive directions (in red), scaled by max-
imum phase difference, for the lithospheric upper mantle, and the
shear-wave splitting results (both high and low quality results plotted
in green, but sites with no detectable splitting omitted). ZC: Zimbabwe
craton. KC: Kaapvaal craton. LB: Limpopo belt. NN: Namaqua-Natal
mobile belt. CFB: Cape Fold belt. KB: Kheis and Proterozoic fold and
thrust belt. Blue line: the N–S trending Colesburg Magnetic Lineament
(CML). Purple lines: the E–W trending Thabazimbi-Murchison Lin-
ing Colesburg Magnetic Lineament (CML). (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of the article.)

seems anomalous; however, it may be that this site is
being affected by a response from the Cape Fold belt
(CFB), although no data were collected further towards
and onto the CFB to confirm this.

The upper mantle MT results (Fig. 7, red lines) do
not correlate well with those from shear-wave splitting
(Fig. 7, green lines). The close azimuthal correlations
between geoelectric strike and seismic fast-axis direc-
tions noted by other authors (e.g. Eaton et al., 2004;
Padilha et al., 2006) are not observed in our data, nor
do we see a constant obliquity between the two results,
as observed by Ji et al. (1995). A few sites, particularly
those around the TML and to the SW of the profile, do
show distinctly similar directions to the seismic results;
however, overall the results are far too inconsistent to
draw any reliable conclusions about their correlation.
The same effect of Fig. 5, although not as clear as in
the crustal results, can be observed at the craton bound-
aries, indicating that these features are distinct at upper

mantle depths and that there is probably strong coupling
between the crust and upper mantle. Results near the
TML do not show the same effect, suggesting that this
feature is confined to the crust. A similar argument could
eament (TML), as plotted by Silver et al. (2001). (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of the article.)

be applied for the CML, although the results in this
region are confusing and seem to lack any discernible
order. Unfortunately the site furthest to the SW that
seemed to respond to the CFB in the crustal analysis
did not have data at sufficiently long periods to probe
upper mantle depths and consequently we can make no
further judgement on this. A noteworthy feature is the
N–S geoelectric directions for the northeast-most sta-
tions. There is no correlation between these sites and
the surface geological trends of the Limpopo belt, nor
the surrounding seismic fast-axis directions. However,
to the north the seismic fast-axis directions do follow
the same N–S trend. This effect was attributed by Silver
et al. (2001) to the Great Dyke of Zimbabwe, which has
a general N–S trend across the country. Is it possible the

electrical response to this massive feature is sensed at
further distances than the seismic response? An answer
to this question can only come through future MT mea-
surements in Zimbabwe.
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Our crustal geoelectric strike results are clearly a
esult of large-scale geological structures. The upper
antle MT anisotropy direction results show little cor-

elation with the seismic SKS anisotropy results. We
bserve rather large phase differences, of the order of 20◦
r more, that are difficult to achieve with the low order of
nisotropy expected from hydrogen diffusion in aligned
livine grains. Were these large phase differences caused
y the response to an interconnecting conductive min-
ral phase along lineation or foliation planes, we would
xpect the results to correlate better with the seismic
esults, if not exactly, then with a constant obliquity such
s observed by Ji et al. (1995). Following this reasoning,
here are a few possible explanations for the upper mantle

T results we observe: either the effect of the large-scale
-D geological structure is “hiding” the lesser magni-
ude effect due to preferentially aligned crystals or an
nterconnecting mineral phase; perhaps there is no cor-
esponding electrical response to the cause of the seismic
hear-wave splitting results; or the causative layer of the
eismic response could reside deeper in the lithosphere,
eyond the depths that we are sensing.

Our MT profile is located mainly across the younger
estern section of the Kaapvaal craton, and thus at

his stage we are unable to draw any conclusions as
o whether we see similar variations in on-craton geo-
ogical regions to those observed by the shear-wave
plitting results. The phase differences do not appear
o show any correlation between the different geological
egions, though trends are expected to appear when the
ewer SAMTEX data, continuing into other regions of
he craton and into more of the surrounding geological
rovinces, have been analysed. Analyses of data from
he surrounding areas are bound to yield some interest-
ng outcomes that will be integrated with the Kaapvaal
raton Project.

. Conclusions

Our crustal electrical anisotropy results are quite
nstructive, and rather satisfying. They appear to be
trongly related to large-scale geological structures both
t craton and surrounding terrane boundaries as well as
ithin the craton itself. Some of these features such as

he TML are confined to the crust, while others such as
he craton boundaries are distinct at upper mantle depths.

The electrical results for the upper lithospheric man-
le do not appear to correlate well with the shear-wave

plitting results for the same region. Thus, if aligned
livine is the cause of the observed seismic anisotropy,
t is not the cause of the observed electrical anisotropy.

e conclude that the cause of the electrical response at
lanetary Interiors 158 (2006) 226–239 237

these depths is dominantly as a result of large-scale geo-
logical structures, although there may be contributions
smaller in magnitude from preferential crystal alignment
or interconnecting mineral phases.
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