Article

Coevolution of craton margins and interiors
during continental break-up

https://doi.org/10.1038/s41586-024-07717-1
Received: 25 March 2022

Accepted: 13 June 2024

Thomas M. Gernon'™, Thea K. Hincks', Sascha Brune??, Jean Braun??, Stephen M. Jones*,
Derek Keir'%, Alice Cunningham' & Anne Glerum?

Published online: 7 August 2024

Open access

M Check for updates

Many cratonic continental fragments dispersed during the rifting and break-up
of Gondwana are bound by steep topographic landforms known as ‘great
escarpments™™, which rim elevated plateaus in the craton interior®®. In terms of
formation, escarpments and plateaus are traditionally considered distinct owing

to their spatial separation, occasionally spanning more than a thousand kilometres.
Here we integrate geological observations, statistical analysis, geodynamic
simulations and landscape-evolution models to develop a physical model that
mechanistically links both phenomena to continental rifting. Escarpments primarily
initiate at rift-border faults and slowly retreat at about 1 km Myr™ through headward

erosion. Simultaneously, rifting generates convective instabilities in the mantle

7-10

that migrate cratonward at a faster rate of about 15-20 km Myralong the lithospheric
root, progressively removing cratonic keels", driving isostatic uplift of craton
interiors and forming astable, elevated plateau. This process forces a synchronized
wave of denudation, documented in thermochronology studies, which persists for
tens of millions of years and migrates across the craton at acomparable or slower
pace. Weinterpret the observed sequence of rifting, escarpment formation and
exhumation of cratoninteriors as an evolving record of geodynamic mantle processes
tied to continental break-up, upending the prevailing notion of cratons as geologically

stable terrains.

Cratons experience extremely low erosion rates when viewed over
geological time®, a feature attributed to their mechanical strength
and prolonged stability™™*. Thus, the formation of great escarpments
(hereafter, escarpments) (Fig.1) and subsequent uplift of cratoninte-
riors are geologically abrupt and enigmatic® events that disrupt® this
long-term stability. Escarpments, that is, laterally extensive breaks in
slope about akilometre high and many thousands of kilometreslong,
typically occur near the edges of shields—tectonically stable regions
rooted onstrong cratons’ (for example, Eastern Brazil, Southern Africa
and the Western Ghats of India; Fig. 1a-c). Although awidely held view
is that these landforms originate during continental rifting®*""*, the
mechanistic linkages are not well resolved.

Escarpments have been attributed to various processes, includ-
ing: (1) flexurally induced uplift along rift flanks owing to lithospheric
unloading during extension*?°?; (2) small-scale convection induced
by lateral temperature gradients, driving uplift of rift shoulders™;
and (3) downgrading of the coastal area and inland base-level fall?.
Crucially, the relationship of these processes to anomalous exhuma-
tion that occurs in remote hinterland plateau regions long after rift
termination>'8?*% is poorly understood. Flexural uplift is typically
confined to the rift flanks and cannot explain the formation of an ele-
vated continental interior. Studies have variously invoked prolonged
plateau uplift**? (for example, through compression-induced uplift

unrelated torifting and break-up®), post-rift tectonic reactivation® '

and passive-margin rejuvenation”. However, whether the last process
occurs is disputed?.

Surface processes occurring far from rift zones>8*?% (>500 km
away) and long (tens of millions of years) after rift cessation seem-
ingly prohibit a first-order role for rifting. Several studies, such as for
the classic Great Escarpment of South Africa (Fig. 1d-f), instead pro-
pose that plate movement over a large, low-shear-velocity province,
exposing the continent to deep, buoyant mantle upwelling, drives
rapid upliftand surface erosion over abroader region®. However, such
asuperswellisnot observed in dynamic support histories derived from
diverse continental and oceanic records®. Further, evidence for pro-
tracted plateau uplift since escarpment formation'® contradicts the
notion of post-break-up tectonic stability proposed by the downgrad-
ing model®. Alternatively, enduring surface uplift surrounding the
escarpment might reflect intermediate-scale (approximately 1,000 km)
present-day mantle convective support'®??*>3* possibly associated
with cratonic-edge-driven convection”, Stochastic inversion mod-
elsindicate that dynamic mantle support contributes approximately
650 mtotheregional elevationin Southern Africa, with the remaining
elevation (about 670 m) attributed to theisostatic lithospheric contri-
bution®%. This estimate is supported by independent modelling studies
that suggest up to 1km of dynamic/static mantle support®.
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Fig.1|Locationand physical characteristics of great escarpments. Global
terrain maps for ocean and land (gridded data from GEBCO) of the east coast of
Brazil (a), Southern Africa (b) and the Western Ghats (Sahyadri Hills), India (c)
(seeinset map for locations). The maps show asimplified representation of
escarpments mapped using digital terrainmodels (Methods) and COBs from
GPlates® (https://www.gplates.org/).d, Topographic profiles of escarpments
(seea-cforlines of section). e, Map of the Great Escarpment of South Africa
(seebforlocation) generated using NASA SRTM elevation data (Lambert
conformal conic projection). f, Short-wave infrared satellite image of the same
escarpment (white arrows) from Sentinel Hub. A typical topographic profile is
shown (A-B).Sinuosity of escarpmentsisrelated to contrasted retreat rates
of channelsrelative to interfluves'. Scale bar, 5 km. g, Probability density for

Drawing from the above examples, the broader context of landform
formation following continental break-upis heavily debated. This study
aims to quantify the spatial and temporal relationships between rift
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nearest distance between escarpments and COBs for theregions (see a-c).
Global mean and median thicknesses (vertical grey band) are 336 and 333 km,
respectively (n=5,288; Extended Data Fig. 3a-c). Two distinct peaks for Brazil
reflect two phases of escarpment formation there (Cretaceous and Cenozoic)®.
h, Differencein orientation between escarpments (0;,.) and COBs (6¢)
calculated using the perpendicular to the escarpment tangent at 50-km
intervals (n=195; Methods and Extended Data Fig. 2). Escarpments are
typically sub-parallel to adjacent COBs (Extended Data Fig. 3d-g). i, Box plot
oflithospheric thickness for each escarpment, pointsampled from maps
generated using LITHO1.0 (ref. 41) (blue boxes) and LithoRef18 (ref. 42)
(greenboxes) at1.0°, or approximately 111-km, intervals (n =161).

systems and the generation of escarpments and plateaus, while using
geodynamic and landscape-evolution modelling to gain a quantitative
understanding of the mechanisms influencing these regions.


https://www.gplates.org/

Origin of great escarpments

We begin by evaluating the physical characteristics of escarpments
and examining their spatial and temporal relationships to continental
margins and high-elevation hinterland plateaus. First, we focus on
the main coastal escarpments, associated with cratonic lithosphere,
which formed between 150 and 70 million years ago (Ma) during the
break-up of Gondwana (Extended Data Fig. 1). We compare three classic
coastal escarpmentsin Southern Africa, Braziland the Western Ghats,
spanning distances of approximately 6,000, 3,000 and 2,000 km,
respectively (Fig. 1a-c). These length scales allow us to analyse their
lithospheric properties using global reference models with low reso-
lution (100-200 km). Older escarpments in northwest Africa and the
eastern USA, associated with protracted rifting and break-up of cra-
toniclithospherein the Central Atlantic (between approximately 240
and 180 Ma), feature more subdued topography shaped by prolonged
post-rift erosion* and are not a direct focus of our study.

Giventheir spatial and topographic characteristics, it is plausible that
escarpmentsinitiate asrift-border faults such as those kilometre-high
escarpments separating the high-elevation Ethiopian Plateau from the
East African Rift today*®. In that case, their orientation and spacing with
respectto continent-oceanboundaries (COBs), delineating ancient rift
axes, should be broadly similar and closely mimic those generated in
numerical models'. To examine this, we map the escarpments in detail
(Fig.1a-d) using geoprocessing tools in the ArcGIS software package.
We then analyse the first-order spatial and topological attributes of
escarpments and COBs (Fig.1d and Extended Data Fig. 2) using the statis-
tical computing package, R (https://www.r-project.org/; see Methods).

The mean distance between escarpments and COBs varies across
different regions, ranging from 207 km in the Western Ghats to 380 km
inBrazil (Fig. 1g and Extended Data Fig. 3g). Global mean and median
distances range from 330 to 340 km (Fig. 1g and Extended DataFig. 3g).
When we compare the orientations of geographic domains of escarp-
ments to the adjacent sections of COBs (Methods), we find that they are
sub-parallel over scales ranging from 10?to 10*> km (Fig. 1h). These data
suggest that escarpments originate at or near border faults, that s, at
theinner boundary of rifted continental margins. Indeed, the distance
between escarpments and the nearest oceanic crust (that is, outer
boundary of the rifted margin) is similar to the estimated half-width
of rift zones in the studied regions, which fall in the range 250-600 km
(ref. 37). The mean distances between escarpments and COBs (Fig. 1g)
closely align with predictions from numerical models® and support
rifting as a driver of escarpment formation®*.

Rifting alone cannot satisfactorily explain the broad uplift and
denudation patterns in hinterland regions, in which further scarp
retreat occurred in the Cretaceous™®?*%, It is feasible that marginal
upliftismore pronounced where the cratoniclithosphereis thick and
underlain by aweak, basal layer that undergoes convective removal or
delamination—a process that gives rise to isostatic uplift**®, Since such
processes are not expected to substantially thin the lithosphere (that
is, more than about 35 km)"#°, the present-day lithospheric thickness
offersaroughguide tothatintherecent geological past. Toinvestigate
lithospheric-thickness characteristics along our coastal escarpments
(Fig.1a-c), we sample this property using two different global reference
models—LITHO1.0 (ref. 41) and LithoRef18 (ref. 42)—at regular 1.0°
intervals (commensurate with model resolution; Methods). Although
locally variable, the escarpments generally occur on thick lithosphere,
that s, the lithosphere-asthenosphere boundary (LAB) occurs at a
mediandepth of177 km or 155 km (Fig. 1i) for the two global reference
models, respectively.

The escarpments form primarily near the boundaries of continental
lithosphere alongrift-border faults (Fig. 1). Their sustained elevationis
because of acombination of factors, including lithospheric thickness
(Fig. 1i), flexural uplift*?*?, mantle convection’® and dynamic mantle
support'®¥3* Escarpments climb into higher terrain through headward

erosion, causing them to retreat further inland®. This rapid retreat
stops on reaching a point at which it functions as a pinned drainage
divide, thatis, afixed boundary between drainage basins. For example,
inresponse to tectonic uplift, the westward-draining Karoo River of
South Africa (proto-Orange River; Extended Data Fig. 4a) incised adeep
channel through the Great Escarpment* at 120-110 Ma (refs. 29,43),
paving the way for fluvial erosion of the hinterland plateau**. Because
eroded sediments are largely transported westward into the Orange
Basin, this phase of onshore denudation—a west-to-east ‘wave’ of
erosion**—is recorded as a step increase in sediment accumulation
ratesin marine archives?®**°, Drainage systems, which shaped plateau
evolution, may have fundamentally responded to mantle processes
(for example, delamination)>*4%# following break-up. However,
the nature of these geodynamic processes and their connections to
geomorphology remain poorly understood.

Modelling mantle-surface connections

Considering this gap, we investigate the influence of rifting and mantle
dynamics on regional exhumation patterns. We use numerical ther-
momechanical simulations, building on our earlier work™ and apply-
ing conditions and material properties deemed reasonable within
the context of previous geodynamic studies (Methods and Extended
DataTable1). Our simulations show that Rayleigh-Taylor (convective)
instabilities®'°, with characteristic wavelengths of about 50-100 km,
form at lithospheric edges beneath the rift". The simulations show
that instabilities are initiated by: (1) upward suction of low-viscosity
mantle beneath therifting lithosphere, causing the first delamination
event (Fig.2a); (2) formation of alithospheric edge during continental
necking, inducing lateral temperature and viscosity gradients that
generate edge-driven convection cells (Fig. 2c); and (3) sequential
delamination (Fig. 2c-g), which combines with (2) to produce com-
plex, edge-driven convection patterns. Delamination exploits the den-
sity and strength contrast between the colder lithosphere and hotter
asthenosphere across the thermal boundary layer (TBL)™. Instabilities
migrate cratonward at a rate of 15-20 km Myr™, sequentially removing
the TBL to drive adiabatic upwelling of asthenosphere and kimberlite
volcanism" (Fig. 2).

Although our reference model is 300 km deep and is pulled on one
sideonly (Fig.2), we further assessed theimpact of symmetricboundary
conditions, different extension velocities (5and 20 mm yearinstead of
10 mmyear™) and the vertical extent of the model domain (to 410 km;
Methods and Extended Data Fig. 5). In all scenarios, the process of
sequential delamination occurs as in the reference model, with no
marked change in instability spacing (Supplementary Videos 1-4).
Migration rates differ only slightly from the reference model (that is,
11to 15 km Myr™ for the symmetric model) and are in full agreement
with observational constraints.

We next ask how much crustal exhumation could realistically be
driven by lithospheric removal. Our simulations imply that the lith-
ospheric keel is removed rapidly over distances of hundreds of kilo-
metres parallel to the continental break-up boundary (Fig.2). The area
of removed keel subsequently propagates hundreds of kilometres
inland of the break-up zone. Thus, the footprint of the region in which
thelithosphere hasbeen thinned by removingits keelis much greater
than the elastic thickness of the lithosphere. Therefore, we can use a
simple Airy isostatic case to estimate the magnitudes of surface uplift
and erosion. Rapid thinning of the lithosphere causes initial uplift at
Earth’s surface of:

s= bA—p @

a

in which b is the thickness of the lithospheric keel that has been
removed, p, is the density of the asthenosphere and Ap is the mean
density difference betweenthelithospheric keel and the asthenosphere
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Fig.2|Geodynamic models of rift evolution. a-g, The sequential migration
of Rayleigh-Taylor instabilities along the lithospheric keel, causing convective
removal of the TBL (beige). This process, migrating atarate of 15-20 km Myr™,
drives a“‘wave’ ofisostatic upliftand surface denudation that similarly migrates
acrossthecratonatacomparablerate, andinsome cases, moreslowly,
reflecting delayed landscape response times. The spatial and temporal extent
of this processis limited by the width of the continent. Rift onset occurs 10 Myr
before the time step shownina, with continental break-up and seafloor

(not to be confused with the density difference between the astheno-
sphere and the crust; see Extended Data Fig. 6 for aschematic).

Itis well established that uplift drives intensified surface erosion®,
leading to furtherisostatic rebound. For theendmember case in which
the new surface upliftis eroded back to the original base level, the total
amount of denudationis given by:

)

330 | Nature | Vol 632 | 8 August 2024

Time since rift onset: 10 Myr

1,400
o
< 1,300
e
2
o
g 1,200
aQ
5
= 1,100
N . By 1,000
Time since rift onset: 20 Myr
P 10718
3
% 1014
% 10715
k7
o |§107®
£
£
£ o7
Time since rift onset: 30 Myr &,
3 10-18

Sequential delamination of weak,
metasomatized lithosphere

Time since rift onset: 40 My

Delamination event destabilizes
neighbouring patch of weak lithosphere

Time since rift onset: 50 Myr

Continentward migration
of instabilities at 15-20 km Myr~!

Time since rift onset: 60 Myr

Tim since rift onset: 70 My

600 1,000
Distance from final COB (km)

1,200 1,400

spreading occurringintimesteps cand d, respectively. Note that the reference
frameischosensuchthattheright continentis fixed, whereas the left
continentis moving at10 mm year. Values provided above eachimage on
theleft-hand side show timing relative to continental break-up in panel c.
Theimagesare adapted fromref. 11, which provides the animation for this

reference model. In the simulations (see Supplementary Videos1-4), the
rift-border fault, or proto-escarpment, is100-300 km from the COB.

inwhich p_is the density of the eroded crust (Extended Data Table 2).
Combining these two expressions gives the maximum amount of denu-
dationin terms of the thickness of lithospheric keel removed:

Ap
d=b-"F—
p-A. )

Using indicative density values (Extended Data Table 2), the iso-
static factor relating lithospheric keel thickness to initial surface uplift



(equation (1)) is 0.003. The isostatic factor that relatesinitial uplift to
maximum denudation (equation (3)) is 0.03-0.04; that is, the total
erosion can be about an order of magnitude greater than the initial
uplift. If the entire lithospheric TBL is removed, equivalent to remov-
ing an approximately 35-km-thick keel", the initial uplift (equation (1))
will be about 50-100 m. This uplift can then be amplified by erosion
(equation (3)), resulting in total denudation of approximately 0.8 km
but, sampling for a range of variables (equations (1)-(3); Extended
Data Table 2), plausibly lies in the range 0.5-1.6 km (Extended Data
Fig.7). Combininginsights derived from our geodynamic simulations
and analytical models, we anticipate that cratonic exhumationona
kilometre-scale should occur in the several tens of millions of years
after break-up, and crucially, that the locus of denudation should pro-
gressively migrate inboard of escarpments over time (Fig. 2). Both
predictions can be tested using surface-process constraints.

Constraints from thermochronology

To examine the exhumation histories of cratons, we turn to thermo-
chronology. Although muchwork has focused on escarpmentretreat
rates, which are relatively low (roughly 1 km Myr™)%, we are primarily
concerned with the long-wavelength patterns (covering distances
of102-10° km) of exhumation across cratons. We first compile pub-
lished thermal history models, mainly from apatite (U-Th)/He (AHe)
and apatite fission track (AFT) analyses (Extended Data Table 3)
spanning a classic intracratonic region, the Central Plateau of South
Africa®*?5314448-50 (Fig 1b and Extended Data Fig. 4). Many of these
careful measurements were collected by Stanley et al.>****, who com-
piled AFT and AHe ages for the region™ and documented a major phase
of Cretaceous cooling across Southern Africa. The thermochronology
data used in the original models, mostly derived in previous studies
using the inverse modelling software HeFTy*', can potentially be rec-
onciled by afield of viable time-temperature (¢-T) paths. To estimate
the most probable timing of cooling and evaluate uncertainties across
47 plateau sites, we use published best-fit t-T paths, upper and lower
envelopes encompassing time uncertainty and individual model ther-
mochronology curves (Extended Data Table 3). Thisinformation allows
usto estimate the total temperature drop (°C), maximum rate of tem-
perature drop (max(d 7/d¢), measured in °C Myr™) and its correspond-
ing timing (tmax‘l—:), along with associated model uncertainties. We
assess max(d7/dt) over a2-Myr symmetric (rectangular) moving win-
dow (see Methods).

Our analysis confirms a protracted history of exhumation, with
an acceleration in cooling between 120 and 110 Ma (Extended Data
Fig. 8a), as recognized in previous studies*”. This phase of exhuma-
tion coincides with a step change in kimberlite petrogenesis prob-
ably related to lithospheric removal*. In this region, denudation
rates may have peaked at 175 m Myr during the Cretaceous*®. Such
rates are anomalously high when viewed in the context of long-term
cratonic erosion rates (about 2.5 m Myr™) and high even with respect
to young, high mountain belts'?, making them difficult to explain in
the absence of mantle forcing. The erosion was probably driven by an
isostatic response to partial removal of lithospheric mantle™*, sup-
ported by geochemical evidence for lithospheric delamination from
deep kimberlite-hosted xenoliths**4%#, Indeed, geothermometry of
kimberlite xenoliths from the Kaapvaal Craton of South Africaindicate
that upper-mantle temperatures were approximately 100 °C hotter
after 100 Ma (ref. 47), pointing to profound thermal, chemical and
petrological modification of cratonic lithosphere at this time!#%2,

Although a component of the modelled cooling could be post-
magmatic (thatis, directly related to kimberlite volcanism), magmatic
cooling is expected to be rapid (<10 kyr), in contrast to the longer-
wavelength cooling trends observed (typically >2 Myr; Methods).
Nevertheless, we evaluate this possibility by performing further
modelling that conservatively removes all cooling spatiotemporally
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Fig.3|Exhumation of the Central Plateau of Southern Africa through time.
a, Hexagonal heat map showing the statistically defined times of maximum
temperaturedrop (tmax‘%) from thermochronology at 47 sites across the
plateau (Extended Data Table 3). This plot was generated using Monte Carlo
sampling (20,000 samples per site) of the estimated time and distance
uncertainty ateachssite (see Methods and Extended Data Fig. 8b). b, Hexagonal
heat map showing the estimated total exhumation for eachssite (47 sites,
20,000samples per site) from180 to 0 Ma using best-fit thermal history
models and accounting for uncertainties in distance and geothermal gradient
(see Methods and Extended Data Fig. 8c). ¢, Histogram of sampled total
exhumation (n=940,000), with mean and median values of 4.35and 4.06 km,
respectively.d, Density plot showing the apparent continentward migration
rates of maximum cooling at thermochronology ssites (n = 784,659 samples, or
87%outof940,000; that is, post-break-up cases only) relative to the timing of
continental break-up at the South Atlantic COB (135 Ma)**. The medianrate is
19.1km Myr™and the10thand 90th percentilesare 7.7 and 55.2 km Myr™,
respectively.

associated with kimberlites (Methods). This analysis confirms that
magmatism can theoretically only explain a very small portion of the
broad cooling trend observed over time (Extended Data Fig. 8a). The
first-order trends are more consistent with denudation, as suggested
previously*s,

Focusing on the Central Plateau, inwhich thermochronological data
coverage is extensive (Extended Data Fig. 4), we examine spatial
changes in exhumation through time (Fig. 3). Abrupt exhumation
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started near the South Atlantic margins during UpperJurassic to Lower
Cretaceous rifting?***%%5* and progressed eastward (Extended Data
Fig.4b), perhapsreflecting erosional scarp retreat processes>**** (dis-
tinct from the earlier Great Escarpment that remained fixed near the
plateau edge; Fig.1). To further investigate this migration pattern, we
analyse the timing of maximum cooling, tmaxi—f, across the plateau in
relation to the distance from the South Atlantic rifted margins®*. We
find that,ingeneral, thelocus of uplift and denudation migrates inboard
of continental margins after break-up (Fig. 3a and Extended Data
Fig.8b)and does so at amedian rate of19.1 km Myr™ (Fig. 3d), overlap-
ping with the migration rates of convective instabilities in our simula-
tions (Fig. 2) and kimberlite volcanism™. This trend is consistent with
aprogressive decrease in AHe ages (using data from ref. 18) towards
the east of the plateau (Extended Data Fig. 9).

Our analysis of thermal history models for Southern
Africa®?314448505355 indicates that the greatest plateau exhumation,
averagingaround 4 kmintotal since 180 Ma (sampling for uncertainty
ingeothermal gradients; Fig. 3b,c and Extended Data Figs. 4c and 8c),
occurs for tens of millions of years after break-up, consistent with off-
shore sedimentaccumulation records'®*>*5, In Southern Namibia, the
escarpmentand interior plateau show similar timing and magnitudes
of exhumation relative to South Africa, starting in the lowlands and
shiftinginto the continental interior tens of millions of yearslater (see
Methods section ‘Testing broader applicability’). In Eastern Brazil
(Fig. 1a), exhumation shifts from the continental margins (lowlands)
duringrifting and break-up—where it persists long after break-up—into
the continental interior tens of millions of years later*®*’ (Extended Data
Fig.10d). The available AHe ages show a general, though imperfect,
trend towards younger ages cratonward, in good agreement with model
predictions (Extended Data Fig. 10c). Although more work is needed
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wave width, velocity, relative densities and initial topography; see Methods).
d, Plot of the misfit function () calculated by assuming optimum plateau
height, denudation and final position of the drainage divide (Methods). Note
thatamisfit value <1means that these conditions are met and white contours
indicate where thisis true. ‘X’ denotes the position of the model (in parameter
space) shownina-c.Dashed line denotes the maximum limit of acceptable
values for K;that would allow the plateau to survive to the present day.

to establish spatiotemporal variations related torifting and break-up
across the continents, these first-order patterns hint at a widespread
process common to cratons.

Landscape and geomorphic evolution

Rather than proposingadirect link between the rate of mantle convec-
tive removal and escarpment retreat, we suggest thatalong-wavelength
front of erosion migrates across the continent, tracking expected rates
of convective removal. Although our geodynamic model cannot be
usedtodirectlyinterpret changesinsurfacetopography, it can predict
general areas of uplift and erosion over time (Fig. 2). To test whether
our modelis consistent with basic geomorphic principles, we thus use
the well-tested landscape-evolution model Fastscape™®. Fastscape is a
‘plan-view’ model that solves the stream power law (SPL) and flexure
equations in 2D (x and y directions) to compute a vertical surface dis-
placement and secondary quantities such as erosion, erosion rate and
drainage area (for governing equations, see Methods). We first use this
modelto predict the topographic and erosional characteristics forced
by a Gaussian-shaped wave of uplift that migrates laterally with aveloc-
ity of 20 km Myr™and that is characterized by a half-Gaussian width of
200 km, propertiesinformed by simulations (Fig.2). The model assumes
aninitial plateau topography of 500 m and an erodibility coefficient, K,
of1x107° m°®?year™ (Methods). The model shows the predicted topog-
raphy, total erosion and erosion rate at 5-Myr time steps over 50 Myr
(Fig. 4a-c). Our preferred model falls in the range of plausible values
for three key variables, namely, plateau height, total denudation and
the final position of the drainage divide (Fig. 4 and Methods).

To explore the most probable range of K;and initial plateau heights
(h,), we perform 120 numerical experiments of landscape evolution
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Fig.5|Predicted thermochronological agesin the surface-process model.
Predicted ages from Fastscape for the AHe (a) and AFT (b) systems, assuming
threedifferent geothermal gradients and considering the same case as before,
runfor 50 Myr (thatis, model ‘X"inFig. 4). Each point represents ages computed

(Extended Data Figs. 11 and 12) to calculate the misfit function (u)—a
mathematical function that measures the discrepancy between the
modelled values of a system and the empirical observations of that
system—assuming an optimal plateau height (1,650 + 250 m), a total
amount of denudation (2,750 + 500 m) and the final position of the
drainage divide (650 + 100 km; Fig. 4d). Where the predicted values of
the model fall between the assumed optimal value and uncertainty are
showninFig.4d, these suggest that arange of values for h,, between O
and 1,000 m, provide agood fit toboth observational constraints and
models (Fig.4). The models confirm that, although initially shaped by
mantle processes near therift, escarpments retreatinboard of the rift
andstall at arelatively early stage tobecome a pinned drainage divide.
Nevertheless, the broad wave of uplift and denudation continues to
migrate towards the cratoninterior (Fig.4b,c), asis generally observed
(Fig. 3a). Further, the modelled pattern of erosion across the plateau
(Fig.4b) isin good agreement with observations (Fig. 3b).

Using Fastscape to compute predicted ages for AHe and AFT (Meth-
ods), we identify two distinct regions of AHe reset ages (Fig. 5): one
along the escarpment related to continuing escarpment retreat (at
which the youngest ages are typically found in South Africa'®) and one
on top of the plateau, with ages becoming younger from west to east
inresponse to the eastward propagation of the mantle forcing (Fig. 4).
AFT ages exhibit either minimal or no resetting on the plateau owing
tothe higher closure temperature of this system (Fig. 5). Consistently,
thermochronology dataindicate a wider range of AHe and AFT ages
near escarpments (Fig. 3a and Extended DataFigs. 9 and 10). The models
help explain cases at the northeastern fringes of the Central Plateau,
at which either gradual or minimal exhumation occurred during the
Mesozoic®—sites that fall outside the main catchment of the Karoo/
Orangerivers (Extended Data Fig. 4a), constraining the probable north-
eastern limit of erosional propagation. Generally, the main patterns
observed in our model (Fig. 5) show good agreement with data from
Southern Africa and Brazil, with AHe ages being predominantly younger
than AFT ages (Extended DataFigs. 9 and 10). Overall, this model serves
asauseful benchmark to guide future thermochronological effortsin
suchregions.

Deep Earth forcing of craton exhumation

Our findings show that a migrating wave of uplift (Fig. 3a-c), forced
by sequential delamination of lithospheric keel, can generate a stable
flat plateau even though thousands of metres of rock have been eroded

ona2lx2l-pointgrid. The solid lines denote the mean (inthey direction) and
the shaded areas correspond to the mean + the standard deviation (inthey
direction). For comparison with observed datain Southern Africaand Eastern
Brazil, see Extended DataFigs. 9b and 10c, respectively.

(Fig.4a-b). Estimated exhumation magnitudes from thermochronol-
ogy spanning the past180 Myr (Fig.3b) are considered as upper-bound
estimates, considering the partial preservation of Upper Cretaceous
kimberlite pipes in Southern Africa® that may imply bedrock erosion
of 1.0-1.5 km, at least locally, since that time?*. Although our analyti-
cal models suggest amaximum likely denudation of about 1.6 km due
purely todelamination, these estimates do notaccount for uplift related
to dynamic mantle support*, which may superpose to the vertical
motiontied to convective delamination. Further, the analytical models
do not consider density changes resulting from melt metasomatism
in the lower lithosphere™ nor do they consider longer-term (that is,
about 10 Myr) lithospheric thinning owing to convective removal. Geo-
dynamic models suggest that such thinning® can lead to extra uplift
of more than 500 m.

Our model can explain the gradual eastward wave of exhuma-
tion across the Central Plateau**, which intensified during the Late
Cretaceous (100-80 Ma; Fig. 3) and is consistent with plausible
topography-formationscenarios®*¢. Notably, peak exhumation rates
(Extended DataFig. 8a) coincide with the highest frequency of kimber-
lite eruptions after 100 Ma (ref. 11). Collectively, our current and previ-
ous work" suggests that both processes are related to the sequential
disruption of lithospheric keels (Figs. 2 and 5) but may operate on dif-
ferent timescales: kimberlite volcanism occurs rapidly, whereas uplift
and denudation may (or may not) occur more slowly, reflecting slower
landscape-response times that are modulated by regional differences
in climatic and drainage conditions.

We infer that the overall trend in exhumation magnitude, with two
prominent clusters on the plateau (Fig.3b), is controlled by the evolu-
tionof the fluvial landscape over tens of millions of yearsin response to
delamination of lithospheric mantle keel (Figs. 4b and 6). While alter-
native topography-formation scenarios propose up to1 km of plateau
uplift in the Cenozoic'®, global-scale landscape-evolution models—
incorporating palaeoelevation and palaeoclimate forcings—simulate
low erosion rates across the plateau during this time*¢, consistent with
observations®. Even at the Cenozoic peak, sediment volumes in the
Orange Basin were approximately an order of magnitude lower than
those of the Late Cretaceous**¢, indicating much lower denudation
during any late-stage plateau uplift. Although our model does not pre-
clude a second plateau uplift phase during the Cenozoic, it favours
primary topography formation during the Cretaceous. Nonetheless,
prolonged low erosion rates over the Cenozoic shaped the present-day
low-relief topography*.
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Fig. 6 | Simplified conceptual model of rifting, escarpment formationand
exhumation of cratoninteriors. a, Rifting causes edge-driven convectionin
the mantle, rift-flank uplift and escarpment formation. b, Rayleigh-Taylor
instability migrates along the lithosphericroot, resultingin convective
removal of the TBL of the lithospheric keel, driving kimberlite volcanism®,
isostatic upliftand denudation. ¢, Escarpment becomes a pinned drainage
dividethatislocally breached by the mainrivers draining the plateau.
Meanwhile, the convective instability continues to migrate towards the
continentalinterior, leading toisostatic uplift, ashiftin the locus of erosion
and plateau formation (Fig. 4).

Surfacerecord of continental break-up

Overall, our findings reveal a mechanistic linkage between continen-
tal rifting, escarpment formation and exhumation of craton interi-
ors (Fig. 6), challenging the notion of ‘passive’ margins (supporting
refs. 30,50,55). Our model identifies a common sequence of events
during continental break-up, which includes: (1) rifting and escarp-
ment formation; (2) full break-up and pinning of the escarpment; and
(3) rift-driven delamination of lithospheric mantle, which sequentially
migratesinboard of therift zone (Fig. 2). Similarly, bedrock exhumation
migrates sequentially, persisting for several tens of millions of years
afterrift cessation (Fig. 3). This exhumation, related to organized pla-
teau growth (Fig. 4), offers a new explanation for the inferred secular
exhumation of otherwise stable cratonic interiors®, explaining their
enigmatic rejuvenation long after rifting and break-up (Fig. 6). Given
that continental erosion strongly influences global chemical weather-
ing intensity and palaeoclimates, this framework offers new insights
into how the deep Earth regulates climate and biosphere evolution
over geological timescales.
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Methods

Mapping the great escarpments

We model escarpment features using the SRTM void-filled 15-arcsec
GMTED2010 datasets digital elevation models (DEMs) from the United
States Geological Survey (USGS). In the ESRI ArcMap 10.7.1 geodata-
base, DEMs are mosaicked to produce composite raster DEM datasets,
which we then use to map escarpments (in the World Geodetic System
1984 (WGS84) geographic coordinate system), using the Spatial Analyst
toolset (slope, aspectand curvature). We then generate 100-m contours
for the DEMs using the Spatial Analyst contour tool.

Triangulated Irregular Network (TIN) surfaces are generated using
the Create TIN (3D Analyst) tool from the 100-m contour polyline data-
sets. TIN generation uses the Delaunay method of triangulation and
WGS84 Transverse Mercator projected coordinate system. TIN sur-
faces are composed of mass points (TIN nodes), hulls and breaklines
(hard and soft). The hard breaklines generated across TIN surfaces
isolate breaksin slopethat characterize escarpments. Isolation of hard
breaklines (export as aseparate polyline layer) is carried out using the
TINLine (3D Analyst) tool. We then use manual editing to isolate those
breaklines that represent escarpments by alternating between slope,
aspect, DEM and curvature base layers.

Characterizing escarpment orientations
We next compare the orientation of discrete segments of escarpments
andtheirassociated COB (Extended DataFig.2). The mapped distribu-
tions of COBs are well established and described in key syntheses of
plate-tectonic data***°. However, we expect COBs to have some associ-
ated uncertainties, largely because these are zones rather than precise
linear boundaries. For context, the global mean half-width of the COB
‘transition zone’ is approximately 90 km (ref. 61). As such, our distance
analyses (Fig.1g) described below is expected to carry uncertainties of
+90 km. Inour analysis, we do not explicitly account for uncertaintiesin
estimated distance toagivenrift section, because these uncertainties
are expected to be spatially correlated (that is, the same uncertainty
value would apply to all points along a specific escarpment). COBs are
exported from the open-source plate-tectonic software GPlates*®°
(https://www.gplates.org/). To enable this comparison, itis necessary
to generate shapefiles for the escarpments with roughly equivalent
complexity (degree of cartographic generalization) as the associated
COBs. Toachieve this, we use the open-source geographicinformation
system applications QGIS (v3.16; https://www.qgis.org/) and GRASS
(https://grass.osgeo.org/). Calculations are performed in the statisti-
cal computing package R (ref. 62; https://www.r-project.org/), using
libraries sf (Simple Features)®®, geosphere®, Iwgeom and nngeo®.
We use a buffer to find the midline, or skeleton (simplified escarp-
ment), in GRASS. This is done by: (1) converting each escarpment
from WGS84 (EPSG:4326) to an appropriate projected coordinate
system with units of metres, not degrees; (2) generating a (merged)
50/100/500-km buffer around each escarpment; (3) reducing by buff-
ering again by —45/-99/-495 km; (4) applying the v.voronoi.skeleton
functionto compute the midline. These simplified shapefiles are then
readinto the R package to estimate the difference in tangent between
theescarpmentand continentboundary using the following procedure.
We read in these simplified escarpment and COB shapefile and
define points (p(i)) every 10 or 50 km along each escarpment line. At
each point, p(i), we then find the tangent, Tp(i), using the points either
side (+10 or £50 km) of the point of interest (Extended Data Fig. 2). We
approximate the tangent by taking the line between p(i — 1) and p(i + 1).
Wethen calculate the perpendicular tothe tangent, L(i), and define the
closest point of intersection, x(i), of line L(i) with the COB. Next, we
calculate the tangent of the COB at x(i), Tx(i). We approximate Tx(i) by
generating al0-km or 50-km buffer around the point x(i). We then find
the points of intersection of Tx(i) and the circular buffer (at which the
boundary line enters and leaves the buffer) and use the line between

these intersection points to estimate the angle. Finally, we calculate
the difference (in degrees) between the tangents Tp(i) and Tx(i) and
then the distance between points p(i) and x(i) (Fig. 1g-h, Extended
DataFig. 3).

Analysing distances between escarpments and COBs

The escarpment polylines are exported from ArcGIS as shapefiles,
matchingthe format of the COB files. We analyse the first-order spatial
andtopological attributes of both features using the R package, specifi-
cally, the sf®, Iwgeom, nngeo® and geosphere®* packages.

Nodes are defined at a spacing of every 10 km along both escarp-
ment and COB polylines. The original coordinate reference system,
GCSWGS84, is converted to appropriate EPSG codes for each region,
allowing us to calculate distances in metres. Escarpment shapefiles
are subsequently cleaned and converted to spatial features objects.
Bounding boxes (buffer/crop) are defined for COBfiles, increasing the
efficiency of searching for the closest point between escarpment and
COBnodes. After croppingis complete, COB shapefiles are converted
to spatial features objects. We use the dist2Line function to calculate
theshortest distance in metres between escarpments and COBs (Fig.1g
and Extended Data Fig. 3a-c), with mean distances calculated using
the ddply package®. Standard deviations are calculated for each plot
using the sd function in the stats package inR.

Lithospheric-thickness analysis

We analyse lithospheric-thickness distributions for the escarpments
using two different global reference models, LITHO1.0 (ref. 41) and
LithoRef18 (ref. 42). We perform surface interpolation from the vector
points map by splines (0.1° cell size) using the GRASS function v.surf.
rst. Next, we generate regular points along the length of escarpment
shapefiles at 1.0° (approximately 110-km) intervals, using a QGIS vec-
tor geometry tool (points along a geometry). This chosen resolution
isbroadly commensurate with the resolution of the global models*"*,
Using these specified sampling points, we then use the Point Sam-
pling Tool in QGIS to obtain lithospheric-thickness values at each point
from the interpolated raster map, and visualize the results for each
escarpment using the boxplot function in Matlab R2021b (https://
www.mathworks.com/products/matlab.html) (Fig. 1g). The range of
lithospheric-thickness estimates for each escarpment using both of the
above models are givenin Extended Data Fig. 3g. It must be noted that
LITHO1.0 returns what we suggest to be high estimates, being on aver-
age10-15% higher than the corresponding LithoRef18 values (Extended
Data Fig. 3g). This discrepancy probably arises because the density
structure and geometry of boundariesin LITHO1.0 are not optimized to
satisfy field dataand lithospheric-thickness proxies, which may result
in overestimation of the LAB beneath thick continental lithosphere*.,
Therefore, although we provide both measures for completeness,
we consider the LithoRef18 values to give amore accurate picture of
lithospheric thickness beneath the escarpments.

Thermomechanical models

We use the finite element code ASPECT®*’ to compute the dynamic
evolution of lithosphere and asthenosphere over a100-Myr period.
This geodynamic software solves the conservation equations of
momentum, mass and energy for materials undergoing viscoplastic
deformation’. We thereby use experimentally derived flow laws that
account for temperature, pressure and strain-rate-dependent rheolo-
gies (Extended Data Table 1). The models are driven kinematically by
prescribing velocity boundary conditions at lateral sides. The simula-
tions generate a narrow rift that migrateslaterally”’, leading to a delay
of lithospheric break-up. In agreement with previous work, pressure
gradients beneath theriftinduce pronounced rotational flow patterns’
within the asthenosphere. This flow destabilizes the base of the thermal
lithosphere adjacent to the plate boundary, forming Rayleigh-Taylor
instabilities that evolve self-consistently by sequential destabilization.
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Next, we describe the geometric and thermomechanical setup, along
with the model limitations.

The domain of our reference model (Fig. 2) is 2,000 km wide and
300 km deep and consists of 800 and 120 elements in the horizon-
tal and vertical directions, respectively. We chose a vertical model
extent of 300 km depth to encompass the low-viscosity asthenospheric
layer that is particularly prone to accommodating rapid mantle flow
(an extent of 410 km is also tested). Although the lower boundary of
this weak layer is not well defined, amodel depth of 300 kmincludes:
(1) theregionbeneath the lithosphere in which seismic anisotropy indi-
catesahigh degree of deformation (for example, ref. 73); (2) the depth
range at which dislocation creep dominates deformation, leading to
particularly low viscosity (for example, Fig. 10c in ref. 74); and (3) the
highest depth at which carbonated melts can be expected to further
reduce rock viscosity (for example, ref. 75). In our model, the initial
distribution of material involves four homogeneous layers: 20-km-thick
upper crust, 15-km-thick lower crust, 125-km-thick mantle lithosphere
and 140-km-thick asthenosphere. To initiate rifting in a predefined
area, we define a weak zone that features a 25-km-thick upper crust
and 100-km-thick mantle lithosphere representing typical mobile belt
conditions*. These layer thicknesses gradually transition to ambi-
ent lithosphere over about 200 km. For visualization purposes, we
distinguish a 30-km-thick asthenospheric layer beneath some parts
of the lithosphere as a simplified representation of metasomatized
mantle.

The flow laws of each layer represent wet quartzite’, wet anorthite”’,
dry olivine™ and wet olivine™ for upper crust, lower crust, mantle litho-
sphereand asthenosphere, respectively (see Extended Data Table 1for
rheological and thermomechanical parameters). Our model involves
frictional strain softening defined through a simplified piecewise linear
function: (1) between brittle strain of 0 and 1, the friction coefficient is
linearly reduced by afactor of 0.25; (2) for strains larger than 1, the fric-
tion coefficient remains constant at its weakened value. Viscous strain
softeningisincluded by linearly decreasing the viscosity derived from
the ductile flow law by afactor of 0.25 between viscous strains O and 1.

In our reference model, we use velocity boundary conditions with
a total extension rate of 10 mmy™, equivalent to 10 km Myr™. To test
the sensitivity of our overall findings to this extension rate, we varied
the extension velocity to slow (5 mmy™) and fast (20 mmy™) (Sup-
plementary Videos 2 and 3, respectively). In these cases, we found that
the process of sequential delamination still occurs as described inthe
reference model. Furthermore, we conducted two model runs to assess
theinfluence of time-dependent extension velocities and verified that,
inthese cases, the key results remain unchanged. Material flux through
theleft boundary is balanced by a constant inflow through the bottom
boundary. The top boundary features a free surface®. For simplicity,
we fix the right-hand side of the model. However, we verified that our
conclusions do not change substantially if extension velocities are
distributed symmetrically at both side boundaries (Supplementary
Video1). For example, in this symmetric model, three instabilities are
generated with migration rates of 20 and 16 km Myr™ (when meas-
ured relative to the absolute reference frame) that translate to 15 and
11 km Myr™, respectively, whenaccounting for rightward advection with
5km Myr (thatis, in the reference frame of the continent). These val-
ues fit reasonably well to the reference model (15-20 km Myr™; Fig. 2).

Thesurface and bottom temperatures are kept constantat 0 °C and
1,420 °C, respectively, whereas lateral boundaries are thermally iso-
lated. Theinitial temperature distributionis analytically equilibrated
along 1D columns before the start of the model by accounting for crus-
tal radiogenic heat contribution, thermal diffusivity, heat capacity
and thermal boundary conditions. We associate the bottom of the
conductive lithosphere with the initial depth of the compositional
LAB at a temperature of 1,350 °C. Below the lithosphere, the initial
temperature increases adiabatically with depth. To smooth the initial
thermal gradient between the lithosphere and the asthenosphere,

we equilibrate the temperature distribution of the model for 30 Myr
before the onset of extension.

The development of sequential instabilities and their migration
velocity is a function of sublithospheric viscosity™. The occurrence
of seismic anisotropy in the shallow asthenosphere suggests that
deformation is dominated by dislocation creep”®. We therefore use a
nonlinear flow law using experimentally derived values for dislocation
creepinolivine™, suchasan activation energy of 480 k] mol™. Previous
numerical models have shown that the occurrence of delamination
is particularly controlled by the activation energy’®, with a permis-
sible range of 360-540 k) mol™. To explore the effect of activation
energy on migrating instabilities, we conducted modelling experi-
ments in which we varied the asthenospheric activation energy while
keeping all other parameters constant. By decreasing the activation
energy to 440 k) mol™, the viscosity of the shallow asthenosphere and
metasomatized layer became roughly two times smaller. As a result,
the lateral migration rates of the instabilities generated by this model
were about twice as fast as in the reference model. The proportional-
ity further agrees with estimates of migration speed from analytical
considerations™. Rheological experiments as well as numerical and
analytical modelling therefore indicate that the process of sequential
delaminationis plausible and that migration takes place at rates of tens
of kilometres per million years—a speed that is comparable with the
inferred wave of surface erosion within the plateau (Fig. 3).

Finally, we assessed the potential impact of the chosen model
domain onour findings by increasing the depth to 410 km (Extended
Data Fig. 5 and Supplementary Video 4). We chose this depth extent
to avoid complexities associated with phase changes in the mantle
transition zone. Most notably, this model shows that the process of
sequential delamination occurs independently of the depth of the
model domain. The migration velocity of the instabilities in this run
is slightly more variable than in the shallower reference scenario but
averages at a value of 15-20 km Myr™, identical to that of the refer-
ence model. Notably, the spacing between two instabilities does
not increase proportionally to the height of the convection cell. The
410-km model features convection cells approximately twice as high
asinthereference model, whereas the distance between instabilities,
when measured at the depth of the TBL, remains very similar (that is,
the mean spacings for the reference model and 410-km model are 269
and 255 km, respectively). These observations lead us to conclude
that, for the models to yield meaningful results, the TBL must be thin
relative to the height of the convection cell-acriterion metinall cases
described in our paper.

Wheninterpreting our results, the following model limitations must
be kept in mind. (1) We focus on first-order thermomechanical pro-
cesses and do not explicitly account for chemical alterations, melt
generation and magma ascent. (2) For simplicity, we assume that the
initial depth of the LAB does not vary on the thousand-kilometre scale.
We verified that gradual changes in morphology of the initial LAB did
not affect our overall conclusions. (3) For simplicity, we neglect further
processesinour generic modelling strategy that may be deriving from
theimpingement of mantle plumes, along-strike lithospheric hetero-
geneities and large-scale mantle-flow patterns.

Analytical models and Monte Carlo simulations

We performed analytical modelling to estimate the magnitude of uplift
and denudationresulting from the removal of the cratoniclithospheric
keel, asdescribedinref. 11, using the parameters provided in Extended
Data Table 2. It must be noted that this experiment considers only the
density contrast between colder lithosphere and hotter asthenosphere™
and does not include compositional changes, for example, related to
melt metasomatism. We assess the likely magnitude of erosion and
denudation (equations (1)-(3)) by performing a Monte Carlo simula-
tion, sampling parameters from probability distributions. We applied
bothuniformand beta distributions to represent natural variability in
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the parameters (Extended Data Table 2). For simplicity, we assume beta
distributions with a standard deviation of 30% of the mean.

For the unstable TBL or keel, we considered a thickness (b) range of
17-18 km, asinferred from xenolith geothermanalysis" (see Extended
DataFig. 6 foraschematic). This value represents half of the total thick-
ness of the TBL, with the LAB situated near its middle. Similarly, the
temperature increase across this layer, AT, is expected to lie in the
range 140-165 °C, based on xenolith geothermanalysis™. Because our
primary focusis onthe southern Africaregion, in which the most ther-
mochronological constraints are available (Fig. 3), we used a range
of densities of the eroded rock (p.) of 2,800-3,000 kg m™ (ref. 80)
to reflect a dominantly basaltic catchment in this region during the
Cretaceous®**%, The uniform and beta distributions yield mean and
maximum values for denudation of approximately 0.8 and 1.6 km,
respectively (Extended DataFig. 7). Over an extended time frame, that
is, 10°-10" years, dynamic mantle support will invariably increase this
value.

Thermochronological analysis

In our study, we test a geodynamic model (Fig. 2) by determining the
spatial trends of, and total amount of, cooling (related to exhumation)
over a specific interval, that is, 180-0 Ma. Because we are concerned
with the exhumation history of cratons, we mainly restrict our study
tothoseregionsinboard of escarpments (that s, hinterland plateaus).
We compile the thermal histories for atotal of 47 sites across arguably
the most classic example, the Central Plateau of Southern Africa
(Extended DataFig. 4). Details on the thermal models used in the orig-
inal thermochronology work are provided in Extended Data Table 3.
To estimate the most probable timing of cooling and evaluate uncer-
tainties across the 47 plateau sites (Extended Data Table 3), we use
published best-fit ¢~ T paths, upper and lower envelopes encompassing
time uncertainty, and individual model thermochronology curves
(Extended Data Table 3). This information allows us to estimate the
maximum temperature drop (max(d7/d¢)) andits corresponding tim-
ing (tmax‘l—f), together with associated model uncertainties. Estimation

oftmax‘é—: is not exact, particularly for sites that exhibit prolonged,
gradual temperature change or with highly uncertainthermal histories.
Different sources also estimate and present thermochronological
uncertainty in different ways. Thus, for each site, we calculate a best
estimate for tmaxi—: (denoted t,,;;in Extended Data Table 3), together
with arange (thatis, ¢, and t,,,,,) accounting for available (published)
model data and uncertainty estimates. These are shown as error bars
inExtended Data Fig. 8 and are summarized in Extended Data Table 3.
Using t.in, tmia and £ay, We then fit a simple beta distribution to enable
Monte Carlo sampling of the time uncertainty at each site (Fig. 3a,b).
We apply the same approach to 24 sites from Eastern Brazil (Extended
DataFigs.10a). Here severalssites (n = 4) show adistinct two-stage cool-
ing history, which we accommodate in our analysis (Extended Data
Fig.10d).

Foreach thermochronologysite, weinterpolate toaregular (0.1-Myr
resolution) time series over the period 180-0 Ma. We assume no (nota-
ble) temperature changes beyond the limits of the thermochronology
data provided. We calculate the average temperature drop (d7/d¢, in
°C Myr™) using amoving, symmetric window of +0.9 Myrateach 0.1-Myr
time step. The total temperature drop is calculated from the best-fit
curves (dTtotal (bf) in Extended Data Table 3) and used to estimate the
exhumationrate. Note thereis no available temperature drop estimate
for site Br90-39%,

For allsites, t,,qis the best estimate of the timing of maximum tem-
perature drop obtained from the best-fit curve for that locality. For
sites at which we have upper, lower and best-fit curves, ¢,,;, and £,
are defined as the minimum and maximum time at which d7/d¢ > 60%
of max(d7/d¢) over all three curves. Note that for some sites (for
example, refs. 29,50,53), the upper and lower curves are described
as defining the upper and lower 95% credible interval. For other

sites (for example, ref. 82), the upper and lower curves define the
‘good-fit’ envelope.

Where we have a best-fit curve and further minimum/maximumtime
estimates, we define ¢,,;, as the earlier time of either the minimum esti-
mate or thefirst pointat which d7/d¢ > 60% of max(d7/d¢) on the best-fit
curve. Similarly, ¢,,,,is defined as the later time of either the maximum
estimate or the latest point at which d7/d¢ > 60% of max(d7/d¢).

For sites with several thermal history model runs, we calculate the
earliest and latest times at which d7/d¢ = 60% of the maximum over
all model realizations, including ‘best’, ‘good’ and ‘acceptable’ model
runs. For a given site, we define ¢,,;, as the 10th percentile minimum
time and ¢,,,, as the 90th percentile maximum time estimate calculated
from all model runs. The best estimate ¢,,;4 is defined as the time of
the peak max(d7/d¢) for the best-fit model run. For sites at which we
do not have individual model runs, the best estimate ¢, is defined as
the midpoint of the time interval at which d7/d¢ > 90% of max(d 7/d¢)
for the best-fit curve, to accommodate the lower resolution of these
data. Thisapproachgives uncertainty estimates that should be broadly
comparable across localities.

We used the same published thermochronological constraints for 46
sites to estimate the totalamount of exhumation ateachssite (Fig. 3band
Extended Data Table 3). Using best-fit curves for each site, we compute
the maximum modelled temperature drop 7., — T,.inOvVer theinterval
180-0 Ma. We then divide the temperature difference (T, — Trmin) by the
geothermal gradient, sampling from abeta distribution to capture the
knownuncertainty in the geothermal gradient. Geothermal gradientsin
Southern Africatoday are estimated to range between15and 33 °C km™
onaverage (ref. 83). Naturally, no single value of geothermal gradient
canapplytotheentire plateau. Hence, we consider acompilation span-
ning the present-day Southern African region® to capture the plausible
range. We represent uncertainty in the geothermal gradient by abeta
distribution ontheinterval [10, 60] °C km™ (informed by ref. 84) with
amean of 28 °C km™, standard deviation 7.5 °C km™ and parameters
a=3.3264 and =5.9136. The upper end of this range accounts for
the very high values (38-46 °C km™) favoured by Stanley et al.!® for
Cretaceous Southern Africa. Distance is the shortest distance meas-
ured from the point location of the thermochronology site (longitude/
latitude; Extended Data Table 3) to the COB line, calculated in R using
the dist2Line function from the geosphere package®. Uncertainty in
distance is again assumed to be +90 km (see the section ‘Character-
izing escarpment orientations’). We sample a distance offset using a
betadistributionontheinterval [-90, 90] km, withamean of O kmand
standard deviation of 36 km, with parameters a = f=2.625. In total,
20,000 samples are generated for both the geothermal gradient and
distance offset for each thermochronology location (Fig. 3b).

Finally, we plot profiles of AFT and AHe ages across the Southern
African (Extended DataFig. 9) and Eastern Brazilian plateaus (Extended
Data Fig. 10), using the data compilations of Stanley et al.’®* and Novo
et al.®, respectively. Here we constructed the profiles across the pla-
teaus perpendicular to the continental margins and escarpments. In
the case of Southern Africa, we avoided the southern part of the plateau
in which the escarpment strikes roughly east-west, as it would cause
interference (sampling parallel to an escarpment at which young ages
are expected). In Eastern Brazil, we aligned our profile to capture the
region at which most AHe ages exist and extend further inland. We
include abuffer of 100 kmto capture as many points as possible alonga
givensection. Inthe case of Southern Africa, we plot the closest distance
between the measurement point (AFT or AHe) and the escarpment at
the western end of the profile (Extended DataFig.9). The distances were
measured using the dist2Line function in the R package geosphere®*,
following the procedure outlined above for the escarpment analysis.

Accounting for potential kimberlite-related cooling
The cooling detected by thermochronology studies can most parsi-
moniously be explained by denudation (for example, refs. 5,24,25,48).



However, acomponent of the inferred cooling across Southern Africa
(Fig. 3 and Extended Data Fig. 8) is feasibly related to magmatic cool-
ing, for example (in the case of cratons), associated with kimberlite
volcanism. We identify these potential cases to evaluate where the
coolingis more likely to be denudational. Given the typical durations
of cooling modelled in previous thermochronology investigations,
thesetrends are unlikely to be driven by kimberlite magmatic cooling.
Kimberlites are monogenetic volcanoes with probable eruption dura-
tions of hours or months®. Further, it has been shown that the largest
kimberlite diatremes should cool down toambient temperatures within
2-3 kyrof eruption onset®. Nevertheless, to explore whether such cool-
ing could be important, we investigate all cases in which a kimberlite
eruption age overlaps in time and space with the known locations of
cooling (thatis, thermochronology sites). In cases in which there was
overlap, we completely (and conservatively) remove modelled cooling
for a fixed time interval either side of the kimberlite radiometric age,
using the kimberlite age compilation of Tappe et al.%8. Specifically, we
remove all cooling for sites at which there is a record of a kimberlite
eruption dated within £2 Myr (relative to the thermochronology time)
and conservatively within aradius of 50 km, using thermochronology
coordinates provided in Extended Data Table 3. Those purely denuda-
tional trends and those that account for potential kimberlite cooling
are distinguished as red and black lines, respectively (Extended Data
Fig.8a). The above approachis considered conservative given the small
length scales of kimberlite pipes (typically hundreds of metres) and
that kimberlite eruptions (lasting on the order of several thousand
years) and cooling of diatremes are known to be short-lived phenomena
encompassing several thousand years at most (refs. 86,87).

Distances were estimated from longitude/latitude coordinates for
the thermochronology sites and kimberlite records using the R geo-
sphere®* distm function, using distGeo to obtain an accurate estimate
of the geodesic, based on the WGS84 ellipsoid. Our analysis shows
that even using conservative spatial and temporal bounds, cooling
directly linked to kimberlite volcanism makes, if anything, acompara-
tively minor contribution to the overall cooling trends (Extended Data
Fig.8a). Notably, the period experiencing the most frequent (possible)
kimberlite-related cooling between 100 and 80 Mais associated with
amarkedincrease in sediment accumulation rates offshore Southern
Africa; previously, this event has been linked to aconcomitant massive
increase in onshore denudation®. Hence we argue that the observed
coolingislargely denudational rather than magmatic (corroborating
earlier suggestions*®%°). We instead argue that the temporal coinci-
dence between some kimberlites and modelled cooling is probably
related toacommon fundamental underlying mechanism (for exam-
ple, lithospheric delamination), as opposed to a causal link between
kimberlites and cooling.

Landscape-evolution model

To investigate the evolution of topography, total erosion and ero-
sionrate over time, we use the Fastscape landscape-evolution model,
describedindetailinref. 58 (see ‘Code availability’). The model solves
the SPL, which states that the rate of change of surface elevation, h,
owingtoriverincisionis proportionaltolocalslope, S, and discharge,
¢, putto some powers, nand m, respectively:

oh

E == K¢m5n (4)

This relationship can be traced back to the pioneering works of
Gilbert®® and, from a computational point of view, Howard et al.”".
Assuming that rainfallis relatively uniform (compared with slope and
drainage area), the relationship is often simplified to yield:
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the canonic formofthe SPL, inwhich A is drainage area®. Itis also known
asthe stream power incision model (SPIM) and its appropriateness at
representing the maindriver of landscape evolution in high-relief areas
has been amply discussed®. In particular, much work has focused on
the value of the exponents (m and n). It is unclear what the optimum
values should be or on what they depend, but the ratio of the two, m/n,
is close to 0.5 and can be derived from the concavity of river profiles.
Hereweusedn=1andm=0.4,asiscommonly done. The method used
tosolveitisfully describedinref. 58. The otherimportant equation that
issolved is the biharmonic equation representing the elastic isostatic
flexure of the lithosphere:

D(Wyyyy + 2Wyyy + W) = (0, — pIEW + pg(M~ o) (6)

inwhich Dis the flexural rigidity, given by:
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inwhich Eis Young’s modulus, 7, the effective elastic plate thickness,
v Poisson’s ratio, w the deflection of the lithosphere caused by the
difference in height, h, and areference value h,, g the gravitational
acceleration and p, and p, are the surface and asthenospheric densi-
ties, respectively. It is solved using the spectral method developed in
ref. 94. The version of Fastscape used in our study has been used in
many publications, including ref. 95.

For our purposes, the model captures the surface evolution of a
continent over 50 Myr. The initial plateau topography (h,) was set to
500 m (considered broadly representative for Mesozoic South Africa®
and stable cratons globally®”) and an erodibility coefficient, K;, was
setto1x107° m'?" per year, inwhich mis the area exponentin the SPL
(m=0.4). Thetopography and erosion characteristics were modelled
using a Gaussian-shaped wave of uplift with a velocity of 20 km Myr™
and half-Gaussian width of 200 km, withboth properties informed by
our thermomechanical simulations (Fig. 2). The amplitude was set to
achieve 2,000 m of uplift after isostatic adjustment and taking into
account the initial, pre-existing topography. This uplift wave mimics
the dynamic topography generated by convective mantle flow. The
maximum uplift rate varies from run to run, as it depends on all the
other parameters, including wave width, velocity, relative densities
andinitial topography. For the ‘fixed’ parameters, that is, wave width,
velocity and density ratio, the uplift rate varies linearly with the ini-
tial topography, with a range of approximately 1-O0 mm year™, as the
assumed initial topography varies from 0 t0 2,000 m.

The topographicresponse in the modelincludes a flexural isostatic
response with a crustal density of 2,800 kg m™ and asthenospheric
density of 3,200 kg m, as well as an effective elastic thickness (T;) of
20 km. This thickness is considered an average value for continental
lithosphere/crust” (note that ref. 97 argues that values of T_are often
overestimated), which is further supported by the fact that it is not
physically possibleto ‘pin’ anescapement as adrainage divide if 7, istoo
high®. Any surface erosion in the modelleads to further isostatic uplift,
meaning that any change in topography related to erosion requires
about 6-7 times the amount of erosion. This value is broadly in line with
ourindependently derived analytical model (equations (1)-(3)) which
predicts up to 10 times amplification of uplift by erosion.

Interms of boundary conditions, the left-hand and right-hand sides
of the model have a fixed boundary at h = 0, representing the ‘base
level’, which—inthis case—correspondsto the ocean. The other bound-
ary conditions are defined as periodic, meaning that a river flowing
towards one of these boundaries (north or south) reappears on the
other side of the model (south or north). This approach is commonly
used when solving the SPL to avoid boundary effects. The routing
algorithm®®, which computes the direction of water flow, assumes
that every drop of water falling on the model must eventually escape
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through one of the base-level boundaries. However, the specific path
ofescapeisnot predetermined; rather, it isinternally computed from
the local slopes and thus following the topographic evolution set by
the uplift and fluvial erosion/carving. In the model results (Fig. 4),
some water escapes through the left boundary and some escapes
through the right boundary. Whether the escarpment becomes a
divide and later evolves into a ‘pinned divide’ is not prescribed but
instead results from a delicate balance between uplift and erosion.
These points have been extensively discussedinthe literatureand are
summarized in ref. 21.

We conducted a sensitivity analysis by assessing the range of values
for h, that would provide a good fit to observations. To do this, and
to determine the quality of our model, we calculated a misfit func-
tion assuming that the optimum plateau height is 1,650 £ 250 m (in
line with expectations®?* and the present-day topography, which is
1.0-1.5 km on average®; Fig. 1d), optimum denudationis 2,750 + 500 m
(refs. 5,25,29,31,48,50,53) and the optimum final position of the divide
is 650 + 100 km (assuming that the wave started moving at 500 km from
the left-hand side of the model). As we are concerned with the final
position of the drainage divide, we use the upper end of our empirical
estimates of escarpment position (Fig. 1g). We perform 120 numerical
experiments of landscape evolution to calculate the misfit function
(Fig. 4d and Extended Data Figs. 11 and 12). A misfit value less than 1
indicates that realistic conditions are met (that is, the model predicts
values that fall between the optimum value + the assumed uncertainty)
(white contoursin Fig. 4d). Our analysis also identifies the maximum
limit of acceptable values for K;that would allow the plateau to survive
untiltoday (Fig.1d), without prohibitively high levels of erosion (dashed
line in Fig. 4d). We find that the range of values for h, that provide a
good fit to existing constraints is from approximately 0 to 1,000 m.
On this basis, our preferred model (Fig. 4a-c) has a misfit value less
than1and obeys observational constraints.

Predicting thermochronology ages in the surface-process
model

To identify model limitations and guide future testing of our geody-
namic model (for example, withimproved spatial resolution of thermo-
chronology studies and/or extraborehole data), we used Fastscape to
predict AFT and AHe ages across the plateau and through time (Fig. 5)
using the same model configuration as before (Fig. 4). To do this, we
solved the 1D conduction/advection equation at each point to predict
thermal histories, from which ages are then computed. For this, we
use the erosion-rate history predicted by Fastscape. Our predictions
exclude radiogenic heating effects, leading to an initially linear con-
ductive steady-state geothermal gradient—a standard practice when
predicting ages for relatively low-temperature systems such as AHe
and AFT that are not very sensitive to the curvature of the geotherm.
Theagesare predicted from the thermal histories, using the same algo-
rithms asin the Pecube software®'°°, based on solving the solid-state
diffusionequationin 1D inside a grain of given size assuming a cylindri-
calgeometry for AHe using the algorithminref. 101and onanannealing
algorithm using the parametersinref. 102 for AFT. Here the effects of
radiation damage are omitted, potentially changing the absolute age
values of the predicted ages, but—notably—not the first-order patterns
ofinterest here. Our models cover a 50-Myr period, with an extra 50 Ma
added tocomputed ages to account for anassumed ‘quiet’ post-uplift
phase since the late Cretaceous, consistent with present-day low ero-
sionrates (as measured by cosmogenic methods, for example, ref. 103),
even along the escarpment. Note that, east of the last position of the
mantle convective instability in our model (Fig. 4), the ages return to
their assumed ‘un-reset’ value, that is, >100 Ma (Fig. 5).

Testing broader applicability
To explore the broader applicability of our model, we consider the
Namibian margin as well as the escarpments and associated plateaus

in Eastern Brazil and the Western Ghats (Fig.1and Extended Data Fig.1).
First, rifting commenced along the Namibian marginbetween 145and
139 Ma, followed by continental break-up occurring from about 116 to
113 Ma (refs. 54,104). Indeed, inverse modelling of AHe dates from the
Namibian margin, combined with AFT data, reveals an early abrupt
cooling phase (10 °C Myr™) from 130 to 100 Ma (ref. 105)—probably
related to rift shoulder uplift and escarpment retreat—which mirrors
South African and Brazilian patterns during continental break-up (see
main text). Importantly, offshore AFT analysis and sediment accumula-
tionrecords overlapping this cooling phase (from110-80 Ma) indicate
the subsequent removal of Precambrian material from the cratonic
interior'®, supporting a spatiotemporal shift inland in the locus of
uplift and denudation. Consistent with this, large-scale denudation
(thatis, 2-3 kmin total from 140 to 70 Ma) extended several hundred
kilometres inboard of the escarpment'”’, sampling Precambrian lith-
ologies from the Damara Belt and Otavi Group. More than half of this
denudation occurred after rifting, closely matching observations
in South Africa (Fig. 3) and consistent with our landscape-evolution
models (Fig. 4b). Thermal history models across this broader region
indicate near-continuous exhumation since the Upper Cretaceous',
suggestive of a continuing process. This is again consistent with the
concept of sequential migration, with upliftand denudation occurring
successively furtherinland. We can test this concept by considering the
distance from the site of exhumation to the nearest COB. Our model
(Figs.2 and 4) predicts substantial exhumation in the interior plateau
regions of Southern Namibia around 65-70 Ma. Supporting this,
Gallagher and Brown'” infer 1-2-km denudation in this region during
this period, whereas Wildman et al.'® report a Damara uplift phase
within a similar time frame from 65 to 60 Ma. Although the specifics
ofthe migration of uplift and denudationinto the continental interior
remains uncertain given available data, collectively, these observations
support a common mechanism across the wider Southern African
region associated with rifting and break-up.

Like the Namibian margins, Eastern Brazil underwentrifting at about
139 Maand continental break-up at around 118 Ma (ref. 54). To examine
the applicability of our model to Eastern Brazil, and noting a paucity of
thermal history analysesin the continentalinterior, we initially focus on
the analysisinref. 57, which extends nearly 1,000 kminland, enabling a
comparisonwith trends on the Southern African plateau. We also con-
sider AFT and AHe ages from across Eastern Brazil using arecent compi-
lation of 1,248 ages®, predominantly featuring young ages in lowlands
and near escarpments. As predicted by our landscape-evolution models
(Figs.4b and5), we observe younger ages near the escarpments owing
to highmagnitudes of total erosion there (Extended Data Fig.10a). We
constructed a profile of AHe and AFT ages in the sectionin which AHe
ages extend furthestinland and observed that, although scattered, the
AHe ages decrease nearer the escarpments and decrease with distance
into theinterior of the plateau (Extended Data Fig. 10c), similar to the
observed trend in Southern Africa (Extended Data Fig. 9b).

Our landscape models predict that AFT ages may be much older on
the plateau (Fig. 5). This is observed in the Sdo Francisco Craton and
marginal orogens, inwhichold ages (predominantly 350-280 Ma) relate
tothe Gondwanide orogeny (Extended Data Fig.10a,b). Itis perhaps not
surprising that the AFT ages are barely, if at all, reset in the continental
interior, in contrast to AHe (Extended Data Fig.10a,c). This is because
the closuretemperature for the AFT systemis higher than that for AHe
(Fig.5) and considering that the total exhumation across the highlands
islow, atabout1.0-1.5 km (Extended DataFig.10e). Further, in a study of
Northeastern Brazil, Sacek et al.' recognized that the high variability
inerodibility, and consequently AFT ages, may result from the forma-
tion of duricrust layers or cangas, which could lead to highly variable
erosionrates, even under asmoothly varying uplift rate. This factoris
probably importantin the studied region as well.

Nonetheless, many interior regions have experienced some degree
of Cenozoic unroofing. Harman et al.* identified early cooling around



130 Ma at the S3o Francisco Craton margins during rifting, followed
by a later event (circa 60-80 Ma) affecting the cratonic interior of
Northeastern Brazil, analogous to the uplift and denudation history
of Namibia. Although Harman et al.*® attribute this to intracratonic
basininversion (considering the time separation, these authors rule out
aroleforrifting), the observed uplift of interior regions at these times
is consistent with our model predictions (Extended Data Fig. 10c-e),
thus offering a new explanation. Extrapolating from Southern African
trends (thatis, migration rates of the erosional wave; Fig. 3d), our model
would predict exhumation onset in these more distal interior regions
around 80-25 Ma, as well as recent and continuing exhumation. The
observed cooling from about 80 Ma to the present day supports this
prediction?6305657851011 Although we do not suggest that all coolingin
thisregion—characterized by several geotectonic provinces, cratonic
fragments and tectonic weaknesses (for example, ref. 30)—is exclu-
sively linked to mantle instabilities tied to rifting, our model is well
supported by existing thermochronological data. The predictions from
our modeland thermochronology should promptand inform further
measurements, especially AHe analyses, in relatively understudied
inland/highland regions of Eastern Brazil.

Testing our modelin the Western Ghats is more challenging; however,
available data cannot definitively rule it out. The escarpment is asso-
ciated with the rifting between Madagascar and India, which started
around 100 Ma, followed by continental break-up between 86 and
82 Ma (refs. 54,104) (Extended Data Fig.1). Another major escarpment
along the eastern passive margin of India'?is associated with the earlier
separation of Indiaand Antarcticaaround 125-120 Ma (ref. 54). Further
rifting and break-up between India and the Seychelles Microcontinent
occurred at roughly 66 Ma. Because peninsular India is narrow com-
pared withinternally drained continental hinterlands such as Southern
Africaand Brazil'®, in the context of our model (Figs.2 and 4), interior
hinterland regions are expected to exhibit interference patternsin
exhumationrelated to the activity of diachronous rift systems. This
issue greatly complicates the identification of drivers of post-rift uplift
in the continental hinterlands. During the Cretaceous and Cenozoic,
regions inboard of the Western Ghats escarpment experienced high
denudation rates (ranging from 50 to 150 m Myr™, depending on the
AFT parameters used) associated with syn-rift and post-rift phases™,
consistent withmodel expectations (Fig. 4c). Although AFT-derived and
mass-balance-derived denudation rates' favour a peak in denudation
intensity coinciding with Seychelles rifting™™', itis hard to exclude the
possibility of this signal constituting a lagged response to the Mada-
gascar break-up, with post-rift exhumation targetinginterior regions.
Future studies can apply thermochronology to test these models.

Further references are cited in the extended data®"¢'",

Data availability

The thermochronological data used in our analysis were accessed
from published studies, which are listed in Extended Data Table 3 and
Extended Data Fig. 9 (southern Africa) and in Extended Data Fig. 10
(Brazil). The datageneratedinthis study are provided in Extended Data
Table 3 and are available as Source Data files in the online version of
this article. Source data are provided with this paper.

Code availability

The geodynamic modelling software ASPECT can be obtained from
https://github.com/geodynamics/aspect. The input file, custom
source code and ASPECT installation details for the thermome-
chanical simulations are available from the Zenodo repository at
https://doi.org/10.5281/zenod0.10692548 (ref.118). The Fastscape
landscape-evolution model can be accessed and downloaded from
https://github.com/fastscape-lem/fastscape andis fully documented
at https://fastscape.readthedocs.io/en/latest/.
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Extended DataFig. 3 | Physical relationships between escarpments and
continental margins. Frequency distributions showing the nearest distances
betweengreat escarpments and COBs at10-km intervals (Fig.1a-c) for
Southern Africa (a), Brazil (b) and the Western Ghats (c) (datasummarizedin
panel g).d-f, Frequency distributions showing the absolute difference in angle
betweenescarpmentsand COBs, calculated using the perpendicular to the

escarpment tangent at 50-kmintervals (Methods). g, Distance between
escarpments and COBs, their associated lithospheric thicknesses from two
globalreference models (LITHO1.0 (ref. 41) and LithoRef18 (ref. 42)) and the
absolute differencein angle between escarpments and the adjacent section
(thatis, perpendicular to escarpment tangents; see Extended Data Fig. 2) of
COB at50-kmintervals (Methods).
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Extended DataFig. 4 |Fluvial systems across Southern Africaand the
timingand location of Mesozoic exhumation. a, Present-day drainage
regionsin South Africaare shown, highlighting the Orange River drainage
basinin orange (source: Department of Water Affairs, Republic of South Africa;
https://www.dws.gov.za/iwqs/gis_data/river/All.html). Thereconstructed
footprintof Upper Cretaceous drainage systems—the KalahariRiver (light
blue) and the Karoo (or proto-Orange) River (green)—are based onref. 43.
Since the Upper Cretaceous, the mouth of the Orange River shifted north toiits
currentlocation, merging with the KalahariRiver. For context, the outline of

the Great Escarpment (black line; see Methods) and locations of all studied
thermochronology sites are shown (Extended Data Table 3). b, Time of
maximum exhumation (coloured symbols) and rates maximum exhumation
(d7/d¢t, proportional to the scale of symbols; see key) (Methods). Note that, in
general, exhumation occursearlierinthe westand later in the east, whereitis
typically moreintense (note also that younger exhumationin the west tends
tobelocated near the Orange River or the Great Escarpment). ¢, Time of
maximum exhumation (as inb) and median total exhumation (scaled; see key)
forsites from180to O Ma.


https://www.dws.gov.za/iwqs/gis_data/river/All.html
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Extended DataFig. 5| Geodynamic models ofa410-km-deep model domain.
Frames from simulations showing different stagesin the model evolution from
30 Myr before break-up (a) to 50 Myr after break-up (e). The depth of the model
domain of 410 kmwas chosen to avoid complexities of the phase changesinthe
mantle transition zone. This model shows that sequential delamination occurs
independent of the depth of the model domain. Instability migration velocity
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inthisrunvariesslightly more thanin the shallower scenario butaverages
15-20 km Myr™, identical to the reference model (see Fig. 2). Compared with
thereference model (300 km deep), the 410-km model exhibits convection
cellsroughly twice as high; however, at the depth of the metasomatized layer,
the horizontal distance between instabilities is very similar (about 250 km).
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ofthe TBL. The plot shows the results of analytical models (equations (1)-(3); distributions, using both beta (red) and uniform (black) distributions
parameters givenin Extended Data Table 2) used to estimate uplift and (Methods).

maximum denudation (Extended DataFig. 6). The figure was plotted using a
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Extended Data Table 3), showninred; the black curve shows the composite
cooling curve, whichremovesall cooling events occurring near (thatis, within
50 km) akimberlite dated within +2 Myr of the cooling event (see Methods).
This effect potentially eliminates only two peaks (black arrows) and does not

materially change the overall results. b, Timing of maximum cooling (¢,,.;;
Extended Data Table 3) versus distance from the COB (both variables with
sampled uncertainty). *Note that ‘best fit min/max’ refers to casesinwhicha
best-fit curve has minimum and maximum time estimates thatrelate to the
limits of the field of ‘good fits’. ¢, Estimated total exhumation versus distance
from the COB; this plot uses the best-fit total temperature drop and samples
uncertainty indistance and geothermal gradient (Methods).
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scenarios relative to
continental breakup

150 Ma). Schematic elevation profileis shown for context as well as the timing
of rifting onset and continental break-up. Dashed lines show the predicted
timing of mantle disturbance considering instability migration rates of 10,15
and 20 km Myr™ (dashed lines) relative to the nearest COB at the point of
break-up (thatis, 135Ma). The overall pattern shows good agreement with
predictions fromlandscape-evolution models (Fig. 5).
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Extended DataFig.10|Timing and characteristics of exhumationin
EasternBraziland AFT and AHe ages. a, Map of Eastern Brazil showing AFT
and AHe ages (fromref. 85) and sites with thermal history models considered in
our study (Methods). Spatial distribution of Parana flood basaltsis fromref. 116
andrivers are from Natural Earth (https:/www.naturalearthdata.com/).

b, Density plot comparing the distribution of AFT ages'®® over timeinrelation
to thetiming of continental break-up in Eastern Brazil and Southern Africa
(dashed verticallines). ¢, Profile X-Y (see panel a) showing AFT (n =226) and
AHe (n=45) ages® from the continental margins towards the interior. An
indicative elevation profile is shown, as well as the timing of rifting onset and
continental break-up. Dashed lines show the predicted timing of peak mantle

Distance from COB (km)

disturbance given convectiveinstability migrationrates of 10,15 and

20 km Myrrelative to the nearest COB at break-up (that is, 118 Ma). Time of
maximum cooling (d) and estimated total exhumation (e) with distance from
the COB using published thermal history models?*3%¢5"111 (5 = 24), Note that
eisbased onthetotal temperature drop for best-fit curves, incorporating
uncertainty indistance and geothermal gradient, with theerror bars for
exhumation signifying the 5thand 95th percentiles (see Methods for details).
Note that the total exhumationis generally lower than that inferred for much of
Southern Africa (Extended Data Fig. 8c), consistent with the observation that
the Paranaflood basalts (shownina) have beenless eroded than their Etendeka
counterpart.


https://www.naturalearthdata.com/
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Extended Data Table 1| Model parameters used in ASPECT thermomechanical simulations (see Methods for details)

Parameter Symbol | Units Upper crust Lower crust Lithospheric | Asthenospheric
mantle mantle & thermal
boundary layer
Reference density (at 3
surface conditions) 0 kg m 2,700 2,850 3,280 3,300
Thermal expansivity a K 2.7-107° 2.7-10°° 3.0-10°° 3.0-10°°
Thermal diffusivity K m?s™ 7.72:1077 7.31:1077 8.38:1077 8.33:1077
K
Heat capacity G ‘}’<_'1‘9 1,200 1,200 1,200 1,200
Heat production H Wme |1.0:10°° 0.1-10°° 0 0
Cohesion C Pa 5-10° 5-10° 5-10° 5-10°
Internal friction
coefficient (unweakened) / ) 0.5 0.5 0.5 0.5
Strain weakening interval | - - [0,1] [0.1] [0.1] [0.1]
Frictional weakening a ) 0.25 0.25 0.25 0.25
factor
Viscous weakening @ . 0.25 0.25 0.25 1.0
factor
: .76 | Wet ineT4 inaT4
Material Wet quartzite anorthite” Dry olivine Wet olivine
Stress exponent (dis) n - 4.0 3.0 3.5 3.5
Prefactor (dis) Aais Pa"s' | 8.57:10% 7.13:107® 6.52:10° 2.12:10"
Activation energy (dis) Eis Jmol" | 223-10° 345-10° 530-10° 480-10°
ry - 3 N
alci:)"a'm“ volume Vi memol” | o 38-10° 18:10° 11-10%
Prefactor (diff) Aair Pa's' | 5.97:10"° 2.99-10% 2.25-10° 1.5:10°
Activation energy (diff) Eaigr Jmol' | 223-10° 159-10° 375-10° 335-10°
3 N
Activation volume (diff) | Vuy m*mol” | 3810 6:10° 410
Grain size (diff) d m 0.001 0.001 0.001 0.001
Grain size exponent (diff) | m - 2.0 3.0 0 0

diff, diffusion creep (some values are from refs.74,76,77); dis, dislocation creep.




Extended Data Table 2 | Parameters used in the analytical models of uplift and denudation

Parameter description Symbol | Value Units
Kinematic viscosity v 42E+15 | m?/s
Thermal diffusivity K 1.00E-06 | m?/s
Thermal expansion coefficient a 4.00E-05 /°C
Gravity g 9.81 | m/s?
Mean density difference across keel Ap 10-11" | km/m3
Reduced gravity for constant density layer g’ 0.03 | m/s?
Seconds per Myr 3.16E+13
Unstable layer (keel) thickness b 17-18 km
Unstable layer temperature increase AT 140-165 °C
Density of eroded crust P 2,800-3,000 | kg/m?3
Mantle density STP 3,300 | kg/m?
Asthenosphere temperature 1,315 °C
Density of asthenosphere Da 3,126 | kg/m?3

The models investigate how the delamination of an unstable keel layer (see ref.11) affects the uplift of Earth’s surface and the extent of maximum denudation (see main text and Methods for
details). 'Note that the given density difference across the keel assumes a density contrast between cold lithosphere in the TBL and hot asthenosphere and does not consider compositional
changes.
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Extended Data Table 3 | Exhumation characteristics of thermochronology sites spanning the Central Plateau of Southern
Africa

Site Name Reference Longitude | Type | Distance to COB (km) | Input e 7 (01) dTdt (bf) | dT total (bf) | Mean TE (km) | Median TE (km) | TE, 5%ile (km) | TE, 95%ile (i toin | o o
SA12106 Wildman et al. (2017) 23140 | AFT 810 | Envelope -105.30 .24 87. X X x] 27 | -119.60 | 9550 | 108.7
SRA7 Wildman et al. (2017) 25250 | AFT 7122 | Envelope -97.90 17 2954 B K 7 78 | 18000 | _-1.70 | -79.C
V10 Wildman et al. (2017) 26.420 | AFT 1250 | Envelope 9.30 .03 1 X X 0 108 | 5660 | -0.70 | 688
8832154 Wildman et al. (201 20633 | AFT 432 | Envelope -138.60 2 %. X X .80 | -152.50 | -120.40 | -138.2
8732/40 Wildman l. (201! 20.450 | AFT 41 Enve -108.2( 0.81 74.11 2.86 1.79 447 | 1411 -13.2( -113.40
SA12/27 Wildman l. (2011 18.700 | AFT 96 | Enve -55.2 212 82.06 .1 1.99 4.95 -72.31 -35.8( -52.80
SA12/47 Wildman l. (2011 18.230 | AFT 348 | Enve -3.0( 0.63 82.96 20 201 5.01 | -150.8( -0.9¢ -26.20
SA12/51 Wildman . (2011 18.420 | AFT 68 | Enve -58.21 0.81 39.61 45 217 5.41 | -134.4( -4.6( -78.65
IQ12/33 Wildman et . (2011 18.080 | AFT 349 | Enve -108.3 1.70 9324 59 226 563 | -122.10 | -80.10 | -108.30
NQi12/34 Wildman et al. (201 18.160 | AFT 55 | Envelope 12,9 099 9.83 46 217 542 | -135.70 | -68.80 | -112.
QU1/65 (borehole) Tinker et al. (2008); Reanalysed by Wildman et al. (2015) 21.438 | AFT 539 | Envelope -129.90 1.88 116.20 448 281 7.01 | -151.80 | -102.90 | -130.15
KC1/70 (borehole) Wildman et al. (2015) 20583 | AFT 492 | Envelope -88.60 1.34 107.61 415 2.60 649 | -13950 | -59.30 | 8855
CA04/04 Kounov et al. (2009) 19.916 | AFT 445 | Envelope -154.80 7.89 89.98 47 21 5.43 | -173.30 | -151.90 | -154.85
CA04/22 Kounov et al. (2009) 21.084 | AFT 537 | Envelope -146.11 7.51 94.02 62 2.2 5.67 | -155.5 -140.50 | -145.95
CA0421 Kounov et al. (2009) [ 20.799 | AFT 509 | Envelope 141,90 682 75.80 7] 1.83 457 | -160.90 | -105.10 | -141.90
SAT1/16 Monastery Stanley et al. (2015); Reanalysed by Stanley and Flowers (2020) 27.422 | AHe 7089 | Modelled bestfit | -60.5 724 137.79 31 333 831 | -89.70 | -16.00 | 6050 |
SAT11/27 Uintjiesberg Stanley et al. (2013); Reanalysed by Stanley and Flowers (2020) 22548 | AHe 681 | Modelled best fit | -120.4 2673 146.70 65 35 885 | -124.72 | -88.80 | -120.40
[ SAT1/33 Melton Wold | Stanley et al. (2013); Reanalysed by Staniey and Fiowers (2020) 22754 | AHe 645 | Modelled best fit | -152.7 2375 149.31 75 36 9.01 | -15450 | -87.60 | -152.70 |
SA11/57 Markt Stanley et al. (2013); Reanalysed by Staniey and Flowers (2020) 22367 | AHe 703 | Modelled best it | -117.50 14.47 104.71 404 253 632 | -11850 | -78.80 | -117.50
Stanley et al. (2015); Updated by Stanley and Fowers (2020) 26.797 | AHe 1108 | Modelled bestfit | -99.50 834 122.33 24 296 738 | -126.40 | -73.40 | 9950
SA12/10 New Elands Stanley et 5); Updated by Stanley and Flowers (2020) 2549 | AHe 1036 | Modelled best 704 5697 166.4 42 X 103 70.06 | 12590 | -51.78 | 704
SA12/6 Newlands Stanley et al. (2015); Updated by Stanley and Fowers (2020) 24398 | AHe 983 | Modelled best 15 2843 134 1 X 25 .12 | 11650 | -78.90 | 115
SA13/13 Makganyene Stanley et al. (2015); Updated by Stanley and Fowers (2020) 22918 | AHe 866 | Modelled best 121 3656 124, 78 1 12350 | 7880 | 12
SA13/15 Ondermantjie Stanley and Flowers (2020) 19.435 | AHe 555 | Modelled best 92 1231 122 73 Y 97 41 | 158 7992 | 92
" SA13/17 Stolzenfels | Stanley and Flowers (2020 19.658 | AHe 575 | Modelled best 95 57 88 4G : 14 33 | -180. 070 | 95!
SA13/19 Basement Gneiss | Stanls nd Flowers (2020 19.758 | AHe 86 | Modelled best fi -138.11 27 97.08 74 .54 235 86 | -174.0( 101.00 | -138.1:
SA13/21 Schuitdrift ‘Stanle nd Flowers (2020 19.807 | AHe 7 | Modelled best fi -133.11 36.91 164.32 33 X] 3.98 92 | -174.7( -41.01 | -133.1
SA13/22 Basement Gneiss | Stanls nd Flowers (2020) 19.813 | AHe 7 | Modelled best fi -38.6( 64 89.49 45 .2 217 40 | -158.2 16.54 -38.60
SA13/30 Reitfontein Stanle nd Flowers (2020) 20.037 | AHq 5 | Modelled best fi -126.90 98 149.51 76 .4 362 02 | -139.1 -67.46 | -126.90
SA13/31 Karoo Dolerite | Stanley and Flowers (2020) 20314 | AH 2 | Modelled bestfit | -109.4 5668 153.28 91 5 371 25 | -179.90 | 9153 | -109.40
| LA1/68b (borehole) Brown et al. (2 27.481 | AFT 1066 | Best fit min/max ~58.0 42 5525 13 0 134 33 | 64.00 | -55.00 | -58.50
[ LA1/68t (borehole) Brown et al. (2002) 27.481 | AFT 1066 | Best fit min/max 87.00 522 70.09 2.70 255 1.70 423 | -100.00 | -44.00 | -86.90
GC1070/38 Green et al. (2017) 22.448 | AFT 565 | Best fit min/max -107.70 5.77 126.88 4.89 462 3.07 7.66 | -113.10 -68.60 | -109.10
AG-01 Kounov et al. (2013) 20.185 | AFT 600 | Best fit min/max -87.1 26.1 146.33 .64 .33 .54 8.83 | -130.( -86.20 -87.00
AG-07 Kounov et al. (2013) 20.890 | AFT 670 | Best fit min/max -89.1 27.50 160.25 .18 .84 .88 9.67 | -118. -86.00 -89.85
AG-08 Kounov et al. (2013) 20286 | AFT 628 | Best fit min/max 78 9.08 165.06 36 02 .99 9.96 | -101.00 | -77.00 | 7855
Hebron Stanley etal. (2013) 22.567 | AHe 657 | Best fit min/max 73 479, 102.88 97 75 49 621 | 7500 | -5200 | 7350
Dutoitspan Stanley etal. (2015) 24.799 | AHe 986 | Best fit min/max 871 323 130,08 01 74 15 785 | -94.00 | -7000 | 87.75
Staney et al. (201 25.419 | AHe 904 | Best fit min/max -95.90 4324 108.36 418 395 262 654 | -100.00 | -71.00 | 9595
Kiipfontein Stanley et al. (201 24.981 | AHe 925 | Best fit min/max 79.80 2691 104.70 404 382 253 632 | -100.00 | -74.00 | 7990
Stanley et al. (201 28.199 | AHe 1131 | Best fit min/max 84.20 4482 122.78 473 447 297 741 | -87.00 | -6350 | 8425
Koffiefontein Stanley etal. (2015) 24993 | AHe 923 | Bestfit min/max 86.90 3113 171.09 659 624 414 7032 | 9150 | 7200 | 8675
Leicester Stanley etal. (2015) 24.650 | AHe 7004 | Best fit min/max 77.20 44.00 177.40 684 647 22 10.71 | 9650 | 70.00 | 7715
Letseng Stanley etal. (2015) 28868 | AHe 1149 | Bestfit min/max ~98.40 4883 114.65 442 418 277 692 | -100.00 | 7500 | 9835
Lighobong Stanley etal. (2015) 28611 | AHe 1136 | Best fit min/max 97.10 41.07 169.08 652 616 4.09 7020 | -101.50 | 7520 | -97.10
Wesselton Stanley et al. (201 24.830 | AHe 985 | Best fit min/max -92.70 4208 118.68 457 433 287 716 | 9350 | -7850 | 9275
BR90/39 Brown et al. (1990) 20.942 | AFT 466 | Time only -140.00 NA NA NA NA NA NA | -150.00 | -130.00 | -140.00

Thermal history models of the sites are from the references provided>25293144485053558182117 Note that maxd Tdt (bf) is the maximum rate of temperature drop in °C over a 2-Myr rolling window
using the best fit (bf) curve and tmﬂx?j_I denotes the timing of maxdTdt(bf) in Ma, presented as a negative value. TE refers to total exhumation (note that these values are sampled to account for
uncertainty in geothermal gradients used; see Methods). t,,., tniq and ., are the minimum, midpoint and maximum times of maximum cooling accounting for available (published) model data
and uncertainty estimates. More details are provided in Methods.
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