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ABSTRACT

The subsurface structure of the Cape Fold Belt (CFB) that
traverses southern Africa remains largely unknown because it
lacks deep-penetrating, high-resolution geophysics. This ham-
pers studies from local-scale exploration for important re-
sources such as water, to continental-scale modelling, such as
Gondwana reconstructions. Our Magnetotelluric (MT) soundings
across the CFB provide a high-resolution crustal-scale electrical
conductivity image. Inversion models of these data correlate

reservoir.

well with surface geology, and resolve deep resistive roots of

the CFB’s regional Palaeozoic quartzite ridges (Swartberg and

Introduction

The Cape Fold Belt (CFB) is a major
Phanerozoic African structure that
has been studied for more than a
century to test Gondwana reconstruc-
tions (Reeves and de Wit, 2000; Mi-
lani and de Wit, 2008; de Wit ef al.,
2008). Despite these geological stud-
ies, the structure and evolution of the
CFB remains controversial (e.g.
Shone et al., 1990; Newton et al.,
2006; Paton, 2006; Tankard et al.,
2009; Booth, 2011). Recent regional
refraction- and tele-seismic experi-
ments reveal only general crustal
thickness variations, but poorly define
internal structures beneath the CFB
(Paton, 2006; Stankiewicz et al., 2008;
Parsiegla et al., 2009). This hampers
further understanding of the structure
and evolution of the CFB and tests for
more robust links to other Gondwana
continents (Milani and de Wit, 2008).

Herein, we report on a magneto-
telluric (MT) experiment carried out
in November 2005 across the CFB
that, for the first time, robustly links
surface geological structures down to
depths of ca. 10—15 km. The location
of the MT profile allows the construc-
tion of an upper crustal conductivity
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section across the CFB from its north-
ern tectonic front to its southernmost
coastal ranges.

Geology and tectonic setting

The CFB formed in response to sub-
duction-related compression during
Paleozoic—Mesozoic convergence
along the southwestern margin of
Gondwana resulted in a coupled
CFB-Karoo Foreland Basin (Hélbich,
1983; Milani and de Wit, 2008; Tan-
kard et al., 2009; Lindeque et al.,
2011). The main deformation took
place at ca. 250 Ma. This tectonism
affected Proterozoic metasediments
and an unconformably overlying Pal-
aeozoic cover (Fig. 1). Crystalline
Proterozoic basement is not exposed
anywhere in the CFB. In the study
area, the Proterozoic metasediments
are exposed in tectonic windows
known as the Kango and Kaaimans
Inliers that range in age between ca.
520 and 1050 Ma (Barnett et al.,
1997). Lower Cambrian granite in-
trudes the Kaaimans Group (Fig. 1).
Unconformably overlying these rocks
and making up the highest mountain
ranges of the CFB are predominantly
thick dense quartzite units of the
lower Paleozoic Cape Supergroup
(Table Mountain and Witteberg
Groups). These prominent ranges,
which outcrop for hundreds of kilo-
metres along the strike of the CFB,
are separated by softer Silurian—Devo-
nian shales (Bokkeveld Group)

Outeniqua Mountains) and thin tectonic wedges of Proterozoic
rocks of higher resistivity (Kango and Kaaimans Inliers),
separated by 2-3 km of Cretaceous sediments in asymmetric
intermontaine basins. One of these basins, the Oudtshoorn
Basin, is flanked by a listric normal fault rooted in an upper
crustal detachment zone, and is underlain by a massive
conductivity anomaly that is likely to be a major saline water
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exposed mostly in the adjacent valleys.
Permo-Carboniferous tillites (Dwyka
Group) and finer siliciclastic rocks of
the Permo-Triassic Karoo Supergroup
make up the uppermost sequences,
but these are preserved predominantly
only in the Karoo foreland basin
(Johnson et al., 1997; Fildani ez al.,
2009).

Our MT-line across the CFB runs
close to an amphibian seismic refrac-
tion profile (Stankiewicz et al., 2008,
Parsiegla et al., 2009) that reveals a
steep decrease in crustal thickness
from ca. 42 km below the tectonic
front of the CFB (at the Swartberg
Mountains) to ca. 30 km below the
coastal ranges. A high-velocity mid-
lower crust probably comprises Meso-
proterozoic  crystalline  basement
(Stankiewicz et al., 2008). The Swart-
berg and the Outeniqua Mountains
display slow p-wave velocities down to
about 2 km depth, similar to the
Kango and Kaaimans metasediments
within the uppermost 1 km of the
crust.

Cretaceous basins, located along-
strike of the CFB at the east coast, are
known to project westward into the
intermontaine basins of the CFB
(Dingle et al., 1983; Brown et al.,
1995; Paton, 2006). The correlations
reveal that the normal south-dipping
listric fault systems separate the on-
shore Cretaceous basins from the
Proterozoic inliers with displacements
of 2-6 km (e.g. the Worcester and
Kango  Faults). Paton  (20006)
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Fig. 1 (a) Location map of the MT sites along the transect through the CFB. Red crosses indicate broadband MT sites; blue circles
indicate combined broadband and long period MT sites. (b) Geological map of the study area (1:250 000 geological map 3322,
Oudtshoorn. Geoscience Council, Pretoria, RSA). The profile (red line) crosses the Oudtshoorn Basin and the Kango and the
Kaaimans inliers, as well as the Swartberg and the Outeniqua Mountains. Pr: Proterozoic, Pa: Palacozoic, Ms: Mesozoic.

speculated that these faults are linked
at mid-crustal depths to a mega-exten-
sional detachment fault underlying the
entire CFB and increasing in depth
from ~10 km beneath the CFB tec-
tonic front to about 30 km near the
coast (i.e. close to Moho depths).
Paton further speculated that above
these Cretaceous normal faults sys-
tems exploited earlier Paleozoic
thrusts systems and that the CFB
changed from being a ‘thick-skinned’
belt beneath the coastal ranges to a
‘thin-skinned’ belt closer to its tectonic
front. Farther north, the thrusts
apparently extend into the adjacent
Karoo Basin (Paton, 2006) where
shallow (2-3 km depth) décollements
have been mapped using a seismic
reflection profile across the Karoo
Basin (Lindeque et al., 2011). Other
authors have suggested instead that
the junction between the CFB and the
Karoo Basin is a steeply dipping
crustal transform fault that effectively
decoupled these two tectonic domains
(Johnston, 2000; Tankard ef al.,

2009). Tankard et al. (2009) further
suggest that intermontaine listric Kan-
go and Worchester Faults are part of
transpressional ~ flower  structures,
including the Kango and the Kaai-
mans inliers and their bounding
mountain ranges. Such a model re-
quires a depth extent of ~8 km for the
inliers, and 6-11 km for the Outeni-
qua and Swartberg Mountains respec-
tively (Tankard et al., 2009). These
widely different models serve as exam-
ples to emphasize the lack of consen-
sus about even the simplest geometry
of the upper crustal structures that
underlie the CFB, and therefore its
tectonic evolution. We use our MT
data to test some of these controver-
sies.

Magnetotelluric data and inversion
results

Magnetotelluric data were recorded at
52 stations spaced at 2 km intervals
along a 100-km long section across the
CFB (Fig. 1). Such spacing facilitates

high-resolution MT modelling com-
pared with the typical ~10 km spacing
for regional surveys (e.g. Jones et al.,
2009), which is a proxy for spatial
resolution.

Electric and magnetic field varia-
tions (1 kHz-1 mHz) were measured
using S.P.A.M. MKkIII and CASTLE
instruments, Metronix induction coils
and Ag/AgCl and processed accord-
ing to Ritter er al. (1998) and Weck-
mann et al. (2005). Figure 2 shows
examples of data together with model
responses for three sites, 137, 127 and
109 (c.f. Fig. 1 for locations).

MT data inversion results yield
several prominent conductive and
resistive features (Fig. 3 — (cl-c5)
and (r1-r4) respectively). Resistor rl
is located beneath the Swartberg
Mountains and extends to a depth of
~10 km, enclosing a thin shallow
conductive feature (c5). Flanking the
Swartberg Mountains to the south, we
observe a shallow, south-dipping
wedge (r2) with resistivities of
5000 Qm and a thickness of ~2 km.

© 2011 Blackwell Publishing Ltd
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Fig. 2 MT data (markers) and model response (solid lines) of three MT sites along the profile. The upper two panels show the
apparent resistivities and phases of both off-diagonal components. The apparent resistivities are generally higher where a station is
located in the mountain ranges (e.g. sites 137 and 109) and lower if a site is located in one of the valleys (e.g. site 127). Apparent
resistivities exhibit the influence of static shift caused by charge accumulations at boundaries of shallow heterogeneities. Phases and
the shape of the apparent curves conform well with the 2D model. At some stations in the area of the Oudtshoorn Basin, we
observe phases leaving the first quadrant at low frequencies (<0.01 Hz). This is probably caused by electrical anisotropy
(Weckmann et al., 2003). We therefore exclude such data (xy-component <0.02 Hz at five central sites) from 2D inversion. The
third panel displays the real and imaginary part of the vertical magnetic transfer function as induction vectors (Wiese convention,
Wiese, 1962). Real induction vectors predominantly point in north or south directions, indicating E-W striking conductivity
structures, consistent with the general structural trends in the CFB. The bottom panel shows ellipticities obtained from the
decomposition method after Becken and Burkhardt (2004). Vanishing ellipticities are in agreement with regional 2D conditions,
whereas larger ellipticities indicate 3D effects. Shaded areas indicate confidence limits. This analysis provides independent estimates
of the geo-electric strike direction derived from the MT impedance tensor data. After rotating the MT data by —90°, the xy-
component represents the TE mode (electric field parallel to the geo-electric strike direction) and the yx-component of the TM
mode (electric field perpendicular to the geo-electric strike direction).

A third resistive structure (r3) extends
to ~4 km depth beneath the Outeni-
qua Mountains.

The most prominent feature in the
model section is the high-conductivity
body cl centred beneath the Oudt-
shoorn Basin, with resistivity values of
less than 1 Qm. The well-resolved top
of cl (Fig. 3) lies between 3 km and
4 km below surface and can be traced
along a horizontal distance of
~40 km. The conductor requires a
minimum thickness of 4-5 km to fit
the data, but the bottoms of conduc-
tive structures are poorly resolved
with MT. Laterally, cl clearly reaches
far beyond the surface expression of
the Oudtshoorn Basin, deepening
slightly beneath the Kango inlier to
the north. It also extends towards the
south beneath the surface outcrops of
open-folded Bokkeveld shales, where
it appears to terminate along a

© 2011 Blackwell Publishing Ltd

sub-vertical surface that apparently
reaches close to Earth’s surface along
an inferred steep fault.

Several isolated shallow conductive
features (c3, c4) are located in the
upper 2 km of the crust. These may
represent conductive layers in the
Cretaceous sediments of the Oudtsho-
orn Basin. Farther south, a conductive
feature (c2, ~10 Qm) located beneath
the resistive roots of the Outeniqua
Mountains at ~10 km depth appears
to connect to shallower levels at pro-
file kilometre 35.

Discussion

Visual comparison between the sur-
face geology and the resistivity image
reveals some striking coincidence
between lateral variations in electrical
conductivity and abrupt changes in
the geology (e.g. black arrows in

Fig. 4). The Swartberg Mountains,
for example, appear in the resistivity
section as a sub-vertical resistive zone
extending to a depth of 10 km with a
shallower wedge of high conductivities
(c5 in Fig. 3) that at surface has been
mapped as a syncline of Bokkefeld
shales.

At surface, the geology of this range
comprises almost entirely a sub-verti-
cal to steeply overturned section of
Table Mountain Group (TMQG)
quartzites, with a small centrally
embedded, shallow-plunging synform
(with a vertical axial plane) of Bokke-
veld shales. The Kango inlier appears
as a resistive wedge that continues
southward to ~5 km depth beneath
the poorly consolidated terrestrial
sediments (conglomerates, sandstones
and shales) of the Oudtshoorn Basin
that has a stratigraphic thickness of 2—
3 km (Dingle et al., 1983). The Kango
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Fig. 3 Data fit at individual sites (a) for 2D inversion model (b) of the 100 km long
transect through the CFB on a crustal scale (upper 30 km) obtained by 2D inversion
of the TE, TM and the induction vector data using the RLM2DI algorithm (Rodi and
Mackie, 2001). Inversion started from a homogenous half-space with a mesh of 235
horizontal and 174 vertical cells. The regularization parameter t, which controls the
trade-off between data misfit and model roughness, was chosen to be 15 after
computing a trade-off for different t values. Error bounds were set to 0.01 for the
vertical magnetic transfer function, to 0.6° for the TE and TM phases, to 10% for the
TM and 100% for the TE apparent resistivities. The increased error bounds for TE
apparent resistivities were necessary to accommodate static shift effects. Zones of high
electrical conductivity appear in red, whereas resistive zones are indicated in blue.
Several very prominent conductivity anomalies, labelled c1—c5 and r1-r4. The shallow
conductive feature c5 provides a relative scale for the excellent resolution quality of
the MT data. Resolution tests, using model modifications and comparison of
respective data fits were applied to evaluate the significance, extent and resolution of

the conductivity features.

rocks and a thin sliver of unconform-
ably overlain TMG quartzites (Fig. 1)
are separated from the Oudtshoorn
Basin by the Kango Fault. The listric
nature of the fault is well displayed in
outcrop (Paton, 2006). The conduc-
tivity model (Fig. 3) images the Kan-
go fault indirectly as a juxtaposition
of these different lithologies, and the
fault appears to follow a shallow
southward dip (<20°) that can be
traced down to 2-3 km. This does not
support the Kango Fault being a high
angle fault as part of a transpressional
flower structure (Tankard er al.,
2009), or penetrating as deep as
10 km (Stankiewicz et al., 2008). The
MT data are also not consistent with a
depth extent of the Kango inlier to
8 km as proposed by Tankard et al.
(2009). A shallow Kango fault, as
suggested by the resistivity section, is
more compatible with thin-skinned
tectonics. Although Paton (2006)
draws a possible transition to pre-
dominantly thin-skinned tectonics to
the north of the Swartberg region, the
Kango Fault clearly dips less steeply

than previously assumed. Thus, a
possible detachment zone may be
located much farther south at a shal-
low depth of <2-3 km, and the Kan-
go inlier may even be allochthonous.

The Oudtshoorn Basin is imaged
with intermediate (~40 Qm) resistivi-
ties to a depth of 2-3 km in its centre.
This is in excellent agreement with
geological observations (Dingle ef al.,
1983). Both the Oudtshoorn Basin
and the Kango inlier are underlain
by a massive zone of high conductiv-
ity, with an upper boundary at
3—4 km below surface and from there
extending down to at least 7 km
depth. To explain the high electrical
conductivities, electrically conducting
material must be interconnected over
large distances. Possible candidates
include mineralized phases such as
disseminated sulphides or ore depos-
its. These are common in the Meso-
proterozoic  crystalline  basement
Namaqualand (Ryan et al., 1986).
However, as the depth to crystalline
basement beneath the Oudtshoorn
Basin occurs at about 8-10 km

Terra Nova, Vol 00, No. 0, 1-6

(Stankiewicz et al., 2008), it remains
unlikely that the anomaly occurs in
the basement. Alternatively, a thick-
ness of up to 1 km of Bokkeveld
shales and ca. 2 km of Peninsula
quartzites can be inferred to exist
directly beneath the Oudtshoorn
Basin, calculated from the anticline—
syncline structures in the adjacent
Cape Supergroup rock south and east
of the basin. The intermediate resis-
tivities in the section are consistent
with those of the Bokkeveld shales at
the surface, although these are likely
to be thin (<1 km) or even absent
beneath the Outdshoorn Basin
(Dingle et al., 1983). The observed
high-conductivity anomaly therefore
most likely lies within the TMG
quartzites, which are known to be
fractured and to host major aquifers
in the vicinity of Oudtshoorn (Umv-
oto Africa, 2005). In that case, highly
fractured TMG and possibly Kango
Group quartzites filled with saline
fluids could also explain this large,
prominent  conductive  anomaly.
Towards the southern end of this
anomaly, we note a sub-vertical con-
ductor reaching close to the surface.
Hot springs exist near the village of
Warmbad (i.e. warm-bath, Fig. 4).
The shallow patch of high conductiv-
ity near the surface could be related to
fluids originating at a depth of ~1 km,
and may be an expression of a fluid
pathway along a subvertical fault zone
connecting to a larger fluid reservoir
at greater depth.

The Outeniqua Mountains appear
as a resistive zone reaching a depth of
approximately 5 km. This is in general
agreement with structural analyses of
Halbich (1983) that predicts a regional
synform, but not with a proposed
flower structure (Tankard er al.,
2009). The resistive feature (r3) corre-
lates spatially with the TMG quartz-
ites within the mapped regional
synclinorium (Fig. 1b). Beneath the
Outeniqua Mountains, we also ob-
serve a deep (>8 km) zone of high
electrical conductivity (c2) bound on
the north by a sub-vertical structure
that reaches to shallower levels of
approximately 5 km depth. To the
south, the Kaaimans Group is
expressed by intermediate conductivi-
ties (~400 Qm) in the upper 1 km of
the crust, underlain by a thin layer of
high electrical conductivities. Deeper
than 3 km, we observe a more resistive

© 2011 Blackwell Publishing Ltd
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Fig. 4 Comparison of (a) the geological map from Fig. 1b with the (b) upper 10 km
of the MT resistivity section. Black arrows indicate surface traces of known faults
and/or distinct lithological boundaries that correlate with the location of distinct
electrical conductivity changes. (¢) Sketch of the interpretation of the conductivity
features and location of faults and the potential saline water reservoir (dotted).

structure that seems to continue
southwards beneath the Indian Ocean.
Compared with the Kango rocks, the
Kaaimans inlier appears to be less
resistive. This could be related to
significant lithological differences be-
tween the two inliers. For instance, the
Kango inlier includes major carbonate
sequences that are not present in the
Kaaimans inlier, whereas the latter is
intruded by significant volumes of
granite that are absent in the Kango.
Despite these differences in geologic
make up, both inliers are imaged as
relatively shallow, wedge-shaped resis-
tive units underlain by more conduc-
tive material, and may well be
allochtonous, although this would
need to be confirmed with data.

Conclusion

An electrical section across the CFB
indicates that much of its surface
geology can be linked with confidence
to subsurface structures of the upper
crust using MT techniques. The MT

© 2011 Blackwell Publishing Ltd

data are able to resolve what are
interpreted as regional sub-horizontal
décollement structures shaped during
compressional and extensional tecton-
ics that have formed this belt over a
period of more than 100 Ma. The MT
image can distinguish the major
Paleozoic rock units of the CFB, and
shows that its Proterozoic inliers
probably are part of thin tectonic
wedges. It also confirms that the
CFB’s Cretaceous intermontaine ba-
sins are bound by regional shallow
listric faults that reflect thin-skinned
tectonism and are not subvertical
transpressional zones. Recognition
that most of the important structural
discontinuities exposed in the CFB
link to shallow dipping décollements,
makes them unsuitable for use in
Gondwana reconstructions (cf. de Wit
et al., 2008). Finally, major high-con-
ductivity anomalies in the upper crust
beneath the CFB, in particular, be-
neath the Oudtshoorn region, may
represent large undiscovered saline
water reservoirs. If confirmed through

drilling, these could serve this water-
poor area in future —e.g. as a source for
shale gas exploration (de Wit, 2011).
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