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ABSTRACT
The observed seismic anisotropy of the southern African mantle from both shear-wave splitting and surface wave observations
provides important constraints on modes of mantle deformation beneath this ancient continent. We find that the mantle anisotropy
beneath southern Africa is dominated by deformational events in Archean times occurring within the lithosphere, rather than
present-day processes in the sublithospheric mantle. Consequently, the distribution and magnitude of anisotropy provide valuable
data 1o constrain the mantle’s role in the tectonic evolution of this region.,

The pattern of mantle anisotropy reveals several noteworthy characteristics, First, mantle anisotropy is closely associated with
the Great Dyke of the Zimbabwe Crton, with values of the splitting fast polarization direction, &, parallel to the Dyke. This
correspondence with the Great Dyke is likely not due 1o the present-day Dyke structure but instead is most probably due to the
emplacement of the Dyke parallel 1o pre-existing mantle fabric within the Zimbabwe craton. This deformation thus predines dike
emplacement and is no younger than Neo-Archean in age. Second, there is a spatially continuous are of mantle anisotropy extending
from the western Kaapvaal Craton to the northeastern Kaapvaal and Limpopo Belt. All along the are, ¢ is subparallel 1o the rend
ol the are. Given the crust nuntle chronology associated with these regions, the anisotropy likely represents deformation that
occurred at =2.9 10 2.0 Ga during collisional accretion of both the western Kimberley and northern Pictersburg blocks onto the
seismically isotropic castern shicld of the Kaapvaal, with aceretion on the northern rmparts of the Kaapvaal ultimately culminating
in the Neo-Archean Limpopo orogen. The anisotropy-inferred are of deformation reveals diverse zones of both strong and weak
coupling between the crust and mantle, as measured by the coherence between mantle deformation and geologically-inferred
surfuce deformation. In particular, there is high coherence between surface and mantle deformation at the southwestern and
northeastern ends of the are, which implies strong crust-mantle coupling in these regions. Conversely, apparent decoupling exists
in the northwestern portion of the are, where northeast 1o southwest trending anisotropy cuts icross north 1o south trending
structures, such as the surfice outerop and aceromagnetic expressions ol the Kraipan Greenstone Belts. Independent seismic
evidence from seismic reflection profiling suppornts the conclusions that these north-south-trending crustal features are superficial
and confined 1o the upper crust.

We present evidence that the mantle fabric producing seismic anisotropy constitutes [ossil structure in the mamtle that is
subsequenty reactivated, much like the more commonly acknowledged reactivation of crustal structures, In particular, we argue
that Neo-Archean collisional orogenesis imparted a mechanical anisotropy to the mantle that controlled the subsequent magmatic
history of cratonic southern Africa. We furthermore suggest that four major Precambrian magmatic events: the Great Dyke, the
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Ventersdorp, Bushveld, and the Soutpansherg, all represent extensional failure along planes oriented parallel 1o the Tocal splining
Last polarization direction. Each of these events is interpreted 1o be o collisional rift, similir 1o the Baikal rift of northern Eurasia,
where the stress field associated with collision produces extension and rifting for orientations at a small angle 1o the direction of
the collision. Precise crustal geochronology associates both Ventersdorp and Great Dyke magmatism with the carliest and latest
phiases of the Limpopo collision, respectively. Similarly, the Bushveld magmatic event is temporally linked 10 the ~ 2.0 Ga
reactivation of Neo-Archean structures in the Limpopo and surrounding arcas by the Magondi Orogen. and the Soutpansberg is
related o the = 1.9 Ga Kheis Orogen. Since the timing of these basaltic intrusions is controlled by temporal variations in lithospheric
stress associated with orogenesis, it implies cither that the melting process is genetically related 1o the evolution of the Gar-field
collision, or that there was a semi-pernanent reservoir of basaltic magma residing in the sublithospheric mantle during the
=1 billion-year time period spanned by these magmatic events, The existence of an extensive magma reservoir would argue for
clevated temperatures just beneath the lithosphere during this tme.

Spliting delay times, 84, a measure of the magnitude of anisotropy, reveal geologically controlled variations in the strength of
anisotropy. In particular, the Meso-Archean Kaapyvaal shield, the area that was not exposed 1o =29 Ga and Ler deformational
cevents, is effectively isotropic. We observe two areas where the anisotropic/isotropic transition is relatively sharp. The north-south
boundary appears to coincide with the east-west trending Thabazimbi-Murchison Lincament. In the west, the boundary has been
observed in the vicinity of Kimberley, South Africa, near the Colesberg Magnetic Lincament. The Eastern Shield has been relatively
devoid of the kind of rifting and magmatic events seen elsewhere in cratonic southern Africa since the Meso-Archean, suggesting
that the Eastern Shield lithosphere is mechanically stronger than surrounding arcas, This relative strength difference may in part be

due 1o the absence of the mechanical anisotropy inferred for the surrounding arcas,

Introduction

What distinguishes Archean cratons from other Kinds of
continental lithosphere?. This single question  has
occupicd Earth Scientists for decades, and continues o
do so. While we have not vet obtained a satisfactory
answer 1o this question, there is broad agreement that it
is the mantle, and the mantle’s interaction with the crust,
that is fundamentally  different. For example,  the
tectosphere model for the creation of Archean cratons
(Jordan, 1975; 1988), posits the existence of a buoyvant,
highly refractory basalt-depleted mantle root that serves
strengthen,  and  thus  increase  the
survivahility of ancient lithosphere. Southern Africa is
particularly valuable in providing access o this mantle
component. The abundance of kimberlite nodules from
the mantle and crust has had a dramatic impact on our
understanding of cratonic southern Africa. The Kaapvaal
Project. and in particular the  deployvment of  the
Southern African Seismic Experiment, has allowed for an

1o stabilize,

unprecedented examination of the lithospheric mantle
beneath an Archean craton.

mantle’s  central  importance 1o
understanding cratons, the tectonic history of the region

Despite  the

has, of necessity, been prinarily  derived  from the
geology ol crustal rocks. Given the importance  of
the mantle, it is essential o obtain the ectonic history
of the cratonic mantle. We seek answers 1o several
questions, For example, we see terrane boundaries @
the surface. Are these lithospheric boundaries or are
they superficial, upper crustal features?  More generally,
do the crust and mantle evolve and  deform as a
coherent unit, ina way idealized by a thin viscous sheet,
or do they behave differently. due to compositional and
mineralogical differences in rheology., Do they indeed
have a distinetly different history? As with the geological
stucdy of the crust, we seek fossil indicators preserved in
the lithospheric mantle that may provide constraints on
this history.

There are various seismic structures that could be
used as mantle fossil indicators. One such indictor is
the presence of seismic reflectors, denoting zones of
high impedance contrast that can be interpreted  as
changes in cither mineralogy  or  composition.  For
example the Moho has been mapped beneath southern
Africa (Nguuri ef al, 2001), and is clearly geologically
controlled. Reflectors interpreted  as ancient dipping
slabs have been reported using data from the Shave
Craton (Bostock, 1997). We have carelully examined the
discontinuity structure of the upper mantle (between
the Moho and 410km depth) beneath the Kaapvaal
Craton for features similar 1o those found beneath the
Slave craton. A systematic examination of these data,
however, revealed a very simple upper mantle, with no
evidence for equivalent reflectors (Gao ef al., 2002),

Another particularly valuable way to access the
tectonic history of the mantle is through the study of
mantle  seismic  anisotropy.  The anisotropy  of  the
lithospheric mantle reflects strain-induced  fabric that,
available  geochronology,  provides
constrtints on the structural-geological history of mantle
detformation. One may then proceed, like a structural

coupled  with

geologist whose field area is the mantle, by attempting
to infer the underlying  process that led 10 the
deformation, and  then  comparing  this  structure 10
structures in the crust. Also, as with the crust, this fabric
is not only an indicator of past deformation, but it may
also modulate subsequent deformation.

As we will see. the mantle fabric derived  from
seismic anisotropy is  dominated by the  now-well-
documented ~2.9 Ga and later Neo-Archean collision
between the Eastern Kaapvaual Shield and surrounding
cratonic regions 1o the west and north. The patern of
deformation is much simpler than that inferred from
rocks, and coherent
deformation between crust and mantle, and regions that

crustal reveals  regions  of

do not display this correspondence. We show that this
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mantle fabric produced oriented mechanical weakness
(mechanical anisotropy) in the mantle, and that this
fabric was reactivated during four subsequent large-scale
rifting  and  magmatic  events:  the Great Dyke,
Ventersdorp, Bushveld, and Soutpansberg,

Seismic velocities are a function of propagation and
polarization dircction and this dependence is referred to
as seismic anisotropy. Seismic anisotropy in the mantle
is most likely due o lattice-preferred orientation (LPO)
in mantle minerals, primarily olivine, which is produced
by finite strain in the mantle Ge., Silver and Chan, 1988:
Ribe, 1989; Karto and Wu, 1993) Extensive knowledge
concerning the relationship between LPO and strain
permits inference of the mantle deformation field using
observations of  seismic anisotropy. One  particularly
robust nunifestation of seismic anisotropy is referred to
as shea-wave spliving. With shear wave spliting, a
shear wave propagating through an anisotropic medium
is split into two quasi-shear waves with - orthogonal
polarizations and  differing velocities. The  orienttion
and magnitude of the anisotropic layer can then be
characterized by a fast polarization direction, ¢, and
delay time, 8¢ The phenomenon is analogous to the
optical birefringence exhibited by certain minerals such
as caleite or olivine. For vertically-propagating, shear
waves, in oo simple anisotropic svstem, and  for a
shear flow  characterized by a horizontal flow  line
ineation direction), ¢ will be oriented paraliel 10 the

flow line, and 8¢ will be proportional to the product of

the thickness and intrinsic anisotropy of the layer.
There are two sources of  deformation that are
expected 1o dominate  contributions  to  mantle
anisotropy: lithospheric deformation and asthenospheric
deformation. The simplest form ol the first wype is
referred 1o as  vertically coherent  deformation of
the lithosphere (Silver, 1996), which is idealized by the
deformation of a thin viscous sheet (England  and
McKenzie, 1982), and characterized by a vertical velocity
aradient approaching zero (Silver, 1996). In this case the

crust and mantle  deform coherently. This kind  of

anisotropy is  most  efficiently  generated by
transpressional deformation, producing a vertical shear
plane and horizontal  flow  line.  Asthenospheric
deformation may be idealized by simple asthenospheric
flow, representing the horizontal shear flow between
two  high-viscosity layvers: the lithosphere above and
subasthenospheric mantle below (e. g, Vinnik e al.,
1995). It is characterized by a horizontal shear plane and
horizontal flow line, In the case of vertically coherent
deformation, the surface strain field can be used as a
predictor of the mantle ficld.  In simple asthenospheric
flow, the orientation of shear Gand hence ) is parallel
to  the  differential  velocity  vector  between  the
lithosphere  above and  high-viscosity mantle  below
(Sifver and Holt, 2002),

Examples of cach type of contribution, as well as the
presence of both, exist throughout the world. An
excellent example ol vertically coherent delormation is
the mantle  deformation of the Tibetan  Plateau, in

response 1o the Indis-Eurasian collision  (MeNamara
et al, 1991 Silver et al. 1999; Holt, 2000), Western
North America corresponds to a region that is dominated
by simple  asthenospheric flow,  where  the
subasthenospheric mantle is moving 1o the cast with a
velocity of about Scnvyr (MceNamara ef al, 1994
Silver et al, 1999 Tolt, 20000, Eastern North
America possesses characteristics of both models, with
a component of sublithospheric mantle low around a
continental keel, combined with a clear signature of
vertically coherent deformation within the lithosphere in
some regions (Fouch ¢f al., 2000),

Southern African mantle anisotropy

The Southern African Seismic Experiment (SASE) has
permitted the unprecedented sampling of the seismic
properties of the lithospheric mante (e.g., Carlson et al.,
1990; Freybourger ef al., 2001: James ef al., 2001; Nguuri
ef al., 2001; Silver et al,. 2001; Gao et al., 2002; Niu and
James, 2002; Salizer, 2002; Fouch et al., 2004a; ). In the
following. we focus on those studies that have analyzed
seismic anisotropy.

Shear-wave splitting observations

As observed by Silver ef al. (2001), mantle anisotropy
has been observed throughout the Western Kaapvaal,
Zimbabwe Craton, and Limpopo belt but is only weakly
present in the eastern Raapvaal Shicld and off-craton 1o
the south and west (Figure 1), The values of ¢ exhibit
systematic spatial - variations.  In the  southwestern
Kaapvaal they are roughly north-northeast 1 south-
southwest, rotate to northeast-southwest further north,
and to nearly cast-west in the northeastern part of the
craton, including the Limpopo  belt. Just north of
the Limpopo, there are several stations in the vicinity
of the Great Dyke with & values  oriented  north-
northeast to south-southwest. Values of ¢ range from
about 0° to 80° (clockwise from north), and &7 values for
the entire region are small, Where detected, 87 is roughly
half of the global average of 1.0 s (Silver e al., 2001),
and splitting was not detected at ~23% of the stations.
An assessment of the crustal contribution (through the
analysis - of  splitting  in - P-to-8  conversions  from
the Moho), suggests that the contribution o 8¢ is
primarily from the mantle, with the crustal component
estimated 1o be about 20% of the ol spliting value
(Silver ef al., 2001).

There are clear regional variations in the size of

splitting delay times within cratonic southern Africa. As
noted by Silver e al. (2001), while there is observable
anisotropy in the north and west of the craton, the
castern shield s effectively isotropic. The  lateral
transition between strong and weak anisotropy is Liirly
abrupt in some places. For example, there is a clear
north-south transition that is approxinmately coincident
with the EW wrending Thabazimbi-Murchison Lineament
CINML) (Figure 1) In addition, in the central Kaapvial
there is evidence Tor a sharp transition in fabric strength,
based on data from the  high-resolution  Kimberley
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Figure 1. Map showing orientations of shear wave splitting fast polarization directions, ¢, from the Kaapvaal Scismic Armay (black bars)

and from the high-resolution Kimberley Seismic Array (vellow bar, armay average). Only highest-quality splitting measurements are shown.,

Purple dots represent measurements with zero or near-zero splitting delay times. Also shown are relevant geological features, Abbreviations:

TML: Thabazimbi Murchison Lincament, CL: Colesberg Lincament, KGB: Kraaipan Greenstone Belts, 87, shear zone, Major rift systems with

basaltic magnatism: Great Dyke, Ventersdorp (surfice exposures shown), Bushveld and Soutpansberg shown in red. The splitting reveals

several interesting features: (1D an are of values of ¢ from the southwestern Kaapvial eraton to the Limpopo and northern Kaapyaal Craton,

with ¢ parallel to the rend of the are. (2) Values of ¢ that are parallel 1o the Great Dyke in the Zimbabwe crton. (3) The contrast between

relatively weak anisotropy within the castern Kaapvaal shield, and stronger anisotropy in surrounding areas to the west and north,

Galter Silver ¢t al,, 2001),

Seismic Array (KSA, Fouch et al., 2004h), which consists
ol 31 stations with an aperture of about 60x40km. As
shown in Figure 2, there is a remarkably systematic
variation in SKS splitting delay time across the array,
from northwest 1o southeast, decreasing from about 0.8
to 0.2 s over only 60 kilometers. Because of the small
aperture of the array, these variations in splitting
parameters must result from differences in lithospheric
mantle fabric.

Surface wave anisotropy

A study of radial and azimuthal anisotropy in surface
waves reveals the following characteristics. First, the
magnitudes of anisotropy inferred from the surface and
body wave data sets are compatible (e.g., Freybourger
el al., 2001; Salizer, 2002). An integral of the surface-
wave model yields a surface-wave-derived estimate of
the splitting delay time of 0.0s, which is essentially the
same as the average spliting delay time. The average
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Figure 2. Shear wave splitting results for the Kimberley region Kimberley Seismic Array from Fouch ef al. (2004h), Clop:) Azimuth of black

bars denote fast polarization direction and standard deviation; size of open cireles is scaled to splitting time: splitting time scale shown in

bottom left corner. Splitting delay times show a smooth increase from southeast to northwest, and range from 0.15 s to 0.73 s (bottom).

Proposed boundary of anisotropic/isotropic domain delineated by dashed line tsee text for details),
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Figure 3. Comparison of Kaapvaal Seismic Array shear wave splitting results with absolute plate motion Gifter Silver ¢f al., 2001). Observed

values (clockwise from north) of ¢ (filled cireles) for stations shown in Figure 1 Chighest quality), excluding three outliers [sal0, sa28, and

su77 with (atitude, ¢) = (-30.97 -42), (-27.90,-67) and (-20.76, -3.1) respectivelyl, and predicied values of ¢ from absolute plate motion

(APM) model HS2-NUVELIA (lower open circles) and newer HS3-NUVELIA (upper open circles). APM-predicted values also show

systematic latitudinal dependence, but which is distinctly different from the data. Note that both plate-motion models provide a poor fit to

the data.

depth extent of the anisotropy inferred from surface
waves indicates that it is primarily of mantle origin and
is localized within the lithosphere to depths no greater
than 220km. There was no detectable azimuthal
anisotropy when averaged over the entire data set. This
observation is consistent with the large range of splitting
fast polarization directions found throughout the regions
that have likely been averaged out in the surface-wave
analysis.

Physical process responsible for mantle
anisotropy

We next seek to determine the physical process
(or processes) responsible for the mantle anisotropy.
In order to use the anisotropy to study ancient
lithospheric deformation, we first need to determine

whether this is indeed the dominant source of

anisotropy. Toward this goal, we first evaluate the
alternative model that the anisotropy is due o simple
asthenospheric flow, which would correspond 1o
present-day deformation within the asthenosphere that
is the result of the motion of the African plate over the
deeper mantle. We can test the simple asthenospheric
flow model by making a prediction of ¢ using models
of both plate motion and the velocity of the

subasthenospheric mantle. For example, we can assume
that the subasthenospheric mantle is fixed in a hotspot
reference frame. Figure 3 shows the observed values of
¢ as a function of latitude, as well as the predictions
from two models for this case: NUVEL-HS2-1A (Gripp
and Gordon, 1990), and a newer model NUVEL-HS3-1A
(Gripp and Gordon, 2002). The carlier model makes
predictions that are consistent with some  of the
observations (where the two trends cross, at latitudes of
=28° and =20°), but it fails w0 account for the overall
trend in ¢. The more recent plate-motion model is an
even poorer fit 1o the observations. It is important 1o
point out that the absolute velocity of Africa is not well
constrained, since Africa plate velocities are very low;
these two models are not significantly  different from
each other, nor are they significantly different from a
velocity of zero for the African plate (Gripp and Gordon,
2002). However, virtually any plate-motion model would
vield a linear trend in Figure 1, and thus fit the data
poorly. Another possibility is that the subasthenospheric
mantle beneath southern Africa is not fixed in a hotspot
reference frame, but in motion. Indeed analysis of
splitting for oceanic stations surrounding southern Africa
reveals the influence of a large-scale  lower-mantle
upwelling (Behn er all, 2003). However, the inferred
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Figure 4. Comparison of Kaapvaal Seismic Array shear wave splitting results with primary surface geologic features of cratonic southern

Africi. Approximate latitudes and orientations of prominent geologic features and boundaries, given by horizontal lines [Colesberg

Lincament, Kraaipan Greenstone Belts (KGB), Limpopo Belt, Great Dyke. Ventersdorpl, filled boxes (Thabazimbi-Murchison Lineament,

Bushveld, Soutpansberg). Vertical dashed lines give approximate latitude range of the Limpopo Belt. Note that data exhibit strong latitudinal

dependence that closely tracks these geologic features in most, but not all, areas. A notable exception is in northwestern Kaapvaal craton

(Latitude range 25°S 10 2798), where splitting fast polarization directions are at a high angle o KGB and CML (vertical green arrow),

flow-field is approximately uniform bencath southern
Africa and predicts northeast-southwest values of ¢
(similar 10 that predicted by the NUVEL-HS2-1A) and is
also a poor fit to the data. These comparisons thus
suggest that simple asthenospheric flow is not the
dominant source of mantle anisotropy beneath southern
Africa.

Another possible model is that both o lithospheric
and deeper asthenospheric component exist in the
region. This model geometry would lead to two
anisotropic layers, which have a predictable effect on
the back-azimuthal variations in splitting (Silver and
Savage, 1994, Rumpker and Silver, 1998; Saltzer et al,
2000). We have in fact searched for two anisotropic
layers but have found no evidence for such structure
(Silver et al., 2001). Thus, we conclude that the splitting
observations argue for a lithospheric source that is
unrelated to present-day tectonics. We note that a
lithospheric source for the anisotropy is corroborated by
regiomal  surface wave studies as noted above
(Freybourger ef al., 2001; Saltzer, 2002), high-resolution
measurements in the Kimberley region of the Kaapvaal
Craton (Fouch e al, 2004b), and an
examination of mantle xenolith petrofabrics, clearly

extensive

documenting that the Kaapvaal Craton lithospheric
mantle is seismically anisotropic (Ben-Ismail et al.,
2001).

Characterizing the mantle lithospheric
deformation field and its relation to surface
geology

The pattern of anisotropy mentioned above implies a
pattern of ancient mantle lithospheric deformation
beneath southern  Africa. There are three siriking
characteristics of mantle deformation across the region
that may be inferred from the seismic anisotropy
(Figure 1). First, on the largest scale, we observe a
spatially  continuous arc of mantle deformation that
extends from the southwestern Kaapvaal to the
northeastern Kaapvaal Craton, Limpopo belt and
southwestern Zimbabwe Craton. Along this region, ¢ is
oriented subparallel to the arc. This pattern of
deformation is typically observed in modern convergent
margin - settings  dominated by transpressional
deformation, such as Tibet (McNamara ef al, 1994;
Sandvol er al., 1997, Holt, 2000). The inner edges of this
arc of deformation are clearly delimited in the southwest
by the Colesberg Lineament (CL) and in the northeast by

SOUTH AFRICAN JOURNAL OF GEOLOGY



J
(19

SEISMIC ANISOTROPY, MANTLE FABRIC, AND THE MAGMATIC EVOLUTION OF

PRECAMBRIAN SOUTHERN AFRICA

the  Thabazimbi-Murchison  Lincament CIML) on the
Kaapvaal Craton, while the outer edge of the are o
the north is demarcated by the Triangle shear zone of the
Limpopo Belt (Figure 1). The arc is primarily associated
with ~2.9 10 ~2.6 Ga convergent margin processes dated
in both the crust and mantle (de Wit ef af., 1993: Carlson
et al. 2000; Kroner ef al., 2000; Poujol e al., 2002;
Schmitz, 2002: Schmitz ¢ al, 2003), and thus likely
records an Archean mantle deformational event. Second,
the older ~3.1 to ~3.7 Ga castern shicld of the Kaapvaal
Craton is characterized by weak to negligible anisotropy.
Finally, there is a distinctly different mantle deformation
field, oriented approximately  north-northeast—south-
southwest  in northeastern  Zimbabwe,  that s
geographically associated with and oriented paralled to
the Great Dyke. As we will see, Great-Dyke-related
fabric is also likely Archean in age (Figure 1),

One of the important issues in understanding
lithospheric evolution in the Archean is whether the
crust and mantle components of the lithosphere deform
coherently. The extensive seismic coverage of cratonic
southern  Africa from the SASE has allowed us 1o
examine  crust-mantle  coherence  in - unprecedented

detail. In many pants of southern Africa, coherence of

mantle anisotropy with large-scale crustal structures is
observed, (Figures 1 and <), with spliting directions
paralleling  the north-northeast trending  Colesberg
Magnetic Lineament in the southwestern Kaapvaal, and
the  east-northeast  trending  structures  (Triangle  and
Palala Shear Zones and the  Thabazimbi-Murchison
Lineament) in the northeastern Kaapvaal and Limpopo
belt, which represent the ends of this  large-scale
deformational  arc. However, in the middle  region,
namely the northwestern Kaapvaal craton,  crustal
deformation (as inferred from limited geologic fabric
data) has a distinctly different orientation, compared 1o
deformation inferred from mantle anisotropy. In this
area, the are of mantle deformation exhibits northeast-
southwest trending fabric (Figure 1), In contrast, the
surface geology reveals north-south trending structures,
in particular the Kraaipan Greenstone Belts, which
face value would suggest significant  crust-mantle
decoupling in this area. Although it is admiuedly difficult
o identify the dominant crustal fabric of the region,
given the paucity  of basement  exposure and  the
signilicant overprint of Ventersdorp extensional tectonics
in the region, such an inference is supported by a recent
reexamination of seismic reflection profiles, concluding
that these north-south wrending features are probably
superficial and limited 1o the upper crust (de Wit and
Tinker, 200:4). The structural complexity of this region is

unsurprising, given that it was the syntaxis ol

synchronous ¢ 2.9 Ga deformation and  collisional
aceretion along both the northern and western ramparts
of the Kaapvaal shicld (de Wit ef al, 1992; Poujol et al.,
1990; Kroner et al., 2000; Schmitz, 2002; Schmitz ot al.,
2003).

One of the most intriguing features of the spliting
data set is the anisotropy  and inferred  mantle

deformation associated with the Great Dyke. This locale
is particularly valuable to our analysis because the close
correspondence between the Great Dyke orientation
and ¢ ensures  that  the mantle  anisotropy — is
unambiguously  reflecting Archean structures in the
mantie.  As argued by Silver er al. (2000, it is highly
unlikely that the Great Dyke structure itself would give
rise 1o the anisotropy. If one attempts o explain, for
example, the shear-wave splitting patterns with shape
preferred  orientation (SPO)Y - geometries, due 10 the
compositional  difference between  the Dvke and
surrounding  rocks in the mantle, there is  simply
insufficient seismic velocity contrast to generate  the
observed anisotropy. Dikes could only generate such a
splitting signal if there existed a significant melt fraction,
which is unlikely for the Great Dyke ar present.

A much more probable explanation is that the Grea
Dyke was extruded through pre-existing  lithospheric
mantle fabric that possessed this particular orientation.
This places a minimum date for the fabric of =2.58 Ga,
the emplacement age of the Great Dyke (Mukasa ef al.,
1998, Wingate, 2000). The relationship between  this
mantle fabric and the local geologic history of the
surface rocks ol the Zimbabwe Craton, however, is
unclear, There have been two primary crust-forming,
deformation-inducing episodes in the Zimbabwe craton
at ~3.5 Ga and ~2.9 Ga. There is no obvious relationship
between this mantle fabric and the ~2.9 Ga event. The
~3.5 Ga event may have been widespread at one time
(Horstwood et al.. 1999). The largest remnants of this
carlier episode are found in two locales with nearly
identical ages: the Tokwe segment and the Midlands,
just cast and west of the Great Dyvke respectively.
However, the dominant orientation of crustal fabric in
these remnants is unclear. The mantle  fabric thus
appears unrelated to the ~2.9 Ga event, and may or may
not be related o the ~3.5 Ga event. In either case, it
appears that there has been  significant  decoupling
between the upper crust and upper mantle from the
time of this fubric formation to the subsequent
emplacement  of  the  Great Dyke,  Crust-mantle
decoupling has also been inferred from the geology,
hased on the distribution patern of primary aceretionary
shear zones (Dirks and Jelsma, 2003).

Pre-existing mantle fabric and magmatic
evolution

There is 2 well-known axiom in geology that the style of

crustal deformation is often controlled by pre-existing
structures, or in short, “old faults never die™. Indeed, a
crustal Tault can be reactivated many times within the
context of differing stress regimes. The TML, active from
~29 Ga to the Mesozoic, is one ol the world's best

examples (Good and de Wit, 1997). Application of

the same concept 1o pre-existing structures  in the
lithospheric mantle is less commonly discussed, but no
less important. Indeed, it deformation involves the entire
lithosphere, and if the mantle represents the strongest
portion of the lithosphere, then such structures could in
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Table 1.
Rift Event Ventersdorp Great Dyke ) Bushveld Soutpansberg B
Age (G Iref] 2710 257 (2.3] Co200M3 issled
Orogen (fabric-forming) Kimberley-Pictersburg® 2 - l’-icl;b;-;,-l.impop; l’[clcrsi)urp,-l.illlmark)
Age (Ga) [ref] 293288 18-11] P 2.93-2.67 [8-14] 293267 [8-14]
Rilt Orientation (wrt ¢ 0 0 15 0
Orogen (rift-forming) l.impopo((‘.z-s.\?}; il l.im[m[m((lz-NMZ)_ o M:lg(mdr  Kheis
Age (Ga) [ref] >2.72-2.67 [12-14] >2.67-2.52 [13-17] 5204200 [18-20 1931750211
Rilt Orientation (wrt «r)*® 45 40 45 10

* We infornally refer to the orogenies occurring at ca 2.9 Ga on the western and northern nurgins of the Kaapvaal shield the Kimberley

and Pictershurg Orogens, respectively. o denaotes direction of horizontal most compressive stress direction for orogen.

*wrts with respect 1o,

References: 11 Armstrong e el 119910 12) Mukasa er al (1998 131 Wingate 120000 1] Walroven and biatingh, 1995 151 Buick of al £2001); 16} Bumby e af.

20022 7] Hanson ef al. (his volume): 8] de Wit ¢r al, (1992); 9] Kroner e all (20000, 1101 Poujol e al. 2002y 111 Schmitz 12002): 112] Banon ef al. (1992,

[13] Kroner ¢f al 0199 [14] Kreissig ef el Q20000 TS MEweli ef all (1995 110] McCoun and Armistrong CLO98 117] Frei et al Q09099 [18] Majaule ¢f el (2001,

[19] Mapea ef el (20000 [200 McCourt of el 20010, [21] Cornell o el 11995)

fact play the dominant role in determining the style of
lithospheric deformation. It has long been noted that
continental (lithospheric) breakup often oceurs where
collisions have previously occurred. The opening of the
Atlantic basin in North America near the suture of
the closing of the Tapatus Ocean is a classic example.
Recently, it has been argued that the  deformation-
induced lattice preferred orientation (LPO) that produces
mantle seismic anisotropy, also produces a mechanical
anisotropy.  The study  of  mechanical  anisotropy  in
olivine aggregates (olivine is the weakest of the mantle
minerals and thus controls strength) suggests that shear
failure is most probable along the plane (010). For
transpressional deformation, the (010) plane is expected
1o be oriented vertically with strike parallel 1o the trend
of the collisional belt and to the spliting fast polarization
direction, . This hypothesis thus predicts that former
collisional zones would be weak in shear and tension
for vertical planes oriented parallel 10 the trend of the
collisional  belt and 2001). We
consequently extend the old geological axiom o the
mantle: “old fabric never dies™.
Africa, we propose that the mantle fabric, acquired
through collisional deformation in the Neo-Archean, has
played

CTommasi Vauchez,

In the case of Southern

4 njor role in controlling the  subsequent
extensional and magmatic evolution of the region.
While the Great Dvke represents the clearest case off
a dike swarm passing  through  lithosphere  with
preexisting mantle fabric. there are three other cases
where the same phenomenon appears o be taking
place, namely the Ventersdorp Rift and Aood basalts
(2715 10 2.709 Ga, Armstrong ¢f al., 1991), the Bushveld
Complex (2.039-2.051 Ga, Walraven and Hattingh, 1993;
Buick ¢t al., 2001), and the Soutpansherg Trough (~1.9
Ga, Bumby et al, 2002) (Figures 1 and <. In the case of
the Ventersdorp, recent analysis of seismic reflection
profiles strongly suggests that the dominant orientation
ol Ventersdorp rifts is northeast to southwest CTinker
ef al., 2002; de Wit and Tinker, 2004, with the notable
exception of cast-west trending faults just south of the

TML). Throughout this zone, the average value of ¢ is
about 45°, parallel to these faults. Similarly, the Bushveld
is localized along the east-west wrending TML (du Plessis
and Walraven, 1990), and its location corresponds 1o a
latitude where there is an abrupt change in ¢ from 45°
10 a value closer 1o cast-west. The Sibasa basalts were
crupted into the Soutpansberg Trough, a half-graben
hounded on the south by reactivation of the Palala Shear
Zone as a north-dipping normal fault (Bumby et al.
2002), The axis of the trough is aligned not only with the
Palala Shear Zone but also with the east-west trend of
mantle anisotropy in the Central Zone of the Limpopo
Belt. It thus appears that all four of these magmatic
events have passed through and exploited preexisting
fabric in the lithospheric mantle.

Collisional rifts

Not only are the orienttions of the dike intrusions
controlled by mantle fabric created by previous
deformational events, but it also appears that in all four
cases the magmatic episodes themselves are closely
related 10 contemporancous events
(Table  1). The Neo-Archean  Ventersdorp  rift
temporally linked with compressional deformation and
crustal thickening in the Central and Souwthern Marginal
Zones of the Limpopo Orogen (Barton et al, 1992
Kroner ef al., 1999; Kreissig ef al.. 2001). Similarly, the
Great Dyke was emplaced during the exhumation of

deformational

is

the Northern Marginal Zone of the Limpopo Orogen
the Zimbabwe Craton  (Mkweli er all, 1995;
McCourt and Armstrong, 1998: Frei ef al,, 1999), In the
Paleoproterozoic, emplacement of the Bushveld-Molopo

over

Farms Complex was nearly  synchronous  with  the
Magondi Orogeny along the Norath-west margin of
the Zimbabwe-Kaapvaal Cratons (Majaule ef al., 2001;
Mapeo e al, 2001 McCourt e al., 2001). Significant
dextral transpressional reactivation of the ‘Iriangle and
Palala Shear Zones o the Limpopo Belt are also
recorded at this time (Kamber et al., 1995: Schaller et al.,
1999: Bumby e al, 2001). Subsequent  extension:l
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2.72-2.57 Ga

2.05-1.95Ga

2.95-2.85Ga

1.9-1.8 Ga

Figure 5. A scenario based on the anisotropic structure of the mantle and its relation 1o the surface geology of cratonic Southern Africa.
Arrows show compression direction of orogen. (i) Formation of the pre-2.9 Ga north-northeast-south-southwest mantle fabric in Zimbabwe
Craton and establishment of the isotropic structure of the castern shield of the Kaapvaal Craton. (i) Development of north-northeast-south-
southwest to cast-northeast=west-southwest arc of lithospheric mantle fabric by ca. 2.9 Ga collisional accretion of terranes along the
northern and western margins of the Kaapvaal Craton. (i) Continued eastwest to east-northeast-west-southwest mantle fabric development
during and within the ca. 2.7 Ga Limpopo Orogen and its marginal zones within the Kaapvaal and Zimbabwe Cratons. Also during this
time, emplacement of the Great Dyke and Ventersdorp supergroup. These are both collisional rifts responding to far-field stresses caused
by the latest (north-northwest=south-southeast directed compression) and carliest (north-south directed compression) phases of the
Limpopo Orogen respectively, with rift orientations controlled by mantle fabric produced ca. 2.9Ga. (iv) Reactivation of Limpopo structures

by Magondi Orogen and the creation of a collisional rift that produced the Bushveld Instrusion. Intrusion orientation (cast-west) controlled

by preexisting mantle fabric. (V) Finally, creation of the collisional Soutpansberg Rift (SR) by the Kheis Orogen at 1.88 Ga.

reactivation of the Palala Shear Zone and formation of
the Sowpansberg Trough coincided with compressional
deformation in the Kheis Belt along the western
Kaapvaal Craton (Cornell ef al, 1998; Bumby et al.,
2002).

A plausible explanation for this  temporal
correspondence is that they are all collisional rifts or
impactogens, similar to the Rhinegraben and Baikal rifts
(Sengor et al., 1978). These rifts form at a high angle 1o
collisional belts and are due to the far-field stresses
associated with the collision. Such rifting is possible for
any vertical plane orientation for which the collision

produces tensional normal stresses. This corresponds (o
orientations that are within 45° of the collision direction.
The correspondence between rift orientation and mantle
anisotropy arises because the actual rift orientation is
locally controlled by the pre-existing mantle fabric.
Thus a collisional rift is expected to form at a high
angle to the collisional belt, and be synchronous with or
precede the magmatic episode. Indeed Burke et al
(1985) and Wilson (1990) have made such a proposal for
the Great Dyke and Ventersdorp respectively. Regarding
rift orientation, in all four cases the angle between belt
and rift is less than or equal to 45°, and consistent with
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this mechanism (Table 1). Regarding the timing, there
are precise ages both for the orogenic events, in the
form of the age of high temperature metamorphism, and
for the onset of rifting. For the rifts, these are Great
Dyke: ~2.58 Ga (Wingate, 2000; Mukasa et al., 1998),
Ventersdorp: ~2.72 Ga (Armstrong  er al., 1991),
Bushveld: ~2.06 to ~2.05 Ga (Walraven and Hauingh,
1993: Buick et al, 2001) and Soutpansberg: ~1.88Ga
(Bumby er al, 2002; Hanson ef al, 2004). The
corresponding  ages of orogenic  high-temperature
metamorphism are ~2.58 to ~256 Ga for the CMZ
(Kroner et al., 1999), ~2.69 to ~2.70 Ga for the SMZ,
~2.03 Ga for the Magondi Orogen, and ~1.93 Ga for the
Kheis (Cornell ef al., 1998, Table 1).

While these two sets of ages are very close, we note
that in 2 of the 4 cases, the Ventersdorp and Bushveld,
the orogenic age is actually younger that the rifting age
by 20 to 30 Ma. At first glance this would appear to be
inconsistent with the collisional-rift hypothesis. Indeed,
Tinker et al. (2002) made this particular point in arguing
that the Ventersdorp is not a collisional rift (and
proposing an alternative model). It is, however,
important to point out that the rift ages and orogenic
ages are fundamentally different. While the rifting ages
most likely represent the true onset of rifting, the
orogenic ages, being high temperature metamorphic
ages, represent either the middle or the end of the
orogeny, assuming the metamorphism is due primarily
o crustal thickening (rather than magmatic advection),
This means that the metamorphic age may be younger
than the onset age by 20 10 30 Ma (England and
Thompson, 1984 Huerta et al, 1998), which is
approximately the observed  difference between  the
rifting and orogenic ages. Accounting for this source of
bias, we conclude that, given the presently available
data, the onset ages of rifting and orogenies are
consistent with the collisional-rift hypothesis. This is a
testable hypothesis, in that a more accurate measure of
the orogen onset age should yield an age that is equal
to or greater than the rift age. If the ages are indeed
indistinguishable, it suggests that the rifting begins at the
onset of the orogen for these two cases.

Isotropic strength

As is clear from Figure 5, the tectono-thermal activity
in the anisotropic zones to the west and north is in
dramatic contrast to the relative tranquility of the Eastern
Shield, during this same period of time. This appears 1o
be a contrast in strength, in that the Eastern Shield was
subjected to comparable stresses, especially with respect
to the Limpopo collision. In addition we note that the
distribution of kimberlite eruptions, which we ke as
another measure of lithospheric strength, is much more
prevalent in the west, compared to the east. There may
be a multitude of factors that could control lithospheric
strength. Lithospheric thickness differences are often
invoked as a potential factor, for example. There is
presently, however, no evidence that the eastern
Shield is systematically thicker than regions 1o the west

and north by the present-day  seismically-inferred
lithospheric thickness, presuming that it is an indicator
of Precambrian thickness as well (see Fouch er al.,
2004a). This strength difference may be atributed to
mechanical anisotropy in the mantle. An anisotropic
aggregate will have a weak orientation that  will
always be weaker than the strength of an equivalent
isotropic  aggregate. We thus speculate  that  the
difference in strength between the eastern shield and
elsewhere is in part due to the absence of a mantle
tabric in the east.

Discussion and conclusions

A summary of the Precambrian history of southern Africa
from the viewpoint of the anisotropic mantle is relatively
simple, as is shown schematically in Figure 5 and
Table 1. We define five major deformational phases, tied
to major orogens that control the history of this craton:
(i) an unknown pre-2.9 Ga orogen that imparts a mantle
fabric to the Zimbabwe craton, (ii), a collision at ~2.9 Ga
along the western and northern boundaries of the
Kaapvaal Shield, imparting mantle fabric to the Kimberly
and Pietersburg terranes, (iii) The Limpopo orogen, at
~2.0 to ~2.7 Ga, which imparts mantle fabric to the three
Limpopo zones, and which produces collisional rifts to
the north and south, namely the Great Dyke and
Ventersdorp, (iv), the ~2.0 Ga Magondi orogen, both
reactivating shear zones in the Limpopo and producing
the Bushveld as another collisional rift, and finally (v)
the ~1.8 to 1.9 Ga Kheis orogen, which produces the
final collisional rift, namely the Soutpansberg trough. In
all of these cases, the rifts formed at an orientation that
is parallel to preexisting mantle fabric, as inferred from
mantle anisotropy.

An important conclusion of the work discussed here
is the realization of the dual role of orogens, both
in creating strain-induced fabric in the mantle, and in
subsequently generating far-ficld extensional stresses
that reactivate this mantle fabric in the form of
collisional-rifting events (e.g. Tommasi and Vauchez,
2001). The four collisional rifts discussed here are not
superficial shallow crustal features, but instead represent
rifts through the entire lithosphere, given both the close
correspondence with mantle deformation, and the fact
that their basaltic-composition magmatic products
represent primary melts of the sublithospheric mantle.
As such, these rifts constitute useful constraints on the
properties of both the lithosphere and sublithospheric
mantle. In particular, it is necessary 10 accoum for both
the source of these basalts, as well as the survivability of
cratonic mantle lithosphere, in the face of these
magmatic events.

A significant consequence of a  collisional-rift
interpretation of these magmatic events is that the timing
of rifting and magmatism is controlled entirely by
temporal variations in lithospheric stress, rather than,
say, the transient ascent of plumes rising from the deep
mantle. The apparent ready availability of mantle-
derived melts during each of these rifiing events raises
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two intriguing hypotheses. The first requires a temporal
relationship between orogenesis and  sublithospheric
upper mantle melting, namely, could melting in the
sublithospheric upper mantle be primed in some way by
the pre-history of plate convergence and subduction
beneath the cratonic lithosphere? Alternatively, did there
exist a semi-permanent reservoir of partial melt beneath
the lithosphere that was apped whenever lithospheric
stresses were favorable to the creation of rifts? If so, the
timing of the 4 rifts we have discussed would necessitate
the survival of this reservoir for nearly one billion years.
Completely evaluating these two alternatives is beyond
the scope of this contribution; however we may
speculate on mechanisms for establishing super-solidus
temperatures in the sublithospheric mantle, Estimates of
the potential temperature required for melts to oceur in
the subcontinental  asthenosphere are  approximately
1450 1o 1550°C (White and McKenzie, 1995), some 200
to 300°C houer than those today. It is well known that
thick continental lithosphere has a thermal blanketing
effect on the mantle below which result in higher mantle
temperatures (e.g. Guillon and faupart, 1995; Grigne
and Labrosse, 2001) if the rate of heat generation is
greater than the rate of heat loss. More generally,
beneath large continents the mode of convection locally
behaves more like stagnant-lid convection, rather than
plate tectonics. This mode of convection is much less
efficient at removing heat, which can lead 1o a gradually
increasing potential temperature (e. g. Sleep, 2000). o
the point that the geotherm could cross the solidus of
fertile peridotite, while at the same time leaving the
refractory depleted lithosphere intact. This molten basalt
is then able to rise to the surface whenever collisional
rifts are formed in the lithosphere.

While we presently lack the evidence to fully
evaluate the mechanisms for mell generation associated
with these Archean and Proterozoic rifting events in
southern Africa, we believe the highlighted correlations
with old mantle fabric, collisional orogenesis and
changes in plate stresses reveal a path of future study
toward a better understanding of the role of continental
lithosphere in upper mantle dynamics. Similarly while
further data are necessary to firmly establish  the
collisional-rift interpretation  of  Archean and  Paleo-
Proterozoic tectonomagmatic events, this hypothesis has
the advantage of making several testable predictions,
from the chronology of orogens, to the petrology
of basalt magmas, to the mechanical swength of
lithospheric mantle. We look forward to this evaluation
in future studies of the southern African lithosphere.
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