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ABSTRACY
Low elastic strength of ancient lithosphere based on flexural analyses has been interpreted o reflect elevated regional geothernal
gradients in response 1o higher global heat production  in the past. Here we present o flesural analysis of
Archean,/Palacoproterozoic sediment cover along the western margin of the Archacun Kaapvaal craton based on - seismic
stratigraphy. Our results show that between ~1.93 and ~1.75 Ga, the Archaean margin of the craton had an effective elastic
thickness of 7.5 to 10km compared to its present day value of 00 1o 7okn Because the Kaapyaal craton had already stabilized by
~2.7 Ga and was underlain by 150 10 300km thick strong mantle lithosphere, it is unlikely that the relatively thin elastic thickness

along this old margin reflects a change in secular cooling of the Earth. Instead, we interpret the low elastic strength to be a transient

marginal wectonic eftect similar 1o that recorded along modern continental margins,

Introduction
Archacun continental lithosphere is stronger to greater
depth than that of younger continental  lithosphere
(Jordan, 1978; Shapiro ef af, 1999). 1t is not known,
however, whether this is a function ol its age or of the
well-known chemical difference between old and young
continental lithosphere.  Understanding  of  how  the
fexural strength of present-day continental lithosphere,
expressed as its effective elastic thickness, has varied
over time is hampered by a lack of Archaean
Palacoproterozoic  estimates  of - lithospheric  strength.
Although  present-day  lithospheric  clastic thickness
variation  caleulated  at different neo-tectonic
environments of the world is well known (e.g. Doucouré
el al., 1996), only one similar calculation has been made
for very old palaco-tectonic environments (Grotzinger
and Royden, 1990), because such measurements can
only be made by proxy methods, using [or example,
stratigraphic analysis of ancient sedimentary basins,
Here we estimate the Palacoproterozoic lithospheric
clastic thickness of the Archacan Kaapvaal craton from
analysis  of  the flexural shape of its  Archaean
Pualacoproterozoic passive mirgin sequence in response
to tectono-sedimentary loading of this margin at ~1.93 10
~1.75 Ga. We then compare this paleo-elastic thickness
to the present day elastic thickness of the craton.

Regional Setting

The Kaapvaal craton comprises 4 complex mosaic of
Archaean terranes  that  amalgamated  episodically
berween about ~3.5 and ~2.8 Ga (de Wit ef ¢f.. 1992; de
Wit, 1998 schmitz et al., 2004). Cratonic stability was
attained in different arcas at different times. but by ~2.7
Ga the entire Kaapvaal craton was part ol a stable

continent with a relatively cool, thick mantle of >150km
(Boyd et al., 1985; Richardson et ., 2001: James et dal.,
2001 subsequent regional  extension,  peneplanation
and deposition of a shallow marine sequence across the
craton followed. This late Archacan history is recorded
along the western margin of the Kaapvaal craton in the
seismic profile KBFOAA (located in Figure 1, interpreted
in  Figure 2). A lwo-stage  (successor)  tectono-
stratigraphic  evolution is  evident  from  this  profile
(Tinker, 2001: Tinker ef al., 2002). The lower succession
(Ventersdorp. Griqualand West and lower Olilantshock
units) is interpreted to have been deposited in o passive’
continental  margin - environment  during  mechanical
rifting hetween an unknown fragment and the Kaapvaal
Craton in Ventersdorp times (<27 Ga), followed by
continental separation (drifting) and regional thermal
subsidence of the craton in Transvaal times (~2.0 to
~2.2 Ga). The ‘passive’ margin was  subsequently
transformed  into an Cactive’ compressional - margin
during which stacked thrust-packages loaded the
passive margin sequence mentioned above, The east
directed thrusting occurred between ~1929 and ~1750
Ma (age of regional Olifantshocek deformation: Cornell
el al, 1998), causing the foreland to be flexed
downwurd  to  the west, This  flexure  allows
determination of lithospheric eflfective clastic thickness
of the Archacuan lithosphere, thus its strength, at time of
thrusting,.

Data and Methods

The strength of the lithosphere can be expressed in
terms of its rigidity (D) or related  effective  elastic
thickness (Te). The method of determining Te is adapted
from Royden’s (1988) exural equation that considers all
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Figure 1. Location of the seismic reflection profile KBFU3A across
the western margin of the Kaapvaal craton. Also shown is the Kheis
fold and thrust helt that comprises a ectono-stratigraphic sequence
empluced across the western edge of the eraton between ~1.93 and
~1.75 Ga and the Bushveld Complex that introduced significant
heat at lower to middle-crustal levels during its intrusion in

~2:03 Ga.

forces and torques acting on a flexed plate, and relates
those to stress and strain changes coupled  with
deflection. The equation approximates the response of
plates of variable elastic thickness under varying loads.
Underlving the calculation is the assumption that the
flexed lithosphere acts as an clastic plate overlying a
fluid asthenosphere.

Estimation of lithospheric effective elastic thickness
(Te) involves the substitution of various estimates of
flexural wavelength of the lithosphere (related to Te)
into the flexural equation given in Royden (1988).
Theoretical curves generated by the solutions of the
flexural equation for six different values of  elastic
thickness (5. 7.5, 10, 15, 20 and 30km) are then
compared 1o flexure observed from the seismic profile,
KBFO3A. This profile was acquired by AngloGold using
vibroseis methods across the western margin of the
Kaapvaal Craton (Figures 1 and 2) and interpreted using
Charisma software, Geoframe version 3.6, developed by
Geoquest, Schlumberger (Tinker, 2001; Tinker et al.,
2002). The theoretical curve calculated from the flexural
equation that best fits the observed data has the most
realistic  flexural  wavelength  and  represents  the
most realistic Te (Figure 3).

Flexure produced by loading of sediments during the
development of the passive margin imaged in profile
KBFO3A (~2.7 to ~2.2 Ga) must be separated from that
produced by subsequent tectonic loading of  these
passive muargin sediments (~1.93 o ~1.75 Ga). To
achieve this, a scismic reflector was chosen that is

assumed o have been sub-horizontal. prior to load
emplacement. The base of the Camphellrand Subgroup
is assumed originally horizontal for two reasons:

The Campbellrand Subgroup is a platform carbonate
sequence, likely to have formed in shallow water depths
during regional thermal subsidence.

The Campbellrand  Subgroup  does not  thicken
substantially o the west across the seismic profile,
indicating that any passive margin  subsidence  was
sitnilar across the margin.

By observing deflection of this marker horizon, it is
possible 1o isolate deflection due o the subsequent
tectonic loading of the passive margin sediments. from
flexure produced by preferential  subsidence  and
sediment accumulation in the west during initial passive
margin development.

For our calculations a “plate end’ (Okm) was located
at a point at 45km from the western end of line KBFO3A
(Figure 2). Flexure was thus estimated from  the
deflection of a marker horizon, the Campbellrand/
Schmidisdrif contact (Figure 2), from plate end along the
profile at 7.3km spaced intervals and plotted on
Figure 3 (red squares). Two additional points were
estublished from geological surface mapping at 180.5
and 202.5km from the plate end. Thus, an observation
curve was generated and compared to the theoretical
curves (Figure 3).

Results

Our results must be evaluated in light of a number of
uncertainties. First, velocity/depth conversions on the
seismic section are approximate. Second, there is no
correction for sediment compaction due o the lack of
lithological control from borehole data. Third. flexural
obscervations made east of 52.5km are calculated by
adding an average thickness for the Schmidtsdrif
Subgroup to the granitic basement/Schmidtsdrif contact.
The Schmidsdrit Subgroup thins to the east, thus these
observations may overestimate flexure. Fourth. there are
no independent gravity data o offer an independent
check of the results, as is the case in modern examples
(Royden., 1988; Abers and Lyon-Caen, 1990 Stewart and
Walts, 1997: Reemst and Cloetingh. 2000).

In general. curves representing lower Te offer a
better fit to the observations (Figure 3). However, at Te
= Skm, the curve is a poor fit. First, the curve does not
match the observed deflection at plate end (Okm).
Second, at 120km the deflection is zero, yet geological
surface mapping shows that the contact outcrops at
180.5km. Therefore, the calculated flexural curve results
in a flexural bulge that is too narrow in width and that
lies too far to the west. Clearly the elastic thickness at
~1.93 to ~1.75 Gua was greater than Skm.

Three fexural curves generated for Te = 15, 20 and
30km also show a poor fit o observations. Between
0 and 30km all three fexural curves underestimate the
observed deflection. and between 30 and 90km
the observed deflection is overestimated. In all three
cases the flexural bulge oceurs too far to the cast and the
curves differ by 150 to 300km from the two outcrop
observations at 180.5 and 202.5km. Thus at time of load
emplacement, elastic thickness was less than 15km.
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Figure 2. Stratigraphic and structural interpretation of seismic profile KBFO3A. The detailed analysis of the seismic stratigraphy is given

elsewhere (Tinker, 2001; Tinker et af., 2002). The Campbellrand/Schmidisdrit contact is assumed to have heen horizontal prior to tectonic

loading, and the deflection of this marker horizon defines differentiates the flexure developed due to tectonic loading at ~1.93 1o ~1.75

Ga. The plate-end marks the western most extent of the measured flexure. Farther to the west, the marker horizon is displaced by

faulting, and flexure estimates are unreliable.

Twao curves with Te = 7.5 and 10km provide better
fits. From O to 45km, both fexural curves closely fit the
observed deflections. However, from 325 to 82.5km
both curves overestimate the observed deflection. The
curve of Te = 7.5km overestimates deflection to a lesser
extent. At 180.5km, the flexural curve of Te = 10km
differs from the observed curve by only ~ 7m. A least
squares  statistical  technique is used to  graphically
confirm the best fit of curves for Te = 7.5 and 10km to
the observed deflections (Figure 3, inset). Thus, the
clastic thickness of the plate during time of flexure is
best estimated o have been in the range of 7.5 to 10km,
despite a number of important uncertainties (see Data
and Methods above).

Discussion
Profile KBFOA3A lies within 250km of kimberlites that
have vielded Paleoproterzoic-Archaean  diamond

xenocrysts derived from deep depleted mantle sources
(Richardson et al., 2001). Therefore, by ~1.8 Ga, the
craton was  already  underlain by thick  continental
lithosphere. The present-day ‘Te of this lithosphere has
been  caleulated  with o coherence  technique  using
Bouguer gravity data and  topographic  information
(Doucoure el al., 1996). Their value of Te along line
KBFO3A ranges from ~ 60 to 70km, ~ 8 + 2 times greater
than that calculated by us at ~1.93 1o ~=1.75 Ga. This
implics that there has been significant recovery  of
mechanical strength of the existing thick lithosphere.

A relatively thin palaco-elastic  thickness [or old
continental lithosphere has been reported once before.
In a flexural study of the Kilohigok Basin in the Archean
Slave Craton a palaco-elastic thickness at 1.9 Ga of only
12 = d4km wuas calculated. This contrasts with  the
present-day effective elastic thickness of 100 + 25km for
this area (Grotzinger and Royden, 1990). The authors

concluded that at 1.9 Gu the Slave Craton must have
lacked the several hundred Kilometre thick mechanical
mantle lithosphere layer that it has today, and
contributed this significant thickening of the mantle
lithosphere over the last ~1.9 Ga to related secular
cooling of the FEarth. More recently it has become
apparent that the Slave Craton has an old (>3.0 Ga)
thick, diamond-rich, Archaean mantle root (O'Reilly
el al, 2001), like that of the Kaapvaal Craton (Boyd
el al.. 1995; Richardson ef al.. 2001; James et al., 2001),
Theretore it appears that both these areus have a similar
history of change in elastic thickness but the cause for
this cannot be attributed to the absence in the Archacan
ol a thick relatively cool mantle lithosphere.

Several other possible explanations for a thin value
for lithospheric Te at ~1.93 to ~1.75 Ga exist. High heat
flow and/or fluid influx (hydration) have been inversely
correlated to elastic strength (Zoctemeijer ef al., 1990;
Hartley ef al, 1996; James and Sacks, 1999). Thus,
thermal rejuvenation and/or hydration of the local crust,
related o igneous activity at ~2.2 Ga and ~1.9 Ga
(Ongeluk and Hartley lavas, respectively: Cornell ef al.,
1996: Cornell et al.. 1998; Tinker, 2001; Tinker e al.,
2002), or the ~1.8 Ga tectonism may have reduced the
mechanical  strength of the underlying  lithosphere,
Associated  lithospheric  decoupling within - o ductile
lower crust (Abers and Lyon-Caen, 1990; Burov and
Diament, 1995; 1996; Brown and Phillips, 2000;
Doucouré and de Wit, 2002) may lower its elastic
further still. - Although the link  between
magmatism and plate weakening is not fully understood,
Doucoure and de Wit (2002) concluded that magmatic

thickness

heat associated with the intrusion of the Bushveld
complex (~2.05 Ga) regional  mid-crustal
decoupling and, in wrn the low clastic thickness first
calculated in Tinker (2001). Since the present studied

induced

SOUTH AFRICAN JOURNAL OF GEOLOGY



258 OLD, STRONG CONTINENTAL LITHOSPHERE, WEAK ARCHAEAN MARGIN

Horizontal distance from plate end (km)

6000

-1000 -
0 225 45 675 90 120 150 181 210 240 270 300
0 F A T S R o L#-’—!_f:ji’;;;_}lﬁ:‘::.’;#ﬁ.:&a‘#ﬂ#“ﬁ_i =
‘
" ) BObservation
il Model elasti
1000 /4 f | e
. vy « 5
E n
= 2000 / . . 75
o iUP = =
'§ £90 10
&
= = 80
% 70 15
T 3 40| a— 28
£ £
o - 1 2w 30
g 30
g 20
810
O~ "¢ 1% = B

Elastic thickness estimates (km)

vertical exaggeration = ~30X

Figure 3. Theorctical curves generated from the flexural equation of Royden (1988), The best fit estimate of elastic thickness is evaluated

against the flexure observed from the seismic profile shown in Figure 2. Low clastic thickness curves (7.5 tol0kn closely resemble the

observed fexural curve. Inset: Graph of results of - least squares comparison between the curves of various estimates of elastic thickness

and the observed deflections. Difference between theoretical curves and observed data is represented as a % error using a least squares

method, The curve for Te = 7.5km has the lowest % error and represents the best fit.

margin of the Kaapvaal Craton lies within a 1000km
radius from the centre of the Bushveld intrusion; this is
consistent with models of regional heat flow and magma

activity channelled laterally over such distances away

from a single hot-spot source such as the Cenozoic
plume in northeast Africa (c.f. Ebinger and Sleep, 1998).
There is. however, only limited isotopic evidence from
lower crustal xenoliths near KBFO3A for  significant
thermal rejuvenation in the lower crust during the
2.05 Ga Bushveld event (Schmitz, 2003).

Alternatively, the
Kaapvaal craton may have been inherited from its
tectonic history at a continental margin. Some of the
lowest values for Te have been observed at present-day
continental margins. tigh gradients of Te have been
measured from thick and strong interior lithosphere to
thin and weak lithosphere across the  present-day
continental  margins  of  Scandinavia, South America,
Australia and  Antarctica (Stewart and Wats, 1997,
Haddad and Watts, 1999; Reemst and Cloetingh, 2000)
(Figure 4). The thin palaco-Te calculated here thus may

low Te along the margin of

represent 4 weaker section along the palaco-margin of

the Kaapvaal craton with greater interior Te. Deposition
of thick continental rift sequences (Waterberg) occurred

from ~1.93 0 ~1.75 Ga in fault-bounded rift basins
across the Kaapvaal Craton nucleus. These  britle
structures imply a stronger central cratonic interior at
that time. This is consistent with the suggestion that the
relatively low Palacoproterozoic Te we have caleulated
along the western edge of the Kaapvaal craton
represents a weak paleo-continental margin of a strong
craton (Figure 4), a model that we prefer.

Conclusions

Our result confirms that since ~1.93 to ~1.75 Ga there
has been significant lithospheric strength recovery along
the margin of the Kaapvaal craton. Clearly, the low
clastic strength ol this Archacan lithosphere in the
Palacoproterozoic was not due to the lack of thick and
mechanically strong mantle  lithosphere.  Along  the
margin of at least two Archacan cratons, it scems likely
that mechanical weakening of their lithosphere was
transient, that initial  lithospheric  strength
was  recovered  during  younger  lithospheric
strengthening processes (Doucoureé and de Wit, 2002).
Although the origin for the low lithospheric strength of
the craton margin at ~1.8 Ga is equivocal, the unusually
low value for elastic thickness may reflect KBFO3A's

and
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Figure 4 Vuariation of observed elastic thickness with distance from present-day continental margins across passive and active tectonic

environments, Profiles 1 and 2: Criton region bordered by passive continental margin with continental edge basalts, bordered by young

oceanic crust (the Voring Margin, central Norway; Reemst and Cloetingh, 20000, Profiles 3, 4 and 5 (Stewart and Watts, 1997): Cratonic

margin bordered by zone of active subduction and orogenesis of the Andes, 6: Successor continental margin of the Kaapvaal eraton (this

study ). Note that cool, thick (150 1o 300km) mantle lithosphere already existed beneath the Kimberley region by =27 Ga (Boyd et al., 1995,

Richardson ef e, 2001 James ef al., 2001), within 250km from the eastern end of the seismic line KBFOAA.

location near the craton margin, which acted as a
passive extensional margin in the late Archacan o
Paleoproterozoic.  Recognition  of - Archacan  cratonic
lithosphere with low Te has numerous implications for
the analysis of Archacan tectonics and geodynamic
processes. For example, it supports models that propose
that weak Archaean continental crustal sections were
availuble for potential lithosphere recyeling in Archaean
subduction zones (c¢./. Hildebrand and Bowring, 1999).
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