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Abstract

The processes that control long term landscape evolution in continental interiors and, in
particular, along passive margins such as in southern Africa, are still the subject of much
debate (e.g. Braun, 2018). Although today the Namibian margin is characterized by an
arid climate, it has experienced climatic fluctuations during the Cenozoic and, yet, to
date no study has documented the potential role of climate on its erosion history. In
western Namibia, the Brandberg Massif, an erosional remnant or inselberg, provides a
good opportunity to document the Cenozoic denudation history of the margin using the
relationship between rock cooling or exhumation ages and their elevation. Here we
provide new apatite (U-Th-Sm)/He dates on the Brandberg Inselberg that range from
151+12 to 302 Ma. Combined with existing apatite fission track data, they yield new
constraints on the denudation history of the margin. These data document two main
cooling phases since continental break-up 130 Myr ago, a rapid one (~10°C/Myr)
following break-up and a slower one (~1-2°C/Myr) between 65 and 35 Ma. We interpret
them respectively to be related to escarpment erosion following rifting and continental
break-up and as a phase of enhanced denudation during the Early Eocene Climatic
Optimum. We propose that during the Early Eocene Climatic Optimum chemical
weathering was important and contributed significantly to the denudation of the
Namibian margin and the formation of a pediplain around the Brandberg and enhanced
valley incision within the massif. Additionally, aridification of the region since 35 Ma has

resulted in negligible denudation rates since that time.

Keywords
Climate, Early Eocene Climatic Optimum, thermochronology, apatite (U-Th-Sm)/He,

denudation, weathering, Namibian passive margin
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1. Introduction

The surface of the Earth’s continents is shaped by complex interactions between
tectonics and climate. The combined effects of tectonics and erosion on continental
topography have been studied for a long time in convergent settings (e.g. Willett, 1999;
Whipple, 2009). However, the role of climate in cratonic areas and, in particular, in the
vicinity of passive margins is not well documented due to the low erosion rate and
relative stability of the landscape. In southern Africa, the landscape of the Atlantic
margin is thought to be inherited from rifting and continental break-up 130 Myr ago
(e.g. Brown et al., 1990; Dauteuil et al., 2013; Brown et al,, 2014; Brune et al., 2016;
Wildman et al. 2016; Wildman et al., 2019) and is mostly considered stable over time
scales <106 yrs (e.g. Cockburn et al.,, 2000; Matmon et al., 2018). Several studies focused
on denudation have aimed to better constrain the topographic evolution of the passive
margin. Apatite fission track studies document a post-rift cooling phase at ~80-70 Ma,
which, combined with structural evidence from the adjacent offshore Walvis Basin, is
interpreted as evidence a late episode of uplift along the margin associated with the
reactivation of inherited tectonic lineaments (Raab et al., 2002; Raab et al., 2005; Brown
et al., 2014). However, the late denudation history (<70 Ma) is not well constrained and
the impact of climate on Cenozoic denudation history has never been considered even
though the Namibian margin was subject to strong climate variations during the
Cenozoic, as evidenced from laterite formation during the Late Paleocene Thermal
Maximum and Early Eocene Climatic Optimum (Pickford and Senut, 1999; Zachos et al,,
2001; Pickford et al., 2014), followed by a rapid aridification during the middle Eocene
and a present day arid climate (Scott et al., 2006; Pickford et al., 2014).

Today the Namibian margin is characterized by very slow erosion of a granitic landscape

(<5 m.Ma1, Cockburn et al., 2000; Matmon et al., 2018). The topography of the margin is
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characterized by an escarpment, located 200 km away from the coast, separating low
elevation pediplain from a high elevation plateau, the Kalahari or South African Plateau
(Fig. 1A, 1B). The pediplains form a dry, flat and rocky landscape which is studded with
numerous inselbergs (Fig. 1A). The high topographic relief of these inselbergs makes
them ideal targets for quantifying the denudation history of the area using low-
temperature thermochronology because they provide an opportunity to compare rock
cooling histories from a range of elevations. Furthermore, the use of two
thermochronological systems with different thermal sensitivities provides additional
constraints on the thermal and thus erosional history of the area. Consequently, we
focused our study on the Brandberg Massif (Fig. 1), one of the largest and tallest
inselberg along the Namibian margin where we performed a thermochronological study
combining new apatite (U-Th-Sm)/He (AHe) dates and published apatite fission track
(AFT) data in order to constrain the thermal and denudation history of the Namibian

margin since continental breakup.

2. Geological and geomorphological setting

2.1 Geology and geomorphology of the Namibian margin

The Namibian margin was formed following rifting and continental break-up 130 Ma
ago (Brune et al., 2016; Baby et al.,, 2018), during the opening of the South Atlantic
Ocean where sea-floor spreading initiated at the time of magnetic anomaly M3
(Gradstein et al, 2012). Rifting is likely to have led to uplift of the margin creating the
great escarpment (Gallagher and Brown, 1999). The basement of central Namibia
consists of Proterozoic rocks (2.1 - 1.7 Ga) that represent the southernmost extent of
the Congo Craton (Fig. 1A). The basement is bounded to the west and to the south by a

continental scale shear zone trending NE-SW inherited from the Pan-African Damara
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orogeny, which is intruded by granitoids of Damara age (Fig. 1A; Miller, 1983).
Basement is partially covered by meta-sedimentary rocks including the Neoproterozoic
Damara Sequence and the Permian to Jurassic Karoo Sequence and by Early Cretaceous
Etendeka flood basalts (132-127 Ma; 40Ar-3°Ar; e.g. Renne et al., 1996; Stewart et al,,
1996). These volcanic rocks can reach a thickness of 3 km (Milner et al.,, 1995; Baby,
2017). Measurements of magnetic susceptibility anisotropy suggest that the Etendeka
flood basalts emplaced soon after the initiation of rifting and were controlled by rift
related topographic features (e.g. Glen et al, 1997). Numerous Early Cretaceous
magmatic intrusions, dikes and sills intrude the basement, the Karoo sedimentary rocks
and the overlying lavas (Fig. 1A; Trumbull et al., 2004). These intrusions emplaced as
subvolcanic complexes at shallow levels in the crust (Diehl, 1990) shortly after eruption
of the Etendeka flood basalts. All these Early Cretaceous intrusions are distributed along
a northeast trending zone which corresponds to the Damara Orogen (Fig. 1A). Today
they form characteristic topographic features of the north western Namibian landscape.
Among them, the Brandberg Inselberg represents the highest peak of Namibia. It forms
an isolated massif of 25 km diameter, culminating at 2573 m above sea level and rising
1500 m above the surrounding pediplains (Fig. 1B, C). Geologic constraints and K-Ar and
40Ar-39Ar dating (Schmitt et al, 2000 and references therein) indicate that the
Brandberg was emplaced at 132-130 Ma at shallow depth in the Damara sequence and

Etendeka basalts.

2.2 Denudation history of the Namibian margin inferred from low-temperature
thermochronology
Previous studies have provided low-temperature thermochronological data (apatite

fission track and (U-Th-Sm)/He) from the Kalahari Plateau to document its long-term
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denudation history (e.g. Raab et al, 2005; Brown et al, 2014; Stanley et al., 2015;
Wildman et al,, 2017). Along southern Africa passive margins, several studies produced
apatite fission track (AFT) data seaward from the escarpment (Fig. 1A; e.g. Haack et al,,
1983; Brown et al,, 1990; Gallagher and Brown, 1999; Raab et al., 2002; 2005; Tinker et
al., 2008; Brown et al., 2014; Wildman et al., 2016; Wildman et al., 2019). In Namibia the
AFT data suggest that rocks located in the Brandberg area have been exposed to high
temperatures (> 120°C, to reset fission tracks) during the Etendeka magmatic episode
that caused thermal annealing of preexisting fission tracks (Brown et al, 2014). In
contrast with other passive margins, there is no clear gradient in AFT dates across the
Namibian great escarpment (Haack, 1983; Brown et al., 1990; Gallagher and Brown,
1999; Raab et al,, 2002; 2005; Brown et al.,, 2014). Based on this absence of gradient,
Brown et al. (1990) proposed uniform erosion of 3 km across the escarpment during the
Early Cretaceous. This value is likely to be underestimated for the Brandberg region
where AFT data and thermal modelling suggest that total erosion since continental
break-up is likely to reach ~5 km (Raab et al., 2005). Based on AFT data and associated
thermal modelling, different exhumation phases have been identified along the
Namibian margin: several studies identified a first denudation phase during the Early
Cretaceous and suggest that it could be related to enhanced denudation following
continental break-up (Brown, 1990; Gallagher and Brown, 1999; Brown, 2014); another
major denudation phase has been identified in several places along the Namibian
margin from ~90-70 Ma to ~70-60 Ma (Raab et al, 2002; 2005; Brown et al., 2014)
potentially related to post break-up reactivation of the Damara shear zone (Raab et al,,
2002; Brown et al,, 2014) or a more recent (Late Cretaceous) regional uplift of the entire

Kalahari Plateau (e.g. Rouby et al, 2009). In the context of the low denudation rates in
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Namibia the thermal sensitivity of AFT thermochronological system did not allow to

constrain the recent (<60 Ma) cooling and denudation history.

3. Low-temperature thermochronology
Low-temperature thermochronology provides information on cooling histories that can

be related to local exhumation processes.

3.1 Apatite fission-track data

3.1.1 Basics of apatite fission track dating

The fission track method is based on the accumulation of small damages known as
fission tracks in uranium rich minerals which form during the spontaneous radioactive
decay of 238 U (e.g. Gleadow and Brown, 2000). If the mineral is subjected to high
temperatures, fission tracks that already formed will anneal and ultimately be erased.
The fission track length depends on heating duration and temperature, and the
annealing temperature varies among minerals. Furthermore, AFT age can also decrease
due to an auto annealing process (e.g. Green, 1988; Brown et al., 1990) that is
particularly observed in long, protracted cooling histories. Apatite FT age and tracks
lengths record rock cooling history from temperature ranging from 110 to 60°C (e.g.
Gallagher et al., 1998). Considering a surface mean temperature of 20°C and geothermal
gradient of 20°C/km (a reasonable value for a cratonic area) it can therefore record
erosion over a 5-2 km depth range. AFT can also record reheating of the crust due to

burial or an extensive volcanic event (see, for example, Gleadow and Brown, 2000).

3.1.1 Existing apatite fission track data
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Raab et al. (2005) provided AFT dates and lengths for 11 samples from the southern
flank of the Brandberg. The AFT dates are correlated with elevation with older dates
obtained at higher elevations. They range from 98 + 9 Ma at the top of the Brandberg
massif to 69 = 4 Ma at the base of the Hongorob Valley. The mean track-length varies

from 15.1 £ 0.4 um to 12.2 + 1.1 pm (Raab et al., 2005).

3.2 Apatite (U-Th-Sm)/He data

3.2.1 Basics of apatite (U-Th-Sm)/He dating

(U-Th-Sm)/He thermochronology is based on the accumulation of *He produced by the
radioactive decay of 238U, 235U, 232Th, and %7Sm in rocks and minerals over time.
Although 4He is produced continuously by alpha decay, at high temperatures He diffuse
rapidly out of the mineral of interest. Conversely, once a mineral is cool enough, He
atoms are retained in the crystal. The apatite (U-Th-Sm)/He (AHe) thermochronological
system records temperature evolution from 120 to 30°C (Djimbi et al., 2015; Gautheron
et al.,, 2009; Flowers et al., 2009). Natural radiation damage created in the crystal over
geologic time-scale increases the #He retentivity in apatite, so the closure temperature
increases as damage is produced by U and Th decay. Thus, for apatite crystals that
stayed a long time in the partial retention zone (i.e., between 120 and 30°C), a positive
correlation between AHe dates and effective uranium eU (U+0.24Th) has been observed
(e.g. Flowers and Kelley, 2011). This reflects the damage accumulation with time and
effective uranium content. From a physical point of view, He atoms are blocked within
damages and require more energy to go back into the crystal lattice (Shuster et al,,
2006). Two He diffusion models propose that the trapping energy is constant with
damage concentration (Gautheron et al., 2009; Flowers et al., 2009), whereas a third,

more recent model proposes that the trapping energy increases with damage
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concentration until it reaches a percolation threshold (Gerin et al.,, 2017). In cratonic
areas and passive margin environments, characterized by long and protracted thermal
histories, it has been shown that the Gautheron et al. (2009) and Flowers et al. (2009)
diffusion models fail to reproduce simultaneously AFT and AHe data (Wildman et al,,
2016; Jess et al., 2018; Recanati et al., 2017). The Gerin et al. (2017) diffusion model was
recently tested and calibrated by Recanati et al. (2017) who propose a trapping energy
increase of 30 to 70 kJ/mol. The Gerin et al (2017) model makes it possible to exploit the
dispersion in the AHe dates to reconstruct the thermal history through the partial
retention zone. Apatite chemistry (Gautheron et al., 2013), small voids (Zeitler et al,,
2017) and crystal size and fragmentation (e.g. Brown et al., 2013) also affect AHe dates
and a correction must be made for He ejected from the crystal as it is produced due to
long alpha particle stopping distances (Ketcham et al., 2011). Note that all the figures
show non corrected AHe dates to be consistent with dates predicted by thermal

modelling.

3.2.2 Sampling strategy: vertical profile

Thermochronological age-elevation relationships can be used to better constrain the
rate of rock exhumation (e.g. Gleadow and Fitzgerald, 1987). The Brandberg Inselberg
with its ~2000 m of relief gives the best opportunity to sample a vertical profile on the
Namibian margin. We sampled a vertical profile in the Brandberg Inselberg (Hungorob
Valley) with elevation ranging from 600 to 1800 m for AHe dating. We also sampled at
the bottom of the Tsisab Valley (600 m asl) and 17 km east of the Brandberg Inselberg in

the pediplain (780 m asl; Fig. 1).

3.2.3 Apatite (U-Th-Sm)/He: data and results
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This study provides 25 new single-grain apatite (U-Th-Sm)/He dates for 4 samples along
a vertical profile in the Brandberg Massif and one in the pediplain (4 to 7 crystals dated
per sample; Table 1; details on sample processing, and analysis are provided in the
Supplements). The single grain dates obtained from the pediplain range from 128+10 to
72+6 Ma. The dates in the Brandberg Inselberg range from 151+12 to 30+2 Ma (Table 1;
Fig. 2) and show a clear positive age-elevation relationship. The dates obtained from the
lowest sample (sample NAM14-08; eastern part of the Brandberg Inselberg) range from
66+5 to 30+2 Ma. By contrast, the samples located at higher elevation (1387-1769 m
asl), show older apatite (U-Th-Sm)/He dates ranging from 151+12 to 74+6 Ma. The
effective uranium concentration of the apatite crystals ranges from very low to
intermediate value, i.e. 1 to 51 ppm. The observed date dispersion observed for most of
the samples is correlated with the effective uranium concentration (Fig. 2B). The
NAM14-11F single-grain AHe date of 140+11Ma (eU = 1 ppm) might be affected by “He
implantation due to rich U-Th neighbor minerals (Murray et al.,, 2014; this grain is
represented in pastel on Fig. 2). Most of the AHe dates (151+12 to 74+6 Ma) from the
Brandberg Massif are older than AFT dates (98+9 to 68+12 Ma; Raab et al, 2005)
obtained in the same area and at the same elevation except for the sample located at the
lowest elevation (NAM14-08; Fig. 4A; Table 1). Together with the AFT dates and track
lengths collected by Raab et al. (2005) in the Brandberg, our AHe dates ranging from
151+12 to 30+2 Ma provides constraints on the thermal history of the Brandberg from
120 to 30°C (e.g. Djimibi et al., 2015; Gallagher et al.,, 1998; Gautheron et al., 2009;

Flowers et al., 2009).

4. Thermal history modelling

4.1 Thermal modelling principle and setup
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Thermal histories for the Brandberg vertical profile were determined using QTQt, a
piece of software that inverts AFT annealing and AHe diffusion parameters using a
Markov chain Monte Carlo method (Gallagher, 2012 and references therein). The input
data used for the thermal modelling are the central AFT dates and the track length
distributions produced by Raab et al. (2005) and our single-grain AHe dates with their
diffusion domain size (sphere equivalent radius for each apatite crystal) and chemical
characteristics (U-Th-Sm content; this study). We excluded the NAM14-11A single-grain
AHe date from our modelling because we suspect the nearby presence of a U-Th rich
inclusion (Table 1). We used the multi-kinetic annealing model of Ketcham et al. (2007)
to model the AFT dates and track-length dispersion. For the AHe dates, the grain
chemical composition range can be taken into consideration following Gautheron et al.
(2013). Because the high elevation samples have a significant residence time above the
partial retention zone, we took into account the potentially large volume of accumulated
defaults in apatite crystals to explain the old AHe dates. We performed simulations using
the linear (Gautheron et al., 2009) and non-linear He damage models (Flowers et al,,
2009), as well as the new radiation damage diffusion model proposed by Gerin et al.
(2017). For this we used activation energy values in agreement with those proposed by
Recanati et al. (2017): respectively, 30-50, 60, 60 and 70 k]J/mol for samples NAM14-08
(639 m asl), NAM14-11 (1387 m asl), NAM14-10 (1433 m asl) and NAM14-09 (1769 m
asl) in agreement with fission track density variation with elevation within the
Brandberg Massif (Raab et al., 2005; Gerin et al.,, 2017; Recanati et al., 2017).

Initial conditions for the model are fixed att = 120 # 10 Ma and T = 300 + 50°C based on
40Ar-39Ar cooling dates (132-130 Ma; Schmitt et al., 2000). In the model the present day
temperature is fixed at 10°C for the highest sample of the profile at 2573 m asl (Raab et

al, 2005) and the atmospheric gradient is fixed at 6.5°C.km-1. The thermal history
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simulations are the product of 200,000 iterations, which is here a sufficient amount to

obtain stable solutions (e.g. Gallagher, 2012).

4.2 Time-temperature inversion results

The long thermal history of our samples and date-eU correlations observed in our data
suggest that radiation damage controls the He diffusivity of the apatites and must be
taken into account. The choice of radiation damage accumulation and annealing model
can have an important control on the thermal history inversion results. Initially, we tried
simulating the data with the more established Gautheron et al. (2009) and Flowers et al.
(2009) He radiation damage models. The QTQt simulations using these models predict
similar thermal histories for all samples in the Brandberg Massif (Figure 3). However,
the thermochronological dates predicted by these simulations fail to reproduce both the
AFT and AHe dates of the Brandberg profile. Specifically, the relatively old AHe dates of
the samples NAM14-09, NAM14-10 and NAM14-11 are not reproduced by the
simulations using either of these radiation damage models (Fig 34, C).

To address this discrepancy, we performed a thermal history simulation using the more
recent radiation damage model of Gerin et al. (2017) and the activation energy values
proposed by Recanati et al. (2017). The thermal history predicted by QTQt using these
parameters (Fig. 4B) satisfactorily reproduced all the thermochronological data
available from the Brandberg Massif including the AHe dates older than AFT dates at
high elevations (Fig. 4A; Raab et al,, 2005; this study). Additionally, the model predicts a
low geothermal gradient of ~15°C.km-! in the Cenozoic consistent with present-day heat
flux measurements and the region’s geologic history over the last few tens of millions of

years (e.g. 18-24°C .km-1, Ballard et al., 1987; 26-30°C/km, Gholamrezaie et al., 2018).
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Inversion of the Brandberg Massif age-elevation profile (AHe and AFT) indicates a rapid
cooling at ~10°C/Myr after the emplacement of the Brandberg intrusion at high
temperature (between 130 and 100 Ma; Fig. 4B). This rapid cooling is constrained by the
Brandberg 39Ar-49Ar cooling dates at 132-130 Ma (Schmitt et al., 2000) and by AFT dates
(Raab et al,, 2005). The more recent cooling history (120-30°C) is well constrained by
our AHe dates. From 100 to 65 Ma our data indicate a relatively quiet period with low
cooling rate (Fig. 4B). From 65 to 35 Ma our data indicate a cooling episode with cooling
rate ranging from 1°C/Myr to 2°C/Myr (Fig. 4B). According to the thermal modelling, the
sample located at the highest elevation cooled more slowly than the one located at the
lowest elevation (1°C/Myr vs. 2°C/Myr). From 35 Ma to present, the cooling rate is very
low, less than 1°C/Myr indicating that the samples had reached near atmospheric

temperatures (~20°C) by 35 Ma.

5. Discussion

5.1 Thermal and exhumation history of the Namibian Margin

The young AHe dates (66+5 to 30+2 Ma) obtained for the sample NAM14-08 (639 m)
provide novel information on the recent cooling history of the Namibian margin as they
are younger than any other thermochronological data published in this region (AFT;
Haack et al. 1983; Raab et al., 2002; Raab et al., 2005; Brown et al. 2014). In agreement
with these new AHe dates, thermal history modelling of AFT data and AHe dates
evidences a recent exhumation phase between 65 and 35 Ma (Fig. 4B) that had not been
identified before based only on AFT data (Raab et al., 2005). The AHe dates predicted by
these thermal histories reproduce well the observed AHe dates (i.e., within uncertainty
estimates). The predicted AFT dates and mean lengths are well reproduced (within

uncertainties). We note that previous thermal history modelling by Raab et al. (2005)
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was able to better reproduce the observed AFT dates. However, they were unable to
reproduce the track length measurements. We therefore favor our new modeled
thermal history (Fig. 4B) because it provide a better fit to the track length distributions,

an adequate fit to the AFT dates, and a good fit to the new AHe dates (Fig. 4A).

5.1.1 Escarpment retreat and uplift of the margin

The thermal history obtained by inverse modelling of our new AHe dates combined with
published AFT data (Raab et al,, 2005) suggests an early cooling phase between 130 and
100 Ma following the Brandberg intrusion emplacement and continental break-up in the
southern Atlantic (Fig. 4B). The initial cooling phase of the Brandberg Massif can be
explained by the combined effect of magmatic cooling of the intrusion, a change in
geothermal gradient after rifting and breakup, and erosion and uplift of the passive
margin following continental break-up at ~130 Ma (e.g. Brune et al,, 2016; Baby et al,,
2018; Fig. 5A). However, based on available thermochronological dates and thermal
modelling it is not possible to assess the respective contribution of these three
processes in the Brandberg Massif. This mid-Cretaceous cooling phase has been
identified at many locations along the South African and South American Atlantic
margins and has been commonly attributed to denudation following continental break-
up (e.g. Brown, 1990; Brown et al., 1999; Gallagher and Brown, 1999; Cogné et al., 2012;

Brown, 2014; Wildman et al., 2016; 2018).

5.1.2 Influence of the Early Eocene Climatic Optimum: weathering and denudation?
The AHe dates combined with AFT data constrain a second cooling phase in the
Brandberg Massif starting at ~65 Ma and ending at ~35 Ma (Fig. 4B). We interpret this

second cooling phase as a denudation phase. Taking a geothermal gradient of 20°C/km,
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as suggested by the thermal modelling of the vertical profile and in agreement with Raab
et al. (2005), this implies a denudation rate of 0.1 km/Myr and the removal of ~3 km of
rocks during this denudation phase. However, the offshore sedimentation in the Walvis
Basin, just to the west of the Brandberg Massif shows only a slight increase in
sedimentation rates at that time with a deltaic wedge formation between 66 and 43.5
Ma (Aizawa et al., 2000; Baby, 2017). The volume of sediment deposited offshore since
~80 Ma (120+30 x103 km3; Baby, 2017) is much smaller than the volume eroded
onshore (325x103 km3) as estimated from thermochronological data. This later estimate
was obtained by extrapolating the cross sections given by Brown et al. (2014)
representing the estimated depth of late Mesozoic denudation from the coast to the
drainage divide to the present-day catchment of the Walvis Basin.

We postulate that the absence of offshore sedimentation is best explained by enhanced
chemical weathering to cause denudation of the Namibian margin at that time. Indeed,
the Brandberg Massif was partially emplaced in the Etendeka basaltic sequence (Schmitt
et al., 2000). As basalts are one of the crystalline silicate rocks that are most easily
weathered (Meybeck, 1987; Amiotte-Suchet and Probst, 1993) we suggest that the
Etendeka basaltic sequence may have been intensively weathered and that only the
highly weathered remnants have been physically eroded and transported (e.g.
Guillocheau et al., 2018) producing a limited amount of sediments. It has been shown
that rock types strongly influence the erosion pattern (Flowers and Ehlers, 2018), as
seems to be the case here. In addition, intense weathering of a basaltic province has
already been documented in other places such as India (Bonnet et al,, 2016) and la
Reunion (Dessert et al., 2003).

Alternatively, this discrepancy between the onshore and offshore records of erosion

could be explained by the export of sediment out of the Walvis Basin by the northward
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Benguela oceanic current. There is evidence for long (~1800 km) northward transport
along the Atlantic margin from littoral sand derived from the Orange River in South
Africa (Garzanti et al., 2018). However, the Walvis basin is bounded to the north by the
Walvis Ridge and there is no evidence for a significant offshore sedimentary transport
along the margin beyond the ridge.

The Cenozoic denudation phase that we have evidenced with the new AHe dates is
synchronous with the Late Paleocene Thermal Maximum (59 Ma) and the Early Eocene
Climatic Optimum (52-50 Ma) climatic anomalies (Zachos et al.,, 2001). First identified
from marine cores, the Early Eocene Climatic Optimum is the warmest period of the
Cenozoic; it correlates with increased atmospheric pCOz (Zachos et al., 2001) and major
changes in marine (e.g., Zachos et al., 2001) and terrestrial records globally (e.g. Prasad,
1983; Greenwood and Wing, 1995; Hyland and Sheldon, 2013). In Namibia and southern
western Africa only sparse climatic records are available. Based on fossil and
sedimentary evidence including the presence of iron oxide nodules, Pickford and Senut,
(1999) and Pickford et al. (2014) suggest a humid and warm climate for the Namibian
margin with monsoonal episodes triggering enhanced weathering during the Early
Eocene followed by an aridification of the climate starting in the middle Eocene (40 Ma;
from pollens and fossil and sedimentary record; Scott et al., 2006; Pickford et al., 2014).
Weathering of silicate rocks (basalts) shows a strong dependence on temperature
(Dessert et al., 2003). Several studies have identified increased weathering during the
Early Eocene Climatic Optimum worldwide (e.g. Elliot Smith et al., 2008). In West Africa,
a weathering phase has been identified between 60 and 50 Ma (Gunnell, 2003; Colin et
al. 2005; Beauvais et al.,, 2008; Beauvais and Chardon, 2013). Along the Namibian
margin remnants of the Etendeka flood basalts are sparse (Fig. 1A). In the Walvis Basin,

located offshore from the Brandberg Massif, the occurrence of kaolinite as a major
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secondary mineral in marine sediments at that time indicates a substantial weathering
period on the continent (Holtar and Forsberg, 2000).

As shown by Baby et al. (2018), a major unconformity developed between 81 and 70 Ma
in the offshore sedimentary basin indicating a significant relative sea level fall and a
bulging of the Namibian margin. We suggest that the erosion of that bulge was delayed
and only started about 10 Myrs after the uplift of the Namibian margin in response to an
intense and long-lasting weathering phase that started at ~65 Ma due to warmer and

wetter climatic conditions (Fig. 5).

5.1.3 Denudation of the Brandberg Massif and inselberg formation

According to our thermal modelling, between 65 and 35 Ma the temperature difference
between the upper and lower samples decreased (Fig. 4B). The samples located in the
upper portion of the Brandberg Massif were cooling more slowly than those located at
lower elevations. This can be explained by higher erosion rates in the valleys and in the
areas surrounding the Brandberg Massif than along its crests and, consequently, by an
increase in topographic relief starting at 65 Ma. From 35 Ma to the present day the
estimated cooling rate is very low, i.e.,, less than 1°C/Myr. We propose that since 65 Ma
the area surrounding the Brandberg Massif recorded uniform denudation. This
phenomenon results in the incision of the main valleys of the Brandberg Massif while
the center of the massif is preserved therefore increasing local relief (Fig. 5). This Myr-
time-scale denudation pattern of the Brandberg is consistent with recent 19Be erosion
rate obtained on several inselbergs in the region (Cockburn et al., 1999; Bierman and
Caffee, 2001; Matmon et al.,, 2013; Matmon et al,, 2018). Indeed, based on inselbergs
morphology and 19Be erosion rates it has been suggested that their formation and

erosion is driven by differential subsurface weathering of bedrock followed by base
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level lowering and differential erosion (e.g. Twidale, 1964) and, at later stage, by cliff
retreat, while the higher surfaces erode slowly (e.g. Cockburn et al., 1999). Since ~35 Ma
the Brandberg has been exposed to atmospheric temperature (~20°C) and the cooling
rates have been extremely low. These low erosion rates are consistent with the Late
Eocene aridification of the area starting at 35 Ma (Scott et al,, 2006; Pickford et al., 2014)
and 19Be erosion rates obtained in the Brandberg area for the Quaternary (~5 m.Myr-1;
Matmon et al., 2018).

In the case of the Brandberg Massif, or more broadly of other intrusions in this region,
their emplacement at shallow depth (partly in the Etendeka Sequence) created a
lithological contrast. Subsequently, preferential weathering of the Etendeka flood
basalts might have favored denudation around the Early Cretaceous intrusions leading
to the formation of inselbergs. The Proterozoic rock may also be more fractured than the
Early Cretaceous intrusions forming the inselbergs, which could have had an impact on

their weathering and thus on the differential erosion.

5.2 Comparison with the regional denudation history of the Namibian margin

Our thermal history suggests ~1 km of denudation from 65 Ma until present above the
summit of the Brandberg Massif and ~3 km of denudation in the main valleys incised
into the Brandberg Massif (Fig. 4b). The incision magnitude is in agreement with the
amount of erosion recorded in the surrounding pediplains (Raab et al., 2005). However,
the total amount of denudation (i.e., integrated over the last 130 Myr) is greater than the
total amount of denudation in other areas along the margin (Brown et al., 2014). To
explain the greater exhumation of the Brandberg area, some authors have proposed a
Late Cenozoic reactivation of tectonic features in the Damara belt (Raab et al.,, 2002;

Brown et al., 2014). We propose that this difference could also be due to the presence of
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a thicker Etendeka volcanic sequence around the Brandberg volcanic complex that could
have created a higher topography during rifting in the Brandberg region. In addition, the
Damara shear zone hosting the Brandberg Massif is characterized by a lower effective
elastic thickness than the surrounding African Atlantic margin (e.g. Pérez-Gussinyé et al.,
2009), this could explain a different isostatic response to erosion seaward of the great
escarpment and consequently a greater amount of erosion (e.g. Braun, 2018).

The timing of the cooling also differs slightly from some previous studies. Using the
information given by both AFT and AHe on multiple samples in a vertical profile we
were able to tightly constrain the thermal history of the Brandberg region from 130 Ma
to 20 Ma. Based on our thermal history we suggest that the first cooling phase
associated with continental break-up occurred at 130-100 Ma in accordance with
previous estimates based on AFT data collected along the southern African margin (150-
130 Ma; Wildman et al., 2015; 2016; Green et al., 2017). Tinker et al. (2008) also predict
cooling at 140-120 Ma and relate it to denudation triggered by regional uplift above a
buoyant mantle anomaly. The second cooling phase constrained by our data and
modelling initiated at 65 Ma, which postdates the second major denudation phase that
has been previously identified in several places along the margin from ~100-80 Ma to
~70-60 Ma (Haack, 1983; Raab et al., 2002; Brown et al., 2014). Our thermal history also
differs from the single cooling episode (between 80 and 65 Ma) proposed by Raab et al.
(2005) based on AFT data from the Brandberg (Refer to Fig 4b). Indeed, the AHe dates
ranging from 66+5 to 30+2 Ma we obtained from the lowest elevation sample (NAM14-
08) provide constraints on a more recent cooling phase between 65 and 35 Ma whereas
the older thermochronological dates constrain the earlier cooling (Fig. 4 A, B). Recent
advances in thermochronology in particular the better understanding of the effect of

radiation damage on He trapping and reduced diffusivity in apatite (Gerin et al., 2017)
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have allowed us to reconciles AFT data and AHe dates and to provide more robust

constraints on the post break-up cooling history of the Brandberg area.

6. Conclusions

Along the Namibian margin low-temperature thermochronology provides information
on denudation history that is only partially recorded in offshore sediments.
Thermochronological data from the Brandberg Inselberg indicate two main cooling
phases in this region since continental break-up at 130 Ma. We interpret the first one
(between 130 and 100 Ma) to be related to post-rifting processes (cooling of the
geothermal gradient/intrusion and escarpment erosion). We suggest that the second
cooling phase from 65 to 35 Ma, is due to enhanced weathering and denudation caused
by a change in precipitation rate and temperature during the Late Paleocene and Early
Eocene Climatic Optimum warmer periods. We also suggest that the initiation of the
Brandberg topography anomaly at 65 Ma lead the formation of the pediplains
surrounding the Brandberg and the incision of the main valleys within the massif.
Finally, the aridification of Namibia since 35 Ma resulted in the fossilization of the

landscape and negligible denudation rates during the late Cenozoic.
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FIG 1: (A) Geological map of Namibian margin showing the Early Cretaceous intrusions,
major tectonic lineaments, available AFT data and our sampling sites for AHe dating (the
inset shows the location of the study area within Africa, geological map is modified from
the Geological Survey of Namibia, 1980). (B) Topographic cross-section of the great
escarpment in Namibia including the Brandberg Inselberg. (C) Geological map of the
Brandberg Inselberg showing the location of the Hungorob and Tsisab Valleys
(respectively indicated by HV and TV), AFT (Raab et al.,, 2005) and AHe (this study)

sample locations (modified from Schmitt et al., 2000).

FIG 2: AHe data for the Brandberg area. (A) Individual grain non corrected AHe date
against sample elevation, the orange pastel point indicates a grain that might be

impacted by implantation. (B) Individual grain non corrected AHe date against eU.

FIG 3: (A, C) Age elevation profiles showing AFT dates, mean track length (TL) and AHe
dates (non corrected AHe dates) and predicted dates for the thermal histories using
Gautheron et al. (2009) and Flowers et al. (2009) radiation damage models. (B, D)
Predicted thermal histories using Gautheron et al. (2009) and Flowers et al. (2009)
radiation damage models. Each line represents the thermal history of a sample; the red
line represents path of lowest elevation sample and blue line the highest one, pastel

shading represents uncertainties.

FIG 4: (A) Brandberg age elevation profile showing AFT dates, mean track length (TL)
and AHe dates (non corrected AHe dates) and predicted dates for the preferred thermal
history using Gerin et al. (2017) radiation damage model. (B) Thermal history. Each line

represents the thermal history of a sample; the red line represents path of lowest
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elevation sample and blue line the highest one, red and blue pastel shadings represent
uncertainties. The thermal history proposed by Raab et al. (2005) based on AFT data is
indicated in green for reference. (C) Sediments volumes in the Walvis Bay (Baby, 2017).
(D) Regional climate inferred from local proxies (Pickford and Senut, 1999; Scott et al.,
2006; Pickford et al., 2014). (E) Global deep-sea oxygen and carbon isotope records
based on data compiled from DSDP and ODP sites and inferred temperature anomalies
(Zachos et al., 2001). The late Paleocene Thermal Maximum (referred as LPTM on the
figure) and the Early Eocene Climatic Optimum (referred as EECO) climatic aberrations
are highlighted in red. (F) Geodynamic events (e.g. Brune et al., 2016; Schmitt et al,,

2000; Baby et al., 2018;.

FIG 5: Reconstitution of the topographic evolution and denudation history of the
Brandberg. For each time step, the AHe partial retention zone is highlighted in orange,
the eroded material is indicated by pastel colors and the location of the AHe samples is
indicated by the white triangles. (A) 130 Ma: Rifting, emplacement of Etendeka volcanic
sequence and Brandberg intrusion. (B) 130-100 Ma: Post-rift decrease of the geothermal
gradient, magmatic cooling and erosion of the margin. (C) 100-65 Ma: Regional uplift of
the Namibian margin. (D) 65-35 Ma: Paleocene warming, starting at that time the humid
and warm climate in Namibia might have enhanced weathering and denudation. (E) 35-
0 Ma: Eocene aridification decrease of the erosion rates and stabilization of the

landscape.
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Table

Click here to download Table: Tab data AHe.pdf

TABLE 1: APATITE (U-Th-Sm)/He SINGLE-GRAIN AGES FROM THE BRANDBERG INSELBERG AND PEDIPLAIN (NAMIBIA)

Sample Rock Location* Elevation  Weight Rs' FTS 4He U Th Sm eU Th/U AHe age Corrected
Latitude  Longitude (m) (ug) (nccSTP/g) (ppm) (ppm) (ppm) (ppm)* (Ma) AHe age + error
CN) (W) (Ma)*
Pediplain
NAM14-6A granite 14,8451944 -21,169222 780 4,0 51,1 0,77 303159 23,5 24,7 174,9 30 1,1 84,9 111.0£8.9
NAM14-6D granite 14,8451944 -21,169222 780 4,0 55,6 0,81 248738 23,0 31,9 152,1 31 1,4 67,0 83.2+6.7
NAM14-6F granite 14,8451944 -21,169222 780 2,6 46,1 0,75 292020 31,2 27,7 205,8 38 0,9 63,6 84.7+6.8
NAM14-6G granite 14,8451944 -21,169222 780 3,6 51,8 0,78 277302 19,2 33,3 174,7 27 1,7 83,9 107.6 +8.6
NAM14-61 granite 14,8451944 -21,169222 780 3,0 53,4 0,79 613209 37,2 55,6 240,4 51 1,5 100,2 1276 +10.2
NAM14-6K granite 14,8451944 -21,169222 780 2,2 47,8 0,75 290618 31,2 447 265,9 42 1,4 57,0 75.9 +6.1
NAM140-6bA granite 14,8451944 -21,169222 780 5,9 60,5 0,81 213116 23,2 27,3 635,7 30 1,2 58,0 717 £57
Brandberg Inselberg
NAM14-09A  granite 14,5426667 -21,190444 1769 2,9 49,6 0,77 147310 6,2 22,5 287,6 12 3,6 102,6 132.7 £10.6
NAM14-09B  granite 14,5426667 -21,190444 1769 4.4 57,5 0,81 45827 1,7 7,8 167,7 4 4,7 101,6 124.8 +10.0
NAM14-09bA granite 14,5426667 -21,190444 1769 4,2 55,6 0,77 179269 7,0 23,4 157,1 13 33 116,2 150.8 +12.1
NAM14-09bB  granite 14,5426667 -21,190444 1769 2,8 50,8 0,76 32120 2,6 0,7 111,3 3 0,3 90,1 119.0+9.5
NAM14-10bA  granite 14,5350556 -21,189306 1433 4,0 54,8 0,77 87993 4,4 10,7 243,3 7 2,4 100,7 131.1+10.5
NAM14-10A  granite 14,5350556 -21,189306 1433 3,9 58,0 0,79 101969 6,0 13,8 182,6 10 2,3 88,4 111,6 +8.9
NAM14-10G  granite 14,5350556 -21,189306 1433 5,3 64,4 0,82 36620 2,3 11,3 7,1 5 4,9 60,7 74.2+5.9
NAM14-10H  granite 14,5350556 -21,189306 1433 57 60,0 0,81 104446 5,7 21,4 85,5 11 3,8 79,9 99.1+7.9
NAM14-11A  granite 14,5317222 -21,189917 1387 4,0 56,3 0,81 459245 12,0 43,6 259,4 23 3,6 167,7 207.1 £ 16.6™e
NAM14-11B  granite 14,5317222 -21,189917 1387 3,1 51,5 0,81 153691 10,6 21,9 276,0 16 2,1 78,7 97.5+10.1
NAM14-11C  granite 14,5317222 -21,189917 1387 3,7 57,3 0,79 118983 5,6 16,9 248,0 10 3,0 99,1 126.1 £10.1
NAM14-11F  granite 14,5317222 -21,189917 1387 8,6 71,7 0,81 16082 0,7 1,6 86,6 1 2,2 113,1 140.3+11.2
NAM14-08B  granite 14,6635 -21,110472 639 3,5 53,1 0,80 43815 8,5 18,6 216,1 13 2,2 27,6 346+28
NAM14-08C  granite 14,6635 -21,110472 639 2,1 46,0 0,73 93645 9,4 26,7 354,8 16 2,8 48,0 65.9+5.3
NAM14-08D  granite 14,6635 -21,110472 639 3,2 54,5 0,78 117194 10,3 35,3 327,6 19 3,4 50,9 65.3+5.2
NAM-14-08bA granite 14,6635 -21,110472 639 3,7 56,8 0,79 37978 6,7 27,3 167,5 13 4.1 23,6 30.0+24
NAM14-08bC granite 14,6635 -21,110472 639 2,7 50,9 0,76 115134 11,3 41,3 2479 21 3,7 447 58.6 +4.7
NAM14-08bF  granite 14,6635 -21,110472 639 4,5 58,8 0,79 208337 30,7 78,3 1774 50 2,5 34,9 443+3.5
Notes:

*Longitude and latitude coordinates are given in WGS 84 (degrees).

'Rs is the sphere equivalent radius of hexagonal crystal with the same surface/volume ratio.

SFT is the geometric correction factor for age calculation.

#aU is the effective uranium concentration.

**Corrected age is the age corrected by the grain geometry and ejection factor FT (Gautheron and Tassan-Got, 2010; Ketcham et al., 2011), error at 1c.
e indicates that the age was rejected for the modelling (possible inclusion).
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