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We propose a refined conceptual model for the Paleo- and Mesozoic morpho-tectonic evolution of the southern
African cratonic interior. Constraints are derived from new zircon and apatite fission-track and (U-Th-[Sm])/He
dates (ZFT, AFT, ZHe and AHe) of rocks from the Augrabies Falls and Fish River Canyon regions in South Africa and
southern Namibia, respectively. The combined ZFT and ZHe thermochronological results suggest a smooth and
simple tectonic evolution, wherein the study area cooled monotonically as one coherent block from the Early
Silurian to the Mid Triassic in response to very low denudation rates of less than 5 m/myr. Some of the new zir-
con ages may indicate a discrete and short-lived period of enhanced cooling interrupting this monotonic cooling
during the Mid Devonian-Early Carboniferous. We tentatively correlate this episode to the events that caused the
regional hiatus that separates the Cape Supergroup from the overlying Karoo Supergroup.

Apatite fission-track and (U-Th-[Sm])/He data joint modeling reveals a period of accelerated regional cooling
through 120 to 40 °C between 100 and 65 Ma ago. We interpret the latter as most probably due to regional uplift
in combination with high river gradients and enhanced erosion rates in the Orange and Fish River basins, which,
during the Cretaceous, were probably part of the greater Kalahari River catchment area. Based on the apatite
results, a denudation rate of ca. 25 m/myr was calculated for the Late Cretaceous. At that time the area was probably
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characterized by an elevated average altitude and low relief, as indicated by the AFT and AHe age patterns.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Reconstructing the morpho-tectonic evolution of old cratons is a
challenging task due to the fact that their sedimentary sequences and
other geological records that postdate the consolidation of the cratons
are in most areas almost completely absent due to erosion or are only
very marginally preserved. Among the world cratonic areas the southern
African interior is atypical due to its present-day elevated topography, at
odds with the fact that it is surrounded exclusively by continental passive
margins (Fig. 1; see review by de Wit, 2007). Southern African passive
margins are defined by a gentle, seaward-inclined low coastal plain
that is separated from an elevated inland plateau by a seaward facing
escarpment (the “Great Escarpment” of King, 1953, Fig. 1). Research dur-
ing the last twenty years has improved significantly our understanding
of the Mesozoic and Cenozoic thermal and tectonic evolution of those
margins (e.g. Brown et al,, 2000, 2002; Cockburn et al., 2000; Fleming
et al, 1999; Flowers and Schoene, 2010; Kounov et al., 2007, 2008,
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2009; Raab et al., 2002; Tinker et al, 2008). Much of the early
post-Pan-African thermal and tectonic evolution of the South African in-
terior remains poorly explored and understood. Most attempts to recon-
struct its Paleozoic and Early Mesozoic geological evolution are based on
morphological (e.g. Andreoli et al, 1996; Burke, 1996; Burke and
Gunnell, 2008; King, 1953; Moore, 1999; Partridge, 1998; Partridge and
Maud, 1987; Roberts and White, 2010) and/or structural considerations
(Basson and Viola, 2003, 2004; Viola et al., 2012). A common problem
with the morphological and the structural approach, though, is the pau-
city of reliable geochronological control on the correlative features used
to elaborate regional models and of robust constraints on the regional
rates of denudation. Only a few quantitative geochronological con-
straints exist as of today (e.g. Brown et al., 1990, 2000; Kounov et al.,
2009; Tinker et al., 2008), which in turn hampers a thorough under-
standing of the southern African cratonic morpho-tectonic evolution.

In this study we propose a new conceptual model of the geological
evolution of the southern African interior based on new geochronologi-
cal investigations of the Augrabies Falls and Fish River Canyon regions
(Fig. 2). We studied these areas because they permit access to a signifi-
cant elevation difference between deeply entrenched riverbeds and the
top of the surrounding interfluves (Fig. 2). In areas with little tectonic
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Fig. 1. Colored relief map of southern Africa. The thick, dark gray line represents the Etosha-Griqualand-Transvaal flexural axis and the white dashed line the present-day position
of the Great Escarpment.

activity, such as cratonic interiors, low-temperature age-altitude plots thermochronological methods (each characterized by a different ther-
provide a reliable approach to the study of slow processes of denudation. mal sensitivity) makes it possible to decipher the geological evolution
In addition, the concomitant application of multiple low-temperature of large areas for a significant range of temperature and time intervals.
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Fig. 2. Colored relief map of southern Namibia and northern South Africa, with the lower courses of the Fish and Orange Rivers.
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To reconstruct the thermal evolution of the southern African interior
from the Paleozoic to the end of the Cretaceous, we used fission-track
and (U-Th-[Sm])/He analysis on zircon and apatite (ZFT and AFT, and
ZHe and AHe, respectively).

2. Geological and morphological setting of the study area

The geology of the Augrabies Falls and Fish River Canyon areas is
dominated by gneisses of the Mesoproterozoic Namaqualand Meta-
morphic Province (NMP, Fig. 2; e.g. Cornell et al., 2006). Exhumed
during the Early Neoproterozoic (between 1000 and 800 Ma), the
NMP metamorphic basement is overlain by the sedimentary Upper
Ediacaran to Lower Cambrian Nama Group (Gresse et al., 2006;
Fig. 2). Near the Late Precambrian Pan-African Gariepian orogenic
front in the west, the Nama Group rocks were deformed and meta-
morphosed at very low grade, together with their NMP basement, in
the course of a late Pan-African tectonic pulse at around 535 Ma
(Grotzinger et al., 1995) and subsequent brittle/ductile deformation
with corresponding Ar-Ar ages as young as 491 Ma (Frimmel and
Frank, 1998). In the study area the Nama Group is represented by a
thin and undeformed sequence of predominantly siliciclastic sedimenta-
1y rocks (Fig. 2, Gresse et al., 2006). It has been suggested that the NMP
entered the brittle realm already in the Early Neoproterozoic (see Viola
et al,, 2012) and that several brittle deformational phases were accom-
modated since that time (e.g. Cornell et al, 2006; Eglington, 2006;
Frimmel and Frank, 1998; Viola et al., 2012). From the Late Carboniferous
to the Early Jurassic, the Karoo Supergroup, which consists of a several ki-
lometer thick succession of siliciclastic sedimentary rocks, was deposited
over large parts of Southern Africa (Fig. 1). Sedimentation took place in a
large foreland basin, probably formed in response to the orogenic load of
the Cape Fold Belt to the south (Thamm and Johnson, 2006). This large
foreland basin was subsequently dismembered into several smaller
sub-basins and the large Main Karoo Basin (Fig. 1, Johnson et al., 2006).
Examples of the smaller sub-basins in the larger study area are the
Aranos Subbasin, containing Upper Carboniferous-Lower Permian
Dwyka Group continental sediments, and the Karasburg Subbasin, just
south of the Fish River Canyon, with sediments of the Dwyka and Ecca
groups (Fig. 2). During the evolution of these Late Carboniferous-Permian
basins the studied areas formed part of the so-called Cargonian Highland
(Veevers et al., 1994).

The ca. 170-150 Ma break-up of Gondwana (e.g. Hawkesworth et
al.,, 1999) started with the separation of West Gondwana (Africa and
South America) from East Gondwana (Australia, Antarctica, India and
New Zealand), following the extrusion of the voluminous and extensive
continental flood basalts of the Drakensberg Group (184-174 Ma;
Jourdan et al., 2007), and the emplacement of numerous dolerite sills
(Karoo magmatic event). The break-up of West Gondwana between
144 and 125 Ma started with rifting, accompanied along the continental
margins by the emplacement of syenite and granite plutons as well as
dolerite dykes (e.g. Eales et al., 1984; Reid and Rex, 1994; Trumbull et
al., 2007). The opening of the South Atlantic was characterized by the
northward propagation of the spreading center over a period of around
40 myr, with sea-floor spreading beginning at about 134 Ma (Eagles,
2007; Rabinovich and LaBrecque, 1979). Concomitant with the early
drift phase, numerous mafic alkaline intrusions, including kimberlites
and related rocks, were emplaced across Southern Africa. Two distinct
peaks in the timing of kimberlite emplacement were reported at
145-115 and 95-80 Ma, corresponding to Kimberlite Group Il and [, re-
spectively (e.g. Basson and Viola, 2004; Smith et al., 1985). Subsequent-
ly, two further clusters of kimberlitic plugs formed in Namaqualand, the
older (~77-54 Ma) is referred to as the Gamoep cluster (Fig. 2) and the
younger (56-38 Ma) as the Bitterfontein cluster (Phillips et al., 2000).
West of the Augrabies area crops out the supposedly Late Cretaceous
kimberlitic pipes of the Ariemsvlei cluster (Fig. 2, Moore et al., 2008;
Skinner and Truswell, 2006).

No significant regional tectonic events since the Early Cambrian have
been noted in the area. Recent studies on the low-temperature thermal
history indicate a well constrained Mid Cretaceous (115-80 Ma) phase
of accelerated denudation, related to continental uplift, affecting not
only the Southern African margin but also its most proximal interior
(e.g., Brown et al., 2000; Kounov et al., 2009; Tinker et al., 2008).

2.1. Fish River Canyon

The Fish River Canyon forms a 160 to 550 m deep gorge cut through
flat-lying Nama sedimentary rocks and underlying gneisses of the NMP,
with a nonconformable contact readily seen in the canyon walls
(Fig. 3a). Along its upper 450 km (of a total length of approximately
650 km) the river flows within a low-gradient broad valley. Down-
stream, the gradient increases, causing the Fish River to incise dramati-
cally. The river must have initially flowed slowly over a flat land surface
where it could meander freely as shown by its numerous bends, but
continental uplift caused base level drop and the deep incision of the
river into this surface to its present day level.

Numerous faults and several graben structures parallel to present
day river course are shown on existing geological maps (e.g. Mvondo
et al, 2011), and are readily seen in the field. Several of these fault
zones are presently exploited by hot groundwater and associated hot
springs. The age of these faults is not well constrained but they certainly
postdate the Jurassic Karoo sedimentary rocks as they cut through
them. Mvondo et al. (2011) report Eocene to Pleistocene ages for
some of these structures. One such fault, with a clear reverse sense of
movement, affects the vertical section sampled within the Fish River
Canyon (Figs. 3b and 4).

Samples for apatite and zircon fission track dating and (U-Th-[Sm])/
He analysis were collected along a profile from the lower to the upper
reaches of the Fish River Canyon (Fig. 4).

2.2. Augrabies area

The study area comprises the Augrabies Falls National Park and
neighboring areas (referred to as “Augrabies area” from hereon, Fig. 5).
The Augrabies Falls are located ca. 100 km west of Upington (Fig. 2)
and represent the major knickpoint of the Orange River that forms the
regional base level for the upper ~650 000 km? of the Orange Basin. As
the river approaches the falls, it divides into numerous channels before
cascading down a 56 m high waterfall system. The river continues
then along an 18 km long and about 240 m deep gorge, cut into the
gneisses of the NMP (Fig. 3c). There are no significant ductile structures
that deformed the Mesoproterozoic basement, thus excluding substan-
tial tectonic activity over the past 1000 myr.

In the Augrabies area, samples for apatite and zircon fission track
and (U-Th-[Sm])/He analysis were collected along traverses across
the Orange and Molopo rivers (Fig. 5). Samples were also collected
along one vertical section in the Orange River gorge (Figs. 3 and 5).

3. Low-temperature thermochronological analysis
3.1. Fission-track analysis

The fission-track (FT) analytical procedure and methodology are
described in Appendix A. The geographical location of the samples
and the results are presented in Figs. 4, 5 and 6, and Tables 1 and 2.

3.1.1. Zircon fission-track data

From the Augrabies area only three zircon samples could be ana-
lyzed. A granitic dyke transposed parallel to the regional high-grade
planar fabric of the NMP gneisses (sample AG09) yielded a zircon FT
age of 367 + 23 Ma (Table 1, Fig. 6). The other two samples AGO1
and AGO6 yielded zircon FT ages of 439 4 49 and 420 + 50 Ma, re-
spectively. Sample AGO1 is a Proterozoic quartzite, whereas AGO06 is
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Fig. 3. (a) Fish River Canyon viewed from the west. (b) View to the north of a discrete brittle reverse fault. (c) Orange River Gorge at the Augrabies Falls National Park.

a granitic pebble from the base of the Nama Supergroup basal con-
glomerate (Fig. 6).

3.1.2. Apatite fission-track data

3.1.2.1. Fish River Canyon. Five samples were analyzed from the vertical
profile within the Fish River Canyon. The three samples from the lower
part of the canyon yielded statistically identical ages between 81 +
10 Ma and 83 + 17 Ma, the sample from within the fault zone core
gave an age of 70 + 11 Ma (FRC06) and that from the hanging wall
an age of 67 + 26 Ma (FRC09; Table 2, Fig. 4). In only one sample
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(FRCO3) from this area was it possible to measure enough horizontal
confined tracks for meaningful modeling of the data (Fig. 7).

3.1.2.2. Augrabies area. Ten apatite samples were dated from different
altitudes along a section extending from 437 to 930 m asl (Table 1,
Fig. 5). Four of them were collected from within the Orange River
gorge (samples AGO8 to AG11). All samples are high-grade gneisses
of the NMP except sample AGO6, the granitic pebble from the Nama
Group sediments mentioned above (Fig. 5). Ages show a relatively nar-
row distribution from 93 4+ 10 Mato 83 4+ 7 Ma, with a strong positive
correlation between age and altitude (Fig. 8). In five samples sufficient

Fig. 4. High-resolution Google Earth image of the Fish River Canyon. Inset: age-altitude plot of the AFT samples.
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Fig. 5. Colored relief map of the Augrabies area with the position of the analyzed samples and the obtained geochronological results. A-A’: trace of the section shown in Fig. 6.

numbers of horizontal confined track lengths were measured for reli-
able modeling of their thermal evolution (Fig. 6).

3.2. (U-Th-[Sm])/He analysis

The (U-Th-[Sm])/He analytical procedure and methodology are
described in Appendix B. The geographical location of the samples
and the results are presented in Fig. 5 and Table 3.

3.2.1. Zircon He data

Zircon grains from two samples were dated from the Augrabies area
with good reproducibility (Table 3). In sample AG0O2 (342 + 55 Ma,
Fig. 5) two replicates reproduce within 20" and were used for our final
mean age calculation (Table 3). For sample AG09 (237 + 62 Ma, Fig. 5)
two out of three replicates reproduce within 20 error.

3.2.2. Apatite He data

Samples from the Augrabies area dated by apatite fission-track were
also dated by AHe (Table 3, Fig. 5). In general, the AHe data reproduce
well. Only two samples yielded ages younger than the AFT ages: samples
AG09 (70 + 9 Ma) and AG12 (86 + 27 Ma), although all analyzed
samples have AFT and AHe ages overlapping within their 20 errors
(Fig. 8). The only exception are samples AG06 (60 + 39 Ma) and
AGO7 (121 £ 24 Ma), which, although overlapping within the 2c inter-
val and although being characterized by a larger error than the other
samples, gave nominally distinct AHe and AFT ages.

3.3. Modeling of the thermal history
Fission tracks in apatite form continuously through time, with an

initial mean length of ~16.3 pm (Gleadow et al., 1986). Upon heating,
tracks gradually anneal and shorten to a length that depends on the
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Fig. 6. Schematic cross-section across the Augrabies area and age-altitude plots for the ZHe and ZFT results. Regular font: ZFT ages; Gray italic font: ZHe ages.
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Table 2
Apatite fission track results from the Fish River Canyon.

Sample  Grid references Alt. Lithology  Strat. Num. pd(Nd) ps(Ns) Pi(Ni) P(¥*) U.conc. Centralage MTL(+10) Std. Dev. Dpar
number m division gr. x10°cm™? x10°cm™2 x105cm™2 (%) (ppm)  (£20)Ma  pm (N) pm
um

FRC09  S27°38.601'/ 890 Sandstone NG 4 1.248(5824) 0.660(35)  2.038(108) 94 25 + 20 66.8 + 26.2 247
E17°37.002

FRCO6  S27°38.620'/ 710 Sandstone NG 14 1.229(5824) 0.795(221) 2.306(641) 94 24 +£ 10 70.0 + 114 2.38
E17°36.771’

FRCO5  S27°38.607'/ 630 Sandstone NG 7 1.201(5824) 1.007(139) 2.391(330) 94 25+ 16 835 + 174 2.51
E17°36.535’

FRCO4  S27°38.770'/ 580 Gneiss NMC 15 1.260(5824) 1.451(283) 3.718(725) 36 35+ 14 81.2 + 124 2.1
E17°36.515

FRCO3  S27°38.828"/ 520 Gneiss NMC 20 1.260(5824) 0.404(471) 1.044(1217) 96 10+£3 805496 1380+ 0.11 097(83) 245
E17°36.498"

All ages are central ages (Galbraith, 1981). A\D = 1.55125 x 10~ ', A geometry factor of 0.5 was used. Zeta = 332 + 7 for CN5. Irradiations were performed at the OSU facility,
Oregon State University Radiation Center, USA. P( x?) is the probability of obtaining y? values for v degrees of freedom where v = number of crystals — 1. pd, ps and pi represent
the standard, sample spontaneous and induced track densities respectively. MTL — mean track length. Std. Dev. — standard deviation. Dpar — mean track pit length. All numbers in
brackets are numbers of measurements. NG — Nama Group sediments. NMC — Namaqua Metamorphic Complex.

integrated effect of the thermal overprint (duration and temperature). For
example, tracks become completely annealed at a temperature of
110-120 °C for a period of 10°-10° years (Gleadow and Duddy, 1981).
Annealing characteristics make it possible to generate time-temperature
paths by inverse modeling (e.g. Gallagher and Sambridge, 1994;
Ketcham, 2005; Ketcham et al., 2000). Low-temperature thermal histories
for our samples were modeled using the software HeFTy (Ketcham et al.,
2000). Fission-track age, track-length distribution and etch-pit diameters
(Dpar), in combination with user-defined time-temperature (t-T)
boxes, as well as (U-Th-[Sm])/He data, served as our input parameters.
An inverse Monte Carlo algorithm with a multi-kinetic annealing model
(Ketcham et al., 2007) was used to generate time-temperature paths.
The algorithm generated a large number of time-temperature paths,
which were tested against the input data, that is, the t-T paths are forced
to pass through user-defined time-temperature boxes. The fit between
measured and modeled data was evaluated statistically and quantified
by the so-called “goodness of fit” value (GOF). A “good” result corre-
sponds to GOF values > 0.5, whereas a value between 0.5 and 0.05 is con-
sidered to reflect an “acceptable” fit between modeled and measured
data. The software operates with the diffusion kinetics parameters of
the Durango apatite (Farley, 2000). As suggested by the uniform distri-
bution of track densities within individual crystals, we assume a homog-
enous distribution of U and Th in the dated apatite grains. One exception
is sample AGO7, characterized by a heterogeneous distribution of fission
tracks and thus of U content. As a consequence the sample was modeled
by using only the fission-track data. The heterogeneous distribution of U
and Th in the crystals is probably also the reason for the anomalously
high (U-Th-[Sm])/He age of this sample compared to the fission-track
age (Meesters and Dunai, 2002). Another sample where the modeling
is based only on fission-track data is FRCO3; this is due to the impossibil-
ity of obtaining (U-Th-[Sm])/He ages for that sample.

We modeled the thermal history five samples from the Augrabies
area and one from the Fish River Canyon (Fig. 7). These are the samples
with more than 80 confined horizontal tracks, which enables one to con-
duct statistically robust thermal modeling (Tables 1 and 2). All modeling
results are illustrated by 50 “good” (GOF > 0.5) individual cooling paths
(Fig. 7, gray lines) as well as by the “best fit” (thin dashed black lines in
Fig. 7) and the “weighted mean” (thick black lines in Fig. 7) paths
obtained for each sample. Time-temperature boxes were defined for
the three time intervals 200-120 Ma, 120-60 Ma and 60-0 Ma (Fig. 7).
The time dimension of the first box overlaps with the youngest obtained
zircon He age, which suggests that at some point during that time inter-
val the studied rocks were at a temperature higher than 120 °C. The
second box overlaps with a well-established period of regional accelerat-
ed cooling in Southern Africa, as reported by numerous previous studies
(e.g. Brown et al., 2002; Kounov et al., 2008, 2009; Raab et al., 2002;

Tinker et al., 2008). The third box allows for the modeling of possible
thermal events in the Cenozoic.

The models reveal a period of accelerated cooling through 120 to
40 °C (the limits of the partial annealing zones for apatite fission-track
and (U-Th-[Sm])/He thermochronological methods, Fig. 7) between
100 and 65 Ma. To define precisely the time of the cooling event for
each modeled sample we use the “weighted mean” path, which we con-
sider as the most probable thermal history. The more commonly used
“best fit” path is only the statistically best fitting path but not neces-
sarily the most realistic geological solution.

4. Discussion
4.1. Paleozoic evolution

Although only based on three samples, the fact that sample AG09, the
topographically lowest of the Augrabies section (546 m), has a ZFT age
(367 £ 23 Ma) younger than samples from higher altitude - AGO1
(848 m, 439 4+ 49 Ma) and AG06 (840 m, 420 + 50 Ma) - suggests
that the study area cooled down monotonically as one coherent block
between ~439 and ~367 Ma (Fig. 6). The age and altitude differences
between these samples indicate about 300 m of denudation over a peri-
od of more than 140 myr (Figs. 2 and 6). While this positive age-altitude
trend is hardly tenable on the basis of only those three samples, the idea
that they underwent very slow cooling as derived from their age-
altitude relationship is also supported by the dispersion of the single
grain ages (Fig. 9). High dispersion is generally indicative of slow cooling
or partial resetting (e.g. Fiigenschuh and Schmid, 2003). At slow cooling
rates, the difference in the individual closure temperature of the single
zircon grains becomes more important than in the case of rapid cooling/
exhumation, due to the possibly different kinetic parameters of each
grain (e.g. Kasuya and Naeser, 1988).

Our zircon central fission-track ages (AG09 — 367 + 23 Ma, AGO1
— 439 + 49 Ma and AG06 — 420 + 50 Ma) do not correspond to any
previously reported phase of accelerated cooling, denudation or thermal
event in Southern Africa. This corroborates the conclusion that these ages
only represent a phase of very slow, continuous cooling in the study area
following the Late Ediacaran to Early Cambrian Pan-African orogeny. In
addition we can also conclude that even the Pan-African orogeny did
not generate temperatures higher than 200-250 °C in the Augrabies
area, as shown by single grains with older, Early Neoproterozoic ages
(sample AGO1, Fig. 9; note the relatively large error).

Although a general slow cooling in the area seems plausible for the
regional post-Pan-African evolution, some zircon fission-track and He
ages may nevertheless also indicate a discrete period of enhanced
cooling. The ZFT age of sample AG09 (367 + 23 Ma) and the ZHe age
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of sample AG02 (342 + 55 Ma), for example, may prove a period of
increased denudation in the Augrabies area. This event can be linked
to the regional uplift marked by the stratigraphic hiatus of Carbonifer-
ous age that separates the Cape Supergroup from the overlying Karoo
Supergroup (Fig. 10, Catuneanu et al., 2005; Visser, 1990). It is possible
that our data unveil the only evidence so far for the onset of the uplift
phase of the source area of the Cape Basin, potentially synchronous
with the Mid Devonian-Early Carboniferous accelerated subsidence of
the basin itself promoted by extensive normal faulting (Tankard et al.,
2009).

4.2. Late Carboniferous-Early Permian evolution

The glacigene Dwyka Group (Upper Carboniferous-Lower Permian)
sediments are exposed in the northeastern corner of the Augrabies area
(Fig. 5). They onlap the underlying metamorphic basement at a
present-day altitude of between 800 and 850 m. This requires that the
underlying metamorphic sequence was already exposed during the Late
Carboniferous, as supported by the ZHe age of sample AG02 (342 +
55 Ma, 675 m), which shows that the area was exhumed to temperatures
below 180 °C already by the Early Carboniferous. However, this conclu-
sion seems to be contradicted by the younger ZHe age of sample AG09
(237 + 62 Ma, 546 m). If the above scenario is true and indeed sample
AGO2 was at, or near to, the surface during the Early Carboniferous, the
fact that the age of sample AGO9 is younger than the Dwyka sedimenta-
tion episode suggests that during the deposition of this unit the temper-
ature was higher than 180 °C at a depth of 250 m (altitude difference
between samples AGO2 and 09). Given that this would require an impos-
sible thermal gradient, we have to conclude that the present day surface,
as exposed elsewhere than at the contact with the base of the Dwyka, was
not exposed during the Early Carboniferous. Moreover, although we do
not know the actual Carboniferous and Permian thermal gradient, there
must have been substantial relief to heat the rock section above sample
AG09 to temperatures higher than 180 °C. Burial of the sample to such
a temperature below Dwyka sediments or a thermal event during the
Permian or the Early Triassic is not suggested by any known independent
evidence, including the insufficient thickness of Dwyka Group deposits.
We support, therefore, the model that during the evolution of the Karoo
Basin the study area belonged to the topographic high called Cargonian
Highland (e.g. Veevers et al., 1994). A high relief in the study area during
the Late Carboniferous-Early Permian could explain the observed differ-
ence in the ZHe ages. Sample AG09 was covered possibly by a significant
overburden and experienced temperatures above the closure tempera-
ture of the ZHe system. Sample AG02, some 20 km away and 250 m
higher up (Fig. 5), was however situated just below this temperature.
The continental Dwyka sediments that presently crop out more than
80 km away from sample AG09 were then probably deposited in low
relief areas far away from the Cargonian Highland.

4.3. Cretaceous denudation

Our study does not provide constraints on the thermal evolution of
the areas of interest between the Late Triassic and the Early Cretaceous.
The area was possibly covered by Karoo Supergroup sedimentary rocks
and by the Lower Jurassic flood basalts of the Drakensberg Group

Fig. 7. Modeled thermal histories of the dated samples. Thin black rectangles are
user-defined time (t) — temperature (T) boxes. Bracketed between 40-75 °C is the
(U-Th-[Sm])/He partial retention zone (APRZ) for apatite as defined by Farley
(2000). Bracketed between 60-120 °C is the fission-track partial annealing zone for
apatite (APAZ) as defined by Laslett et al. (1987). Black dashed lines represent the
best fit paths of the modeled thermal history, while the gray lines represent 50
“good” thermal history paths corresponding to a goodness of fit value > 0.5 (for details
see the text). Thick black lines represent “weighted mean” paths.
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Fig. 8. AHe and AFT ages vs. elevation plots from the studied areas.

(184-174 Ma; Jourdan et al., 2007) in addition to the dolerite sills that
crop out extensively in the Karasburg and Main Karoo Basins (Fig. 2).
Certainly though the region was at temperatures higher than 120 °C be-
fore the Late Cretaceous, when the region experienced accelerated
cooling, as suggested by the thermal modeling of the samples
(100-65 Ma, Fig. 7; see also Kounov et al., 2009). Late Cretaceous accel-
erated cooling and significant denudation have been already reported
from the South African margin and from its interior (115-80 Ma, e.g.,
Brown et al., 2000; Flowers and Schoene, 2010; Kounov et al., 2009;
Tinker et al., 2008). A significant amount of denudation is also observed
offshore Namaqualand, where seismic profiles and boreholes show ero-
sional horizons marking the Aptian regression (121-112 Ma, e.g. Aizava
et al.,, 2000; Brown et al.,, 1995; Gerrard and Smith, 1983). Margin uplift
was locally related to active tectonics accompanied by denudation
(Brown, 1992; Kounov et al., 2009; Raab et al., 2002).

Apatite fission-track ages between 99 and 73 Ma, similar to ours,
were reported by Brown et al. (1990) from elsewhere along the Fish
River and Orange Rivers basins. Our study area and those sampled by
Brown et al. (1990) coincide with the western termination of the
so-called Etosha-Griqualand-Transvaal epeirogenic flexure axis (Fig. 1,
Du Toit, 1926; Moore, 1999). The inferred age of flexure, based on apatite
fission-track data, is Late Cretaceous (Moore, 1999). The Late Cretaceous
is also the time of the increase in sediment supply from the Orange River
system (Dingle and Hendey, 1984; Dingle and Robson, 1992) and of the
Campanian-Maastrichtian high sedimentation rate recorded in the off-
shore Orange Basin (Rust and Summerfield, 1990).

The accelerated cooling documented by apatite fission-track data can
therefore be explained by the increased erosion rates in the Orange and
Fish River basins (Brown et al., 1990). Accelerated erosion was possibly
linked to substantial regional uplift. However, whereas this event is
readily explained for the continental margin setting, it remains concep-
tually challenging for the continental interior. Some authors relate post-
break-up tectonic processes in Southern Africa to dynamic processes in
the mantle (e.g. Burke, 1996; de Wit, 2007; Doucouré and de Wit,

2003; Kounov et al., 2009; Tinker et al., 2008). Substantial uplift is
associated spatially with the tomographically-imaged low-velocity
zone in the lower mantle-core boundary, called the African Superplume
(e.g. Lithgow-Bertelloni and Silver, 1998). According to this model, the
present-day topography would be a dynamic feature formed in response
to vertical stresses at the base of the southern African lithosphere that
generated positive buoyancy in the mid-lower mantle (Burke, 1996;
Ebinger and Sleep, 1998; Gurnis et al., 2000; Lithgow-Bertelloni and
Silver, 1998; Nyblade and Robinson, 1994). Periods of increased denuda-
tion are also correlated with peaks of kimberlite emplacement, thus
suggesting a causative link between lower-mantle upwelling processes
and increased denudation. Certainly, peaks of kimberlitic activity were
related to the emplacement of hot magma at the base of the lithosphere,
which triggered diffuse uplift. Indeed, modeled mantle density and vis-
cosities (Gurnis et al., 2000) assume the Cretaceous uplift in Southern
Affica to be plume-related.

Sub-continent-scale uplift was also accompanied by localized tec-
tonic activity, mostly related to reactivation of preexisting extensional
fault structures along the continental margin (e.g. Viola et al., 2005).
In general, though, the offset of Proterozoic features across Cretaceous
faults is minimal, which excludes tectonic reworking of regional signif-
icance of the study areas. An example of localized faulting along the Fish
River Canyon is illustrated in Fig. 3b, which shows the reverse offset of
the Nama sedimentary strata and of the NMP-Nama nonconformity
across a steeply E-dipping fault. Sample FSC09, from the top of the
dated section (890 m) within the hanging wall of the fault, yielded an
AFT age of 67 + 26 Ma, and is thus younger than the samples from
the footwall (Fig. 4, 84-81 Ma), confirming the reverse movement
along the fault. If sample FRCO9 is plotted back to its inferred pre-
faulting position on the interpolated age-altitude linear trend of Fig. 8,
we can constrain ~700 m of vertical throw. Restoring the sample and
the hanging wall back to this position, however, would also lead to
the normal offset of the nonconformity between NMP gneisses and
Nama Group sediments by several hundred meters. This leads us to
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Table 3
(U-Th-[Sm])/He analysis results from the Augrabies Falls area.
He U238 Th232 Sm Ejection Uncorr. He-age  Ft-Corr. He-age  2's Sample
vol. s.e. mass s.e. mass s.e. Th/U mass s.e. correct. (Ft)  [Ma] (Ma] (Ma] unweghted)
Sample  Alig. [ncc] [ncc]  [ng] [ng] [ng] [ng] Ratio [ng] [ng] aver. {2 s.&
Apatite
AGO1 #1 13.068 1.7 1.051 1.8 1487 24 141 1.097 135 0.755 76.2 100.9 8.6
#2 2548 1.7 0244 1.8 0301 24 1.23 0290 136 0.680 66.1 97.1 103
#3 2416 1.7 0225 1.8 0264 24 1.18 0224 138 0.718 68.9 96.0 9.2
#4 3771 1.7 0361 1.8 0316 24 0.88 0378 139 0.696 70.8 101.7 10.3 98.9 3.2
AG04 #1 1177 1.9 0.097 19 0.077 25 0.79 2429 153 0.801 71.9 89.8 7.9
#5 0369 2.2 0.028 25 0.025 2.7 0.92 1.003 16.2 0.758 724 95.5 10.6 92.6 8.1
AGO5 #1 0295 25 0.034 24 0.007 4.2 0.20 0.117  20.0 0.692 67.2 97.1 11.1
#3 0.081 3.7 0.012 47 0.002 75 0.15 0.067 20.6 0518 50.7 97.8 18.0 97.5 1.0
AGO6 #1 0.148 2.7 0.018 3.2 0074 25 4.12 0184 134 0.721 33.1 45.9 49
#2 0292 23 0.009 54 0.088 25 9.60 0.800 134 0.668 65.5 98.1 124
#3 0210 25 0.032 23 0121 25 3.74 0357 135 0.772 27.1 35.0 3.2 59.7 39.0
AGO7 #1 4201 1.7 0164 1.8 0818 24 5.00 1327 183 0.624 93.9 150.4 183
#2 2748 1.7 0124 19 0680 24 5.47 1211 186 0.729 76.7 105.2 9.9
#3 2123 1.7 0.107 19 0488 24 4.58 1.126 1838 0.690 75.6 109.6 115
#4 1.793 1.8 0083 19 0463 24 5.54 0958 19.0 0.719 73.6 102.3 10.0
#5 1.703 1.8 0.071 2.0 0272 24 3.83 1334 198 0.712 95.9 134.8 138 1205 244
AGO8 #1 1.182 19 0.140 19 0171 24 1.23 1411 164 0.647 50.8 78.6 9.2
#2 6.962 1.7 0.608 1.8 0968 24 1.59 5415 166 0.786 65.1 82.8 6.6
#3 2641 1.7 0282 1.8 0345 24 122 2.638 16.8 0.691 56.6 81.9 8.6
#4 2356 1.7 0232 1.8 0392 24 1.69 2,601 17.0 0.706 56.1 79.4 8.0 80.7 23
AG09 #1 0.635 19 0.077 19 0.141 25 1.83 0.969 54 0.698 44.3 63.4 6.5
#2 6.422 1.7 0615 1.8 0863 24 1.40 4344 172 0.820 61.9 75.5 53
#3 5464 1.7 0407 1.8 1.010 24 2.48 4040 177 0.819 66.3 81.0 5.8
#4 0926 19 0104 19 0178 24 1.72 1137 179 0.750 49.1 65.4 59
#5 1306 1.8 0159 1.8 0239 24 1.50 1368 18.1 0.748 474 63.4 5.7 69.7 93
AG10 #1 7.051 1.7 0700 1.8 0276 24 0.39 3.726 45 0.747 72.9 97.6 8.6
#2 1.887 1.7 0204 1.8 0.071 25 0.35 1.536 44 0.733 66.6 90.9 8.4
#4 1835 1.7 0204 1.8 0.061 25 0.30 1.376 7.0 0.743 65.8 88.6 8.0 923 5.4
AG11 #2 17945 1.7 1398 1.8 3552 24 2.54 5908 148 0.761 64.7 84.9 7.1
#3 11.108 1.7 0910 1.8 1997 24 2.20 4531 15.0 0.733 64.5 87.9 8.0
#4 6.768 1.7 0582 1.8 1318 24 2.26 2466  15.1 0.674 61.0 90.6 9.7 87.8 33
AG12 #1 0348 2.1 0.026 2.6 0.038 26 1.46 0.154 14.0 0.736 79.3 107.7 10.6
#2 0496 2.1 0.066 2.0 0.095 25 1.44 0431 141 0.719 444 61.8 6.1
#3 1325 1.8 0119 19 0.157 24 1.32 1.559 143 0.738 64.8 87.8 8.2 85.8 26.6
Zircon
AGO02 #2 81.711 1.6 2353 1.8 0515 24 0.22 0.198 127 0.738 266.9 361.7 33.0
#3 78.140 1.6 2495 1.8 0501 24 0.20 0.022 13.0 0.751 2424 322.6 284 3421 55.2
AG09 #1 34736 1.6 1136 1.8 0791 24 0.70 0.044 6.1 0.741 2135 288.1 25.8
#2 44846 1.6 2774 18 0761 24 0.27 0.209 5.5 0.688 1244 180.8 189
#3 44.087 1.6 2094 18 0481 24 0.23 0.141 55 0.672 163.0 242.5 264 2372 622

Amount of helium is given in nano-cubic-cm in standard temperature and pressure. Amount of radioactive elements is given in nanograms. Ejection correct. (Ft): correction factor
for alpha-ejection (according to Farley et al., 1996; Hourigan et al., 2005). Uncertainties of helium and the radioactive element contents are given as 1 sigma, in relative error %.
Uncertainty of the single grain age is given as 2 sigma in Ma and it includes both the analytical uncertainty and the estimated uncertainty of the Ft. Uncertainty of the sample
average age is 2 standard error, as (SD)/(n)1/2; where SD = standard deviation of the age replicates and n = number of age determinations.

the conclusion that a pre-thrusting top-down-to-the east normal
faulting component of several hundred meters was accommodated
along the same fault.
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Fig. 9. Radial plots of zircon fission-track ages (Galbraith, 1990).
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the age-altitude trend line (Fig. 8) does not lead to satisfactory results
because the altitude difference with sample FRC09 would become less
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than 100 m, thus in stark contrast to the present day difference of about
180 m. This confirms the field observation that sample FRCO6 is not part
of the hanging wall but belongs to the fault zone core. Its age can there-
fore be tentatively taken as the age of the reverse faulting episode, due
to the effects of age resetting in response to the thermal anomaly along
the fault zone (e.g. Viola and Anczkiewicz, 2008). It cannot be excluded
that the age of sample FRC09, although only poorly constrained due to
its large error, is also related to the age of the actual faulting event, dur-
ing which the sample was exhumed rapidly to depths above the closure
temperature of the apatite FT system.

We note that Raab et al. (2002) also suggested a period of accelerated
cooling beginning at about 70 Ma in central Namibia related to the
reverse reactivation of earlier basement structures (e.g. the Waterberg
thrust). Caution is nonetheless necessary with our interpretation, given
that hydrothermal processes along this weak fault zone continue even
today, as documented by the hot springs in the area.

If not directly linked to localized active tectonics, uplift in the craton-
ic interior is therefore regional. It should be noted that apatite fission
track ages reported in the literature from the other parts of the craton
(i.e. Main Karoo Basin) are higher (169-111 Ma, Brown et al., 1990;
Tinker et al., 2008; Kounov et al., 2008, 2009). Enhanced erosion along
the Fish and Orange River probably caused a component of isostatic
rebound (e.g. Simpson, 2004; Zeilinger et al., 2005), which led to addi-
tional uplift, which might explain the younger fission-track ages along
these rivers in comparison to the surrounding areas, despite similar
current altitudes. During the Cretaceous, the Fish and Orange River
basins were probably part of the greater Kalahari River catchment area
(de Wit, 1999).

It has to be noted, however, that the time of the accelerated
cooling history constrained by our study in the Late Cretaceous
(100-65 Ma) corresponds also to important episodes of alkaline intru-
sions (e.g. kimberlites) in the region (Fig. 10, Jelsma et al., 2004; Moore
et al., 2008). The younger ages from those areas can therefore be also
related to those events.

Recently, Moore et al. (2009) drew attention to major inconsis-
tencies between the present topography of Southern Africa and the
expected dynamic topography predicted by plume-based models. They
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proposed that the drainage network of Southern Africa, which is charac-
terized by river divides broadly parallel to the continent coastline, is
strongly incompatible with the broad dome and radial drainage patterns
predicted by models, which link genetically the elevated average alti-
tude of Southern Africa to uplift over a deep mantle plume. The ages of
these drainage divides, which they interpreted as axes of epeirogenic
uplift, are correlated with major reorganizations of spreading regimes
in the oceanic ridges surrounding Southern Africa, suggesting an origin
from stresses related to plate motion (Moore et al., 2009). One of these
river divides corresponds to the previously mentioned Etosha-
Griqualand-Transvaal flexural axis (Fig. 1). Its formation during the
Late Cretaceous corresponds to a well-known major shift in pole rota-
tion of the African/South American plates (e.g. Niirnberg and Miiller,
1991).

4.4. Paleorelief

Although no solid conclusion can be drawn as yet as to the driving
forces of the Late Cretaceous uplift/denudation that affected Southern
Africa, we can at least speculate about the paleorelief of the region at
that time based on the fission-track age pattern obtained in this
study. As shown above, the accelerated cooling that affected the
region was triggered by regional uplift (and not distinct tectonic
episodes). Denudation can, therefore, be considered to be the direct
consequence of the increased river gradients due to regional uplift.
The development of relief along the South African margin and interior
during the Cretaceous has been already suggested by several authors
(e.g. Brown et al., 2000; Kounov et al., 2008, 2009; Tinker et al., 2008).
The fact that fission-track ages from the flat part of the Augrabies
transect are similar and, together with those derived from the gorge
samples show a positive age-altitude trend with a slope comparable
to that obtained from the Augrabies gorge (samples AG08-11, Figs 5
and 8) and the Fish River Canyon (samples FRC03-05, Figs. 4 and
8), suggests that the erosion rate was similar over the whole study
area. Similar age — altitude gradients from all our sections suggest
therefore that an irregular paleosurface did not disturb subsurface
isotherms (e.g. Braun, 2005; Stiiwe et al., 1994) and thus we can
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Fig. 10. Compilation of the major relevant events of the geological evolution of Southern Africa integrated with the derived low-temperature evolution of the study area. The fre-
quency diagram compiles available age data of Southern African kimberlites (Jelsma et al., 2009). Vertical error bars of the dated samples represent the partial annealing zones of
200 to 300 °C for ZFT, 120 to 60 °C for AFT and partial retention zones of 200 to 160 °C for ZHe and 75 to 40 °C for AHe thermochronometers (Green and Duddy, 1989; Reiners,
2005). Black symbols represent the different low-temperature thermochronological results of sample AG9.
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exclude sharp Alpine-type relief including deeply incised valleys and
steep hill slopes (House et al., 1998, 2001; Reiners et al., 2003). The
derived elevated Cretaceous erosion rates would be unlikely without
wet climatic conditions (Partridge, 1998).

A high relief mountain range (highly erodable) probably formed
instead along the present day escarpment area, where the available
AFT patterns demonstrate how the subsurface isotherms were clearly
affected by topography (Kounov et al., 2008).

4.5. Estimation of the Paleozoic and the Mesozoic denudation rates

Different thermochronological methods (ZFT, ZHe, AFT and AHe) ap-
plied to the same sample make it possible to estimate the cooling and
denudation rates for a wide range of temperatures and time intervals.
Modeling of the AFT and AHe data provides information about cooling
rates trough the temperatures corresponding to the apatite partial
annealing zones for both fission-track and (U-Th-[Sm])/He methods
(120-40 °C). By using the “weighted mean” path from the model of
sample AGO1 (Fig. 7), we derive a cooling rate of 3.2 °C/myr for the
102-77 Ma time span. Although this cooling rate cannot be converted
into a denudation rate due to the unknown thermal gradient at that
time, a tentative denudation rate of 160 and 107 m/myr can be calculat-
ed for two arbitrary thermal gradients of 20 and 30 °C/km, respectively.
Similar cooling rates were also derived from the models of the other an-
alyzed samples.

By using the samples from the vertical section from the Orange
River gorge (samples AG08-10, Figs. 6 and 8) we can calculate the
thermal gradient for a given time interval starting from the estimated
temperatures of the lowest and highest sample at that time. This is
based on the assumption that the samples preserved their original
position in the rock column and were not displaced vertically by
later faults. This is indeed the case of the study area as explained before.
The calculation yields abnormally high thermal gradients. For example,
from the couplet of samples AGO8 and AG10 at 85 Ma a thermal gradient
of 166 °C/km is calculated (Fig. 7). It can therefore be concluded that the
modeling of both fission-track and (U-Th-[Sm])/He data yields unrealis-
tically high thermal gradients, despite the fact that at that time (~85 Ma
ago) significant kimberlitic activity occurred in the area and a relatively
elevated thermal gradient can therefore be expected. We anticipate
that the calculated cooling and denudation rates from the models are
overestimated. Elevated cooling rates are calculated from the thermal
modeling because of overlapping AFT and AHe ages, which suggests
cooling at the same time through both the AFT and AHe partial annealing
temperatures (120-40 °C). We believe that these cooling rates are exag-
gerated due to the expected higher closure temperatures for the AHe
system. Recent laboratory experiments with natural apatites show that
the He effective closure temperature increases with decreasing cooling
rates (Flowers et al., 2009; Shuster et al., 2006). Therefore the AHe sys-
tem might have closure temperatures as high as the AFT in areas charac-
terized by rather slow cooling rates, which is indeed the case of the study
area (Flowers et al., 2009).

A second possibility to derive direct estimates of denudation rates is
provided by the slope of the age — altitude curve obtained from the AFT
samples. A prerequisite is that all the samples had the same closure tem-
perature and that there was no thermal relaxation in the area, which
would depress the isotherms.

For samples AGO8 to AG11, which come from the wall of the
Orange River gorge (where the influence of the paleorelief can be ex-
cluded due to the very little lateral distance between the samples),
we obtain a regression line with a very high R? value (coefficient of
determination). The slope of this line constrains a denudation rate
of 25.5 m/myr. We consider this denudation rate more realistic than
that obtained from the thermal modeling, although minor thermal
relaxation following the peak of the kimberlitic activities at that
time cannot be excluded.

It has to be stressed that our estimated denudation rate is an
order of magnitude higher than the present-day denudation
rates derived from cosmogenic isotope studies (e.g. Cockburn
et al.,, 2000; Kounov et al., 2007). Nonetheless, the Late Creta-
ceous rates are still relatively low in absolute terms and are most
probably related to enhanced erosion under wet climatic conditions
(Partridge, 1998) due to regional uplift and not to localized tectonic
activity.

Despite the small number of data points and the fact that the
samples are collected from a relatively large area (thus making the
influence of the paleorelief on the age —altitude plot possible),
loosely constrained figures of the denudation rates during the Early
Silurian-Late Devonian (439 to 367 Ma) and the Carboniferous-Mid
Triassic interval (342 to 237 Ma) can be calculated from the new ZFT
and ZHe data (Fig. 6). A denudation rate of 4.5 m/myr is derived for
the Early Silurian to Late Devonian interval and 1.2 m/myr for the
Carboniferous to Mid Triassic. These very slow rates are compatible
with those obtained for the present day surface of the same areas
(Cockburn et al., 2000; Kounov et al., 2007).

It must be mentioned that the zircon FT and He ages could be also
affected by the accumulation of alpha damage in the crystal lattice,
which has a strong control on the closure temperature (e.g. Garver et
al., 2002; Rahn et al,, 2002; Reiners, 2005). Thereby, the grains with
higher uranium content that accumulated more alpha damages have a
lower closure temperature and consequently yield relatively younger
ages. Such a situation was probably not the case in our study because
there is no correlation between age and U content for the zircon FT
(Appendix C) and He (Table 3) single grain ages.

5. Conclusions

New ZFT and ZHe thermochronological results suggest that at
least the western part of the southern African cratonic interior in
general cooled down monotonically as one coherent block from the
Early Silurian to the Mid Triassic, with very low denudation rates of
between 1.2 and 4.5 m/myr. These very slow rates are comparable
with those obtained for the present day surface of the same areas
(Cockburn et al., 2000; Kounov et al., 2007). Although a regional
slow cooling in the area seems reasonable for the post-Pan-African
evolution, some zircon fission-track and He ages can nevertheless re-
flect a discrete period of enhanced cooling during the Mid Devonian-
Early Carboniferous, which we tentatively correlate to the major
hiatus that separates the Cape Supergroup from the overlying
Karoo Supergroup (Fig. 10).

During the Late Carboniferous-Early Permian the Augrabies and
the Fish River Canyon areas were probably part of the high and dry
land called the Cargonian Highland (e.g. Veevers et al., 1994).

Joint modeling of apatite fission-track and (U-Th-[Sm])/He data
reveals a period of accelerated cooling through 120 to 40 °C between
100 and 65 Ma ago (Fig. 10). The accelerated cooling was most prob-
ably the direct consequence of regional uplift, in combination with
high river gradients and consequent enhanced erosion rates and
denudation in the Orange and Fish Rivers basins, which, during the
Cretaceous, were probably part of the greater Kalahari River catch-
ment area (de Wit, 1999).

A denudation rate of 25.5 m/myr was calculated for the Late Creta-
ceous from the slope of the AFT age-altitude curve (Fig. 7). Although
higher than the present-day rates for the same region, these rates are
relatively low and related most probably to enhanced erosion and
regional uplift rather than tectonic activity. These denudation rates
can be overestimates due to the possible thermal relaxation following
the maximum of kimberlitic magmatism in the Late Cretaceous. The
elevated average altitude in the area during the Late Cretaceous was
probably not related to the formation of a pronounced Alpine-type
relief with deep valleys and steep hill slopes.
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Appendix A. Fission track thermochronology

Whole rock samples were crushed and apatite and zircon grains
were recovered by conventional heavy liquid and magnetic methods.
Apatite grains were mounted in epoxy resin, polished and etched with
5.5 N HNO; at 21 °C for 20 s. Zircon grains were etched in an eutectic
mixture of KOH and NaOH at 220 °C for between 10 and 24 h. Irradiation
was carried out at the OSU facility, Oregon State University Radiation
Center, USA. Microscopic analysis was completed at Basel University
using an optical microscope with a Kinetek computer-driven stage
(Dumitru, 1995). The magnification used was x 1250 for apatite and
%1600 (dry objective) for zircon. All ages were determined using the ¢
approach (Hurford and Green, 1983) with a ¢ value of 332 4+ 7 for apa-
tite (CN5 standard glass) and 122 4 2 for zircon (CN1 standard glass)
(Table 1, analyst: A. Kounov). The ages are reported as central ages
(Galbraith and Laslett, 1993) with a 20 error (Table 1). Horizontal con-
fined track lengths in apatite grains were measured at a magnification
of x 1250. Fission-track etch-pit diameters (Dpar) were measured at a
magnification of x 1250 in order to estimate the compositional influence
on fission track annealing (Carlson et al., 1999).

The temperatures at which fission tracks in apatite and zircon
partially anneal (i.e. partial isotopic resetting) are not sharply defined.
The temperature range within which partial track annealing occurs is
known as the partial annealing zone (PAZ). The effective closure of
the system lies within this PAZ and depends on overall cooling rate
and kinetic properties of the host mineral. The specific partial annealing
zone for apatite lies between 60 and 120 °C (Corrigan, 1993; Green and
Duddy, 1989), with a mean effective closure temperature of 110 +
10 °C (Gleadow and Duddy, 1981).

Unfortunately, our knowledge of zircon annealing is less advanced
and a wide-range of temperature intervals has been published for the
partial annealing zone of zircon. Yamada et al. (1995) suggested temper-
ature limits of ~390-170 °C, whereas Tagami and Dumitru (1996) and
Tagami et al. (1998) suggested temperature limits of ~310-230 °C. Re-
cently, in his overview on the zircon fission track dating method,
Tagami (2005) reported temperature ranges for the closure temperature
between ~300-200 °C. Accordingly, we use a value of 250 + 50 °C for
the mean effective closure temperature and the 200-300 °C temperature
interval for the partial annealing zone.

Appendix B. (U-Th-[Sm])/He thermochronology

The (U-Th-[Sm])/He technique is a relatively young low-temperature
thermochronological method that is typically used for the reconstruction
of the thermal history of the upper crust. The major advantage of this
thermochronometer is that the different minerals yield even lower
closure temperatures than the fission-track method (e.g. Farley, 2002;
Reiners, 2005). The He thermochronology is based on the alpha-decay
of the natural radioactive isotopes of 233U, 235U, 232Th and '#’Sm. Apatite
and zircon are the most commonly dated minerals, and therefore their
crystallography, mineral chemistry and diffusion parameters are the
best studied (e.g. Farley, 2000; Reiners, 2005). The selection criteria of
the individual grains for analysis are very strict and only intact crystals
with no any visible inclusions should be dated. Fluid inclusions may

contain helium from hydrothermal fluids and the amount of excess
helium due to this source is undistinguishable from the radiogenic
helium which would lead to the increase of the (U-Th-[Sm])/He age.
Other biasing factors are the size and shape of the crystal, the internal
zoning and the variation of the U/Th ratio. Fractures and open cleavages
act as diffusion channels and can contribute to the increase of the
surface-area-to-volume ratio. Helium is an extremely mobile element
and it has a high diffusion rate in most solid phases. That is why the
closure temperatures in different minerals are low (in zircon and in ap-
atite it is around 185 and 75 °C at cooling rate of 1 °C/myr, respectively,
Farley et al., 2002; Reiners et al., 2002, 2004). The closure temperature
(Wolf et al., 1998) depends mainly (i) on the diffusivity of helium in
the lattice of the mineral, (ii) on the dimensions of the diffusion domain
(=usually the size of the dated crystal), (iii) on the cooling rate, and
(iv) on the radiation damage density of the crystal lattice. Similarly to
other methods (e.g. fission track) the closure temperature is not a
sharp boundary. The degree of diffusive loss of helium depends on the
temperature and the effective heating time. Consequently there is mineral
and method specific “partial retention temperature zone” (PRZ), where
the accumulation of helium is not proportional to time. In apatite, for
example in the temperature range between 75 °C and ca. 40 °C at cooling
rate of 1 °C/myr, part of the continuously forming He gas diffuses out of
the crystal within a few million years (Farley, 2000). The partial retention
zone for the zircon is in the range of 200 to 160 °C (e.g. Reiners, 2005).

Appendix C. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.tecto.2013.05.009.
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